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Abstract 23 

   We have developed a method to investigate the whole mass–velocity distribution of 24 

impact fragments generated by catastrophic disruption of simulated planetesimals. Flash 25 

X-ray radiography including 12 iron particles for tracers was used to visualize the interior 26 

of the target, and the velocity distribution of the whole target was estimated by using the 27 

velocities of the tracers measured by X-ray images. High-velocity impact experiments in 28 

the laboratory and numerical simulations were conducted for four types of targets 29 

simulating rocky and frozen planetesimals at various specific energies, Q. These targets 30 

consisted of frozen clays with three different water contents ranging from 25 to 45 wt.% 31 

and porous gypsum with a porosity of 51%. The shattering strength, QS
*, and the mass–32 

velocity distribution (MVD) were studied for these targets. The QS
* of the frozen clays 33 

varied by a factor of 3-4 times, depending on the water content, and the QS
* for porous 34 

gypsum was almost the same as that for the frozen clays with lower water contents. The 35 

numerical impact simulations led to slightly different QS
* and MVD values for the frozen 36 

clay targets, possibly because of the partly ductile behavior of these samples. The MVDs 37 

resulting from the porous gypsum targets were well reproduced in the simulations. The 38 

cumulative mass of fragments with an ejection velocity slower than a specific velocity 39 

was examined to introduce a median velocity, v*, charactering the mass–velocity 40 

distribution. The v* is defined as the velocity at which the cumulative mass corresponds 41 

to a half of the original target mass in the distribution. The v* values of the frozen clays 42 

were described by the empirical equation 𝑣∗ = ε 𝑄𝛾  with almost the same  and , 43 
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irrespective of the water content, but the v* of porous gypsum was about 1/3 that of the 44 

frozen clays. These experimental results were well reproduced by the numerical 45 

simulations for both frozen clays and porous gypsum targets. The dispersion strength, 46 

QD
*, could be derived by comparing v* with the escape velocity, vesc, of a target body with 47 

an effective mass, M, and radius, R. From this, a semi-theoretical equation showing the 48 

dispersion strength was derived: 𝑄𝐷
∗ = [

1

𝜀
(
2𝐺𝑀

𝑅
)
1/2

]
1/𝛾

. Numerical simulations of 49 

catastrophic disruptions including self-gravity were conducted to directly determine QD
* 50 

at large scale. These calculations showed that the effective mass of the target body, which 51 

is used in the computation of vesc=v*, should be a half of the original target mass, M=Mtarget 52 

/2. Our results suggest that this approach for computing the semi-theoretical dispersion 53 

strength is suitable for bodies larger than ~10 km. 54 

 55 

Key words:  56 

Asteroids, Catastrophic disruption, Planetesimals, Impact strength  57 
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1. Introduction 58 

   Catastrophic disruption of planetary bodies is one of the most important physical 59 

processes in the solar system. During the planetary accretion process in the solar nebula, 60 

planetary growth is generally followed by mutual collisions of planetesimals: 61 

Planetesimals are catastrophically disrupted into countless fragments by impact and a 62 

portion of these impact fragments are gravitationally re-accumulated to grow a planetary 63 

embryo, while other fragments that escaped from the embryo are relocate to the solar 64 

nebula. These fragments might sometimes reduce or enhance the planetary growth rate of 65 

a planetary embryo because they are easily removed by the inward drift to the sun or they 66 

are effectively captured by the atmosphere of a planetary embryo by gas drag (Kobayashi 67 

et al., 2010; 2011). In addition to these roles in the planetary growth process, catastrophic 68 

disruption is one of the main mechanisms inducing diversity of small planetary bodies 69 

such as asteroids, satellites of outer planets and trans-Neptunian Objects (TNOs). 70 

Especially in the asteroid belt region, there are many small bodies with a relative impact 71 

velocity of about 4 kms-1 (Bottke Jr. et al., 1994), so that mutual impacts among asteroids 72 

can sometimes induce catastrophic disruption and scatter numerous fragments, causing 73 

the size frequency distribution (SFD) of asteroids to undergo continuous change. The 74 

evolution of the SFD in the asteroid belt has been studied theoretically to elucidate the 75 

initial size distribution of planetesimals in the asteroid belt (Bottke et al. 2005). Moreover, it is 76 

widely accepted that asteroid families originated from the catastrophic disruption of 77 

parent bodies, and rubble-pile bodies such as asteroid (25143) Itokawa and (162173) 78 

Ryugu could be formed gravitationally through the re-accumulation of impact fragments 79 



 5 

after the catastrophic disruption (Fujiwara et al., 2006; Watanabe et al., 2019). Therefore, 80 

impact strength is a key to controlling the planetary growth process and inducing a 81 

diversity of asteroids. 82 

   The impact strength is usually described by a specific energy, Q, which is the ratio of 83 

the projectile kinetic energy to the target mass in units of Jkg-1, and it is defined as a 84 

specific energy when the largest fragment of the disrupted target is a half of the initial 85 

target mass. According to previous studies on the impact strength, the strength could be 86 

mainly controlled by the material strength in the so called strength regime at target sizes 87 

smaller than ~300 m, but at target sizes larger than ~300 m, it could be mainly controlled 88 

by the self-gravity; this is the so called gravity regime (Benz and Asphaug, 1999). Thus, 89 

the impact strength, Q*, is described as a shattering strength, QS
*, for the strength regime 90 

and a dispersion strength, QD
*, for the gravity regime. The shattering strength has been 91 

studied in laboratory experiments for various materials simulating planetary bodies since 92 

the 1970s (e.g., Fujiwara et al., 1977; Takagi et al., 1984; Kawakami et al., 1983). The 93 

results of the material dependence on QS
* were summarized in Holsapple et al. (2002). 94 

Moreover, the effects of porosity on QS
* were reviewed in Collins et al. (2019), and the 95 

effect of multiple impacts on QS
* and the QS

* of compounds were studied by Yasui et al. 96 

(2014) and Yasui and Arakawa (2011), respectively, and the scale effects on QS
* were 97 

systematically studied by Housen and Holsapple (1999). According to these results, a 98 

scaling law for the catastrophic disruption was proposed based on a non-dimensional 99 

analysis or shock pressure decay in the target (Housen and Holsapple, 1990; Mizutani et 100 

al., 1990). 101 
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   The dispersion strength in the gravity regime has been studied only by numerical 102 

simulations and not by laboratory experiments, because the re-accumulated mass of 103 

disrupted fragments is necessary to determine the QD
*. Numerical simulations are a 104 

suitable method to obtain the re-accumulated mass due to the self-gravity in the large-105 

scale catastrophic disruptions. Previous theoretical studies showed that the QD
* increased 106 

with the increase of the target body to larger than 100 m to 10 km, but the size dependence 107 

of QD
* varies greatly depending on the models in more than one order of magnitude, 108 

although self-gravity must control the re-accumulation of impact fragments, not material 109 

strength. In order to clarify this discrepancy among the adopted models for QD
*, Jutzi 110 

(2015) studied the effects of material properties such as friction, cohesion, and 111 

compaction on QD
*, and found that these material properties affected the QD

* by one order 112 

of magnitude because the velocity distribution of the deformed target clearly depended 113 

on these properties and the deformation velocity was restricted by each dispersion 114 

mechanism. Thus, Jutzi (2015) mentioned that the material properties were still important 115 

factors to control the impact strength, although the gravity mainly dominated in this 116 

regime, and the QD
* could be determined by the velocity distribution of the deformed 117 

target after the catastrophic disruption. 118 

   Studies of the velocity distribution of impact fragments for various materials in 119 

laboratories are required to confirm the material dependence of QD
* obtained by Jutzi 120 

(2015), but these studies are very limited due to technical difficulties (Nakamura and 121 

Fujiwara, 1991; Giblin et al., 1998). One difficulty is the challenge of observing the 122 

fragments ejected from the target interior: The fragments formed at the interior are usually 123 
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hidden by the fragments formed on the surface and by the dusty cloud made of fine 124 

fragments. Another problem is the difficulty of tracing each fragment in order to obtain 125 

the velocity vector, because it is quite difficult to identify the same fragment in successive 126 

images taken by a high-speed video, and we also need to trace the same fragment in two 127 

different successive images taken from different directions in order to measure the 128 

velocity in 3-D. These are strong barriers to measurement of the velocity distribution of 129 

impact fragments. 130 

   Flash X-ray radiography has been used to observe small debris covered with a dusty 131 

cloud formed by a high-velocity impact (Mizusako et al., 2005), and Yasui et al. (2012) 132 

applied this technique to observe the crater cavity and the crack growth in a porous target. 133 

In this study, we used flash X-ray radiography to observe catastrophic disruption of the 134 

target, because this technique enabled us to see through the whole target, including the 135 

interior, without obstacles such as dusty cloud and overlapping fragments. We developed 136 

a new technique to measure the mass–velocity distribution of the target disrupted 137 

catastrophically, and we succeeded in obtaining the relationship between the impact 138 

fragment mass and the ejection velocity for most target masses. We then introduced a new 139 

parameter of a median velocity, v*, which was defined as follows: One half of the original 140 

target mass had a velocity lower than v*. We studied the material dependence of the v* 141 

using frozen clays and a porous gypsum that collectively simulated various types of 142 

planetesimals, and these results were compared with the results of new numerical 143 

simulations, extending the study by Jutzi (2015) to confirm the theoretical model. 144 

Leinhardt and Stewart (2012) studied the scaling laws of catastrophic disruption in 145 
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gravity-dominated regime by mean of numerical simulations, and they introduced V* as 146 

the impact velocity necessary for the impact strength. Our v* showing the median velocity 147 

is a similar symbol to their V* but v* is different from V*.   148 

 149 

2. Experimental methods 150 

2.1 Sample preparation 151 

Impact experiments were conducted for two types of targets simulating frozen and 152 

rocky planetesimals, i.e., frozen clay targets simulating frozen planetesimals composed 153 

of an ice-rock mixture, and porous gypsum targets simulating rocky planetesimals with 154 

large porosity. Frozen clay targets were prepared by using bentonite powder and water. 155 

Bentonite is composed of clay minerals and the main component is montmorillonite. This 156 

bentonite power was homogeneously mixed with water and kneaded, and then clay 157 

samples with water contents of 25 wt.%, 35 wt.%, and 45 wt.% were prepared. These clay 158 

samples were added to a hemispherical mold to form the initial target shape, and then 159 

additional clay mixture was piled up on the hemispherical mold to form a spherical target. 160 

The piled-up mixture was covered with another hemispherical mold to shape the upper 161 

hemisphere of the target. Finally, the spherical target was extracted from the two 162 

hemispherical molds. The target diameter was chosen to be 4, 5, 6, 7, and 9 cm for the 163 

impact experiments to obtain QS
*, and a target with a diameter of 6 cm was used for the 164 

flash X-ray radiography. For the X-ray radiography, iron tracer particles of 3 mm diameter 165 

were used to measure the displacement of the target interior, so that they were set at the 166 
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mid-plane of the target. These iron tracers were arranged on a plane surface that was 167 

added to the top of the first hemispherical mold before addition of the second hemisphere 168 

(Fig. 1a). The arrangement of iron tracers on the plane is shown in Fig.1b. Two squares 169 

with sides of 2 and 4 cm were drawn on the plane, with their centers being the same as 170 

the center of the circle describing a cross section of the target. On the large square, tracers 171 

were set at the corners and at the midpoint of each side. On the small square, tracers were 172 

set only at the midpoint of each side. In this manner, 12 tracers were set on the plane; for 173 

purposes of identification, they were numbered from #1 to #12. The projectile was 174 

launched in the direction of the center line passing through tracers #2 and #11, and it 175 

impacted the point on the target surface crossing the center line shown in Fig.1b; hereafter 176 

we call this the aiming point. 177 

The shaped clay samples were frozen in a freezer at -20°C for more than 5 hrs (Fig. 178 

2a), and kept in the freezer until just before the impact experiment. The bulk densities of 179 

the frozen clay targets with water contents of 25 wt.% (FC25), 35 wt.% (FC35), and 45 180 

wt.% (FC45) were 1.67 g cm3, 1.57 g cm3, and 1.42 g cm3, respectively, and the tensile 181 

strengths of FC25 and FC45 were measured to be 2.24 MPa and 1.10 MPa at -15°C, 182 

respectively. The bulk sound velocities of FC25 and FC45 were also measured to be 2.19 183 

km s-1 and 2.38 km s-1 at -15°C, respectively. The bulk densities of these frozen samples 184 

indicated that they did not have a sufficient number of pores to increase the interior 185 

porosity to more than 5%.  186 

Porous gypsum targets were prepared by using commercial CaSO4∙1/2H2O powder 187 

and water, which were mixed to form a slurry that was poured into a spherical mold. The 188 

Fig. 1  

Fig. 2  
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preparation method was the same as that in Yasui et al. (2020). The twelve iron tracers 189 

were placed on the middle plane in the same arrangement as for the frozen clay target. 190 

The prepared porous gypsum targets had a spherical shape with a diameter of 60 mm, and 191 

the bulk density and the porosity were calculated to be 1.12 g cm-3 and 51±1% (Fig. 2b). 192 

The tensile strength and the bulk sound velocity were estimated to be 2.3 MPa and 1.42 193 

km s-1 based on the previous results (Yasui et al., 2020).    194 

  195 

2.2 Impact experiments 196 

Impact experiments were conducted by using a two-stage light gas gun located at the 197 

Institute of Space and Astronautical Science (ISAS), Japan Aerospace Exploration 198 

Agency (JAXA), and the same type of gun located at Kobe University. Flash X-ray 199 

radiography was only conducted at ISAS/JAXA, and impact recovery experiments for 200 

frozen clays were only performed in the cold room equipped with a gun at Kobe 201 

University. At ISAS/JAXA, a spherical polycarbonate (PC) projectile with a diameter of 202 

7 mm and a mass of 228 mg impacted a target with a diameter of 6 cm in a head-on 203 

collision at a velocity from 1 km s-1 to 6 km s-1 (Table 1). The corresponding specific 204 

energy was from 1.2×103 to 2.5×104 J kg-1, which was large enough to disrupt the target 205 

catastrophically, with most of the largest fragments being less than 10% of the original 206 

target mass. Since these experiments were made at room temperature, all of the impact 207 

fragments of frozen clays except for the largest fragment were melted to form a slurry 208 

soon after the shot. Thus, we were not able to recover these melted fragments to measure 209 

the mass distribution, and it was difficult to determine QS
* using only the recovered 210 

Table 1  
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fragments at ISAS/JAXA.  211 

Impact disruption was observed by not only flash X-rays but also a high-speed camera, 212 

and both systems were triggered by a PVDF gauge attached to the metal platform (Fig. 213 

3a-d): When the projectile passed through the gauge, the observation systems were 214 

triggered with appropriate delays. The high-speed camera (HPV-X; Shimazu Co.) 215 

observed the impact disruption from the direction perpendicular to both the irradiation of 216 

the CH3 and the projectile trajectory. The camera took images at 1×105 FPS with an 217 

exposure time of 4 s or 2×105 FPS with an exposure time of 6 s, and these images were 218 

used to determine the impact point on the target surface together with the X-ray image 219 

from the CH3 and to measure the antipodal velocity, which was the expansion velocity of 220 

the ejecta envelope at the point antipodal to the impact point.  221 

 222 

2.3 Impact disruption in a cold room 223 

We then conducted impact experiments for frozen clay targets in a cold room of Kobe 224 

University kept at -15°C and recovered all fragments without melting after the shot. In 225 

these experiments, a spherical PC projectile with a diameter of 4.7 mm and mass of 68 226 

mg impacted the target in a head-on collision at a velocity of 2.5 km s-1. The target 227 

diameter was changed from 4 cm to 9 cm to control the specific energy from 3.7×102 to 228 

5.9×103 J kg-1, and the QS
* was determined for the frozen clay targets (Table 2). The target 229 

was set in a transparent acrylic recovery box; a hammock-like support net made of thin 230 

threads was hung from the ceiling of the box, and the target was placed on the net before 231 

the shot. The inside of the recovery box was covered with sponge except for the two sides 232 

Fig. 3  

Table 2 
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used as the optical windows in order to prevent impact fragments from being disrupted 233 

by collisions with the box walls. The recovery box was set in a large vacuum chamber 234 

with large transparent windows to observe the impact and evacuated below 100 Pa before 235 

the shot. Impact disruptions were observed from the side through these two transparent 236 

windows by using a high-speed digital video camera (Phantom v1612; Vision Research) 237 

(see Yasui et al., (2020)). The camera recorded the images at 105 frames per second and 238 

the exposure time was 380 ns. After the shot, impact fragments were taken from the 239 

recovery box in the cold room and each fragment with a size larger than 9.5 mm was 240 

measured by an electric mass balance. Small fragments were sifted by using sieves with 241 

different opening sizes of 1, 2, 4, 9.5 mm, and the total mass remaining on each sieve was 242 

measured to construct the fragment mass distribution (Fig. 4). The average mass of one 243 

fragment remaining on each sieve was estimated by the total mass of 100 fragments, and 244 

this average fragment was used to calculate the number of fragments remaining on each 245 

sieve. The total mass of the recovered fragments was greater than 90% of the initial target 246 

mass.  247 

 248 

2.4 Flash X-ray radiography 249 

Flash X-ray radiography was performed by using a method similar to that described 250 

in Yasui et al. (2012). Three 300 kV flash X-ray tubes (Model 43733A; L-3 251 

Communications) were equipped on a large vacuum chamber of the horizontal-type gas 252 

gun at ISAS/ JAXA, and the installed directions of these tubes are shown in Fig. 3a-d. 253 

The CH3 tube is installed at the top of the chamber normally, and the CH1 tube and the 254 

Fig. 4  



 13 

CH2 tube are installed at positions rotated 45° clockwise and counterclockwise from the 255 

launching direction, respectively. An imaging plate (IP) was set at the side opposite each 256 

flash X-ray tube, and the X-rays passing through the target from three different directions 257 

were observed by the IPs. The CH1, CH2, and CH3 were observed by the IP1, IP2, and 258 

IP3, respectively, so each IP was set perpendicular to the X-ray irradiation, with the IP1 259 

and IP2 being inclined 45° from the floor. The target was placed on a hammock-like 260 

support net hung from a metal platform (Fig. 3a-c) in the vacuum chamber. In order to 261 

coordinate the direction of the X-ray irradiation with the iron tracers set at the middle 262 

plane of the target (hereafter called a tracer plane), a target was placed so that the tracer 263 

plane was perpendicular to the direction of irradiation from the CH3 and the aiming point 264 

was on the projectile trajectory. To avoid melting, the placement of the frozen clay targets 265 

was carried out as soon as possible after the targets were taken from the freezer. Before 266 

the shot, the vacuum chamber was evacuated below 100 Pa, and the target was thermally 267 

insulated from the chamber wall. Though the target surface was partially melted during 268 

the preparation, the surface refroze during the evacuation. The porous gypsum target was 269 

impacted at the vacuum condition below 3 Pa, and the impact fragments were recovered 270 

after the shot to measure their masses.  271 

The initial positions of the iron tracers were imaged by X-ray radiography from three 272 

directions before the shot, and these images were compared with that taken after the shot 273 

and used to measure the displacements of each tracer. During the impact disruption, each 274 

flash X-ray tube was triggered at between 5 s and 2 ms, with an irradiation duration of 275 

30 ns after the impact of the projectile on the target surface. We preset the irradiation 276 
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timings—t1, t2, and t3 for CH1, CH2, and CH3, respectively—as t3 < t2 ≤ t1. Most 277 

observations for frozen clay targets were made at t2 < t1 to examine the variation of 278 

tracer velocities with time, but several observations were made at t2 = t1 to determine 279 

tracer positions in three dimensions precisely. For porous gypsum targets, all the 280 

observations were made at t2 = t1. The X-ray image from CH3 was used to determine 281 

the impact point and to support the measurement of tracer velocities in the components 282 

perpendicular to the irradiation.         283 

 284 

2.5 Analysis of X-ray images 285 

2.5.1 Tracer positions 286 

Figure 5 shows typical X-ray images of a frozen clay target taken before the shot (Run 287 

no. 170224-1), which were used to determine the initial positions of tracers in a target; 288 

these figures correspond to the images of IP1, 2 and 3 irradiated from CH1, CH2, and 289 

CH3, respectively. The twelve iron tracers are well recognized in these images as small 290 

circles darker than the surrounding area, because the mass absorption coefficient and the 291 

density of iron are several times larger than those of the oxides making up the targets, and 292 

thus the tracers absorb the X-rays more effectively than the surrounding material. We can 293 

then easily derive the position of the center of each tracer in these images. Since Fig. 5a 294 

and c were taken by the irradiations inclined 45° from the tracer plane, the horizontal 295 

interval between neighboring tracers is shrunk to 1/√2 times the interval on the tracer 296 

plane, though the vertical interval is the same as that on the tracer plane. 297 

In order to determine the displacement of each tracer during the disruption, we 298 

Fig. 5  
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measured the position vector of each tracer by using the Cartesian coordinate system 299 

shown in Fig. 6a and b. The origin of this coordinate system is the center of the target; 300 

the y-axis is defined as the direction of the projectile trajectory, with the downward 301 

direction being positive. The plane including both the x and the y axes is perpendicular to 302 

the gravity direction; the right side of the x-axis from the perspective of the direction of 303 

the projectile is positive. The z-axis is directed vertically, and the upward direction is 304 

positive. The tracer plane is usually in the x–y plane, but it tilted slightly into the x–y plane 305 

from time to time due to the unavoidable difficulty of target setting. The plane including 306 

IP1 (IP1 plane) and that including IP2 (IP2 plane) inclined 45° clockwise from the x–y 307 

plane and from the z–y plane, respectively (Fig. 6b), so we can define another Cartesian 308 

coordinate system rotating around the y-axis 45°clockwise: the IP1 plane is in the x’–y 309 

plane and the IP2 plane is in the z’–y plane. The position vector measured in this x’y z’ 310 

coordinate system can be converted to the position vector in the xyz coordinate system 311 

using a rotation matrix with = -45°; the coordinate conversion is thus as follows: 312 

(
𝑥
𝑦
𝑧
) =  (

cos 𝛿 0 sin 𝛿
0 1 0

−sin 𝛿 0 cos 𝛿
)(

𝑥′

𝑦

𝑧′

)   (1). 313 

  The displacement of each tracer was measured by overlaying the post-impact image on 314 

the pre-impact image; that is, each tracer was identified on both the pre- and the post-315 

impact image, and the center of an individual tracer was positioned on both images so 316 

that the displacement vector between them could be measured (e.g., Fig. 7). We thus used 317 

the post-impact images of IP1 and IP2 taken at the same time point together with their 318 

pre-impact images to determine the 3-D displacement vectors of tracers. Since the 319 

Fig. 6  

Fig. 7  
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displacement vector,  𝑑′⃗⃗  ⃗ = (𝑑′x, 𝑑y, 𝑑′z) , of each tracer was measured in the x’y z’ 320 

coordinate system, this vector was converted to the displacement vector, 𝑑 = (𝑑x, 𝑑y, 𝑑z), 321 

in the xyz coordinate system by using the rotation matrix of Eq. (1), where dy measured 322 

on both the IP1 and IP2 images was the same theoretically, so dy was adopted as the 323 

average of these values. 324 

The velocity vector 𝑣  of each tracer in the laboratory system was simply calculated 325 

from 𝑑  and the interval of the X-ray irradiation, ∆t, as follows: 326 

𝑣 = (𝑣x , 𝑣y, 𝑣𝑧 ) = (𝑑x/∆t, 𝑑y/∆t, 𝑑z/∆t).   (2) 327 

The velocity vector 𝑉⃗  of each tracer in the center-of-mass system was also derived using 328 

the velocity of the center-of-mass, vg. The velocity components of the vg are assumed to 329 

be only along the y-axis, and calculated by 𝑣g = 𝑚p𝑣i/(𝑚p + 𝑀t), where mp and Mt are 330 

a projectile and a target mass, respectively, and vi is an impact velocity in the laboratory 331 

system. 𝑉⃗  is written as follows: 332 

𝑉⃗ = (𝑉x , 𝑉y, 𝑉𝑧 ) = (𝑣x , 𝑣y − 𝑣g, 𝑣𝑧 ).   (3) 333 

   The flash X-ray timing of t1 and t2 for most frozen clay targets was set to be t1 > t2, so 334 

that no IP2 images were available to obtain 3-D vectors in most cases. In these cases, we 335 

assumed that each tracer moved in uniform linear motion and constructed the IP2 image 336 

at t1 by multiplying the displacement vector of each trace by t1/t2, and the modeled IP2 337 

images were used for the analysis together with the IP1 images. The time dependence of 338 

the tracer motion was studied as described in section 4.4, and the uniform linear motion 339 

of the tracer was almost always within the margin of error. 340 

 341 
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2.5.2 Impact point and antipodal velocity 342 

   The projectile was launched toward an aiming point, but the impact point was 343 

scattered slightly to achieve variance in the velocity distribution of tracers. We then 344 

derived the impact point using the images taken by the high-speed camera and that 345 

obtained from IP3. The latitude of the impact point, , was measured by using the high-346 

speed camera image (Fig. 8a). We were able to trace the projectile trajectory at an impact 347 

velocity slower than 2 km s-1. The impact point was then determined as the cross point 348 

between the trajectory and the target surface; we defined a head-on collision as the impact 349 

at the latitude of 90°. At a velocity higher than 2 km s-1, the projectile was not observed 350 

due to the strong emission of light from plasma of a PVFD gauge evaporated by the 351 

collision of a projectile. We instead used the ejecta curtain to determine the impact point; 352 

this method is similar to that used in Yasui et al. (2020). In this case, we assumed that the 353 

ejecta curtain was axial symmetrical against the line connecting the impact point to the 354 

target center, and we determined the neck of the eject curtain as shown in Fig. 8a. The 355 

impact point was the cross point between the target surface and the vertical bisector of 356 

the line linking both ejecta necks. The  is defined to be positive on the upper hemisphere. 357 

The longitude of the impact point, , was measured by using the image of IP3 in Fig. 8b 358 

and c. We can usually observe the axisymmetric crater cavity in early stage of the 359 

catastrophic disruption as shown in Fig. 8b and c, so we compared the pre-impact image 360 

of IP3 with this cavity and determined the intersections between the crater cavity and the 361 

figure of the target in the pre-impact image. The impact point was the cross point between 362 

the target surface and the vertical bisector of the line linking both these intersections; we 363 

Fig. 8  
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defined a head-on collision as the impact at the longitude of 0°. The  is defined to be 364 

positive on the right side of an impact axis. We define an impact axis as the line which 365 

connects the impact point with the antipodal point. An antipodal point is often chosen to 366 

be a position showing the representative fragment velocity, and for our present purposes 367 

it was determined as the intersection point between the line connecting the impact point 368 

with the target center and the downward target surface (Fig. 8b and c).         369 

 370 

3. Numerical simulation 371 

   For the impact simulations, we use a Smoothed Particle Hydrodynamics (SPH) impact 372 

code (Benz and Asphaug, 1994; 1995; Nyffeler, 2004; Jutzi et al., 2008; Jutzi, 2015) that 373 

includes self-gravity as well as material strength models. To model fractured, granular 374 

material, a pressure-dependent shear strength (friction) is included by using a standard 375 

Drucker-Prager yield criterion (Jutzi, 2015). Porosity is modeled using a sub-resolution 376 

approach based on the P-alpha model (Jutzi et al., 2008), taking into account the enhanced 377 

dissipation of energy during the compaction of porous materials. We further use the 378 

Tillotson Equation of State (EOS) with parameters as discussed below.  379 

 380 

3.1 Modelling frozen clay targets 381 

   To model the impacts in frozen clay targets, we use non-porous targets with initial 382 

bulk densities that correspond to those in the experiments described in section 2.1. The 383 

bulk modulus (leading term of the Tillotson EOS) is set to A = 0.7×1011 dyn/cm2. This 384 

leads to a bulk sound speed of ~ 2.2 km/s, which is roughly consistent with the measured 385 
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bulk sound velocities of 2.19 km/s (FC25) and 2.38 km/s (FC45), respectively (Table 2). 386 

We further set the parameter B = A, while for the remaining Tillotson parameters we use 387 

basalt values. For the tensile fracture model, we use Weibull parameters that lead to tensile 388 

strengths of ~1 MPa and ~2 MPa, respectively (see Jutzi et al., 2009 for the estimation of 389 

the tensile strength from these parameters).  390 

   For the yield curve (see Jutzi, 2015), we use a cohesion of Y0 = 2 MPa and a coefficient 391 

of friction of 0.2 (for both the “internal friction” and the “damaged friction”). As 392 

discussed in section 4.6.1, such a low value is required to match the measured velocity 393 

distribution.  394 

 395 

3.2 Modelling porous gypsum targets 396 

   To model the impacts in gypsum targets, we use the same approach and parameters 397 

as in the simulations carried out by Jutzi (2015). However, we use Weibull parameters 398 

which result in a slightly higher minimum strain threshold for failure (4×10-5 instead of 399 

3×10-5; see Jutzi, 2015) and a corresponding tensile strength which is ~ 2 MPa (instead 400 

of 1.5 MPa in Jutzi, 2015). As discussed in section 4.6.2, the shattering strength found in 401 

the experiments presented here is slightly different from the one in the previous 402 

experiments (although this is at least partly explained by the different mass ratio of 403 

projectile/target).   404 

 405 

3.3 Initial conditions 406 

   For both the frozen clay and gypsum targets we simulate impacts using the same 407 
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initial conditions (mass and velocity of impactor; target mass) as in the experiments. We 408 

use runs 171110-3, 170913-1, 171025-4, 170608-4, 170727-3, 170608-3 for frozen clay 409 

and runs 180329-5, 180329-4, 180912-2, 180328-1, 180328-2, 180913-1, 180329-3, 410 

180329-2, 180329-1 for gypsum (see Table 1). We then compute the resulting fragment 411 

size as well as the velocity distribution for comparison with the experimental results. In 412 

addition, we perform impact simulations at large scale in order to verify the extrapolation 413 

of QD
* (section 5.2). 414 

 415 

4. Results 416 

4.1 Shattering strength 417 

The largest fragment mass of the impact fragments, ml, was measured to determine the 418 

shattering strength, QS
*, of frozen clays (FC) and porous gypsum. The QS

* is defined as 419 

the specific energy at which the largest fragment mass was a half of the original target 420 

mass, Mt, and it was conventionally obtained from the relationship between Q and ml/Mt.  421 

Figure 9 shows the ml/Mt for the targets of FC25, FC35, FC45, and porous gypsum in this 422 

experiment together with previous results for water ice, basalt and porous gypsum 423 

(Arakawa, 1999; Fujiwara and Tsukamoto, 1977; Yasui et al., 2020). The data for FC25 424 

are well mixed with those for FC35, so the difference in their shattering strength is not 425 

recognized, and both data are fitted by the same power law equation as follows: 426 

𝑚𝑙

𝑀𝑡
 = 𝑎 𝑄−𝑏 ,  (4) 427 

where a=102.69±1.54 and b=1.05±0.41, and then the QS
* is derived to be 705−521

+563 J kg-1. 428 

Fig. 9  
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The data of FC45 are also fitted by Eq. (4), and then we derive a=101.95±0.50, b=0.98±0.16, 429 

and QS
*=198−62

+61 J kg-1. The shattering strength of FC25 and FC35 is similar to that of 430 

basalt, QS
* = 709 J kg-1, although the static tensile strength of basalt, 19 MPa (Nakamura 431 

et al., 2007), is several times larger than that of 2.24 MPa for FC25. It is well known that 432 

the porosity is able to increase the shattering strength because the impact energy could be 433 

consumed by pore collapse effectively: Porous gypsum targets with a porosity of 50% 434 

show the largest shattering strength in Fig. 9a. The porosity of FC25 and FC35 could be 435 

less than 5%, so the porosity effect might be quite limited to their shattering strength. The 436 

shattering strength of FC45 is in between that of water ice and basalt, so the QS
* of FC45 437 

is larger than that of water ice, though the static tensile strength of water ice, ~1 MPa 438 

(Schulson and Duval, 2009), is similar to that of FC45. The QS
* of FC25 and FC35 is 439 

larger than that expected from the tensile strength of crystalline rocks, and this behavior 440 

could not be explained by their porosity. However, the QS
* of FC45 is smaller than that 441 

of FC25, and the shattering strength has a good correlation with the static tensile strength: 442 

The tensile strength of FC45 is smaller than that of FC25. Thus, we speculate that the 443 

ductile behavior of FC samples might be important to control the shattering strength, 444 

because the impact-induced heating just below the impact point might change the frozen 445 

target from brittle to ductile to reduce crack growth. Nonetheless, a detailed study of the 446 

mechanism by which the QS
* of FC samples is enhanced is beyond the scope of this paper, 447 

and it should be clarified in the future. The data of porous gypsum targets are fitted by 448 

Eq. (4), and we derived them to be a=102.09±0.38, b=0.83±0.09, and QS
* = 760−238

+268 J kg-449 

1; our QS
* for porous gypsum was thus a half of that reported in the previous study (Fig. 450 
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9b). This difference might have been caused by the difference in the mass ratio of the 451 

project to the target: The previous study used a mass ratio that was one third of that used 452 

here.  453 

 454 

4.2 Mass frequency distribution 455 

The mass frequency distributions of the recovered impact fragments for frozen clay 456 

and porous gypsum targets are shown in Fig. 10a-c. These figures show the relationships 457 

between the cumulative number of fragments and the fragment mass normalized by the 458 

original target mass for FC45, FC25 and FC35, and the porous gypsum targets, 459 

respectively. All the figures of these distributions showed the same features—namely, the 460 

fragment mass at the cumulative number of 1, ml/Mt, decreased with the increase of the 461 

specific energy, and the total number of fragments increased with the increase of the 462 

specific energy, as was recognized in the previous studies (Yasui et al., 2020). 463 

Furthermore, these figures showed the similar characteristic that the distributions could 464 

be approximated by the power law equation of 𝑁 = 𝑁0(𝑚/𝑀t)
−𝛼 , which has been 465 

reported in previous studies for the impact disruption of rocks, water ice, etc. The  of 466 

FC45 was obtained as 0.85 (±0.15), and those of FC25 and FC35 were obtained as 0.74 467 

(±0.05), and these values were slightly larger than that obtained for water ice, 0.66, by 468 

Arakawa (1999). Moreover, the  of porous gypsum was determined to be 0.66 (±0.05), 469 

which is slightly smaller than the  of 0.75 obtained for porous gypsum by Yasui et al. 470 

(2020).  471 

The recovered fragments from the FC45 target of Run no. 170922-2 are shown in Fig. 472 

Fig. 10  
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4. As can be seen, a portion of the largest fragment might be removed by spallation to 473 

form a core-like shape, and thus the FC45 target may show a core-type disruption like 474 

those typical for non-porous rocky materials. However, other targets of FC25, FC35 and 475 

porous gypsum do not show a core-type disruption. Small fragments of frozen clay and 476 

porous gypsum targets exhibited irregular shapes that were lumpy or sharp (Fig. 11a, b); 477 

these could have been formed by brittle failure caused by shear and tensile crack growth.       478 

   479 

4.3 Antipodal velocity 480 

The relationships between antipodal velocity, va, and specific energy, Q, for frozen 481 

clays and porous gypsum are show in Fig. 12a and b, along with previous results for water 482 

ice, basalt and porous gypsum. The measured va was found to increase with the increase 483 

of the specific energy, and the va of FC45 targets was slightly below that of basalt and 484 

almost parallel to that in the previous relationships (Fig. 12a). These va values with a 485 

dimension of ms-1 were fitted by a power law equation: 486 

𝑣a = c 𝑄d,  (5) 487 

where c and d were determined to be 10-1.91±0.20 and 0.847±0.055, respectively. The 488 

obtained d is slightly higher than that of the previous results: 0.76 for basalt, 0.71 for 489 

water ice, and 0.78 for porous gypsum (Fujiwara and Tsukamoto, 1980; Arakawa, 1999; 490 

Yasui et al., 2020). The va values for FC25 and FC35 were well mixed, and a significant 491 

difference was not recognized, as it was found that both FC targets had very similar 492 

shattering strength. They were then fitted together; the values of c and d were 10-2.24±0.36 493 

and 0.882±0.095, respectively. These values were slightly below that of the FC45 targets, 494 

Fig. 11  
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but the difference among these three types of FC targets was not significant. Then, all the 495 

data of three types of FC targets were fitted together to derive c and d; they are 10-1.67±0.19 and 496 

0.757±0.052, respectively. On the other hand, the va of FC targets was clearly higher than 497 

that of porous gypsum targets (Fig. 12a). The va of our porous gypsum targets was well 498 

consistent with the previous results obtained by Yasui et al. (2020) although a small offset 499 

can be seen due to the difference of the porosity ~4% between them (Fig. 12b). 500 

   When we compare the results of the largest fragment mass and the antipodal velocity obtained 501 

for the targets including the tracers with those obtained for the targets without tracers, there were 502 

no clear difference between them as shown in Fig. 9 and 12. Thus, it could be reasonable to think 503 

that the effects of tracers inside the targets were too small to affect the catastrophic disruption 504 

process clearly in these experiments  505 

 506 

4.4 Flash X-ray images 507 

Figure 13 (a–c) shows the flash X-ray images taken at various time points after the 508 

impact for frozen clay targets of FC45, and these targets were impacted at different 509 

projectile velocities from 1.42 km s-1 to 3.75 km s-1 and specific energies from 1.4×103 J 510 

kg-1 to 9.6×103 J kg-1. Figure 13a shows successive images of the disrupted target for Run 511 

no. 170609-2 taken at 100 s (left panel), 500 s (middle panel) and 1 ms (right panel) 512 

after the impact. In these images, the projectile was impacted at 1.42 km s-1. In the left 513 

panel, the impact crater and the ejecta curtain are found around the impact point, but we 514 

cannot recognize the motion of each tracer and the cracks generated inside the target. In 515 

the middle panel, we can find many white lines showing open cracks and visible motions 516 

Fig. 13  
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of iron tracers at the hemisphere including the impact point (we call this the impact 517 

hemisphere), but these white lines do not appear around the antipodal point. In the right 518 

panel, there are many fragments as small as several mm formed at the impact site, and it 519 

is recognized that the motions of iron tracers are large in the impact hemisphere. At the 520 

hemisphere including the antipodal point (we call this the antipodal hemisphere), there 521 

are several cracks that generate relatively large fragments and the iron tracers move a 522 

small distance. Figure 13d shows the velocity vector of each iron tracer on the x–y plane 523 

(left panel) and y–z plane (right panel) in the center-of-mass system (CMS); these vectors 524 

were obtained from Fig. 13a according to the analytical method introduced in section 525 

2.5.1. As the projectile impacts just at the edge of the tracer plane, at a point called the 526 

aiming point, the velocity components of the z-axis are quite small and the tracers move 527 

only on the x–y plane. In the left panel, the tracers in the central region remain almost 528 

stationary because this region moves at the velocity of the center-of-mass system, and the 529 

fragments located at the antipodal hemisphere move at a velocity as small as 10 m s-1 530 

toward the impact direction called downstream. On the other hand, the region close to the 531 

impact site moves at the direction opposite to the impact direction, called upstream, at a 532 

velocity from 20 to 30 m s-1. 533 

Figure 13b provides successive images of the disrupted target for Run no. 170727-1 534 

taken at 250 s (left panel), 750 s (middle panel) and 1.5 ms (right panel) after the impact, 535 

and the projectile impacts at 2.07 km s-1. In the left panel, the impact crater is found to 536 

grow as large as the target radius and many vertical cracks are also found to grow from 537 

the crater floor toward the interior. The tracers with initial positions inside the crater are 538 
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recognized to move at a large distance. In the middle panel, the target is full of cracks and 539 

completely disrupted into small pieces, and the small fragments with a size similar to the 540 

tracer align with each other to form an arch shape. The antipodal hemisphere almost 541 

maintains its initial round shape, but then deforms to widen the width. The size of the 542 

fragments appears to be finer close to the impact site, and this tendency is clearer in the 543 

right panel. At 1.5 ms after the impact, every tracer is distinctively found to have moved 544 

a large distance, and the ejected fragments are observed to form a fan shape with the pivot 545 

located close to the antipodal point. The velocity vectors in the y–z plane are shown in 546 

the right panel of Fig. 13e, and we notice that the z component of each vector is relatively 547 

small except in the case of the tracers close to the impact point, because the projectile 548 

almost impacts at the aiming point. The initial positions of tracers near the impact point 549 

are slightly deviated from the tracer plane, so these tracers could be accelerated toward 550 

the z-axis. The characteristics of the distribution of the tracer’s vectors in the x–y plane 551 

are qualitatively similar to those in Fig. 13d: The minimum velocity is found at the central 552 

region, though the maximum velocity is as high as 40 m s-1 and the velocity at the central 553 

region is less than 10 m s-1.  554 

Figure 13c shows successive images of the disrupted target for Run no. 171025-4 555 

taken at 50 s (left panel), 750 s (middle panel) and 750 s (right panel) after the impact, 556 

with the projectile impacted at 3.75 km s-1. In the left panel, the hemispherical crater 557 

cavity with a diameter larger than the target radius is found to form even at 50 s after 558 

the impact, and the tracers have moved slightly everywhere in the target. The target is 559 

completely disrupted into small pieces at 750 s, and it deforms into a characteristic 560 
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crescent-like shape with a sharp boundary. Moreover, this crescent area is divided into 561 

several domains composed of small fragments by many thick cracks (indicated by white 562 

lines). Unlike in the images in Fig. 13a and b, these fragment sizes appeared to be 563 

independent of their initial positions. The velocity vectors of tracers in the x–y plane are 564 

symmetric to the impact axis in Fig. 13f, and the velocity component of the z-axis is 565 

smaller than that of other components, as shown in the right panel of Fig. 13f, because 566 

the projectile impacts at the aiming point. All the tracers move radially from the impact 567 

point, and the velocity is fastest around the impact point and slowest in the target center. 568 

Since the difference in the velocity components along the y-axis is so large between the 569 

impact hemisphere and the antipodal hemisphere, the shape made of the fragments 570 

appears to be deformed and compressed along the impact axis and forms a crescent-like 571 

figure. Based on the images in Fig. 13d-f, it is clear that all the tracers accelerated faster 572 

as the specific energy increased. 573 

   Figure 14 shows the effects of the shattering strength on the velocity distribution of 574 

tracers at the constant specific energy of 5×103 J kg-1; Figures 14a and b show successive 575 

X-ray images for the frozen clay targets of FC45 and FC25, respectively. It is very clear 576 

that the impact fragment sizes are quite different in the right plates of each figure taken 577 

at 0.75 or 1 ms, because the shattering strength of the frozen clay FC45 is about four times 578 

smaller than that of FC25 according to Fig. 9a. The envelopes constructed from the impact 579 

fragments of these targets look quite different, and their appearance depends on the 580 

shattering strength. The fine fragments of FC45 distribute to form an envelope resembling 581 

a bow in Fig. 14a, but the FC25 target yields fewer fine fragments than the FC45 target, 582 

Fig. 14  
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and the antipodal hemisphere of the former is not completely disrupted. Thus, large 583 

fragments divided by several vertical cracks still remain at the antipodal hemisphere and 584 

the initial target shape can be recognized. On the other hand, the velocity vectors of each 585 

tracer in the x–y plane for FC45 and FC25 in the left panels of Fig. 14c and d are very 586 

similar for the tracers having the same initial tracer position, although the velocity vectors 587 

on the y–z plane in the right panels of Fig. 14c and d are slightly different depending on 588 

the difference in the tracer initial positions and the impact point. 589 

 Figure 15 (a and b) shows a comparison of the flash X-ray images of the frozen clay 590 

of FC45 with those of the porous gypsum when these targets were impacted at the same 591 

specific energy of 104 J kg-1, and clearly illustrates the effects of these target materials on 592 

the velocity distribution of tracers. Because of the difference in the shattering strength 593 

between FC45 and porous gypsum, the disrupted fragments found in the middle and right 594 

panels of Fig. 15a are rather smaller than those found in Fig. 15b. We already showed that 595 

the velocity distribution of tracers for F45 and F25 at the same specific energy was almost 596 

the same, although the impact fragments of FC45 were smaller than those of FC25 (Fig. 597 

14c and d). But it is quite noteworthy that the velocity distribution of tracers in the FC45 598 

target is quite different from that in the porous gypsum (Fig. 15b and d), despite the 599 

specific energy being nearly equivalent between the two cases. The maximum velocity of 600 

tracers in the porous gypsum was about 30 ms-1, and the original round shape of the target 601 

was maintained in the antipodal hemisphere (Fig. 15b and d). In contrast to the velocity 602 

of the tracers in porous gypsum, the maximum velocity of tracers in FC45 was greater 603 

than 80 ms-1, and all of the tracers moved higher than those in the porous gypsum. 604 

Fig. 15  
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Moreover, the change in velocity that occurred with the change in initial position was 605 

larger in the FC45 target, so the fragments moved to form a crescent-like shape in Fig. 606 

15a and c. 607 

The reproducibility of the impact experiments was studied by repeating the 608 

experiment under the same impact condition and taking the images at different time points 609 

from 0.5 ms to 1 ms after the impact. Figure 16 shows the tracer velocities in the center-610 

of-mass system depending on the initial position for the three different runs (Run nos. 611 

171025-3, 171025-4, 171025-5), and the horizontal axis is the distance from the impact 612 

point to the initial positions of each tracer set. The projectile impacted close to tracer #2. 613 

Although the fluctuation in the tracer velocity was a little bit large for tracers #1 and #3, 614 

which had initial positions near the impact point, the reproducibility of the tracer 615 

velocities was confirmed within the error of 50% for all tracers. Furthermore, the tracer 616 

velocity appeared to be completely independent of the timing of the flash X-ray 617 

irradiation, indicating that all tracers moved at almost constant velocities. The six tracers 618 

located at the outer region of the target (#1, #3, #6, #7, #10, #12) showed velocities higher 619 

than that of the six tracers located at the inner region of the target (#2, #4, #5, #8, #9, #11) 620 

at the same distance. This indicates that the tracer velocity depended not only on the 621 

distance from the impact point but also the distance from the target surface. Thus we 622 

clearly showed that both the shock pressure attenuation and the reflection wave from the 623 

target surface controlled the tracer velocity.     624 

  625 

4.5 Cumulative mass–velocity distribution 626 

Fig. 16  
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4.5.1 Estimation of the mass around iron tracers 627 

   In order to obtain the velocity distribution of impact fragments, we assume that the 628 

impact fragments had the same velocity as that of the nearest iron tracer observed by the 629 

flash X-ray radiography. The initial positions of the iron tracers were determined by X-630 

ray images and were plotted on the sectioned tracer plane (Fig. 17). Figure 17 shows an 631 

example of the division of the areas having the same velocity as the nearest iron tracer, 632 

so that there are twelve area corresponding to iron tracers. In deriving mass-velocity 633 

distribution for the whole target with the velocity of iron tracers it is assumed that the 634 

distributions of ejecta velocity vectors at the left and the right side of the impact axis are 635 

axial symmetrical to the impact axis and its out-of-plane component is negligible or zero, 636 

based on the observation described in section 4.4. As schematically shown in Fig 17, two-637 

dimensional mesh in polar coordinates (𝑟, 𝜃) are created in cross section of the target 638 

sphere containing iron tracers in this plane. Then the volume of shell is numerical 639 

calculated by revolving the meshed element 180° around the impact axis, and for the 640 

velocity we assumed it identical to its nearest iron tracer for this study. In our calculation 641 

mesh is gridded 0.01 mm radially and in 0.1°. The mass of each meshed element was 642 

estimated by the product of the target density and the calculated volume, so we can 643 

determine the relationship between the mass of the element and the ejection velocity that 644 

was represented by the iron tracer nearest the element.  645 

 646 

4.5.2 Median velocity 647 

   By using the relationship between the mass and the ejection velocity of each element 648 

Fig. 17  
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in each impact experiment, we can reconstruct the mass–velocity distribution on the 649 

catastrophic disruption. In this study, the mass of the element with an ejection velocity 650 

lower than a specific velocity was examined, and this cumulative mass related to the 651 

velocity was studied to determine its mass–velocity distribution. Figure 18 (a–c) shows 652 

the relationship between the ejection velocity in the center-of-mass system, vcms, and the 653 

mass normalized by the original target mass with a velocity lower than vcms for frozen 654 

clay targets.  Figure 18 (a–c) summarizes the mass–velocity distributions at a constant 655 

Q of 3×103, 5×103 and 1×104 Jkg-1, respectively. The normalized cumulative mass 656 

linearly increases with the increase of vcms at velocities lower than ~10 ms-1 for Q = 657 

2~3×103 Jkg-1, ~20 ms-1 for Q = 5~6×103 Jkg-1, and ~30 ms-1 for Q = 9~11×103 Jkg-1, and 658 

then the slope of the distribution declines abruptly at the normalized cumulative mass of 659 

~0.8 in all figures. The difference in the distribution depending on the water content of 660 

the target cannot be recognized in all figures, although the QS
* shattering strength of FC45 661 

was clearly different from those of FC25 and FC35. Thus, the reproducibility of the 662 

distribution at each Q looks quite good, irrespective of the target water content. In order 663 

to characterize the mass–velocity distribution, we determined the vcms at the normalized 664 

cumulative mass of 0.5 for each distribution and named it the median velocity, which is 665 

written by v*: The half of the original target mass has an ejection velocity of vcms that is 666 

lower than v*, so that the median velocity would be one of the best parameters to describe 667 

the velocity distribution of impact fragments caused by the catastrophic disruption. Then, 668 

the difference of the velocity distributions among Fig. 18a, b, and c can be characterized 669 

by the v* for the distributions in each figure, which increased from ~8 ms-1 to ~22 ms-1 670 

Fig. 18  
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with the increase of Q from ~3×103 Jkg-1 to ~1×104 Jkg-1.  671 

   The velocity distributions characterized by the normalized cumulative mass and the 672 

vcms for porous gypsum targets are shown in Fig. 19, where each symbol represents the 673 

specific energy Q directed at one of the targets. Just as observed for the frozen clay targets, 674 

the distributions obtained in the same Q were well merged to have almost the same v* and 675 

the normalized cumulative mass linearly increased by 0.8, but these slopes were rather 676 

steeper than those of the frozen clay targets at the same Q. The v* for the porous gypsum 677 

targets was roughly estimated to increase from ~3 ms-1 to ~15 ms-1 with the increase from 678 

Q = ~4×103 Jkg-1 to ~2.5×104 Jkg-1. These v* values were remarkably lower than those of 679 

the frozen clay targets at the same Q, although the shattering strength QS
* of the porous 680 

gypsum was almost the same as those of FC35 and FC45. 681 

   The v* values of the frozen clay targets against the specific energy Q are compared to 682 

those of the porous gypsum targets in Fig. 20. It is clear that the values of v* are very well 683 

correlated to those of Q for each data set, and that FC25, FC35, and FC45 were very 684 

closely related to each other. This means that they could be independent of the target 685 

tensile strength and QS
* caused by the water content. However, the v* of the porous 686 

gypsum targets was systematically lower than those of the frozen clay targets: It was half 687 

that of the frozen clay targets. Since the QS
* of the porous gypsum was similar to that of 688 

FC25, the QS
* might not be the cause of the systematic change of the median velocity, v*. 689 

The porosity of the gypsum targets, 51%, was clearly larger than that of the frozen clay 690 

targets, <5%. The previous numerical simulations suggested that the target porosity could 691 

effectively increase the QD
*, but the tensile strength could not have a very large effect on 692 

Fig. 19  
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the QD
*, and thus our results of the low v* for porous gypsum targets and the similar v* 693 

for the frozen clay targets with different tensile strengths are well consistent with the 694 

previous numerical results (Jutzi, 2015). The empirical relationship between v* and Q is 695 

described by the following equation: 696 

 𝑣∗ = 𝜀 𝑄𝛾,  (6) 697 

where  and  are constants and are shown in Table 2 for each target.    698 

  699 

4.6 Comparison with numerical simulations 700 

4.6.1 Frozen clay targets 701 

   Next, the results from the laboratory experiments described in the previous sections 702 

were compared to the results of numerical simulations that used the same initial 703 

conditions. The simulations were carried out to 4 μs. The mass distributions were 704 

compared in two cases with different strength, i.e., targets FC25 and FC45. The largest 705 

remnants were relatively well reproduced in the simulations in both cases (Fig. 21). 706 

However, the masses of the smaller fragments were slightly underestimated. As discussed 707 

above, the fragmentation behavior of the frozen clay may involve more complex 708 

processes than in the case of a monolithic rock, and the targets may be partly ductile rather 709 

than brittle. In the modelling, the partly ductile behavior was accounted for by using a 710 

very low internal coefficient of friction, which leads to enhanced plastic deformation 711 

before tensile fragmentation.  712 

   Additional runs with lower specific energy were performed to compute the shattering 713 

strength (Table 3). We obtained shattering strengths of QS
*= 476 J/kg (FC45) and QS

* = 714 

Fig. 21  

Table 3  
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1550 J/kg (FC25), respectively. These values are somewhat larger than those found in the 715 

impact experiments in the laboratory, which were QS
* = 198−62

+61 J/kg for FC45 and QS
* 716 

= 705−521
+563 J/kg for FC25. However, we note that the numerical simulations performed 717 

in this study were focused on the high impact energy disruption regime (QD
* >> QS

*), and 718 

the slight overestimation of QS
* by the simulation did not affect the results for QD

*.  719 

   Figure 22 compares the mass–velocity distributions for three different specific 720 

energies. The overall agreement between the simulations and the experimental results is 721 

very good. The simulations also show a very small dependence of the mass–velocity 722 

distribution on the cohesion (FC25 vs. FC45), which is one of the key results from the 723 

experiments.  724 

 725 

4.6.2 Gypsum targets 726 

   In Fig. 23, the mass frequency distributions obtained in the numerical simulations 727 

using porous gypsum targets are compared to the experimental results. In the numerical 728 

calculations, we performed 3 runs for each of the 3 different specific energy regimes 729 

considered in the experiments. There was good agreement between the low and 730 

moderately high specific energies. In the case of the very high (2.5×104 J/kg) specific 731 

energy regime, the simulations underestimated the masses of the largest fragments.  732 

   For the same 3 sets of 3 specific energy regimes, Fig. 24 shows a comparison of the 733 

mass–velocity distributions. As observed for the mass frequency distributions, there is 734 

some deviation between simulations in the very high specific energy regime (the 735 

simulations slightly underestimate the fragment velocities). Among the other specific 736 

Fig. 22  

Fig. 23  

Fig. 24  
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energies, there is very good agreement. The simulations thus well reproduced the key 737 

finding of the experiments: the v* of the porous targets was systematically lower than the 738 

v* of the frozen clay targets. 739 

 740 

5. Discussion 741 

5.1 Impact strength in the gravity-dominated regime 742 

   The shattering strength, QS
*, which is the impact strength in the strength-dominated 743 

regime, is usually determined by using the relationship between ml/Mt and Q as shown in 744 

Fig. 9a: The QS
* is defined as the Q at ml/Mt=0.5. The dispersion strength, QD

*, which is 745 

the impact strength in the gravity-dominated regime, is determined by the same 746 

relationship between ml/Mt and Q, except that the ml of the largest fragment mass is 747 

usually a result of the gravitational re-accretion process of impact fragments. Therefore, 748 

numerical simulations including the gravitational attraction force are usually used to 749 

study the largest remnant mass ml resulting from a catastrophic disruption in the gravity-750 

dominated regime. In this study, we use a different approach and consider that ml can be 751 

estimated by comparing the ejection velocities of the impact fragments with the escape 752 

velocity of the original target body, vesc, before the disruption. To compute ml, we assume 753 

that the fragments with the ejection velocities lower than vesc are reaccumulated to form 754 

the largest remnant with a mass ml. According to this simple assumption, QD
* can be 755 

estimated by the condition v* ≤ vesc, because a mass equivalent to more than half of the 756 

original target body mass will have an ejection velocity lower than the escape velocity of 757 
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the original target body. At v*=vesc, ml/Mt should be equal to 0.5. Assuming a 758 

homogeneous body with a density of  and a radius of R, the escape velocity can be 759 

written as 𝑣𝑒𝑠𝑐 = (
8

3
G𝜋𝜌)

1/2

𝑅. Then, Eq. (6) is equated to vesc and QD
* is obtained as 760 

   𝑄𝐷
∗ = [ (

8

3
𝜋G𝜌)

1/2 𝑅

𝜀
]
1/𝛾

,   (7) 761 

where G is the gravitational constant. As a result, QD
* can be calculated for homogeneous 762 

target bodies with various radii, R, when the relationships between v* and Q are obtained 763 

for various target bodies in laboratory experiments. Using this approach, we calculate the 764 

QD
* for the target bodies simulated by the frozen clay and the porous gypsum targets. 765 

Figure 25 shows the size dependence of QD
* for the frozen clay target body and the porous 766 

gypsum body, where the values of , ,  are as shown in Table 2. It is clear both that QD
* 767 

increases with the increase of the radius with the power law index of 1.4 to 1.6, and that 768 

in the gravity-dominated regime, the porous gypsum targets are 2 to 3 times stronger than 769 

the frozen clay targets.   770 

 771 

5.2 Comparison with numerical simulations 772 

   Using the results of the numerical simulations (i.e., the mass–velocity distributions of 773 

the SPH particles), the catastrophic disruption threshold QD
* as a function of the scale R 774 

can be computed in a number of different ways. Here we compare the various approaches. 775 

In the following, R and Mtarget are the radius and the mass of the target body, respectively, 776 

and M is the mass of the disrupted target body which is effectively used to compute vesc. 777 

The FC45 simulations are used in this analysis. 778 

Fig. 25  
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1) Computation of v* based on the mass–velocity distributions obtained in the SPH 779 

simulations of the laboratory scale impacts. Using v* = vesc (the same approach 780 

as used for the experimental results in section 5.1) yields QD
* = f(R). Here, vesc is 781 

computed using M = Mtarget. 782 

2) Identical to method (1) above, but vesc is computed using M = Mtarget/2. 783 

3) Computation of QD
* based on the laboratory scale simulations using an energy 784 

iteration method (comparing kinetic and potential energies of SPH particles; see 785 

e.g. Jutzi et al., 2010). To compute QD
* for a given target size R, we use a scaled 786 

gravitational constant Gscaled = G (R/Rlab)2. 787 

4) Computation of QD
* based on large-scale simulations using targets of size R, and 788 

using the same projectile to target the mass ratio Mp/Mt as in the laboratory scale 789 

impacts and a constant, laboratory-scale tensile strength. The energy iteration 790 

method is applied.   791 

As can be seen in Fig. 26, methods (3) and (4) lead to identical outcomes. This means 792 

that the results of the simulations (in terms of QD
*) are self-similar and do not depend on 793 

the scale. We note that the same tensile strength was used for both the large-scale 794 

simulations and laboratory scale impacts. The use of a size-dependent tensile strength 795 

(such as that based on the Weibull model; see e.g. Jutzi and Michel, 2014) may lead to a 796 

slightly lower QD
* at large scales. The question of the scale-dependence of the tensile 797 

strength will be addressed in a future study. 798 

   The approach based on using v* = vesc (applied on the laboratory scale simulation 799 

outcomes) leads to an overestimation of QD
* compared to methods (3) and (4), if M = 800 

Fig. 26  
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Mtarget is used to compute the escape velocity (method (1)). However, good agreement is 801 

found between methods (3) and (4) when using M = Mtarget/2. Method (2) is therefore 802 

suitable for predicting QD
* in the gravity regime, using data from laboratory scale impacts. 803 

   As discussed in section 4.5.2, v* can be scaled using 𝑣∗ = 𝜀 𝑄𝛾. We determine the 804 

parameters  and  by fitting the results of our lab-scale simulations using frozen clay 805 

targets (Fig. 27). We then use the approach 𝑣∗ = 𝜀 𝑄𝛾= vesc to compute QD
* = f(R) and 806 

compare the scaling with the large-scale simulations (Fig. 28). There is a good agreement 807 

of the scaling with the simulations at large (≳10 km) scales, if vesc is computed using M 808 

= Mtarget/2 (method (2)). However, there is some deviation at lower scales. As discussed 809 

above, the QD
* curves as a function of scale start to deviate from a single power-law at 810 

smaller ≲ 10 km scales (Fig. 28). This may be due to the increased effect of tensile 811 

strength at smaller scales (i.e., smaller specific impact energies leading to larger intact 812 

fragments). The transition from the gravity regime to the strength regime will be explored 813 

in a subsequent study. 814 

 815 

5.3 Scaling law for the impact strength in the gravity-dominated regime 816 

   In this study, the relation 𝑣∗ = 𝜀 𝑄𝛾was compared to experiments using a constant 817 

impactor/target mass ratio mr. A more general relation would also include the variation of 818 

mr, such as for example 𝑣∗ =
𝜀

2
𝑚𝑟

𝜅𝑣2𝛾 . We note that this relation translates into 819 

𝑄𝐷
∗ ~𝑅1/𝜅𝑣2−2𝛾/𝜅, which corresponds to 𝑄𝐷

∗ ~𝑅3𝜇𝑣2−3𝜇 (Housen and Holsapple, 1990) 820 

if  = 0.5 and  = 1/3 where v is the collisional velocity and  is a constant of the 821 

coupling parameter in the  scaling theory. Interestingly, both the experimental results 822 

Fig. 27  

Fig. 28  
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and the numerical simulations indicate that  =~ 0.7 (Fig. 28), which suggests that Housen 823 

and Holsapple (1990) scaling 𝑄𝐷
∗ ~𝑅3𝜇𝑣2−3𝜇  does not fully capture the collisional 824 

outcomes in this regime. This issue will be addressed in a subsequent study that also 825 

includes experiments performed at different mass ratios mr in order to explore the 826 

dependence on this parameter. 827 

 828 

6. Conclusions 829 

   We numerically and experimentally studied the shattering and dispersion strengths of 830 

the target bodies simulating rocky and frozen planetesimals. The shattering strengths of 831 

these targets were experimentally determined to be 705 J kg-1 for FC25 and FC35, 198 J 832 

kg-1 for FC45 and 760 J kg-1 for porous gypsum. The difference of QD
* among the frozen 833 

clay targets may have been caused by the tensile strength, since the tensile strength of 834 

FC25 was twice as large as that of FC45. On the other hand, the median velocities of the 835 

frozen clays were almost the same in the three types of targets, irrespective of the 836 

shattering strength, but the median velocity of the porous gypsum was 1/3 of those of the 837 

frozen clays, although the porous gypsum had a shattering strength similar to those of 838 

FC25 and FC35. Therefore, we speculate that the median velocity is independent of the 839 

tensile strength for non-porous targets composed of similar materials, and strongly 840 

dependent on the porosity for the targets with similar shattering strength. These 841 

dependencies of QS
* and v* on various targets with different tensile strength and porosity 842 

were well reproduced by the numerical simulations. 843 

   The numerical model which succeeded at reproducing the laboratory outcomes for 844 
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the frozen clays was applied to large-scale simulations including the self-gravity, and the 845 

dispersion strength of target bodies was studied in a similar manner as for the frozen clays. 846 

For the laboratory impacts, the dispersion strength could be approximated by equating v* 847 

with the escape velocity vesc of target bodies, assuming that all the mass with a velocity 848 

lower than vesc reaccumulates on the largest fragment body due to the gravity. Based on 849 

this assumption, a semi-theoretical equation was found for the dispersion strength 𝑄𝐷
∗ =850 

[
1

𝜀
(
2𝐺𝑀

𝑅
)
1/2

]
1/𝛾

, where M and R are the effective target body with the gravity attracting a 851 

half of the original target mass. The large-scale simulations confirmed that this semi-852 

theoretical equation for QD
* is well consistent with the large-scale numerical results when 853 

M was a half of the original target mass. Furthermore, it was found that this simple 854 

equation of QD
* is only valid at a scale larger than ~10 km, because at a scale smaller than 855 

~10 km, not only the gravity but also the largest cohesive remnant would affect the impact 856 

strength.  857 

 858 

Acknowledgments 859 

   We appreciate helpful comments of Dr. Guy Libourel to improve our manuscript. We 860 

wish to thank R. Suetsugu of Oshima College for useful comments on the numerical 861 

simulation, and K. Ogawa of JAXA and K. Shirai of Kobe University for help analyzing 862 

the X-ray images. We also thank T. Nagano for help conducting the impact experiments 863 

at JAXA. This series of experiments was supported in part by the Hypervelocity Impact 864 



 41 

Facility at ISAS/JAXA, and by Grants-in-Aid for Scientific Research (nos. 17H06459 865 

and 19H00719) from the Japan Ministry of Education, Culture, Sports, Science and 866 

Technology. 867 

 868 

References 869 

Arakawa, M., 1999. Collisional disruption of ice by high-velocity impact. Icarus 142, 34–870 

45. 871 

Benz, W., Asphaug, E., 1999. Catastrophic disruptions revisited. Icarus 142, 5–20. 872 

Benz, W., Asphaug, E., 1995. Simulations of brittle solids using smooth particle 873 

hydrodynamics. Comput. Phys. Commun. 87, 253–265. 874 

Benz, W., Asphaug, E., 1994. Impact simulations with fracture. I-method and tests. Icarus 875 

107, 98-116. 876 

Bottke Jr, W.F., Durda, D.D., Nesvorný, D., Jedicke, R., Morbidelli, A., Vokrouhlický, D., 877 

Levison, H., 2005. The fossilized size distribution of the main asteroid belt. Icarus 175, 878 

111–140. 879 

Bottke Jr, W.F., Nolan, M.C., Greenberg, R., Kolvoord, R.A., 1994. Velocity distributions 880 

among colliding asteroids. Icarus 107, 255–255. 881 

Collins, G.S., Housen, K.R., Jutzi, M., Nakamura, A.M., 2019. Planetary impact 882 

processes in porous materials. In: Vogler T., Fredenburg D. (eds) Shock Phenomena in 883 

Granular and Porous Materials. Shock Wave and High Pressure Phenomena. Springer, 884 



 42 

Cham. https://doi.org/10.1007/978-3-030-23002-9_4. 885 

Fujiwara, A., & Tsukamoto, A., 1980. Experimental study on the velocity of fragments 886 

in collisional breakup. Icarus, 44, 142-153. 887 

Fujiwara, A., Kamimoto, G., Tsukamoto, A., 1977. Destruction of basaltic bodies by high 888 

-velocity impact. Icarus 31, 277–288. 889 

Fujiwara, A., Kawaguchi, J., Yeomans, D.K., Abe, M., et al., 2006. The rubble-pile 890 

asteroid Itokawa as observed by Hayabusa. Science 312, 1330–1334. 891 

Giblin, I., Martelli, G., Farinella, P., Paolicchi, P., et al., 1998. The properties of fragments 892 

from catastrophic disruption events. Icarus 134, 77–112. 893 

Holsapple, K., Giblin, I., Housen, K., Nakamura, A., Ryan, E., 2002. Asteroid impacts: 894 

Laboratory experiments and scaling laws. Paolicchi, R.P. Binzel (Eds.), Asteroids III, 895 

Univ. of Arizona Press, Tucson (2002), pp. 443–462. 896 

Housen, K.R., Holsapple, K.A., 1999. Scale effects in strength-dominated collisions of 897 

rocky asteroids. Icarus 142, 21–33. 898 

Housen, K.R., Holsapple, K.A., 1990. On the fragmentation of asteroids and planetary 899 

satellites. Icarus 84, 226–253. 900 

Jutzi, M., 2015. SPH calculations of asteroid disruptions: The role of pressure dependent 901 

failure models. Planetary and Space Science 107, 3–9. 902 

Jutzi, M., Benz, W., Michel, P., 2008. Numerical simulations of impacts involving porous 903 

bodies. I. Implementing sub-resolution porosity in a 3D SPH hydrocode. Icarus 198, 904 

242–255. 905 

Jutzi, M., Michel, P., Hiraoka, K., Nakamura, A.M., Benz, W., 2009. Numerical 906 



 43 

simulations of impacts involving porous bodies. II. comparison with laboratory 907 

experiments. Icarus 201, 802–813. 908 

Kawakami, S. I., Mizutani, H., Takagi, Y., Kato, M., Kumazawa, M., 1983. Impact experiments 909 

on ice. J. Geophys. Res., 88, 5806-5814. 910 

Kobayashi, H., Tanaka, H., Krivov, A.V., 2011. Planetary core formation with collisional 911 

fragmentation and atmosphere to form gas giant planets. The Astrophysical Journal 912 

738, 35. 913 

Kobayashi, H., Tanaka, H., Krivov, A.V., Inaba, S., 2010. Planetary growth with 914 

collisional fragmentation and gas drag. Icarus 209, 836–847. 915 

Leinhardt, Z. M., Stewart, S. T., 2011. Collisions between gravity-dominated bodies. I. Outcome 916 

regimes and scaling laws. The Astrophysical Journal, 745, 79. 917 

Mizusako, F., Ogasawara, K., Kondo, K., Saito, F., Tamura, H., 2005. Flash x-ray 918 

radiography using imaging plates for the observation of hypervelocity objects. Review 919 

of Scientific Instruments 76, 025102. 920 

Mizutani, H., Takagi, Y., Kawakami, S.I., 1990. New scaling laws on impact 921 

fragmentation. Icarus 87, 307–326. 922 

Nakamura, A., Fujiwara, A., 1991. Velocity distribution of fragments formed in a 923 

simulated collisional disruption. Icarus 92, 132–146. 924 

Nakamura, A.M., Michel, P., Setoh, M., 2007. Weibull parameters of Yakuno basalt 925 

targets used in documented high‐ velocity impact experiments. J. Geophys. Res. 112, 926 

E02001. 927 

Nyffeler, B., 2004. Modelling of Impacts in the Solar System on a Beowulf Cluster. 928 



 44 

University of Bern PhD thesis. 929 

Schulson, E.M., Duval, P., 2009. Creep and fracture of ice. Cambridge University Press, 930 

New York, pp. 416. 931 

Takagi, Y., Mizutani, H., Kawakami, S. I. ,1984. Impact fragmentation experiments of 932 

basalts and pyrophyllites. Icarus, 59, 462-477. 933 

Watanabe, S., Hirabayashi, M., Hirata, N., Hirata, N., et al., 2019. Hayabusa2 arrives at 934 

the carbonaceous asteroid 162173 Ryugu - A spinning top–shaped rubble pile. Science 935 

364, 268–272. 936 

Yasui, M., Arakawa, M., 2011. Impact experiments of porous gypsum–glass bead 937 

mixtures simulating parent bodies of ordinary chondrites: Implications for re-938 

accumulation processes related to rubble-pile formation. Icarus 214, 754–765. 939 

Yasui, M., Arakawa, M., Hasegawa, S., Fujita, Y., Kadono, T., 2012. In situ flash X-ray 940 

observation of projectile penetration processes and crater cavity growth in porous 941 

gypsum target analogous to low-density asteroids. Icarus 221, 646–657. 942 

Yasui, M., Arakawa, M., Yoshida, Y., Matsue, K., Takano, S., 2020. Effects of oblique 943 

impacts on the impact strength of porous gypsum and glass spheres: Implications for 944 

the collisional disruption of planetesimals in thermal evolution. Icarus 335, 113414. 945 

Yasui, M., Hayama, R., Arakawa, M., 2014. Impact strength of small icy bodies that 946 

experienced multiple collisions. Icarus 233, 293–305.  947 



 45 

Figure captions 948 

 949 

Fig. 1: (a) Photo of iron tracer particles set on a tracer plane of the frozen clay target 950 

before freezing. (b) Illustration showing the positions of twelve iron tracer particles 951 

and the aiming point for the launched projectile.  952 

 953 

Fig.2: Photos of the frozen clay target FC45 (a) and porous gypsum target (b).  954 

 955 

Fig. 3: Experimental set up for the X-ray radiography. A side view of the target 956 

hanging from the metal platform by strings is shown by (a) an illustration and (b) a 957 

photo. The projectile impacted from the right side. A front view of the target and the 958 

installed three flash X-rays and IPs is shown by (c) an illustration and (d) a photo 959 

taken from the side of the launching tube of the gun. 960 

 961 

Fig. 4: Photo of fragments recovered in the impact experiment for FC45, Run no. 962 

170922-2. The largest fragment is enclosed by a dashed line. 963 

 964 

Fig. 5: X-ray images recorded on the three imaging plates (IP1, 2, 3) before the shot. 965 

(a) IP1, (b) IP 3, and (c) IP2. The large grey circle is the target, and the twelve small 966 

black circles appearing inside the circle are the iron tracers. 967 

 968 

Fig. 6: (a) Laboratory coordinate system of a target. A Cartesian system is adopted 969 
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with the origin set at the center of the target. The impact direction is along the y-axis, 970 

and the z-axis is along the direction of gravity and directed upward. (b) Schematic 971 

illustration of the x-z coordinate system and the directions of the flash X-ray 972 

irradiations together with the planes in which the image plates were set. 973 

 974 

Fig. 7: An X-ray image of Run no. 170224-1 for FC35 recorded on IP1 at 750 s 975 

after the impact. The original target shape is drawn by a large circle. The initial 976 

positions of iron tracers are shown by small black circles, and the displacement 977 

vectors between these initial positions and the tracer positions after the impact are 978 

shown by arrows.  979 

 980 

Fig. 8: Definition of the impact point in the experimental coordinate system. (a) A 981 

snapshot of the impact disruption taken by the high-speed camera (Run no. 170725-982 

4). The image is a side view of the target, and the white circle on the image is an 983 

original target shape. The definition of  , which represents the angle deviation from 984 

the normal impact, is explained in the main text. (b) A flash X-ray image of IP3 (Run 985 

no. 170224-2), top view. The method used to determine the impact point is explained 986 

in the main text. The tracer positions before the shot are indicated with black circles, 987 

and those after the shot are shown with white circles. (c) A flash X-ray image of IP3 988 

(Run no. 170224-1), top view. The definition of which represents the angle of 989 

deviation from the normal impact, is explained in the main text. 990 

 991 



 47 

Fig. 9: Relationship between the largest fragment mass normalized by the original 992 

target mass and the specific energy. (a) Three frozen clay targets. L.T. and R.T. 993 

indicate the targeted low temperature (-15°C) and room temperature, respectively. 994 

The solid line labeled FC25 is a fitted line for the data of FC25 and FC35, and the 995 

dotted line labeled FC45 is a fitted line for FC45. Three reference lines representing 996 

porous gypsum (Yasui et al., 2020), basalt (Fujiwara and Tsukamoto, 1980), and 997 

water ice (Arakawa, 1999) are shown on the same figure. (b) A porous gypsum target. 998 

The solid and dotted lines are the fitted line for this study and that obtained in Yasui 999 

et al. (2020), respectively.   1000 

 1001 

Fig. 10: Mass frequency distributions described by the relationship between the 1002 

cumulative number of fragments and the fragment mass normalized by the original 1003 

target mass. (a) FC45. (b) FC25 and FC35. (c) Porous gypsum.    1004 

 1005 

Fig. 11: Photos of the recovered impact fragments. (a) FC25 at 2.76×103 J kg-1 (Run 1006 

no. 171110-1). (b) Porous gypsum at 9.99×103 (Run no. 180328-3).  1007 

 1008 

Fig. 12: Relationship between the antipodal velocity and the specific energy. (a) 1009 

Three frozen clay targets. L.T. and R.T. indicate the targeted low temperature (-15°C) 1010 

and room temperature, respectively. The solid line labeled FC25 & 35 is a fitted line 1011 

for the data of FC25 and FC35, and the dashed-dotted line labeled by FC45 is a fitted 1012 

line for FC45. Three reference lines representing porous gypsum (Yasui et al., 2020), 1013 
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basalt (Fujiwara and Tsukamoto, 1980)) and water ice (Arakawa, 1999) are shown 1014 

on the same figure. (b) A porous gypsum target. The dotted line is the fitted line in 1015 

Yasui et al. (2020). 1016 

 1017 

Fig. 13: Flash X-ray images recorded on IP1 (right panels), IP2 (middle panels), and 1018 

IP3 (left panels) for FC45. (a) Run no. 170609-2, 1.41×103 Jkg-1. The flash X-ray 1019 

was irradiated at 100 s (left panel), 500 s (middle panel) and 1 ms (right panel). 1020 

(b) Run no. 170727-1, 3.00×103 Jkg-1. The flash X-ray was irradiated at 250 s (left 1021 

panel), 750 s (middle panel) and 1.5 ms (right panel). (c) Run no. 171025-4, 1022 

9.55×103 Jkg-1. The flash X-ray was irradiated at 50 s (left panel), 750 s (middle 1023 

panel) and 750 s (right panel). The velocity vectors of iron tracers in the center-of-1024 

mass system were measured on the x–y plane (left panels) and the y–z plane (right 1025 

panels) for (d) Run no. 170609-2, (e) Run no. 170727-1, and (f) Run no. 171025-4. 1026 

The color scale bar shows the speed of the iron tracers. The images in (d), (e) and (f) 1027 

were obtained from those in (a), (b), and (c), respectively. 1028 

 1029 

Fig. 14: Flash X-ray images recorded on IP1 (right panel), IP2 (middle panel), and 1030 

IP3 (left panels). (a) FC45. Run no. 170726-1, 5.00×103 Jkg-1. The flash X-ray was 1031 

irradiated at 100 s (left panel), 500 s (middle panel) and 1 ms (right panel). (b) 1032 

FC25. Run no. 170608-3, 5.57×103 Jkg-1. The flash X-ray was irradiated at 50 s 1033 

(left panel), 250 s (middle panel) and 750 s (right panel). The velocity vectors of 1034 

iron tracers in the center-of-mass system were measured on the x–y plane (left panels) 1035 
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and the y–z plane (right panels) for (c) Run no. 170726-1 and (d) Run no. 170608-3. 1036 

The color scale bar shows the speed of the iron tracers. The images in (c) and (d) 1037 

were obtained from those in (a) and (b), respectively. 1038 

 1039 

Fig. 15: Flash X-ray images recorded on IP1 (right panel), IP2 (middle panel), and 1040 

IP3 (left panels). (a) FC45. Run no. 171025-4, 9.55×103 Jkg-1. The flash X-ray was 1041 

irradiated at 50 s (left panel), 750 s (middle panel) and 750 s (right panel). (b) 1042 

Porous gypsum. Run no. 180328-1, 9.81×103 Jkg-1. The flash X-ray was irradiated at 1043 

50 s (left panel), 500 s (middle panel) and 500 s (right panel). The velocity 1044 

vectors of iron tracers in the center-of-mass system were measured on the x–y plane 1045 

(left panels) and the y–z plane (right panels) for (c) Run no. 171025-4 and (d) Run 1046 

no. 180328-1. The color scale bar shows the speed of the iron tracers. The images in 1047 

(c) and (d) were obtained from those in (a) and (b), respectively. 1048 

 1049 

Fig. 16: Relationship between the tracer velocity in the center-of-mass system and 1050 

the distance from the impact point for Runs no. 171025-3, 171025-4, and 171025-5. 1051 

The velocities of the tracer with the same number and with almost the same distance 1052 

are enclosed by dashed circles. The position of each tracer is illustrated in the small 1053 

figure at the right side. 1054 

 1055 

Fig. 17: Division of the areas having the same velocity as the nearest iron tracer. A 1056 

meshed element with the size of dr and d is shown in this schematic illustration of 1057 



 50 

the tracer plane. For the actual calculation, the mesh is gridded 0.01 mm radially and 1058 

in 0.01°. Each meshed element is enclosed by a thin grey line, and twelve iron tracers 1059 

shown by black circles are enclosed by thick grey lines and colored differently. The 1060 

impact axis and the impact point are shown by a dashed line and a cross symbol. 1061 

 1062 

Fig. 18: Mass-ejection velocity distribution of the frozen clay targets (FC25, FC35, 1063 

FC45) shown by the relationship between the normalized cumulative mass and 1064 

ejection velocity in the center-of-mass system. (a) Q=2~3×103 J kg-1, (b) Q=5~6×103 1065 

J kg-1, and (c) Q=9~11×103 J kg-1. The normalized cumulative mass equal to 0.5 is 1066 

shown by a dashed line. 1067 

 1068 

Fig. 19: Mass-ejection velocity distribution of the porous gypsum targets shown by 1069 

the relationship between normalized cumulative mass and ejection velocity in the 1070 

center-of-mass system. 1071 

 1072 

Fig. 20: Relationship between the median velocity, v*, and the specific energy, Q, 1073 

for different targets. 1074 

 1075 

Fig. 21:  1076 

Comparison of the fragment mass distributions (frozen clay targets). Two cases are 1077 

shown: one using the FC25 target (Run no. 171110-3) and one using the FC45 (Run 1078 

no. 170913-1). 1079 
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 1080 

Fig. 22:  1081 

Comparison of velocity distributions (frozen clay targets). Run no. 171025-4 for 1082 

FC45 and Q=9.5×103 Jkg-1, Run no. 170608-4 for FC45 and Q=5.4×103 Jkg-1, Run 1083 

no. 170727-3 for FC45 and Q=1.3×103 Jkg-1, Run no. 170608-3 for FC25 and 1084 

Q=5.6×103 Jkg-1. 1085 

 1086 

Fig. 23:  1087 

Comparison of the fragment mass distributions (porous gypsum targets). The results 1088 

for 3 different energy regimes are shown (see Table 3 for the experimental 1089 

conditions): Blue: ~ 4×103 J/kg; Green: ~9×103 J kg-1; Red: ~ 2.5×104 J kg-1.   1090 

 1091 

Fig. 24:  1092 

Comparison of velocity distributions (porous gypsum targets). The results for 3 1093 

different energy regimes are shown (see Table 1 for the experimental conditions): 1094 

Blue: ~ 4×103 J/kg; Green: ~9×103 J kg-1; Red: ~ 2.5×104 J kg-1. 1095 

 1096 

Fig. 25: Dispersion strength depending on the radius of target bodies estimated by 1097 

the semi-theoretical Eqs. (6) and (7) with the parameters shown in Table 2.  1098 

 1099 

Fig. 26:  1100 

Comparison of methods for the QD
* calculations.  1101 
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 1102 

Fig. 27: 1103 

v* as a function of specific energy. Also shown is the relation v* =  Q with  = 1104 

3.8×10-2 and =0.72. 1105 

 1106 

Fig. 28:  1107 

Comparison of large-scale simulation results and scaling. 1108 
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Table 1 Experimental conditions and results 

Run number 
Target mass 

𝑀t, g 

Impact velocity 

𝑣i, km s-1 

Specific Energy 

𝑄, J kg-1 

Largest fragment 

mass 𝑚l, g 
𝜃, ° 𝜙, ° 

Trigger timing of flash X-ray, s 𝑣a, 

m s-1 

𝑣g, 

m s-1 

𝑣∗, 

m s-1 CH3 CH2 CH1 

Frozen clay (water content: 25 wt.%) 

170607-5 205.1 4.17 9.68 × 103 – 90 7 100 500 1000 21.7 4.6 26.0 

170608-3 205.5 3.17 5.57 × 103 5.1 94 -2 51 251 751 11.6 3.5 15.2 

170609-1 205.9 1.54 1.32 × 103 161.5 90 – 98 498 998 – 1.7 – 

170609-3 200.7 2.13 2.57 × 103 21.0 92 2 102 502 1002 5.7 2.4 8.3 

170609-5 197.5 3.14 5.69 × 103 7.4 94 3 100 500 1000 14.2 3.6 17.8 

170725-2 208.4 3.97 8.64 × 103 10.0 89 10 50 250 750 11.8 4.3 19.9 

170725-5 204.1 3.28 5.99 × 103 13.4 81 9 100 500 1000 12.6 3.7 16.7 

171025-2 213.2 4.25 9.66 × 103 8.1 – – 150 750 750 – 4.5 21.6 

171110-1* 95.1 2.78 2.76 × 103 20.77 78.4 – – – – 3.3 1.98 – 

171110-3* 45.0 2.80 5.92 × 103 3.8 81.1 – – – – 10.4 4.23 – 

Frozen clay (water content: 35 wt.%) 

170127-1* 19.5 1.75 5.37 × 103 0.84 – – – – – – 6.12 – 

170131-1* 202.9 4.91 4.03 × 103 16.76 – – – – – – 1.64 – 

170131-2* 195.9 6.83 8.09 × 103 11.45 – – – – – – 2.37 – 

170223-3 188.6 3.00 5.44 × 103 11.0 79 10 100 499 999 9.7 3.6 13.0 

170224-1 191.7 2.89 4.96 × 103 – 83 -6 49 249 749 16.0 3.4 14.7 

170224-2 190.5 5.91 2.09 × 104 – 90 -4 50 250 750 31.6 7.1 35.1 

170224-3 187.9 5.98 2.17 × 104 – 90 6 100 500 1000 32.4 7.3 39.8 

170607-1 189.1 4.27 1.10 × 104 – 82 -2 50 250 750 23.1 5.1 24.0 

170607-2 186.3 4.32 1.14 × 104 – 87 14 100 500 1000 23.2 5.3 – 

170725-3 188.1 3.68 8.19 × 103 – 90 0 100 500 1000 19.0 4.5 22.0 

170726-4 191.5 1.88 2.10 × 103 9.0 98 – 248 748 1498 7.5 2.2 6.2 

Frozen clay (water content: 45 wt.%) 

170607-4 167.3 4.22 1.21 × 104 – 98 – 50 250 750 36.5 5.8 – 
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170608-1 163.1 4.34 1.32 × 104 – 98 1 101 501 1001 37.7 6.1 28.8 

170608-2 159.0 4.27 1.31 × 104 – 101 -12 50 250 750 31.1 6.1 32.6 

170608-4 152.7 2.69 5.38 × 103 – 105 2 47 247 747 20.4 4.0 15.5 

170609-2 163.4 1.42 1.41 × 103 10.8 86 -9 105 505 1005 9.7 2.0 6.1 

170609-4 167.5 2.70 4.98 × 103 – 100 -2 50 250 750 20.3 3.7 15.5 

170725-4 169.3 3.19 6.87 × 103 – 99 10 98 498 998 28.6 4.3 42.8 

170726-1 177.5 2.79 5.00 × 103 – 90 -4 101 501 1001 21.7 3.6 15.6 

170726-2 167.4 2.76 5.18 × 103 – 79 2 100 500 1000 20.0 3.8 15.5 

170726-5 186.9 1.99 2.41 × 103 9.2 90 – 252 752 1502 8.9 2.4 – 

170726-6 163.8 2.10 3.06 × 103 5.6 86 0 252 752 1502 12.5 2.9 11.2 

170727-1 162.6 2.07 3.00 × 103 – 85 11 249 749 1500 13.4 2.9 10.3 

170727-2 175.6 1.35 1.19 × 103 7.9 83 -7 248 748 1498 7.2 1.8 4.9 

170727-3 168.9 1.37 1.27 × 103 12.3 84 -7 251 751 1501 6.7 1.8 5.8 

170913-1* 173.1 2.43 1.16 × 103 22.4 82.0 – – – – 3.79 0.95 – 

170913-2* 226.6 2.39 8.56 × 102 15.59 94.5 – – – – 3.12 0.72 – 

170913-3* 224.0 2.48 9.35 × 102 32.38 88.2 – – – – 3.14 0.75 – 

170919-1* 38.4 2.43 5.23 × 103 1.3 90.0 – – – – 15.3 4.30 – 

170919-2* 43.2 2.46 4.76 × 103 0.6 94.9 – – – – 13.4 3.87 – 

170919-3* 80.8 2.45 2.52 × 103 5.89 83.5 – – – – 6.21 2.06 – 

170922-1* 500.4 2.34 3.70 × 102 147.49 0.295 – – – – 1.67 0.32 – 

170922-2* 493.4 2.48 4.21 × 102 194.95 0.395 – – – – 1.71 0.34 – 

171025-3 168.2 3.74 9.48 × 103 – 85 – 50 500 500 29.6 5.1 21.4 

171025-4 167.9 3.75 9.55 × 103 – 86 – 50 750 750 30.5 5.1 27.1 

171025-5 171.8 3.73 9.23 × 103 – 96 – 50 1000 1000 28.5 5.0 22.0 

171026-1 164.4 2.74 5.21 × 103 – 83 – 50 750 750 20.2 3.8 15.8 

171026-2 169.5 1.86 2.33 × 103 – 88 – 47 747 747 9.9 2.5 9.8 

171026-3 169.7 1.34 1.21 × 103 9.7 93 – 50 750 750 6.3 1.8 5.9 

Porous gypsum 



171026-6 125.5 3.35 1.02 × 104 – – – 50 750 750 14.9 6.1 8.8 

180328-1 126.3 3.30 9.81 × 103 8.2 90 9 51 501 501 15.0 5.9 9.9 

180328-2 122.7 2.85 7.57 × 103 10.2 105 -7 48 999 998 10.0 5.3 7.6 

180328-3 122.6 3.28 9.99 × 103 5.1 92 -1 – 87 87 16.0 6.1 10.3 

180329-1 122.4 5.35 2.66 × 104 7.1 90 -6 51 501 501 – 9.9 14.5 

180329-2 122.0 5.29 2.61 × 104 2.4 90 3 26 251 251 23.0 9.9 15.1 

180329-3 122.5 5.26 2.57 × 104 2.6 92 -4 26 751 751 22.0 9.8 16.2 

180329-4 121.8 1.92 3.47 × 103 16.1 93 13 48 498 498 9.0 3.6 3.3 

180329-5 121.9 2.09 4.08 × 103 16.9 86 -6 102 1002 1002 14.0 3.9 4.4 

180330-1 122.4 2.02 3.80 × 103 27.0 81 – 251 2001 – – 3.8 – 

180330-2 122.5 1.98 3.63 × 103 17.9 90 4 251 2001 2000 10.0 3.7 5.2 

180330-3 121.8 3.29 1.01 × 104 7.4 88 9 51 251 251 13.0 6.2 6.1 

180912-1 121.7 1.97 3.63 × 103 14.0 100 – – – – – 3.7 – 

180912-2 120.8 2.12 4.23 × 103 18.0 100 5 502 1002 1002 7.0 4.0 5.7 

180912-3 121.6 1.89 3.33 × 103 16.4 98 23 999 2000 1999 6.0 3.5 5.6 

180913-1 121.2 3.06 8.79 × 103 9.2 91 18 251 501 501 13.0 5.7 6.8 

180913-2 120.7 3.05 8.76 × 103 5.3 80 1 501 1001 1001 12.0 5.7 7.6 

180913-3 121.7 5.18 2.51 × 104 4.1 94 -15 56 306 306 21.0 9.7 14.5 

180913-5 120.9 5.16 2.51 × 104 3.5 94 -18 501 751 751 24.0 9.7 16.0 

180914-1 120.6 5.14 2.49 × 104 2.3 78 -2 251 501 501 21.0 9.7 16.6 

 

* The experiments were conducted by using the two-stage light gas gun in a cold room at Kobe University to obtain the impact strength 𝑄s
∗. 

𝜃 and 𝜙 are an impact angle defined in Fig. 8a and c, respectively. 

CH1, CH2 and CH3 are a channel number of a flash X-ray illustrated in Fig.3c.  

va, vg and v* are an antipodal velocity, a velocity of a center-of-mass, and a median velocity, respectively.    



Table 2   Physical properties of the targets and fitted parameters for Eq. (6) 

Target   Bulk 

density 

 g cm-3

Tensile 

strength 

Y, MPa 

Bulk sound 

velocity 

C0, kms-1 

Shattering 

strength 

QS
*, J kg-1 

FC45 10-1.54 (±0.22) 0.742(±0.061) 1.67 1.10 2.38 705 

FC35 10-1.68 (±0.21) 0.758(±0.053) 1.57 - - 198** 

FC25 10-1.64 (±0.30) 0.758(±0.079) 1.42 2.24 2.19 198** 

FCs 10-1.45 (±0.15) 0.710(±0.041) - - - - 

FCnum
*** 10-1.42 0.72 - - - - 

Porous 

gypsum 

10-1.52 (±0.20) 0.613(±0.050) 1.12 2.3* 1.42* 760 

* These data are from Yasui et al., 2020.  

** FC25 and FC35 were fitted together by Eq. (4) to determine QS
*. 

*** FCnum was obtained from the numerical simulations for frozen clays. 
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Table 3   Additional simulation for the determination of QS
*.  

Target Impact velocity 

vi, km s-1 

Specific energy 

Q, J kg-1 

ml/Mt Shattering 

strength 

QS
*, J kg-1 

FC45 
2.43 

794 0.22 
476 

FC45 397 0.57 

FC25 
2.8 

4091 0.2 
1550 

FC25 2058 0.44 

Note: Constant velocity is used rather than constant mass ratio as in the laboratory experiments. 




