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Cratering Experiments on Granular Targets With a Variety 
of Particle Sizes: Implications for Craters on Rubble-Pile 
Asteroids 
M. Yasui 1 e, M. Arakawa1 e, H. Okawa1 e, ands. Hasegawa2 e 
1Graduate School of Science, Kobe Uni versity, Kobe, Japan, 2Institute of Space and Astronautical Science, Japan Aerospace 
Exploration Agency, Sagamihara, Japan 

Abstract We performed cratering experiments on targets composed of glass beads wi th a power-l aw 

size distr ibution that simulated the surface of rubble-pile asteroids, and we improved the previously studied 

reduction factor on the crater size scaling relationship including the armoring effect using the momentum 

transfer efficiency. Cratering experi ments were conducted using light gas guns at Kobe Uni versity and ISAS/ 

JAXA to contro l the impact velocity, v;, from 50 to 4,400 m s- 1. Two kinds of mi xed targets were prepared 

by mixing glass beads with diameters of 0.1, 1, 3, and 10 mm-one with the smallest diameter beads, and 

one without. The size ratio of the target bead to the projectile (diameter of 1-3 mm), cp, changed from 0.03 

to 10. The crater size scaling relationshi ps fo r the mixed targets were found to depend on the firs t contacted 
bead size. Notably, first contact with a JO mm-sized bead reduced the crater radius by 35% in maximum. 

The reduction factor due to thi s armori ng effect on the crater size scaling relationship is written as fo ll ows: 

f(cp) = [1 + (8.99 x 10- 3

) u~· 6 3 ]°' 3 4 cp-0

•

1 9

; it decreased with the increase of the size ratio of the target bead to 

the projectile, while it increased wi th the increase of the impact velocity and approached uni ty. Our improved 

crater size scaling relationshi p that includes the reduction fac tor could be used to reconstruc t the crater size 

frequency distribu tion on rubble-pile asteroids such as Ryugu, and it may lead to a revision of the crater 

chronology of asteroids. 

Plain Language Summary A rubble-pile asteroid, 162 173 Ryugu, was explored by Hayabusa2, 

and the crater size frequency distribu tion on the surface was examined. Ryugu's surface age can be estimated 

from this size di stribution using the impact crater chronology, but the size of the asteroids form ing the craters 
is necessary fo r this estimate. The crater size scaling law is used to estimate the impactor size, but thi s law 

was established using homogeneous grains such as granular sand, so it might not be applicable for rubble-pile 

asteroids covered with boulders of various sizes. Moreover, because it is well known that cratering efficiency 

is significantly reduced by an armoring effect when a smaller asteroid collides with a larger boulder, a scaling 

law that includes the armoring effect is required. In this study, we performed cratering experiments on the 

surface of simulated rubble-pile asteroids and examined the armoring effect on the crater size. Based on the 

results, we improved the previously studied armori ng effect and introduced the momentu m transfer efficiency, 

P, in to the effect, instead of a restitution coefficient, which was assumed to be zero. Using thi s improved scaling 

re lati onshi p, a more accurate chronology can be established for the asteroid craters. 

1. Introduction 

Recent spacecraft explorations show that most rubble-pile asteroids are covered with many boulders of various 

sizes (Fujiwara et al. , 2006; Lauretta et al. , 2019; Watanabe et al. , 2019). For example, the Hayabusa2 spacecraft 

observed that the asteroid (162 173) Ryugu is covered with boulders for which the size frequency distribution 

fo llows the power law fu nction with an exponent of -2.5 to -3 (Sugita et al. , 2019). Moreover, boulders larger 

than 5 m size are distributed globally on Ryugu, and the power law index of the size distributions for these was 

estimated as - 2.65 ± 0.05 (Michikami et al. , 2019). From these observations, researchers initially expected that 
the size of the impact craters on Ryugu must be smaller than the estimate from the crater size n-scaling law in the 

gravity-dominated regime (Holsapple et al. , 2002), which was establi shed using granular materials with diam­

eters much smaller than the impactor size (Arakawa et al. , 2017). Thi s is because the large boulders around the 

impact point would have been coll apsed by the impact, resul ting in a smaller crater size or no crater at all. This 

phenomenon is known as the armoring effect (Chapman et al. , 2002; Hirata et al. , 2009). However, the impactor 
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on Hayabusa2 impacted Ryugu and formed an artificial crater with a diameter of 14.5 m (SCI crater) (Arakawa 
et al., 2020). This crater diameter was almost the same as that estimated from the crater size scaling law of loose 
sand in the gravity regime (Housen & Holsapple, 2011 ), even if many boulders with a diameter larger than 13 cm, 

the diameter of the impactor, were distributed around the impact site of the SCI. On the other hand, the ejecta 
curtain of the SCI crater observed by the DCAM3 (Deployable CAMera 3) of Hayabusa2 was asymmetric and 
heterogeneous (Arakawa et al., 2020), unlike that observed for the granular materials that are typically used in 
laboratory experiments (e.g., Gault & Wedekind, 1978). From these observations, it is expected that the SCI 
crater size was not affected by large boulders but the heterogeneity of the SCI ejecta curtain could be affected 

by them. 

Several researchers have carried out impact cratering experiments to examine the effect of the target particle 
size on the cratering process. Giittler et al. (2012) used glass beads as both projectile and target particle; the size 
ratio of the target bead to the projectile bead, ¢, was 0.025-33.3 at an impact velocity of 200-300 m s- 1. They 
found that the cratering efficiency abruptly decreased when the size ratio was larger than l , which they attrib­

uted to the armoring effect. Moreover, when the size ratio was larger than 3.3, beads at the impact point were 
disrupted or a crater formed on the beads. Tatsumi and Sugita (2018) used soda glass spheres, sintered glass 
beads, pumice grains, and basalt grains as a target; in their experiments, which were conducted with impact veloc­
ity of 70-6,000 m s- 1, the size ratio of the target grain to the projectile was ~ 1. They established an improved 

crater size scaling relationship that includes the armoring effect. Barnouin et al. (2019) used glass beads as both 
projectile and target; in their experiments, which were conducted with impact velocity of 0.5-2.5 km s- 1, the 
size ratio was I . They did not observe a reduction of the cratering efficiency, but they speculated that the first 

contacted point of the projectile on the target strongly influenced a crater shape, an ejection speed, and an ejection 
angle. Kadono et al. (2019) used mixed glass beads with diameters of 0.1 and l mm with various mass fractions 
as a target, and they reproduced the heterogeneous ejecta curtain due to I mm-diameter glass beads such as those 
observed on the SCI ejecta curtain. 

Giittler et al. (2012) and Tatsumi and Sugita (2018) showed that the cratering efficiency was reduced by the 
armoring effect when the size ratio of the target grain to the projectile was larger than I . However, they used 

almost uniformly sized target grains and thus did not consider the size distribution of grains in the target. Boulders 
on rubble-pile asteroids such as Ryugu, (101955) Bennu, and (25143) Itokawa have a power law-type size distri­

bution. Thus, the effect of the boulder size distribution on the cratering efficiency should be studied. Barnouin 
et al. (2019) speculated that the initial contact between the projectile and the target grain at the impact was one of 

the key factor to control the cratering process. Therefore, the boulder size distribution and the size ratio of the first 
contacted boulder to the impactor are expected to be keys in controlling the crater size on rubble-pile asteroids. 

The armoring effect could also affect the surface age of rubble-pile asteroids determined by a crater chronology 
(Tatsumi & Sugita, 2018). The surface age on a solid body is usually estimated by the crater chronology using 
the particular crater-size scaling relationship applicable to that solid body. On rubble-pile asteroids, the reduction 
rate of the cratering efficiency due to the armoring effect is necessary for determining the surface age, but it is 

not considered in the conventional crater size scaling law. Thus, a crater chronology with consideration for the 
armoring effect should be established. The surface age of Itokawa is estimated by using the scaling rel ationship 
including the armoring effect obtained by Tatsumi and Sugita (2018). They showed that the crater retention age 
on the surface of Itokawa was 3-33 Myrs. As in their study, when applying the crater chronology to the surface 

age on Ryugu and Bennu, it is necessary to determine a crater size scaling relationship that considers the effect 
of the boulder size distribution on the armoring effect. 

In this study, we focused on the boulder size frequency distribution of rubble-pile asteroids such as Ryugu. Previ­

ous studies of Giittler et al. (2012), Tatsumi and Sugita (2018), and Barnouin et al. (2019) used targets composed 
of equal-sized grains. In order to apply the scaling relationship that introduces the armoring effect on asteroid 
surface with the boulder size frequency distribution, we conducted impact cratering experiments on glass bead 
targets having a power-law bead size distribution . Also, we focused on the first contact between the projectile 

and target glass bead, and improved the previously studied crater size scaling relationship, taking into account the 
armoring effect into a form that can be applied to asteroids with a boulder size distribution. 

2 of2 1 
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2. Experimental Methods 

We used glass beads with di ameters of 0.1, I, 3, and IO mm as target parti­

cles. To simul ate the regolith layer on rubble-pile asteroids such as Ryugu, 

we prepared two kinds of targets. One was composed of 0.1, I, 3, and 

IO mm-sized beads and was thus designated the "Mix F." The other was 

composed of I, 3, and IO mm-sized beads and was called the "Mix T" (M ix 

F without 0.1 mm-sized beads). For each target, glass beads of each size with 

the same mass fraction were mixed homogeneously. The power of the size 

frequency distributions for these mixed targets was -2.98, which is similar 

to the upper limit of the boulder distribution on Ryugu (Sugita et al. , 2019) 

and slightly larger than the power of the size frequency distribution for the 

>5 m boulders globally distributed on Ryugu (Michikami et al. , 2019). For 

comparison with the results of these mixed targets, we prepared a target 

composed of only 0.1 mm-sized glass beads. The calculated bulk density, 

Ph, and the measured angle of repose were 1.97 g cm- 3 and 26.2 ± 1.1 ° for 
the Mix F, 1.68 g cm- 3 and 28.6 ± 0.9° for the Mix T, and 1.42 g cm- 3 and 

25. 1 ± 1.1 ° for the 0. 1 mm target, respectively. The error of angle of repose 

is a standard deviation. 

Figure 1. A schematic illustration of a one-stage small light gas gun at Kobe 
University. 

We conducted the impact experiments using multiple one-stage light gas 

guns at Kobe University and a two-stage light gas gun at ISAS/JAXA, 

depending on the impact velocity range and the projectile size. A projectile 

impacted the target surface normal to the gravity acceleration of Earth in all 

experiments. At Kobe University, a spherical projectile with a diameter of 
2 mm was accelerated at an impact velocity of 51.4-145.3 m s- 1 by using a 

small gas gun (Figure 1), while a 3 mm spherical projectile was accelerated 

at 84.2-208.3 m s- 1 by using a mid-sized gas gun (Figure 3a in the paper of 

Tsujido et al. , 2015). A projectile made of stainless steel (SUS, density of 

7.8 g cm- 3) was used for the small gas gun. For the mid-sized gas gun, projec­

tiles made of nylon (Ny, 1.2 g cm- 3), glass (GI , 2.5 g cm- 3), alumina (Alp3, 

3.5 g cm- 3), titanium (Ti, 4.6 g cm- 3), zirconia (ZrO2, 5.7 g cm- 3), SUS, 

and copper (Cu, 9.0 g cm- 3) were used, but the main projectiles used were 

Al2O3 and SUS projectiles. The glass beads were poured into containers with 

a diameter of 16 cm and depth of 6 cm for a small gas gun, and containers 

with 28 cm diameter and 10 cm depth for a mid-sized gas gun, respectively. 
The container was set in a vacuum chamber evacuated below 50 Pa for the 
small gas gun and below 103 Pa for the mid-sized gas gun; a chamber pres­
sure below 103 Pa was confirmed not to affect the crater formation process 

(Suzuki et al. , 2013). The detailed characteristics of these two gas guns are 
described in the paper ofTsujido et al. (2015). 

In the case of the two-stage light gas gun at ISAS (Figure la in the paper 

of Matsue et al. , 2020), spherical projectiles were accelerated at an impact 
velocity of 1.11-4.44 km s- 1. The projectiles were made of aluminum (Al, 

~ASUIETAL. 

2.7 g cm- 3), Ti , SUS, and Cu. The diameters of SUS projectiles were I and 2 mm, and the others were l mm. For 

the two-stage gas gun, glass beads were poured into a container of the same size of the mid-sized gas gun, which 

was set in a vacuum chamber evacuated below 5 Pa. The experimental setup is described in the paper of Matsue 

et al. (2020) in detail. 

We measured the crater dimensions using three methods, depending on the target type. For the 0.1 mm target, 

we measured the rim-to-rim diameter, D ,im, by analyzing a photo taken from the top of the impact crater using 

a software, Image J. For the Mix T and F targets, we measured the D,im by using a digital caliper just after the 

shot because the crater rim was unclear on the image. The rim-to-rim diameter for each shot was measured in 

four directions where they were crossed at ~45°, so the D , im is an average value and the standard deviation is 

3 of2 1 
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shown as an error. In addition, at ISAS, the crater profile was measured by using a 2D laser displacement meter 

(#LJ-V7300: Keyence; Osaka, Japan) with a resolution of JO µm. 

The impact was recorded using a high speed camera (Phantom vl612: Vision Research Inc.; Tokyo/MEMRE­
CAM MX-5: nae Image Technology Inc.) with a framing rate of 2 x I 03- 105 frames per second to observe the 
ejecta curtain growth of the glass beads during the impact. For a detailed analysis of the ejecta growth, see Okawa 

et al. (2022). 

3. Results 

3.1. Crater Dimensions and Ejecta Curtain Growth 

The experimental conditions and results are summarized in Table I . Figures 2a and 2b show the crater profi les 
for the 0.1 mm target and the Mix Fat impact velocities between 1.1 and 4.1 km s- 1, respectively. A photo of the 
impact crater on 0.1 mm target at 3.9 km s- 1 in Figure 2a is shown in Figure 2d and a photo of Mix Fat 4.1 km s- 1 

in Figure 2b is shown in Figure 2e. In the case of the 0.1 mm target, the impact crater is circular and it exhibited 
a distinct rim as shown on Figure 2d. These features were also observed on the other photos taken at the impact 
velocity of <200 m s- 1. The crater profiles on Figure 2a had a cone shape, and those normalized by the crater 

rim radius were matched with each other at all impact velocities: These impact craters show similarity. In the 
case of the Mix F, the crater shape was irregular and complex, not circular, and the rim was unclear as shown on 
Figure 2a. On the crater profiles (Figure 2b), the craters appeared bumpy and the elevation of the crater surface 
relative to pre-shot surface varied within 10 mm due to the variously sized glass beads and because the laser of the 
displacement meter passed through 3 and IO mm-sized beads, but the overview of the profiles showed a roughly 

cone shape. The crater profiles normalized by the crater rim radius were almost matched with each other. These 

features are also clear on the profi les measured from two different directions in each shot (Figure SI in Support­
ing Information S 1 ). By analyzing the crater profiles at the impact velocity of> 1.1 km s- 1 for the 0.1 mm and 

Mix F, the ratio of the crater rim radius to the apparent crater radius on the pre-shot target surface, R,im/ R , could 
be determined as shown in Figure 2c. The R ,im is defined as D,im = 2R,im, and the R,im/ R was 1.17 ± 0.05 for the 

0.1 mm target and 1.22 ± 0.05 for the Mix F, respectively. This R,im/ R ratio was necessary to construct a crater 
size scaling relationship based on R. 

The ejecta curtains at the crater formation time r are shown on Figures 2f and 2g. These high-speed movies are 
included in Movies SI and S2. The r is calculated by vR[i, where the g is the gravitational acceleration. The ejecta 
curtain made of granular materials is known to have an inverted cone shape ( e.g., Gault & Wedekind, 1978), and our 

0.1 mm target had a similar shape (Figure 2f and Movie S 1 ). On the other hand, the Mix F also had a similar shape, 
but it showed a different structure on the ejecta curtain surface (Figure 2g). The beads with diameters of I and 3 mm 

ejected dispersedly that each bead could be identified, but the curtain appeared heterogeneous and asymmetric, 
compared with that for the 0.1 mm target. In addition, the structure formed by the 0.1 mm-sized beads appeared 
wavy and exhibited strong contrast: These features might have been due to disturbance from the larger beads. This 

structure is similar to that of the targets mixed with 0.1 and I mm-sized glass beads (Kadono et al., 2019). We found 
on the movie (Movie S2 in Supporting Information S3) that a few IO mm-sized beads were ejected from the crater, 
and some of them crawled slowly on the target surface, although most of them remained in their initial positions. 

3.2. Crater Radius 

Figure 3a shows the relationship between the crater rim diameter, D,im, and the kinetic energy of the projectile, 
Ek, for all data. The D,im increased with the increase of the Ek for each target. Moreover, the D,im of the 0.1 mm 
target was larger than those of the Mix T and F. The D,im values of the Mix T and F were almost identical, irre­
spective of the presence or absence of 0.1 mm-sized beads, although they were a little scattered compared with 

that of the 0.1 mm target. On some shots for the Mix T and F, the projectile was speculated to directly impact 
on a 10 mm-sized glass bead on the target surface because we recovered a 10 mm-sized bead on which a few 
cracks were formed at <210 m s- 1 or some fragments with a partially rounded surface at > I km s- 1. We thus 

call this case as a "C- 1 0" target when the size of a first contact bead was IO mm. The D,im values of the "C- 1 0" 
targets were somewhat scattered, but they were smaller than those of the Mix T and F. Furthermore, the "C-1 0" 
targets accounted for 62% of the total data in the Mix T, which was larger than the 15% of "C-10" data in the Mix 

F. This is because both the volume fraction of 10 mm-sized glass beads to all beads on the target surface and the 
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Table 1 ► 

(/J 
Experimental Conditions and Results 

~) C: -trl Crater rim .., 
► diameter (Ddm ), c:. r Projectile mm lrR 

Impact 
Mass Diameter velocity Kinetic 

Target velocity (mp), (dp = rp/2), (v; ), m energy 
range Run number Material mg mm s- 1 (Ek), JJ Average Error R dm / R** Jr2 Jr4 Average Error KR/ Jr4' "C-10" 

0. 1 mm target 180427- 1 SUS 32.77 1.996 124.8 0.255 64.50 0.672 - 6.28E-07 0. 18 9.23 0.096 10.3 
Low velocity 

~ 
180427-2 SUS 32.77 1.996 97.4 0.1 55 56.36 1.49 - l.03E-06 0.1 8 8.06 0.213 9.03 0 = 180427-3 SUS 32.77 1.996 110.0 0.1 98 63. 12 0.905 8.08E-07 0.1 8 9.03 0. 129 10.1 '""S = I 80427-4 SUS 32.77 1.996 9 1.0 0. 136 54.95 2.94 - l.18E-06 0.1 8 7.86 0.421 8.80 ~ -180628- 1 SUS 32.78 2.003 104.3 0.1 78 60.32 0.735 9.03E-07 0.1 8 8.63 0. 105 9.66 0 

~ 

180628-2 SUS 32.78 2.003 97.3 0. 155 59.02 0.339 1.04E-06 0. 18 8.44 0.049 9.45 ~ 
180628-3 SUS 32.78 2.003 127.9 0.268 67.5 1 0.0566 6.00E-07 0.1 8 9.66 0.008 10.8 

(0 
- 0 

180702- 1 SUS 32.75 1.998 87.4 0.1 25 55.7 1 1.05 l.28E-06 0.1 8 7.97 0. 15 1 8.92 ~ 

=-
180702-2 SUS 32.75 1.998 102.5 0. 172 60.90 0.354 9.32E-07 0. 18 8.71 0.05 1 9.76 '-< 

r:,J. .... 
180702-3 SUS 32.75 1.998 102.6 0. 172 58.61 0.170 - 9.30E-07 0.1 8 8.39 0.024 9.39 ~ 

~ 
180702-4 SUS 32.75 1.998 104.6 0.1 79 61.78 0.453 8.95E-07 0.1 8 8.84 0.065 9.90 -~ 
I 80702-5 SUS 32.75 1.998 107.5 0. 189 62.47 0.43 1 - 8.47E-07 0. 18 8.94 0.062 10.0 (0 

r:,J. 

180702-6 SUS 32.75 1.998 122.5 0.246 66.87 0.205 - 6.52E-07 0.1 8 9.57 0.029 10.7 (0 
~ 

180702-7 SUS 32.75 1.998 104. 1 0. 177 60.93 0.990 9.04E-07 0.1 8 8.72 0. 142 9.76 '""S 
~ 

180702-8 SUS 32.75 1.998 123.7 0.25 1 65.9 1 0.007 6.39E-07 0. 18 9.43 0.00 1 10.6 =-.. 
180704-1 SUS 32.75 1.998 85 .9 0.1 21 55.74 0.255 - l.33E-06 0.1 8 7.98 0.036 8.93 ~ -180704-2 SUS 32.75 1.998 87.8 0. 126 57.83 0.983 l.27E-06 0. 18 8.27 0. 14 1 9.26 

~ = 
180704-3 SUS 32.75 1.998 70.9 0.0822 53.00 0.346 l.95E-06 0. 18 7.58 0.050 8.49 

(0 
- -r:,J. 

180704-4 SUS 32.75 1.998 77.8 0.0992 54.59 0.552 - l.62E-06 0.1 8 7.8 1 0.079 8.75 

180704-5 SUS 32.75 1.998 68.2 0.0762 52.34 0.757 - 2. 1 IE-06 0. 18 7.49 0. 108 8.38 

180704-6 SUS 32.75 1.998 118.6 0.230 66.90 1.27 - 6.96E-07 0. 18 9.57 0. 182 10.7 

180704-7 SUS 32.75 1.998 118.0 0.228 65.81 1.27 7.03E-07 0.1 8 9.42 0. 182 10.5 

180705- 1 SUS 32.75 1.998 145.3 0.346 68.5 1 0.445 - 4.64E-07 0. 18 9.80 0.064 11.0 

180705-2 SUS 32.75 1.998 63.5 0.0660 49.32 1.24 - 2.43E-06 0. 18 7.06 0. 177 7.90 -? 
180705-3 SUS 32.75 1.998 73.4 0.0882 53.36 1.61 l.82E-06 0.1 8 7.64 0.23 1 8.55 -0 

N 
180705-4 SUS 32.75 1.998 62.4 0.0638 50.74 1.39 2.5 1E-06 0. 18 7.26 0. 199 8. 13 '° --N 
180705-5 SUS 32.75 1.998 55.0 0.0496 45.78 0.566 - 3.23E-06 0. 18 6.55 0.081 7.33 0 

N -18 1119- 1 SUS 32.76 2.003 82.1 0.1 10 55.1 2 0.413 l.45E-06 0.1 8 7.89 0.059 8.83 ..... 
tii 
0 

18 111 9-2 SUS 32.76 2.003 104.5 0. 179 62.69 1.25 - 8.98E-07 0. 18 8.97 0. 179 10.0 0 
-.J 

Vl 

I -0 18111 9-3 SUS 32.76 2.003 100.0 0. 164 6 1.35 0.095 - 9.81E-07 0. 18 8.78 0.01 4 9.82 -.J ...., N 
N 
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Table 1 ► 

(/J 
Continued ~) C: -trl Crater rim .., 

► diameter (Ddm), c:. r Projectile mm lrR 
Impact 

Mass Diameter velocity Kinetic 
Target velocity (mp), (d p = rp/2), (v; ), m energy 
range Run number Material mg mm s- 1 (Ek), JJ Average Error R dm /R** Jr2 Jr4 Average Error KR/ Jr4' "C-10" 

181119-4 SUS 32.76 2.003 141.3 0.327 71.50 0.043 4.92£-07 0.18 10.23 0.006 11.4 

18 111 9-5 SUS 32.76 2.003 51.4 0.0432 46.37 0.362 3.72E-06 0.1 8 6.63 0.052 7.43 ~ 

0.1 mm target 190626-2 Al 1.49 1.003 1113 0.923 59.76 1.12 1.21 3.97E-09 0.50 23.1 0.431 24.1 
0 = High velocity "'1 = 190626-3 Al 1.44 1.002 2554 4.70 71.85 1.42 1.20 7.53E-10 0.52 28.4 0.561 29.7 ~ -190626-4 Al 1.34 1.006 4057 I 1.0 83.38 0.924 1.27 2.99E- IO 0.57 31.9 0.353 33.1 0 

'""" 190626-5 Al 1.42 1.000 2657 5.01 73.19 1.23 1.21 6.94E-I0 0.52 28.8 0.483 30.0 ~ 
190626-6 Al 1.40 0.999 1152 0.929 58.45 1.12 1.16 3.69E-09 0.53 24.2 0.465 25.2 

~ 
0 

200930-4 SUS 4. 19 0.998 1185 2.94 79.92 1.44 1.20 3.48E-09 0.18 22.2 0.399 24.9 "'O 

~ 200930-5 SUS 4.21 0.998 2129 9.54 93.54 1.01 1.16 l.08E-09 0.18 26.8 0.291 30.1 1Jl ... 
201001-1 SUS 4.02 0.997 4417 39.2 11 2.99 I.II 1.14 2.50E-10 0.18 33 .3 0.327 37.3 ~ 

~ 
20 1001-2 SUS 33.50 2.00 4132 286 192.29 3.20 1.06 5.74E-I0 0.18 30.0 0.500 33.7 -~ 
20 1002-6 SUS 33.50 2.00 4098 281 198.92 1.36 - 5.84E-I0 0.18 28.2 0.192 31.6 ~ 

1Jl 
210317-8 SUS 3.87 1.00 4419 37.8 110.40 1.59 2.51E-10 0.19 32.1 0.462 35.8 ~ 

~ 
210318-1 SUS 33.30 2.00 1925 61.7 164.66 0.809 1.15 2.64E-09 0.18 23.8 0.117 26.7 "'1 

~ 

210318-3 SUS 3.81 1.00 4355 36.1 114.70 0.637 1.18 2.58E-I0 0.20 33.3 0.185 37.1 ::r .. 
210318-4 SUS 33.40 2.00 1943 63.0 166.88 1.52 1.12 2.60E-09 0.18 24.7 0.225 27.7 ~ -Mix TLow 180924-1 SUS 112.0 3.00 159.7 1.43 83.29 1.04 5.76E-07 0.21 8.42 0.105 8.73 

~ 
- = velocity ~ -180924-2 SUS 112.0 3.00 180.5 1.82 69.90 1.87 4.51E-07 0.21 7.07 0.189 7.33 * 

1Jl 

180924-3 SUS 112.0 3.00 152.0 1.29 56.34 1.98 6.36E-07 0.21 5.70 0.201 5.91 * 

180924-4 Alp 3 46.0 3.00 145.8 0.489 50.90 0.969 - 6.92E-07 0.52 6.93 0.132 7.03 * 

180924-5 Al20 3 50.0 3.00 99.6 0.248 43.1 9 0.683 1.48E-06 0.48 5.72 0.090 5.82 * 

180924-6 SUS 113.0 3.00 117.6 0.782 65.44 7.24 l.06E-06 0.21 6.60 0.730 6.84 * 

18 111 6-1 SUS 32.68 2.00 81.4 0.108 48.97 2.62 - 1.48E-06 0.22 7.47 0.400 7.74 -
181 116-2 SUS 32.68 2.00 104.9 0.1 80 53.27 1.68 8.91£-07 0.22 8.12 0.256 8.42 

? -0 
181116-3 SUS 32.68 2.00 117.0 0.224 53.83 1.73 7.16E-07 0.22 8.21 0.264 8.51 

N 

'° --N 
181116-4 SUS 32.68 2.00 131.5 0.282 58.07 1.19 - 5.67E-07 0.22 8.86 0.182 9.18 0 

N -Mix THigh 201001-4 Al 1.59 0.990 4344 15.0 73.66 1.82 - 2.57E-I0 0.54 29.0 0.718 29.0 * ..... 
tii 

velocity 0 
0 
-.J 

°' I -0 -.J ...., N 
N 
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Table 1 ► 

(/J 
Continued ~) C: -trl Crater rim .., 

► diameter (Ddm), c:. r Projectile mm lrR 
Impact 

Mass Diameter velocity Kinetic 
Target velocity (mp), (d p = rp/2), (v; ), m energy 
range Run number Material mg mm s- 1 (Ek), JJ Average Error R dm / R** Jr2 Jr4 Average Error KR/ Jr4' "C-10" 

20100 1-5 SUS 4. 12 0.995 4344 38.9 95.06 3. 10 2.58E-10 0.21 27.3 0.887 27 .3 * 

20 100 1-6 SUS 4.00 0.995 11 8 1 2.79 54.38 3.7 1 3.50E-09 0.22 15.7 1.07 15.7 * ~ 
0 

Mix F Low 1807 11-1 SUS 32.75 1.998 126.6 0.263 52.09 0. 120 - 6. 1 IE-07 0.25 7.94 0.018 8.20 = velocity '""S = 1807 11-2 SUS 32.95 2.005 140.9 0.327 62.32 2.22 4.95E-07 0.25 9.48 0.337 9.79 ~ -1807 11 -3 SUS 32.95 2.005 82.6 0. 11 2 41.5 1 1.47 - l.44E-06 0.25 6.3 1 0.223 6.52 0 
~ 

1807 11 -4 SUS 32.95 2.005 60.4 0.060 39.62 2.58 - 2.70E-06 0.25 6.03 0.393 6.22 ~ 
1807 12- 1 SUS 32.66 2.00 1 128.6 0.270 56.87 0.86 1 5.93E-07 0.25 8.67 0. 13 1 8.96 

(0 
0 

1807 12-2 SUS 32.7 1 2.004 I 13.2 0.209 50.97 2.27 7.67E-07 0.25 7.77 0.346 8.02 ~ - =-
1807 12-3 SUS 32.7 1 2.004 79.5 0. 103 4 1.1 9 1.45 - 1.55E-06 0.25 6.28 0.22 1 6.48 '-< 

r:,J. .... 
1807 12-4 SUS 32.7 1 2.004 65.4 0.0699 40.87 1.72 2.30E-06 0.25 6.23 0.262 6.43 ~ 

~ 
180713- 1 SUS 32.7 1 2.004 112.2 0.206 53.36 2.95 7.81E-07 0.25 8. 14 0.450 8.40 --

~ 
1807 13-2 SUS 32.78 1.999 8 1.1 0.1 08 40.38 3.44 - I.49E-06 0.25 6. 15 0.524 6.35 * (0 

r:,J. 

180713-3 SUS 32.78 1.999 81.3 0.108 33.74 1.79 l.48E-06 0.25 5. 14 0.273 5.3 1 * (0 
~ 

180718- 1 SUS 32.78 1.999 117.9 0.228 52.9 1 3.03 - 7.04E-07 0.25 8.06 0.462 8.32 '""S 
~ 

1807 18-2 SUS 32.78 1.999 63.7 0.067 32.47 2. 17 - 2.41E-06 0.25 4.95 0.330 5.11 * =-.. 
1807 18-3 SUS 32.78 1.999 143.3 0.337 57.85 2.77 4.77E-07 0.25 8.8 1 0.42 1 9.10 ~ -180718-4 SUS 32.78 1.999 125.8 0.259 48.62 0.770 6. 19E-07 0.25 7.41 0. 11 7 7.65 

~ - = 
1807 18-5 SUS 32.78 1.999 82.0 0.11 0 3 1.1 5 0.680 l.46E-06 0.25 4.75 0.1 04 4.90 * 

(0 
- -r:,J. 

1807 18-6 SUS 32.64 2.002 53.2 0.0463 38.48 1.25 3.46E-06 0.25 5.87 0. 190 6.06 

1807 19- 1 SUS 32.64 2.002 98.5 0. 158 47.33 1.52 - l.0IE-06 0.25 7.22 0.232 7.45 

1807 19-2 SUS 32.64 2.002 99.8 0. 162 45.32 1.62 9.86E-07 0.25 6.92 0.247 7.1 4 

1807 19-3 SUS 32.64 2.002 98.0 0. 157 45.68 1.28 l.02E-06 0.25 6.97 0. 195 7.20 

19 111 2- 1 Alp 3 55 .0 3.03 105 .9 0.309 58.92 0.970 - 1.32E-06 0.52 7.55 0. 124 7.67 

19 111 3- 1 Al20 3 58.0 3.06 200.8 1.1 7 69.80 1.6 I 3.72E-07 0.5 1 8.79 0.203 8.93 -? 
19 111 3-2 Al20 3 58.0 3.06 180.5 0.945 66.24 2.63 4.60E-07 0.51 8.34 0.33 1 8.48 -0 

N 
19 11 13-3 Al20 3 58.0 3.06 180.5 0.945 68.41 1.35 - 4.60E-07 0.5 1 8.62 0. 170 8.75 '° --N 
19 111 3-4 Al20 3 58.0 3.06 208.3 1.26 73.94 1.56 3.45E-07 0.51 9.3 1 0. 196 9.46 0 

N -19 111 3-5 Al20 3 58.0 3.06 179.2 0.93 1 62.45 2.65 - 4.67E-07 0.5 1 7.87 0.333 7.99 * 
..... 
tii 
0 

19 11 13-6 Alp 3 47 .0 2.92 84.2 0.1 67 51.99 2.08 - 2.02E-06 0.55 7.02 0.282 7. 12 0 
-.J 

-.J 

I -0 -.J ...., N 
N 
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Table 1 ► 

(/J 
Continued ~) C: -trl Crater rim .., 

► diameter (Ddm), c:. r Projectile mm lrR 
Impact 

Mass Diameter veloc ity Kinetic 
Target velocity (mp), (dp = rp/2), (v;), m energy 
range Run number Material mg mm s-1 (Ek), JJ Average Error Rdm/ R** Jr2 Jr4 Average Error KR/ Jr4 ' "C- 10" 

191114-1 Ny 19.0 3.16 185.2 0.326 50.10 2.99 4.52E-07 1.71 9.16 0.545 9.04 

191114-2 GI 27.0 2.67 174.2 0.410 55.01 2.84 - 4.31E-07 0.73 8.94 0.462 9.01 ~ 

19 1114-3 Ti 63.0 2.99 164.5 0.852 62.24 2.2 1 5.42E-07 0.44 7.63 0.270 7.77 
0 - = 

191114-4 ZrO2 81.0 2.94 134.8 0.736 66.80 4.07 7.93E-07 0.32 7.53 0.459 7.73 
"'1 = 

191 I 14-5 SUS 112.0 2.99 168.9 1.60 85.53 3.56 - 5.13E-07 0.25 8.65 0.361 8.94 ~ -
19 1114-6 Cu 129.0 3.0 1 177.9 2.04 89.25 5.25 4.66E-07 0.22 8.61 0.506 8.92 0 -

'""" 191114-7 ZrO2 81.0 2.94 172.4 1.20 77.86 3.78 4.85E-07 0.32 8.77 0.426 9.01 ~ 
~ 

1911 14-8 Ti 64.0 2.98 129.2 0.534 7 1.25 2.2 1 8.75E-07 0.43 8.68 0.269 8.86 0 
"'O 

Mix F High 19020 1-1 Al 1.51 0.986 1215 1.1 I 48.91 1.56 1.24 3.27E-09 0.66 19.4 0.617 19.4 ~ velocity 1Jl ... 
190201-2 Al 1.58 0.987 4438 15.6 81.62 2.05 1.28 2.46E-10 0.63 30.9 0.774 30.9 * ~ 

~ 
190201-4 Al 1.50 0.995 2818 5.96 69.44 1.22 6.14E- I0 0.68 27.9 0.491 27.9 -~ 
190930- 1 Al 1.46 1.000 11 78 1.01 50.9 1 I.I I - 3.53E-09 0.71 20.6 0.450 20.6 ~ 

1Jl 
191001-1 Al 1.40 l.000 2269 3.60 66.76 0.599 1.21 9.52E- 10 0.74 27.8 0.249 27.8 ~ 

~ 
191001-2 Al 1.33 0.990 3909 10.2 74.8 1 I. 19 - 3.l?E-10 0.75 31.3 0.496 3 I .3 "'1 

~ 

19 1001-3 SUS 4.06 0.99 1 2 192 9.75 79.93 2.63 1.14 l.0I E-09 0.25 24.7 0.810 24.7 ::r .. 
191001-4 SUS 4. 14 0.991 23 11 11.1 74.85 3. 14 9.09E- 10 0.24 2 1.4 0.899 21.4 * ~ -191001-5 SUS 4.07 0.992 4134 34.8 91.50 4.4 1 2.84E-10 0.25 26.3 1.27 26.3 

~ - = 
19 1001-6 SUS 3.97 0.998 4263 36.1 109.86 2.7 1 2.69E-I0 0.26 31.9 0.788 31.9 

~ - -1Jl 
191001-7 SUS 4.35 1.000 1181 3.03 65.83 2.83 3.5 1E-09 0.24 18.5 0.797 18.5 

191002-1 Al 1.43 0.995 I 189 1.01 40.93 0.552 - 3.45E-09 0.71 16.7 0.225 16.7 * 

19 11 06-5 Al 1.44 0.996 1201 1.04 47.36 2.66 1.17 3.38E-09 0.71 20.2 1.14 20.2 

191106-6 SUS 3.8 1 0.970 1232 2.89 70.57 1.22 1.29 3. 13E-09 0.25 19.7 0.339 19.7 

19 1107- 1 SUS 4.02 0.996 4303 37.2 103.56 3.56 1.23 2.64E-10 0.25 29.7 1.02 29.7 

19 11 07-2 Ti 2.38 0.999 4279 2 1.8 9 1.2 1 3.32 1.27 2.67E- I0 0.43 30.4 I.IO 30.4 -? 
19 1107-3 Cu 4.78 1.006 4299 44.2 113.65 4.04 1.19 2.67E-IO 0.22 31.8 1.13 31.8 -0 

N 
Note. An asterisk* on the line of "C-10" shows the experimental resu lt when the projectile collided with a 10 mm-sized glass bead on the target surface. The details are explained in Section 3.2. The '° --N 
Rnm/R shown by a double asteri sk ** is measured using a crater profile. On a shot shown as "- ", the crater profile was not measured or the crater rim and the pre-impact surface were not clear due to 0 

N 
large bumps on the crater profile. -..... 

tii 
0 
0 
-.J 

00 

I I -0 -.J ...., N 
N 
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2 

Figure 2. (a, b) Crater profiles for (a) 0. I mm targets and (b) Mix F, at the impact velocities of I. 1- 1.2 km s- 1, 2.6-2.8 km s- 1, and 3.9-4. I km s- 1. The units shown 
on both axes are normalized by the crater rim radi us, R, ;m - The number in the parentheses on the legend is the run number. The dashed lines in panel (b) are the linearly 
interpolated lines between the acquired data points . Some data points were withheld due to measurement error. (c) Definitions of the crater rim radius, R,;m, and crater 
radius , R , for the 0. 1 mm target and Mix F. The crater profiles are the same as that of panel (a) at 4.1 km s- 1 and panel (b) at 3.9 km s- 1. (d , e) Photos of the impact 
crater taken from the top of (d) the 0.1 mm target (run number: I 90626-4) and (e) the Mix F (run number: I 91001-2). (f, g) Ejecta curtain observed at the crater 
formation time for (f) the 0.1 mm target (run number: I 90626-4) and (g) the Mix F (run number: I 9 1001-2). 
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Figure 3. Relationship between the crater rim diameter, D,;m, and the kinetic energy of the projectile, Ek, for (a) all data, (b) 0_ I mm targets, and (c) Mix T and 
F. Panels (b) and (c) show the data for SUS projectiles with different radii at different impact velocity ranges_ The solid lines are fitting lines generated using the 
power- law equations. (d) Relationship between the crater rim diameter, D,;m, and r; E[ for 0.1 mm targets and Mix T and F. 

~ ASUIETAL. 

porosity of the Mix T were larger than those of the Mix F. Thus, the probability of impact with a 10 mm-sized 

bead on the Mix T surface might have been higher. 

As shown in Figure 3a, the D,;m increased continuously with the increase of the Ek for small Ek, but it dropped 

abruptly for Ek =1 -2 J for each target. In order to examine this gap in detail , the relationship between the D,;m 

and the Ek with SUS projectiles is shown for the 0_ l mm target on Figure 3b, and for Mix T and Fon Figure 3c_ 

In these figures, the D,;m depends on not only the Ek but also the projectile radius, rp- ln Figure 3b, it can be seen 

that the D , ;m for 2 mm-sized SUS projectiles had the same relationship, even if the impact veloc ity differed by 

one order of magnitude_ Furthermore, the D , ;m for I mm-sized SUS projectiles was systematically smaller than 

that for 2 mm-sized SUS projectiles_ A similar dependence on the rp was also confirmed for the Mix T and Fin 

Figure 3c. Moreover, the D,;m for the Mix Twas almost consistent with that for the Mix F with same r p- However, 

the range of the size ratio of the target bead to the projecti le, </J = r, / rp, which r, is the radius of the target bead, 

was quite different between the 0_ [ mm target and Mix T and F- That is, the range was 0.05- 0. l for the 0. 1 mm 

target but 0.03- 10 for the Mix T and F- So, the dependence of D,;m on the rp could be affected by this size ratio 

range_ ln order to study thi s dependence, a multivariate analysis was conducted for the variables D , ;m, r p, and Ek-

10 of21 
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The results showed that D,;m could be well scaled with r~E:, and the a was 0.35 ± 0.06 for both targets as shown 

in Figure 3d. Thus, the¢ range did not affect the D,im against the rp. They was 0.17 ± 0.003 for the 0.1 mm target 

and 0.18 ± 0.01 for the Mix T and F, and an offset was found between them. These differences might have been 

caused by the difference in the physical properties of the target, such as the density and angle of repose. 

3.3. Crater Size Scaling Relationship 

We organized our experimental results on the crater radius in order to improve the n-scaling law proposed by 

Housen et al. (1983) and Housen and Holsapple (2011 ); this conventional scaling law is often used to relate the 

laboratory-scaled results to the planetary-scaled impact phenomena. The crater size scaling law that we used is 

in the gravity-dominated regime, not the strength-dominated regime, and it is written as follows: 

(1) 

where mp is the projectile mass, rp is the projectile radius, fJ is the density of the projectile, Pb is the bulk density 

of the target, and v; is the impact velocity. H 1, b, and care constants; b and c are rewritten by using the coupling 

parameter(= rr v'.' {Jv), and they are b = -µ/(2 +µ)and c = (2 + µ - 6v)/3(2 + µ) . For simplicity, the terms on 

Equation 1 are rewritten using the fo llowing nondimensional parameters: nR = R(pb/mp)1 13, n2 = grr/ uf, and 

n4 = Pb/ fJ. The parameters H1, b, and care determined for each target in our experiments. R is the crater radius: 

it was calculated from the measured value of R,im and the ratio, R,;m/ R, as shown on Section 3.1 and Table 1. 

At high impact velocity (> I . I km s- 1), the R,;m/ R for the 0.1 mm target and part of the Mix F without "C-1 0" 

targets was used the measured value of the laser displacement meter. However, the R,;m/ R for the rest of the 

Mix F and "C- 1 0" targets cou ld not be determined due to the ambiguous crater profiles (Figure S2 in Supporting 

Information S 1 ). In these cases, the averaged R,;m/ R value measured for the Mix F without "C-1 0" targets was 

used. At low impact velocity ( <210 m s- 1), the crater profi les were not measured by the laser displacement meter, 

so the R,;m/ R was not determined directly. Then , the averaged R,;m/ R value of the 0.1 mm target and the Mix 
F without "C-1 0" targets obtained at high impact velocity was used for each target. In the case of the Mix T and 

"C- 1 0" targets, the averaged R,;m/ R value of the Mix F without "C- 1 0" targets at high impact velocity was used. 

Figure 4a shows the relationship between the nR and the n4 at constant n2, in which the n2 is (4.3--4.9) x 10- 7 for 
low velocity (<210 m s- 1

), and (2.5- 3.2) x 10- 10 for high velocity ( 1.1 --4.4 km s- 1
). From this figure, we can 

obtain the parameter c for Equation l. But the data for the O. l mm target were not sufficient to determine the c 

in both impact velocity ranges, so we determined the c from the data for the Mix F: It was 0.023 ± 0.016 for low 

velocity, and O for high velocity. 

Figures 4b and 4c show the relationship between the nR normalized by then; and the n2 for all data. The parameter 

c for the 0.1 mm target and the Mix T was not determined in this study. Therefore, it was assumed that the c of 

the 0.1 mm target was the same as that of 0.2 mm-sized glass beads obtained by Yasui et al. (2015) whereas the c 

of the Mix T was assumed to be the same as that of the Mix F without "C- 1 0" targets determined in the low and 

high impact velocity ranges, respectively. At n2 values greater than 3 x 10- 7 (low velocity) shown in Figure 4c, 

the nR/n; for 0.1 mm target is clearly separated from that for the Mix T and F, and it is about 20% larger. This is 

because the angle of repose for the Mix T and Fis larger than that for the 0.1 mm target, so the friction among the 

beads reduces the crater size for the Mix T and F (Uehara et al. , 2003; Wtinnemann et al., 2010). The nR/n; for 

the Mix Tis positioned at the upper part where the nR/ n; for the Mix Fis distributed. On the other hand, in the 

"C-10" Mix T and F, the projectile collides with the 10 mm-sized target bead, and the nR/ n; is positioned at the 

lower part. From these results, we speculated a first contacted position of the projectile to collide with the Mix 

T and F in three different patterns. Figures 4d and 4e shows a schematic illustration of the arrangement of target 

beads and potential impact points (patterns 1-3) for the Mix T (Figure 4d) and Mix F (Figure 4e) illustrated from 

the above specul ation; they are not depiction that was directly observed from a particular experiment. In the case 

of the "C-1 0" Mix T and F, the impact point is shown as pattern 1. Thus, the nR/ n; di stributed in the upper part 
could be originated from the colli sions between the projectile and a I or 3 mm-sized target bead for the Mix T 

(pattern 2 on Figure 4d). According to this speculation, the nR/n; distributed at the upper part for the Mix F could 
also be explained by the col li sions of a 1 or 3 mm-sized target bead (pattern 2 on Figure 4e). 
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Figure 4. (a) Relationship between the KR and the K 4 at constant K2. "Low v;" means an impact velocity smaller than 2 IO m s· 1, and "High v;" means 1. 1-4.4 km s· 1. 

The two solid lines for the Mix Fare the fitting lines for each velocity range that were used to obta in the parameter con Equation I. (b) Relationship between the KR 

normali zed by the K ~ and the K2 for all shots. The three li nes are the fitting lines for each target; they correspond to Equations 2-4. (c) An enlargement of the area 
surrounded by the dashed li ne on panel (b). The enlarged area showing the Mix T and F results is divided into three colored areas explained in Section 3.2. (d) (e) 
Schematic illustrations of the first contacted position depending on the target bead for the (d) Mix T and (e) Mix F speculated from the panel (c). The black circles show 
the target bead; the largest is a IO mm-sized bead and the smallest is I mm-sized bead. The dotted region in panel (e) represents the pool of 0. I mm-sized beads . The 
dotted red circles indicate the first contacted position of the projectile (patterns 1-3). 

~ ASUIETAL. 

In addition, there are values positioned at the middle part of the n R/ n; for a Mix F located between the values for 

a Mix T and that for a "C-1 0" target. These could have origi nated from the coll isions between the projectile and 

the pool consisting of 0. 1 mm-sized beads at the first contact (pattern 3 on Figure 4e). 

When the 1r2 was smaller than 3 x 10- 9 (high velocity), the nR/ n; values for the Mix F approached that for the 
"C- IO" Mix T and F, and they almost matched each other at n2 = 3 x 10- 10. In th is n2 range, we recovered the 

projectile and the target beads di srupted into fragments after a shot. So the region around the impact point was 

expected to be composed of comminuted fragments. 

The nR/ n; results for the 0.1 mm target and Mix Fare approx imated using the crater size scali ng law, Equation 1, 

by the least squares method for all ranges of the 1r2 as fo llows: 

(2) 
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(3) 

where Equation 3 does not include the "C- IO" results. Although the results of patterns 2 and 3 for the Mix F in 

Figures 4d and 4e are slightly separated from each other in Figure 4c, Equation 3 used both results to obtain the 

scaling relationship in the¢ range of 0.03-3. In this study, the Mix T showed all "C-1 0" when 1r2 was smaller 

than 3 x I 0- 10. Therefore, the original scaling relationship for the Mix T without "C-1 O" results was not obtained. 

On the other hand, the KR/ 1r; for both the "C-1 0" Mix T and the "C-1 0" Mix F is smaller than those of the 0.1 mm 

target or these mixed targets without "C-1 0" results. As is the case for the 0.1 mm target and Mix F without 

"C-1 0" results, the crater size scaling relationship for the "C-1 0" Mix T and F is approximated as follows: 

(4) 

And the c values of the Mix F without "C-10" results at low and high impact velocity ranges were used in 

Equation 4. 

From Equations 2-4, the exponents of a coupling parameter, µ and v, were calculated as 0.39 ± 0.01 and 

0.32 ± 0.001 for the 0.1 mm target, 0.41 ± O.Ql and 0.38 ± 0.02 for the Mix F without "C-10" results, and 

0.45 ± 0.02 and 0.39 ± 0.03 for the "C-10" Mix T and F. Theµ for the 0.1 mm target is the smallest, and it is 

slightly smaller than that of loose sand determined by Housen and Holsapple (2011 ) (0.41), but theµ for the Mix 

F without "C- 1 0" targets matched well with that of loose sand. On the other hand, the µ for the "C-1 0" Mix T 

and Fis the largest one. The v values for the Mix targets (the Mix F without "C-10" results and the "C-10" Mix T 

and F) were about 0.38, and it is larger than that for the 0.1 mm target, but this was almost identical to the typical 

value of 0.4 proposed by Housen and Holsapple (2011 ). 

Next, we compared our results to the previously reported results for glass beads with ¢ of ~ I (Barnouin 

et al., 2019; Guttier et al., 2012; Tatsumi & Sugita, 2018) as shown in Figures 4b and 4c. The materials and 

sizes of the projectile and target grains used in these previous studies are summarized in Table S 1 in Supporting 

Information S 1, for comparison with those used in this study. These previous data could be classified into an 

armoring regime I proposed by Tatsumi and Sugita (20 I 8), in which the ¢ is larger than 1 and the ~ showing 

the kinetic energy of the projectile normalized by the energy required to disrupt the first contacted target bead is 

larger than 1. The results of¢ = 1 in these previous studies are smaller than the results of¢ ::; 0.1 for our 0.1 mm 

target. According to their scaling relationship of spherical glass beads (Equation 9 in Tatsumi & Sugita, 2018), 

the armoring effect is negligibly small for our 0.1 mm target. On the other hand, the crater size of¢= 1 calculated 

using Tatsumi's scaling relationship reduces 5% due to the armoring effect compared with that for our 0.1 mm 
target but the previous experimental results (Barnouin et al., 2019; Guttier et al., 2012; Tatsumi & Sugita, 2018) 

are slightly smaller than these calculated results. Moreover, the calculated crater size of¢ = 3 using Tatsumi's 

scaling relationship reduces 20% while the experimental results of GUttler et al. (2012) are much smaller. We will 

improve their model to resolve this small inconsistency. 

In the case of constant projectile density (e.g. , in the case of a SUS projectile), Equation 1 is described by using 

the kinetic energy of the projectile, Ek , and thus can be rewritten as R oc r~b+I E;b. The value of bis determined 

to be -0.17 for the 0.1 mm target on Equation 2 and -0.18 for the Mix F without "C-10" results on Equation 3, 

respectively. So the powers of the rpand Ek are 4b + 1 = 0.28-0.32 and - b = 0.17-0.18, respectively. Thus, their 

powers are almost consistent with a= 0.35 ± 0.06 and y = 0.17- 0.18 on the last paragraph of Section 3.2. This is 

the reason why the crater rim diameter, D,;m, can be scaled by r~E: for each target as shown in Figure 3d. 

4. Discussion 

Tatsumi and Sugita (2018) proposed two armoring regimes classified by¢ and~: they are armoring regime I at 

¢ > I and~ ;::; I, and armoring regime II at¢ > land~ < I. They proposed a crater scaling relationship of armor­
ing regime I using¢ and~- In armoring regime II, only the first contacted target grains were disrupted and no 
impact craters were clearly formed. So they did not discuss the scaling relationship of armoring regime II. In this 
study, we identified the impact crater even in armoring regime II. This result appears to be a unique phenomenon 

in granular targets with a size frequency distribution. 
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One of the most important results in our experiments is that the cratering efficiency of the "C-1 0" Mix T and F 

was smaller than that for the Mix F without "C-1 0" results. We calculated the ,; of the "C- 1 0" targets using the 

impact strength of glass sphere obtained by Yasui et al. (2020) (in this calcu lation, we assumed that the impact 
strength did not depend on size), and compared them with the appearance of the recovered fragments of impacted 
10 mm-sized glass bead or itself. As a result, the impacted 10 mm-sized bead was cracked at ,;= 0.05-1.3 or 
disrupted into some fragments at,; = 2.0-27.8. According to Tatsumi's definition of the armoring regime, our 
"C-10" Mix T and F resu lts fa ll into armoring regimes I and II, depending on the impact velocity. Here, we 

improved the scaling relationship of armoring regime I proposed by Tatsumi and Sugita (2018) to be appl icable 
to targets with a power-law bead size distribution and applied this improved relationship to a crateri ng efficiency 

in armoring regime II. 

To develop a scaling relationship for "C-10" targets, we assume that the momentum of the projectile is trans­
ferred to a first contacted 10 mm-sized bead, and the contacted bead is accelerated and coll ides with the neigh­

boring beads surrounding it, which is similar to the model proposed by Giittler et al. (2012) and Tatsumi and 
Sugita (2018). Then, we introduce the reduction rate of the cratering efficiency to Equation 1 and construct the 
improved Equation 1 in order to accurately reproduce the experimental results for the case of a "C-1 0" target. 

In th is model, the parameters related to the projecti le on Equation 1 are replaced with those related to the first 
contacted 10 mm-sized glass bead as follows: 

(5) 

where m,, r,, and p, are the mass, radius, and density of the first contacted glass bead, respectively, and u, is the 

colliding velocity of the first contacted bead with its neighbors. The parameters, band c, are constant, as same as 
Equation I. Giittler et al. (2012) and Tatsumi and Sugita (2018) consequently used the velocity of the center of 
mass as the colliding velocity because they considered that the effect of the restitution coefficient was negligibly 

small relative to the colliding velocity. Holsapple and Housen (2012) and Housen and Holsapple (2015) showed 
that the momentum transfer efficiency, P, was I for a perfectly inelastic collision, but that P increased beyond 
5 for cohesive rock due to the mass and the velocity of ejecta in high velocity coll isions. The p is defined as 

m,u,/ mpu;, so u, = Pmru;/ m,. Equation 5 is rewritten by using the non-dimensional scaling parameters, 7rR, n 2, 

and 1r4 , and the P, and the improved crater size scaling relationship is shown as fo llows: 

(6) 

Here, we used¢= r,/rp and assumed that the projectile and the first contacted bead had a perfect sphere, so the 

reduction factor of the cratering efficiency,/(¢), is written as fo llows: 

(7) 

Here, we use Equation 7 for our "C- IO" targets, so a radius of the first contacted bead, rp, is 5 mm (in this 

case, ¢ was defined as ¢ 10). In the later discussion, we applied Equation 7 to various target particles that were 

larger than the impactor size. The f (¢) = 1 in Equation 6 merges with the crater scaling relationship of the 
Mix F without "C-10" resul ts shown by Equation 3. As the/(¢) must be smaller than I, Equation 7 is used at 
¢ ~ [p-2b(p,/ ,5) 1/ 3+2b-c r 11<1+7b)_ We used our scaling parameters, H1 , b, and C of Equation 3 in Equation 6, and 

calculated the/(¢) for our experimental "C- 10" Mix T and F results. Then, we obtained the p necessary for 

reproducing the calculated/(¢) using Equation 7. 

Figures 5a and 5b shows the relationship between the ¢ 10 and the 7rR normalized by H1ngn~. The 7rR normalized 
by H 1 ngn~ corresponds to the / (¢), so the experimental results for the "C- 1 0" targets can be compared with 
Equation 7 to determine the p. In order to calculate the/(¢), the parameters H1 and bin Equation 6 were used as 
the values of Equation 3 and the value of c was taken as the average value, 0.0 12, at both impact velocity ranges. 

The curves are calcul ated by Equation 7 with different values of p rangi ng from I to 4 for each projectile type. 
The upper limit of Equation 7 is equal to that of Equation 3 in this model. The curve of p = I means a perfectly 
inelastic collision (Housen & Holsapple, 2015). Most of the results for the "C-1 0" targets are between the upper 
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The colored lines show the f(</J ) of Equation 7 at constant P, from I to 4, for each projectile type, with p = I being the lower limit. The dotted line is the upper limit of 
f(</J): the armoring is not effective at f(</J) ~ I. The experimental results of Glittler et al. (20 12) and Barnouin et al. (20 19), and the four gray lines for a glass projectile 
calculated using Equation 7 changed p from 0.1 to 1.5 are also shown on panel (b). The black lines show the f(</J) of the model proposed by Tatsumi and Sugita (20 18) 
(TS's model) for each projectile type. (c) Relationship between the p - I and the impact velocity for the "C- 1 0" targets determined from panels (a) and (b). The sol id 
line is the fittin g line of Equat ion 8. The dotted line shows the results of non porous rocks obtained by Housen and Holsapple (2015). 

~ ASUIETAL. 

limit and the line of p = I although a few data are below this line. According to this figure, the momentum trans­

fer efficiency, P, is estimated to be 1-1.5 at low velocity range and 1.5-3.5 at high velocity range: P increases 
with increasing impact velocity. 

It was unexpected that three experimental results for a SUS projectile with a diameter of 2 or 3 mm were smaller 

than the curve of p = I. This might have been due to the initial arrangement of 10 mm-sized beads on the target 
surface: The concentration of IO mm-sized beads might have been higher than that of the other-sized beads, and 

this cou ld have reduced the cratering efficiency. 

Tatsumi and Sugita (201 8) proposed a crater volume scaling relationship including the armoring effect for a 

target composed of particles of a single size. Their proposed scaling relationship for smooth spherical particles 

can be compared with our improved scaling relationship for a Mix F. The reduction factor of the cratering effi-
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ciency, f (¢), is obtained for the model of Tatsumi and Sugita by transforming Equations 8 and 9 of Tatsumi and 

Sugita (2018), as!(¢)= (5.7 /n/ 13 [! + ¢ 3 (p,/8)r2<3µ- ll/3<2+1'1, where the crater volume is approximated by the 

cone shape. The reduction factor of Tatsumi and Sugita (2018) is close to the relationship off]= 1.5-2 in our 

model , but not sufficiently close to fit all of our experimental results. Though the dependence of the¢ on the reduc­

tion factor in Equation 7 is similar to that in the above equation, f (¢) = (5.7 /n)'/3 [ 1 + ¢ 3 (p,/ 8)r2<3µ- l)/3<2+ i,), of 

Tatsumi and Sugita (2018), our model can predict various reduction factors at constant¢ by using f] , and it can 

explain the experimental data. 

Using the same method, the f] values of Guttier et al. (2012) and Barnouin et al. (2019) were calculated and shown 

in Figure Sb. The!(¢) of Guttier et al. (2012) was calculated by normalizing each .n-R value of¢~ I with their 

mean .n-R of¢< I. The!(¢) of Barnouin et al. (2019) was calculated by normalizing each .n-R value of¢= I with 

the .n-R calculated using Equation 2 for our 0.1 mm target. Their f] values were smaller than our results: they were 

0.5-1 for¢= I, 0.2-1.5 for¢= 3, and ~0.2 for¢= 3.3. This means that the armoring effect is more efficient for 

equal-sized granular targets. This can be seen as a difference in a crater formation process of armoring regime II. 
That is, craters were not clearly formed in equal-sized granular targets whereas they were clearly formed in our 

targets with size frequency distribution. Thus, the difference between our model and Tatsumi's model is that the 

degree of armoring effect on cratering efficiency appears inf]. 

Figure Sc shows the impact velocity dependence off] - 1 obtained from Figures Sa and Sb for a "C-10" target. 

We can say that the f] - 1 increases with increasi ng impact velocity, irrespective of the projectile type, although 

the data is somewhat scattered and the error is larger at low impact velocity range. This relationship is fitted by 

the one power-law equation as follows: 

/J _ j = J0-2.05±0.38 V0.63±0.l4 
I 

(8) 

This relationship is very similar to those of rocks with a porosity of <3 %, but larger than those for porous rocks 

as shown in the figure (Hoerth et al., 2015 ; Housen & Holsapple, 2015). Thus, the f] could depend on a porosity 

as mentioned in previous studies (Flynn et al., 2020; Holsapple & Housen, 2012). 

Holsapple and Housen (2012) and Jutzi and Michel (2014) showed that the f] - I was proportional to 

( Vi/ yY,/ p,) 3µ,- J, where Y, is the static strength of target, and 11 , is the exponent of a coupling parameter of 

n-scaling law in the strength-dominated regime. The power-law relationship of Vi on Equation 8 follows the 

rel ationship of (/3 - I) ex v~11•- 1. Applying our result to this model, theµ , is calculated to be 0.54, and it is almost 

consistent with that of rock (0.55) obtained by Housen and Holsapple (2011 ). Moreover, the f] - 1 depends on the 

strength, Y,, in their model, so our improved crater scaling relationship includes the strength-related term in /J - 1 

as a specific velocity,~- Thus, the reduction factor including the f] in Equation 7 depends on the strength of 

a first contacted bead even when the target has no bulk strength or in the gravity regime. 

By substituting Equations 7 and 8 into Equation 6, the improved crater scaling relationship including the armor­
ing effect is obtained as follows: 

(9) 

In this study, we obtained b = -0.17 and c = 0.012 (the averages of the low and high velocity ranges) for the 

Mix F without "C-1O" results. Accordingly, the power law index of p,/8 in Equation 9 is -0.0097, so this term 

is almost unity. Thus, we can calculate the crater size with consideration for the armoring effect according to 

Equation 9, and our "C-1O" data are reproduced by this equation with different p,/8 and¢ of the first bead 
contacted by the projectile (in this case, we consider only the "C-1 O" data, so¢ = ¢w). Figure 6 shows the rela­

tionship between the .n-R/ n~ and the .n-2 for a "C- 1 O" target at constant surface gravity: The impact velocity, Vi , is 

only changed from 5,000 to 10 m s-1 in .n-2. This figure shows the same results as in Figure 4b, but the "C- 1 O" 

data are grouped according to ¢10, 3.3, 5, and 10. Most of experimental data for each grouped ¢10 are on the lines 
calculated from Equation 9, although some are off from the calculated lines, especially in the low impact velocity 
range. As .n-2 decreases, the improved scaling relationship of Equation 9 at constant surface gravity merges with 

Equation 3; that is,!(¢)= I. At a .n-2 smaller than that at!(¢)= 1, the crater size follows Equation 3. The .n-2 at 

16 of21 



21699100, 2022, 8, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2021JE007172. By Kobe U

niversity, W
iley O

nline Library on [05/11/2023]. See the Term
s and Conditions

(https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable Creative Com

m
ons License

AGU 
ADVANCING EARTH 
AND SPACE SCIENCE 

~ASUIETAL. 

Journal of Geophysical Research: Planets 10.1029/2021JE007172 

(,) 

~ 
"'a: 
t: 

4m~=~~~~=~~~~~~rn~~~~-~-~~~~~~~~~-~-=~=~-~~----~ 

3 

2 

10 
9 

8 

7 

6 

5 

4 

10·10 10·9 10·8 10·7 

TT2 

0 <1>10=3.3 
D <1>10=5 
6. <1>10=10 

Fitting 
-- Mix F without "C-10" 

[Eq.(3)] 

Improved scaling relationship 
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Figure 6. The experimental results from Figure 4b for the "C-1 O" targets with </>10 = 3.3, 5, and I 0. The black solid line 
shows the crater size scaling relationship for the Mix F without "C-1 O" results shown by Equation 3. The colored lines show 
the calculated results of Equation 9 for various projectile types (the size in the legend corresponds to the projectile diameter). 

/(¢) = I decreases with increasing ¢ at constant surface gravity, as shown in Figure 6, and the impact velocity 

corresponding to/(¢) = l is shown as follows: 

[ 
{ (p,/8)1/3+2b-c cpJ +7b} J/2b - I] 1/ 0.63 

v· > 
I - 8.99 X 10- 3 

Equation 10 thus represents the impact condition without an armoring effect. 

(IQ) 

The :rr2 depends on not only the impact velocity but also the surface gravity. The improved scaling rel ationship 
can also be plotted by changing surface gravity at constant impact velocity. Figure 7a shows the armoring effect 
on the crater scaling relationship plotted by changing the surface gravity at constant impact velocity, as shown by 

the solid lines. The parameters rp , v;, and 8 are referenced from the SCI impact experiment from the Hayabusa2 

mission to asteroid Ryugu (Arakawa et al., 2020), and the Pb is assumed to be the average density of Ryugu 
(Watanabe et al. , 2019). The calculated lines of¢ =10, 100, and 500 are parallel to that without an armoring 
effect, and the armoring effect is enhanced with increasing¢. For example, if the SCI is assumed to collide with 
a boulder with a diameter of 13 m (¢ = 100, blue colored circle in Figure 7a), the crater size could be reduced to 
half of that without an armoring effect. But if the boulder impacted by SCI was smaller than 52 cm(¢ < 4.0), the 
crater size could not be affected by the first contacted boulder. Arakawa et al. (2020) concluded that the diameter 
of the SCI crater was almost the same as the estimate from the crater size scaling law of loose sand in the gravity 

regime (Housen & Holsapple, 2011 ). This means that the armoring effect was small enough to be approximated 
by a scaling law for a target with homogeneous particles of a single size. This phenomenon might have been 

caused by the reduction factor,/(¢) = I; that is, the first contacted boulder impacted by the SCI impactor might 
be smaller than 52 cm. 

The dashed lines show the scaling relationship plotted by changing the impact velocity under a constant surface 
gravity for Ryugu (l.2 x 104 m s·2) : More specifically, they show the crater size when the SCI impactor collided 
with a boulder (first contacted boulder) of diameter 1.3, 13, or 65 m (¢ = 10, 100, and 500, respectively) at an 
impact velocity of 10 km s-1 to 10 m s- 1. At a wide range of¢, the armoring effect is reduced with increasing v;, 
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Figure 7. (a) Calculated results of Equation 9 plotted by changing the impact velocity {dotted lines) and the surface gravity (solid lines) on the relationship between 
the ,rR/ ,r~ and the ,r2. The three colored open circles show the impact condition for the SCI impactor impacting Ryugu. {b) Contour map of the reduction factor, f(</J) , 
changing with the impact velocity, v;, and the size rat io of the (fi rst contacted) boulder size to the impactor, </J , in 0.05 increments. The color bar shows the magni tude 
of the reduct ion factor, f(</J). The rectangular region surrounded by the red and green lines show the collisional velocity range in the main asteroid belt (MAB, 
Bottke et al. , J 994) and near-Earth space environment (NE, Moorhead, 2018), respectively. (c) Calculated crater diameter for collisions between the first contacted 
boulder with the diameter of I m and various sized impactors on Ryugu. The red line shows our scaling relationship of Equation 9. The black line (including the black 
horizontal dashed line) shows the scaling relationship ofTatsumi and Sugita (2018) for angular shaped target grains. The gray line shows the gravity scaling law of 
Holsapple (l 993) for dry sand. The vertical red dotted line shows the f(</J) = I of thi s study. The vertical black dotted line shows the lower limit of crater size estimated 
by Tatsumi's model (~ = I ). The vertical blue dotted l ine shows the SCI impactor diameter (Arakawa et al. , 2020). 

~ ASUIETAL. 

but the reduction factor, /(¢), is smaller with increasing¢. Figure 7b shows the contour map of the/(¢) chang­
ing with the impact velocity and the ¢ . At the region below the line off(¢)= 1, the armoring effect does not 

fun ction, and this region expands toward large¢ with increasi ng v;. At constant¢, the reduction factor approaches 

unity as the impact velocity increases, as already shown in Figures 6 and 7a. At the average colli sional velocity in 

the main asteroid belt (4-6 km s- 1, Bottke et al. , 1994), the armoring effect on the crater fo rmation could function 

on the surface covered with boulders having a size di stribution in which the size of the impacted boulder is >6-8 

times larger than the size of the impactor. The average colli sional velocity in the near-Earth space environment is 

13-20 km s- 1 (Moorhead, 2018), so the armoring effect could function at the size ratio of the impacted boulder 

to the impactor > 16. Figure 7b enables us to estimate the/(¢) for the impactor colli sion on the first contacted 
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boulder with various¢ values at various v;. Therefore, our improved crater size scaling relationship including the 
armoring effect will help to refine the crater chronology on rubble-pile asteroids covered with boulders of various 
sizes, such as Ryugu, through reconstruction of the crater size frequency distribution. 

The returned samples from Ryugu by Hayabusa2 revealed that they had a high microporosity, ~46% (Yada 
et al., 2022) although our improved scaling relationship is based on the results of granular targets made of glass 
beads without microporosity, and it does not explicitly describe the effect of micropores on Ryugu's boulders. 
However, Housen et al. (2018) showed that the compaction of micropores dominated the cratering formation 
processes only at n2 greater than 10- 6 and that the cratering process was mainly controlled by the gravity even for 

the granular targets made of grains with micropores at n2 smaller than 10- 6. Since the SCI impact and other colli­
sions on Ryugu were done at n2 smaller than 10- 10, the cratering on Ryugu may be dominated only by the gravity. 

This means that our improved scaling relationship, which includes the effects of boulder size and strength, could 

be applied to collisional phenomena on Ryugu and other small asteroids. 

Finally, we compare our scaling relationship of Equation 9 with Tatsumi and Sugita's model: Their models are 

calculated to show the relationship between the impactor size and the crater size on Ryugu. This relationship 
is essential for estimating the crater retention age of asteroids. Figure 7c shows a predicted crater diameter on 
Ryugu for various sized impactors colliding with boulder with the diameter of 1 m. This is similar to Figure 

17b in Tatsumi and Sugita (2018), but in this figure the SCI impact on Ryugu was calculated by using the bulk 
density and the impact velocity of SCI impactor of 8 = 1,740 kg m·3 and v; = 2,000 m s- 1 (Arakawa et al., 2020), 

the bulk density of boulder of p, = 1,282 kg m·3 (Yada et al. , 2022), and the surface gravity of g = 1.2 x I 0-4 

m s·2 (Watanabe et al. , 2019). Tatsumi's result for nR is normalized by nR calculated by n-scaling law in the 

gravity-dominated regime for dry sand (e.g., Holsapple, 1993) whereas our result for 7rR is normalized by our 
scaling relationship for the Mix F without "C-1 0" results in Equation 3 under the same impact conditions. In the 

case of our model , the crater diameter decreases due to the armoring effect at/(¢)< I. The upper limit of the 
impactor diameter which can reduce the crater diameter is 25 cm: It is 1/4 of the impacted boulder of 1 m and 
twice of the SCI impactor size of 13 cm. On the other hand, in Tatsumi's model, the reduction of crater diameter 

due to the armoring effect occurs even for the impactors with the diameter of ~8 m, which is much larger than the 

upper limit of our model. Moreover, in their model, the armoring effect is maximized at the impactor diameter 
of 30 cm, and the reduced crater diameter is unchanged even at the impactor size smaller than 30 cm. Tatsumi's 
model can be applied to asteroids whose surface is covered with equal-sized boulders (e.g., 1 min diameter), and 

the armoring effect is rather strong compared to our model. This means that the impactor size >3 mis necessary 
for Tatsumi's model to reproduce the SCI crater of 14.5 m on Ryugu for the first contacted boulder with the diam­
eter of I m. Since our model can be applied to asteroids whose surface is covered with boulders having a size 

frequency distribution, the SCI crater size is almost reproduced for the SCI impactor size of 13 cm. This means 
that our model predicts that the armoring effect is small for the SCI impact. 

5. Conclusions 

We conducted cratering experiments at impact velocities from 55 m s- 1 to 4.4 km s- 1 on various granular targets 
mixed with glass beads having the diameters of 0.1 , 1, 3, and 10 mm, and the experiments were made for projec­
tiles with various diameters and densities. In order to clarify the dependence of the size ratio, ¢, of the first 

contacted target bead to the projectile on the armoring effect, the crater diameter was measured and the crater 
size scaling relationship was investigated. The results showed that the crater diameter formed on Mix F (includ­
ing 0.1-10 mm-sized beads) was reduced by about 10-20% compared to that of 0.1 mm target when a first 
contacted bead was 0.1 - 3 mm in the diameter for a projectile with the diameter of 1- 3 mm. The crater size scal­

ing relationship for Mix F almost agrees with the previous results for¢ = I in Giittler et al. (2012), Tatsumi and 
Sugita (20 I 8), and Barnouin et al. (2019). On the other hand, in Mix T (including 1-10 mm-sized beads) and F, 
when a first contacted bead was 10 mm in the diameter and the bead was cracked or disrupted ("C-10" target) , 
the scaling diameter was clearly reduced: The crater diameter for the "C-10" target was reduced by 25- 35% 

compared to that of the 0.1 mm target and by 20- 25% compared to that of the Mix F without "C-1 0" results. 
While the crater size scaling relationship of the Mix F without "C-1 0" results well merged with that of the "C-1 0" 

target at the impact velocity increased at a constant gravity. These two relationships matched at a greater specific 
impact velocity as ¢ increased. 
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In order to reproduce the crater size of the "C-10" target, we introduced a reduction factor, /(¢), into the crater 
size scaling relationship for the Mix F without "C- IO" results. Then, we constructed a scaling relationship that 

can be applied to the armoring regime II described by Tatsumi and Sugita (2018). It was found that the/(¢) was 
described by the momentum transfer efficiency, P, and the density ratio and size ratio of the first contacted target 
bead to the projectile. In addition, we found that the p increased with increasing impact velocity according to a 

power-law function , but no systematic changes were shown in the projecti le size and density. Using our improved 

crater size scaling relationship including the f (¢ ), it is possible to predict the crater size on an asteroid covered 
with boulders of various sizes when a impactor collides at various impact velocities. 

Data Availability Statement 

Data used in Figures 3 and 4 are included in Table I , and those used in Figures 2a and 2b, 3b-3d, 5, 6, 7a, Figures 

SI , and S2 in Supporting Information SI are available in Yasui et al. (2022). 
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