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Abstract

We conducted oblique impact experiments for porous gypsum spheres and glass spheres
simulating primitive and consolidated rocky planetesimals, respectively, and we
determined the effects of the impact angle on the impact strength of these rocky
planetesimals. The targets were a porous gypsum sphere with a porosity of 50% and a
glass sphere without porosity. A spherical polycarbonate projectile impacted the target at
2-7 km s! at an impact angle, 6, ranging from 90° (head-on collision) to 10° (grazing
collision) by using a two-stage light-gas gun at Kobe University, Japan. The impact
strength obtained at a head-on collision was 1330 J kg™! for the porous gypsum target and
1090 J kg! for the glass target, and these values increased markedly with the decrease of
the impact angle when the impact angle was smaller than a critical angle, 6.; the obtained
6. values were 30° for the porous gypsum target and 55° for the glass target. The
normalized largest fragment mass (m;/M;) showed a good correlation with an effective
specific energy (Qef = Q sin? 0); the subsequent empirical equation was m;/M, =
10292(Q.%7® for the porous gypsum target and m;/M, = 10%65Q "% at my/M,

<0.75 and m;/M, = 10°12Q*%® at m;/M, >0.75 for the glass target. Based on our



43

44

45

46

47

48

49

experimental results, we successfully introduce the effects of an oblique impact on the

degree of disruption for primitive and consolidated rocky planetesimals. Our findings

demonstrate that in a strength-dominated regime, the catastrophic disruption can occur

over a wide range of impact angles (30°-90°) irrespective of the target materials, when

the specific energy at the collision is about four times larger than the impact strength.

Keywords: Collisional physics; Impact processes; Planetesimals; Planetary formation
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1. Introduction

Solar system bodies are believed to grow via collisional disruption and re-

accumulation processes among planetesimals that are in their early evolution.

Planetesimals are speculated to have various porosities depending on their thermal

evolution stages [e.g., Neumann et al., 2012; Henke et al., 2012; Lichtenberg et al., 2016].

For example, planetesimals are believed to be parent bodies of porous asteroids and

cometary nuclei, and they could therefore also be highly porous bodies [e.g.,

Weidenschilling, 1994, 2011; Asphaug et al., 2002; Sierks et al., 2011]. However, some

planetesimals could experience various thermal processes such as shock metamorphism

and aqueous alteration during their evolution so that they evolved to be low-porous or

non-porous bodies. For the study of the collisional accretion processes of planetesimals

in the solar nebula, the catastrophic disruption and the re-accumulation processes should

be clarified for planetesimals that have various porosities depending on their thermal

evolution.

There have been many experimental studies on the collisional processes of planetary

bodies in attempts to determine the impact strength and the impact conditions for
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catastrophic disruption and to measure the ejection velocity distribution of the impact

fragments, which is necessary for estimating the re-accumulation conditions. The prior

studies manipulated both projectile and target materials, and used basalt, glass, porous

gypsum, ice, and snow to examine the effects of porosity, inclusion, and static strength

on the impact strength. The size ratio of the projectile to the target, the target shape, the

target rotation rate, and the impact velocity were also manipulated to elucidate how these

parameters affect the impact strength and the ejection velocity of impact fragments [e.g.,

Gault and Wedekind, 1969; Fujiwara et al., 1977; Kawakami et al., 1983; Arakawa,

1999a; Arakawa et al., 2002; Okamoto and Arakawa, 2009; Yasui and Arakawa, 2011;

Morris and Burchell, 2017]. Impact strength is defined as a specific energy when the

largest fragment mass is one-half of the original target mass, and the specific energy is

defined as the kinetic energy of the impactor per unit mass of the target.

It has been suspected that during the collisional evolution of planetesimals, they

collided obliquely with each other; this expectation arose because Shoemaker [1962]

calculated the probability of oblique impacts, P, among planetary bodies in the solar

system as dP = 2sinfcosfd6, where 6 is the impact angle. Shoemaker demonstrated
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that when the normal impact was defined as 90°, impact angle showing the maximum

frequency was 45° and the probability of collisions at an impact angle <70° was

approximately 90%. Many numerical simulations have thus been conducted for

planetesimal collisions at various impact angles [e.g., Leinhardt and Richardson, 2002;

Movshovitz et al., 2016; Genda et al., 2017], but only a few experimental studies have

been conducted to investigate the effect of the impact angle [e.g., Fujiwara and

Tsukamoto, 1980; Nakamura, 1993; Arakawa, 1999a]. Most of the experimental studies

examined head-on collisions; only a few experimental studies have investigated the effect

of the impact angle. It is necessary to study oblique impacts in the laboratory in order to

confirm and improve these numerical studies.

A few experimental studies have investigated the effect of the impact angle on the

impact strength and the ejection velocity of impact fragments. Fujiwara and Tsukamoto

[1980] conducted impact experiments using spherical basalt targets at the impact velocity

of 2.5-2.9 km s7! and at impact angles from 0° to 60° (their impact angle of 0° indicates

a head-on collision). They obtained the relationship between the mass fraction of the

largest fragment to the original target and the specific energy, and they observed that the
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mass fraction increased with the increase of the impact angle at a constant specific energy.

They also obtained the relationship between the fragment velocity at the antipodal point

of the impact point on the target and the specific energy, and they observed that the

antipodal velocity for an oblique impact was lower than that for a head-on collision.

Nakamura [1993] also conducted impact experiments using spherical basalt targets at the

impact velocity of 3.1-3.6 km s~! and at impact angles from 30° to 90° (her impact angle

of 90° indicates a head-on collision). She obtained three-dimensional fragment velocities

and the cumulative mass distribution of impact fragments. However, both Fujiwara and

Tsukamoto [1980] and Nakamura [1993] carried out only five or six shots for oblique

impacts, because they conducted mainly head-on impact experiments. It is thus difficult

to discuss the effects of the impact angle on the impact strength and the ejection velocity

of impact fragments quantitatively.

Arakawa [1999a] conducted impact experiments in a cold room at —18°C by using

spherical H>O ice targets at the impact velocity of 0.17-0.64 km s™! and at impact angles

from 0° to 50° (his impact angle of 0° indicates a head-on collision). He studied the

ejection velocity distribution of impact fragments ejected from different positions on the
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target surface, and he observed that the position showing the minimum ejection velocity

gradually shifted from the antipodal point to the upstream direction as the impact angle

was increased. He also noted that the minimum ejection velocity decreased with the

increase of the impact angle. He obtained an empirical equation for the minimum ejection

velocity, Viin, related to the impact angle, ¢, as Vi, = 49(cos ¢)3*, but he did not

study the effect of oblique impacts on the impact strength of the ice target. Systematic

impact experiments investigating catastrophic disruption by oblique impacts are thus

necessary to determine not only the impact strength but also the ejection velocity of

impact fragments.

In this study, we conducted oblique impact experiments to study the effects of the

impact angle on the impact strength and the ejection velocity of impact fragments. We

systematically changed the impact angle from a head-on collision to a grazing collision.

We greatly increased the number of experiments for oblique impacts compared to three

previous works [Fujiwara and Tsukamoto, 1980; Nakamura, 1993; Arakawa, 1999a] in

order to determine the catastrophic disruption of oblique impacts quantitatively. We used

a porous gypsum target and a glass target for the experiments to simulate the collision of
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rocky planetesimals in thermal evolution: the porous gypsum target simulated primitive

rocky planetesimals with high porosity before thermal evolution, and the glass target

simulated consolidated rocky planetesimals after thermal evolution. Based on our

experimental results and the theory of oblique impacts on planetary bodies described by

Shoemaker [1962], we also discuss the relationship between the impact probability and

the degree of impact disruption for rocky planetesimals depending on the thermal

evolution in the solar system.

2. Experimental Methods

2.1. The targets and projectile

We used a porous gypsum sphere and a glass sphere as targets simulating primitive

and consolidated rocky planetesimals, respectively. These materials have been used in

other laboratory experiments as the analogs of primitive and consolidated planetesimals

that have experienced thermal evolution at various stages [e.g., Gault and Wedekind,

1969; Love et al., 1993; Onose and Fujiwara, 2004; Fujii and Nakamura, 2009; Kadono

et al., 2009; Nakamura et al., 2009; Okamoto and Arakawa, 2009; Heiflelmann et al.,

10
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2010; Yasui and Arakawa, 2011; Yasui et al., 2012].

The porous gypsum sphere was prepared as follows. Commercial CaSOs*1/2H,0

powder (Nitto Co., Ltd.) was mixed with tap water, and the mixed slurry was then put

into a spherical mold. The target was hung by a string in a recovery box, and a small clip

for hanging the string was set on the surface of the mixed slurry in the mold. After the

slurry was consolidated, the porous gypsum sphere was pulled out from the mold. It was

dried in an oven at 55°C for 2—7 days to complete the chemical reaction to CaSO4*2H>O

and to remove excess water inside the sphere. The porosity of the porous gypsum spheres

was thus regulated at 55+6%; the bulk density was 983+131 kg m=. The tensile strength

and the bulk sound velocity of the porous gypsum changed from 2.56 MPa and 1.46 x

10° m s! at the porosity 0f 49% to 1.01 MPa and 1.19 x 10° m s™! at the porosity of 61%.

Although the impact strength and the ejection velocity of impact fragments could be

controlled by the porosity, i.e., the tensile strength, we found that a porosity variation of

10% or less did not affect the impact strength and the ejection velocity very much. The

diameter of the porous gypsum spheres was changed from 40 to 70 mm in 10 mm steps,

and the spheres with diameters of 40 and 60 mm were used only for the head-on collision

11
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because the specific energy was changed in the wide range to determine the impact

strength accurately.

The glass spheres were commercially available synthetic quartz glass spheres with

diameters of 30, 50, 60, and 80 mm (Nichika Inc.), and the 60 mm-diameter sphere was

used only for the head-on collision. The bulk density of the glass spheres was measured

as 2513+33 kg m=. The bulk sound velocity of each glass sphere was 4.20 x 10° m s,

The reported tensile strength of soda lime glass, 31-35 MPa, was taken as the tensile

strength for the glass sphere, since the bulk densities of the glass spheres were very similar

to those of soda lime glass [4shby, 2013]. A lattice pattern was painted on the target

surface with black ink to identify the original position of each impact fragment recovered

after the shot. The projectile was a polycarbonate sphere with a diameter of 4.73 (+£0.01)

mm and a mass, my, of 67.9 (£0.1) mg.

2.2. Impact experiments

We conducted impact experiments by using a two-stage light-gas gun set at Kobe

University. Fig. 1 is a schematic illustration of the experimental setup. The vacuum

12
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chamber was evacuated at approximately 20 Pa before the shot. The impact angle, 8, was

changed from 9° to 90°. The @ is defined as the angle between the line perpendicular to

the projectile trajectory and the line linking the center of the target and the impact point

on the target surface, as shown in Fig. 2a. We measured the impact angle by using images

taken by a shutter camera or a high-speed camera. The offset of the projectile trajectory

in the sight of the view is within the projectile’s radius so we could ignore the offset to

determine the impact angle. An overview of the method used to measure the impact angle

0 is shown in Figs. 2b and 2c. When the shutter camera was used with an exposure time

of 100 ns (Fig. 2b), two images were taken at different times before the impact, and the

impact point on the target surface was determined as an intersection point of the projectile

trajectory on the target surface.

When the high-speed camera was used (Fig. 2¢), the frame rate (10* frames s™!) was

too low to determine the projectile trajectory. We thus estimated the impact point on the

target surface by using the envelope of fine fragments ejected from the impact point just

after the impact. In this case, we assumed that the fine fragments were ejected in axial

symmetry against the line connecting the impact point to the target center, and we were

13
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able to determine the ejecta neck from the fine fragments as shown in the left image of
Fig. 2c. The impact point was then set at the middle point on the line linking both ejecta
necks.

We defined a head-on collision as an impact with 8 = 80°-90°. The impact velocity,
v;, for oblique impacts was 3.8 and 6.9 km s7! for the porous gypsum targets, and 4.3, 4.9,
and 5.9 km s! for the glass targets. For the head-on collisions, we systematically changed
the impact velocity from 2.2 to 6.9 km s™! for both types of targets. The measured error
of impact velocity was <1%. The specific energy, @, is usually used as a parameter
representing the impact condition, and it is defined by using the projectile mass, m, the
original target mass, M,, and the impact velocity v; as Q = %mpviz / (Mt + mp). For
the porous gypsum targets, the specific energy Q was approximately 3 x 10° and 10* J
kg™! for the oblique impacts. For the glass targets, the Q was approximately 10°, 2 x 10,
and 4 x 10° J kg! for the oblique impacts.

The target was set in an acrylic recovery box to collect the impact fragments after the
shot. Four of the six inside walls of the recovery box were covered with sponge plates to

prevent impact fragments from secondary collisions on the inside walls. The other two

14
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inside walls were not covered, in order to allow observation by the high-speed camera

and shutter camera. The target was set in the recovery box by using strings passing

through a hole in the clip on the target. Most of the porous gypsum targets were suspended

from the top of the box (Fig. 2¢). The glass targets and several porous gypsum targets

were set on a string net resembling a hammock (Fig. 2b). After each shot, we recovered

the impact fragments and measured their masses with an electrical mass balance. We

measured the fragments one by one to identify fragments with masses >0.01 g, and we

sieved the fragments with masses <0.01 g into four groups according to the mesh sizes of

the sieves: 2.0 mm, 1.4 mm, and 1.0 mm, and <1.0 mm. We measured the total mass of

each size group.

The collisional disruption of the target was observed by a high-speed camera (RX-6;

NAC Image Technology, Tokyo) set at the side of a vacuum chamber. The frame rate and

the shutter speed were set at 10* frames s™! and 10 or 20 ps, respectively. We used a metal

halide lamp to illuminate the target from the side at which the camera was placed or from

the side behind the recovery box (Fig. 1). We used the images taken by the high-speed

camera for the analysis of the fragment velocity distribution, although some fragments

15
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hit the strings and the velocity distribution was disturbed. We thus used only the images

taken during the period before fragments hit the strings for the analysis of the fragment

velocity distribution.

3. Experimental Results

3.1. Observations of collisional disruption

The experimental conditions and the results of each shot are summarized in Table 1

for the porous gypsum targets and in Table 2 for the glass targets. Fig. 3 provides

snapshots of the collisional disruption of a porous gypsum target taken by the high-speed

camera impacted at the specific energies of 3 x 10° J kg™! (Fig. 3a—c) and 10* J kg! (Fig.

3d—f). The impact angle 6 is 75° in Fig. 3a and 3d, 45°-55° in Fig. 3b and 3e, and 10°—

15° in Fig. 3¢ and 3f. As shown in the second image in each panel, cloudy ejecta

composed of fine dust formed and grew as a U-shaped ejecta curtain from the impact

point just after the projectile impacted. At a large impact angle (75° or 45°-55°), many

cracks were radially generated around the impact point, and pyramid-shaped fragments

were ejected after 0.5-5 ms of the impact, as shown in the third to the fourth images of

16

Table 1

Table 2

Fig. 3
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Fig. 3 (panels a, b, d, and e).

At the low specific energy of 3 x 10° J kg!, large fragments formed around the

antipodal point and moved slowly toward the downstream region of the projectile

trajectory, and the other fragments scattered outward from the original position within 20

ms of the impact as shown in the fourth image of Fig. 3a and 3b. At the high specific

energy of 10* J kg!, the target was disrupted catastrophically and the fragments expanded

in the downstream direction (fourth images in Fig. 3d and 3e), then scattered in all

directions as shown in the fifth images. In contrast, with a small impact angle (10°-15°),

several large fragments were ejected from the impact point as shown in the third image

in Fig. 3c and the fourth image in Fig. 3f. Within 10 to 20 ms of the impact, the largest

fragment moved upward and slowly rotated counterclockwise. No cracks were observed

on the surface of target for the low specific energy (Fig. 3c).

Fig. 4 presents snapshots of the glass targets at the specific energies of 10° J kg™! and

at4 x 10° J kg'!. The impact angle 6 is 80° in Fig. 4a and 4d, 40°—45° in Fig. 4b and 4e,

and 15° in Fig. 4c and 4f. Just after the impact (as shown in the second images), dusty

fine fragments were ejected from the impact point to form an envelope resembling a pillar

17
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growing in the upstream direction along the line connecting the impact point with the

target center, and the pillar-type ejecta were quite different from the U-shaped ejecta

curtain formed on the porous gypsum targets. Surprisingly, fine fragments were also

ejected from the antipodal point, and we observed a symmetrical, cone-shaped ejecta

envelope around the antipodal point (Fig. 4, third images). This antipodal ejecta curtain

became more pronounced as the impact angle grew closer to a head-on collision. The

entire target was completely fractured and filled with cracks, becoming opaque (except

for the target at the low specific energy and 8 =15° as shown in Fig. 4c, as this glass

target was transparent before the shot). With the low specific energy and 8 =15°, the

cone-type curtain did not appear at the antipodal point, but several fragments ejected. At

3 ms after the impact (Fig. 4, fourth images), many small but resolved fragments appeared

in the image and were ejected from both the impact point and the antipodal point in the

upstream and the downstream directions, respectively. At 20 ms after the impact (Fig. 4,

fifth images), the fine fragments scattered away, but the largest fragment remained at the

center of the image.

18
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3.2. Ejecta velocity distributions of impact fragments

As noted above in Section 3.1, the impact fragments were ejected in different forms

depending on the target materials. We therefore analyzed the ejecta velocity distribution

depending on the initial surface position to characterize the kinetics of the impact

fragments for both types of target. We did not measure individual fragment velocities

directly; instead we made two types of velocity measurement. One measurement was of

the expanding velocity of the ejecta envelope consisting of the fine fragments at high

specific energy. The other measurement was of the ejection velocity of the impact

fragments from the antipodal point (hereinafter the antipodal velocity).

The obtained high-speed images were too blurred to distinguish each fragment in the

cases of the catastrophic disruption of the target, due to the hazy created by tiny

fragments; it was thus difficult to trace each fragment. We therefore usually measured the

expanding velocity of the ejecta envelope as a representation of the velocity of fragments

ejected from the target surface at different positions. This expanding velocity was

obtained by an analysis of the successive images gathered at a few milliseconds after the

impact. We assumed that these tiny fragments comprising the envelope were ejected

19
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radially from the impact point as in the “radial point model” proposed by Paolicchi et al.

[1989] and that the fragments did not have the velocity component of the line-of-sight

direction shown in Fig. 3d—f and Fig. 4d—f. We then defined the line connecting the target

center with the projectile center at the impact as the base line in order to determine the

initial position angle, and thereby the initial surface position, for each fragment. The base

line was set at 0° as shown in Fig. Sa.

As we assumed that the surface fragments were ejected radially from the impact point,

we set the impact point as the origin, and drew measurement lines from the origin at

successive increments of 15° (15°, 30°, etc.) from the base line (Fig. 5a). We defined the

region where the projectile was directed as the downstream region and set a minus (—)

angle. We defined the opposite region as the upstream region and set a plus (+) angle.

This analysis method is the same as that used by Arakawa [1999a].

Fig. 5 (panels b and c) illustrates the relationship between the expanding velocity and

the initial position angle for the porous gypsum and glass targets. The velocity

distributions of the ejecta envelope were quite different between the porous gypsum and

glass targets. With the porous gypsum targets, the expanding velocity grew larger as the

20
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initial position angle increased in the case of a head-on collision, and the expanding

velocity distributions were almost axisymmetric to the initial position angle of 0°: the

expanding velocity became the minimum at the initial position angle of 0°. At the impact

angles of 20° and 55°, the expanding velocity distribution was no longer axisymmetric,

so that the minimum expanding velocity appeared at the initial position angle at +30°.

The minimum expanding velocity for each impact angle decreased from 10 m s™! for the

head-on collision to 2 m s™! for the highly oblique impact of 20°. In addition, the velocities

expanding in the downstream direction were higher than those expanding in the upstream

direction at oblique impacts.

These observed characteristics of expanding velocity distributions are very similar to

those of ice-ice oblique impacts observed by Arakawa [1999a]. In the present study, the

results of the highly oblique impact of 15° showed that the expanding velocity did not

depend on the initial position because the degree of disruption was not very severe, and

then several large fragments remained; a few fragments were measured in this case.

The expanding velocity distribution of the glass targets was axisymmetric to the initial

position angle of 0° not only for the head-on collision but also for the highly oblique

21
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impacts. The expanding velocity was the maximum at the initial position angle of 0°, and

it decreased toward the initial position angle close to £60°. The velocity then slightly

increased from 60° to 75°, irrespective of the impact angle (Fig. 5d). This slight increase

of the expanding velocity around 60°-75° can be simply explained by the ejecta curtain

formed around the impact point (as shown in the third images of Fig. 4). The expanding

velocity at the initial position angle of 0° increased with the increase of the impact angle,

but the expanding velocity at an initial position angle beyond +30° was almost the same,

irrespective of the impact angle. These observed characteristics of the glass targets were

quite different from those of the porous gypsum targets, with the most notable difference

being that the expanding velocity of the glass targets was the maximum at the antipodal

point and rapidly decreased toward +30°.

When Gault and Wedekind [1969] conducted impact experiments using crystal glass

balls at impact velocities up to 7.6 km s~!, they reported that the impact fragment was

ejected from the antipodal point with the highest velocity among all fragments. Their

results were very similar to our present results using a glass target. This high expanding

velocity at the antipodal point could be caused by a shock wave concentration near the

22
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antipodal point on the glass target surface, because the glass target in our study had a

perfect spherical shape with a very smooth surface and a homogeneous interior.

Several previous works measured the antipodal velocity as a representative velocity

of the low-velocity fragments for various target materials [Fujiwara and Tsukamoto,

1980; Arakawa, 1999a; Okamoto and Arakawa, 2009; Yasui and Arakawa, 2011]. We

therefore measured the antipodal velocity, V,, of porous gypsum and glass targets to

investigate the effects of the impact angle on the antipodal velocity. We compare the V,

values of our porous gypsum targets with the values in previous studies in Fig. 6. It should

be noted that the minimum ejection velocity was sometimes inconsistent with the

antipodal velocity in the oblique impact, as discussed above.

Fig. 6 illustrates the relationship between the antipodal velocity V, in the laboratory

coordinate system and the specific energy @ for the porous gypsum targets. The 1, for

the porous gypsum targets was constant for a given @ value at the impact angle 6 >40°,

while at the 6 <30°, the V, greatly decreased with the decrease of the 6: the V, at the

0 of 10° or 15° was an order of magnitude smaller than that at the 6 of 90°. The V, at

the impact angles >40° increased with the increase of the @, and the V, could be fitted
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by a power law equation as follows:
I, = 1072214017 ()0.80£0.04 1)

Our experimental results at the impact angles >40° were consistent with the previous
results for head-on collisions of porous gypsum targets with the porosity of 53+4%, but
the previously reported values for non-porous materials such as H>O ice and basalt were
several times larger than our present findings, although the power law indices of the Q
for the empirical equations in Fig. 6 were approximately 0.8, irrespective of the materials.
The effect of the impact angle on the antipodal velocity is somewhat limited for porous
gypsum targets; that is, the V, only for highly oblique impacts with the 8 <40° was
several times smaller than that for the head-on collision, and the V, strongly depended
on the impact angle at the 8 <40°.

One of the most impressive ejecta features observed on the glass targets was the
abnormal high velocity fragments that jetted from the antipodal point. Fig. 7 shows the
relationship between the antipodal jet velocity, Vje, and the specific energy Q for the
glass targets, where the Ve, is the expanding velocity at the antipodal point as shown in

Fig. 4. The Vi, had an almost constant value of 182+47 m s™' except for the impact angle
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of 15°, irrespective of the @, and this velocity is much higher than the velocity of the

center-of-mass for each impact. The jetting mechanism at the antipodal point could be

very complicated related to the shock wave spreading through the target interior and

focusing at the antipodal point. Detailed numerical simulations may help reconstruct this

feature. Such detailed study is beyond the scope of the present investigation. However, a

simple estimate of the pressure focusing at the antipodal point, P,, can be made by using

the Vje; and the Hugoniot of glass according to the equation P, ~ pCy,Viei/2, where p

and C, are the density of glass, 2,500 kg m, and the bulk sound velocity of glass, 4 x

10° m s7! [Melosh, 1989]. The antipodal pressure inducing the jetting is estimated as

approximately 1 GPa, which is rather higher than the tensile strength of glass, 31-35 MPa

[Ashby, 2013].

3.3. Mass frequency distribution of the recovered fragments

Fig. 8 provides photographs of the recovered fragments of the porous gypsum targets.

The impact angle 8 was 75° in Fig. 8a and 8d, 40°-45° in Fig. 8b and 8e, and 10°-15°

in Fig. 8c and 8f. The applied specific energy is ~3 x 103 J kg™! for Fig. 8a—c and ~10*J
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kg! for Fig. 8d—f. A comparison of the photos of the recovered fragments at the different

specific energies but a similar impact angle reveals that the degree of the impact

disruption is not very different, although the degree of the impact disruption changes

greatly with the impact angle. The targets were disrupted catastrophically at 8 =75° and

40°-45°, and it can be seen in Fig. 8 that the large fragments have a conical shape and/or

a curved surface with a black marker line, which means that they originated near the target

surface including the antipodal point.

Although core-type fragmentation is usually observed for non-porous rocky materials

such as basalt [Fujiwara et al., 1977], we did not observe this type of fragmentation for

the porous gypsum targets—even with the oblique impacts— possibly because the rear-

surface spallation was reduced due to the strong decay of shock pressure in porous targets

[Love et al., 1993; Okamoto and Arakawa, 2009]. The smaller fragments could have

originated mainly around the impact point, as recognized in the high-speed image in Fig.

3. In the case of the highly oblique impact at the 8 of 10°-15°, a large crater with a

diameter of approximately 20 mm was observed on the target surfaces, and the crater was

recognized to be composed of a small pit surrounded by a spalling area.
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Fig. 9 shows the photographs of the recovered fragments for glass targets. The impact

angle 6 was 80° in Fig. 9a and 9d, 40° in Fig. 9b and 9e, and 15° in Fig. 9c and 9f. The

applied specific energy was ~10° J kg™! for Fig. 9a—c and ~4 x 10 J kg! for Fig. 9d-f.

The recovered fragments of the glass targets were clearly different from those of the

porous gypsum targets; i.e., the degree of the impact disruption for the glass targets

changed with not only the specific energy but also the impact angle. At the low specific

energy, the glass targets were partially disrupted around the impact point, and the

antipodal point became truncated at both sides as shown in the expanded windows of Fig.

9a—c. In addition, many cracks were generated inside the targets so that the impacted area

looked white due to the large number of small cracks.

At the large specific energy, the glass targets were disrupted catastrophically, and the

size of the largest fragment became smaller as the impact angle grew larger. It was also

apparent that the amount of small fragments decreased with the decrease of the impact

angle. The high-speed images in Fig. 4 showed that large fragments originated from the

middle part of the target, and small fragments originated around the impact point and the

antipodal point. However, we did not observe core-type fragmentation for our glass
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targets at any of the impact angles and specific energies, as was reported for basalt

[Fujiwara et al., 1977]. The fragmentation mode of our glass targets changed directly

from the truncated fragmentation at low specific energy to catastrophic disruption at high

specific energy.

Fig. 10 shows the mass frequency distributions of the impact fragments at different

impact angles; they are described by the relationship between the cumulative number of

impact fragments, N, and the fragment mass normalized by the original target mass,

m/M,, for porous gypsum targets at the specific energy of 3 x 10° J kg! and for glass

targets at the specific energy of 4 x 10° J kg™!. The m/M; at N=1 on the mass frequency

distribution indicates the largest fragment mass normalized by the original target mass,

m;/M,. In the case of the porous gypsum targets shown in Fig. 10a, the mass frequency

distributions obtained at the impact angle >45° were almost the same, and thus the mass

frequency distribution can be described by the same power law equation. When the

impact angle was changed from 45° to 10°, the amount of impact fragments was reduced

with the decrease of the impact angle. However, the slopes of the mass frequency

distribution at the m/M, values smaller than 10~ did not systematically depend on the
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impact angle.

For the glass targets shown in Fig. 10b, the mass frequency distributions obtained for

the impact angles >40° were almost the same. When the impact angle was changed from

40° to 15°, the amount of impact fragments was slightly reduced within a factor of two.

Notably, the slope of the mass frequency distribution at the m/M; values smaller than

1073 was almost the same, and this is described by the power law equation, N o

(m/M)~* [Takagi et al., 1984]. The mass frequency distributions of our porous gypsum

and glass targets at the m/M, values <10~ were fitted by the power law equation, and

we observed that the a values did not strongly depend on the impact angle and the

specific energy, as shown in Fig. 10c. Thus, the average a was 0.75%0.07 for the porous

gypsum targets and 0.95+0.08 for the glass targets: the a for the porous gypsum targets

might be smaller than that for the glass targets. These values are larger than that for

polycrystalline ices at 0.64+0.06 obtained by Arakawa [1999b], and that for basalt at

0.54+0.16 obtained by Takagi et al. [1984].

3.4. Largest fragment mass and impact strength
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The largest fragment mass among all impact fragments is a good representative of the

degree of impact fragmentation. We thus examined the relationship between the largest

fragment mass normalized by the original target mass, m;/M;, and the impact angle 0

for the porous gypsum and glass targets as shown in Fig. 11, where we use the term NLFM

for the normalized largest fragment mass, m;/M;. For both types of target, the NLFM

was nearly constant or slightly increased with the decrease of the impact angle at the high-

impact angle region in all specific energies, and the NLFM values were almost the same

as the NLFM obtained for the head-on collision within a factor of two.

In contrast, the NLFM increased with the decrease of the impact angle at the low-

impact angle region, and the NLFM rose more rapidly as the specific energy was larger.

It is quite clear that this quasi-constant NLFM region extended from the head-on collision

(6 = 90°) toward the low-impact angle region, and thus this quasi-constant region

continued until 30° for the porous gypsum targets and 55° for the glass targets. We defined

those impact angles at the boundary of the quasi-constant NLFM region as the critical

angle, 6., and this angle does not depend on the specific energy.

Generally, the NLFM has a good relationship with the specific energy for head-on
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collisions; it is fitted by the following power law equation:

™ _ qor1- -, ©)

M,
The impact strength, Q*, is defined as the specific energy when the NLFM is equal to
0.5. Fig. 12 illustrates the relationship between the NLFM and the specific energy for the
porous gypsum targets and glass targets. For the porous gypsum targets, the NLFM at the
impact angle from 90° to 45° was almost the same, although it fluctuated slightly within
a factor of two. The NLFM at the very low impact angle clearly deviated from these high
impact angle data. Similarly, for the glass targets, the NLFM at the impact angle from 90°
to 60° was almost the same, but the NLFM at the impact angles lower than 45° was clearly
larger than these high impact angle data at the same Q. We observed that the glass targets
began to be fractured and the truncated regions appeared on both the impact and the
antipodal points at the specific energy of approximately 103 J kg'.

We then derived the impact strength Q* for a head-on collision (68 of 90° and 80°),

and the results in Fig. 12 were thus fitted by using Eq. (2) at the NLFM values <0.75. The

parameters p; and g, and the obtained Q* for the porous gypsum and glass targets are

summarized in Table 3. We observed that the Q* of the porous gypsum targets was
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slightly larger than that of the glass targets, although the static tensile strength of the

porous gypsum (~1 MPa from Yasui and Arakawa [2011]) was one order of magnitude

smaller than that of the glass (31-35 MPa from Ashby [2013]). This inconsistency

between the static and dynamic strength may have been caused by the low shock-induced

pressure and the large attenuation rate of shock pressure for porous materials [ Kawakami

et al., 1991]. Moreover, it is impressive that the power of Eq. (2), g4, for glass targets

was approximately 2.5 times larger than that for porous gypsum targets. This means that

a small change of specific energy can cause a drastic change in the degree of the impact

fragmentation for glass targets.

For a comparison of our results for porous gypsum and glass targets with the findings

of earlier studies, the previous results for porous gypsum with a porosity of 53+4%

obtained by Okamoto and Arakawa [2009] and for basalt obtained by Fujiwara and

Tsukamoto [1980] are also shown in Fig. 12 and Table 3. As explained in Fig. 12, our

NLFM values for the porous gypsum targets were somewhat smaller than those obtained

by Okamoto and Arakawa [2009] over the range of the specific energy in the present

study, but the power of Eq. (2), g4, for our porous gypsum targets was almost the same
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as that obtained by Okamoto and Arakawa [2009]. When our glass targets are compared

with the basalt studied by Fujiwara and Tsukamoto [1980], it is apparent that the power

of Eq. (2), q4, for our glass targets is not very different from that of basalt, and the NLFM

values of these two types of material were very similar, and thus the materials’ impact

strengths were almost the same.

4. Discussions

4.1. Effective specific energy

As described above in Section 3.4., we observed that the impact strength for a head-

on collision was approximately 1000 J kg™! for both types of target, while the NLFM

increased with the decrease of the impact angle at the impact angles <30° for the porous

gypsum targets and <55° for the glass targets. Therefore, when we determine the impact

strength for an impact angle smaller than these critical angles, 6., it can be expected to

be >1000 J kg!. It should thus be considered how the impact angle affects the impact

strength and what types of physical mechanisms control the impact strength for an oblique

impact. We can then reanalyze the impact strength by using the effective specific
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energy, Qefr, Which is defined by the following equation:

%mp(vi sin 6)2

M; +m,

Qefr = Qsin® 6 = 3)

The velocity component normal to the impact surface, v;sin @, is only introduced into

the specific energy in Eq. (3) because we assume that it could induce mainly the impact

pressure and thereby contribute to the damage to the entire target [Chapman and

McKinnon, 1986; Pierazzo and Melosh, 2000]. We next examine the relationship between

the NLFM and the Q. in order to discuss the effect of the impact angle on the impact

strength.

This relationship (for both types of target) is illustrated in Fig. 13. Although the data

are slightly scattered, they were almost consistent with each other, and were fitted by one

empirical equation at the NLFM values <0.75, irrespective of the impact angle. However,

the NLFM of the glass targets behaved differently compared to that of the porous gypsum

targets (Fig. 13a, b). The empirical equation obtained below m;/M= 0.75 for the porous

gypsum targets could be simply extrapolated until unity, and it was well consistent with

the NLFM values >0.75, whereas the two empirical equations below and above m;/M,=

0.75 for the glass targets were clearly necessary. It is clear for glass targets at m;/M;
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>(0.75 that the NLFM gradually decreased with the increase of the Q.f, and the target
appeared to be a sphere truncated at both the impact and antipodal points as shown in Fig.
9a—c. At m;/M, <0.75, the NLFM greatly decreased with the increase of the Q., and
the target was catastrophically disrupted (Fig. 9d—f).

We can write the empirical equation representing the relationship between the NLFM
and the Q.¢ for both targets in the form of a power law equation:

T~ qore “Qegr 2. (4)
M e

t
The parameters p, and g, are summarized in Table 4, and we note that two empirical
equations with different p, and g, values were necessary for glass targets at the NLFM
values >0.75 and at those <0.75. By using these empirical equations, we were able to
obtain the effective impact strength, Qg , defined as the effective specific energy when
the NLFM was equal to 0.5, and the obtained Q.¢ values are also shown in Table 4.
Surprisingly, the Qq¢  for both targets were very similar to 1000 J kg™' derived from the
head-on collision. Thus, this similarity may support our assumption that the velocity

component normal to the impact surface was mainly responsible for the impact pressure

that damaged the entire target in the oblique impact. We can then recalculate the impact
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strength Q* by using the effective impact strength Q" at various impact angles, since

the results of our experiments confirmed that Q.g" can be written as Q* sin? 6.

The results of the porous gypsum and glass targets are shown together in Fig. 13c. It

can be easily seen that the NLFM for the porous gypsum targets was always larger than

that for the glass targets over the range of Q¢ explored in these experiments, and the

NLFM of both targets crossed at Qq¢¢ = 750 J kg™! and m;/M; = 0.69. The results for

basalt obtained by Fujiwara and Tsukamoto [1980] are also shown in Fig. 13c; they

carried out impact experiments for a basalt sphere or cube at impact angles from 90° to

30° and the impact velocity of approximately 2.7 km s~!. The parameters p, and g, and

the effective impact strength Q. of their basalt targets are also shown in Table 4 for a

comparison with our findings. The NLFM of basalt was well consistent with that of our

glass targets.

To test whether the empirical equation, Eq. (4), can reproduce the relationship

between the NLFM and the impact angle 6, we prepared Fig. 14 illustrating the

relationship between the NLFM and the sin @ values and replotted our data in the figure.

Equation (4) with the p, and q, data shown in Table 4 was then drawn. It was thus
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clear that Eq. (4) could reproduce our experimental results very well for both types of
targets, although the glass target results were slightly scattered for 1000 J kg™! and at the
sin 6 values >0.8, as shown in Fig. 14b.

We reanalyzed the antipodal velocity, V,, for the porous gypsum targets by using the
Qs to examine the effects of the impact angle on the V. This relationship is illustrated
in Fig. 15a. As with the NLFM results, the 1, results were well merged and fitted by the
following empirical equation:

Vy = 107172010 Qg M O0E005, (5)
As shown in Fig. 15b, we were also able to reproduce the relationship between the 1,
and the specific energy for porous gypsum targets by using Eq. (5), and the data shown
in Fig. 6 were also replotted. The use of Eq. (5) clearly reproduced our experimental
results very well, as with the results of Fig. 14. We were thus also able to recalculate the

antipodal velocity V, by using Eq. (5) at various impact angles.

4.2. Implications for the probability of impact disruption considering oblique impacts

Our findings clarified that the degree of disruption represented by the NLFM depends
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on the impact angle for porous gypsum and glass targets, as described in Eq. (4). The
probability of an impact at an impact angle between 6 and 6 + d@ is described as
dP = 2sin 8 cos 8 d8 according to Shoemaker [1962] and Pierazzo and Melosh [2000],
irrespective of the target body’s gravity. In the following discussion, therefore, we will
consider the effects of the probability of oblique impacts on the degree of disruption in
the solar nebula, and we speculate that (1) primitive rocky planetesimals could be
represented by our porous gypsum targets, and (2) consolidated rocky planetesimals could
be represented by our glass targets.
The probability density function for oblique impacts is expressed as:

P _ 2sinf cos 6

79 — 2sindcost, (6)

and this function has the maximum at 6 = 45°. By using Egs. (3), (4), and (6), we can

obtain the relationship between the probability density function, dP/d6, and the

normalized largest fragment mass (NLFM), m;/M,, as follows:

1
1 1 2

dP _ 9 k_1 <2m1)_6 1 k_1 <2m1)_5 7
ae M, M, ’ 7)

where k represents the specific energy normalized by the impact strength, Q/Q", and

Q.. was assumed to be equal to Q* based on our present findings. The detailed
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derivation process considered by Eq. (7) is explained in the Appendix. The relationship

between the dP/d@ and the NLFM can be calculated at various specific energies in Eq.

(7), and it can then be estimated how oblique impacts in the solar nebula affected the

NLFM, because it was clear according to Eq. (6) that almost no head-on collisions

occurred; a specific energy larger than Q* was therefore necessary to cause a

catastrophic disruption in the planetary collisional processes considering the oblique

impacts.

Fig. 16a shows the relationship between the dP/d6 and m;/M, data for primitive

rocky planetesimals simulated by porous gypsum. The function is calculated for the

normalized specific energy of k= 3 (Q* =1.33 x 10° J kg'! and g, =0.76). The

dP/d6 increases with increasing m;/M;, reaches a maximum of dP/df = 1 at

m;/M,; =0.37, and then decreases with increasing m;/M; to become dP/d6 =0.68 at

m;/M, =1. The numbers added to the function of dP/df show the impact angle

corresponding to each m;/M,, and the results demonstrate that the probability density

function is 0 at 8 = 90° and 1 (the maximum) at 8 = 45°. Moreover, the m;/M, is 1

at the 6 of 21.5°; this means that the planetesimals were almost intact when they were
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impacted at an impact angle <21.5°.

The cumulative distribution function, P(< 0), is also shown in Fig. 16a. We define

the P(< 0) as the impact probability, i.e., it indicates the probability of impact at an

impact angle smaller than a specific impact angle 6. The P(< ) can be obtained by

integrating Eq. (7) with respect to the impact angle 6 from 0° to a specific 6, and the

m, /M, corresponding to each impact angle is calculated by using Egs. (3) and (4) at

constant k; the relationship between P(< 6) and m;/M, is then derived as shown in

Fig. 16a. It is observed that the m;/M; is >0.37 with a probability of 50%, and the

planetesimals are almost intact with a probability of 14%.

Fig. 16b shows the impact probability for primitive and consolidated rocky

planetesimals, which were calculated for the normalized specific energy k of 0.7, 1, 3,

and 10. We used the parameters of porous gypsum and glass targets listed in Table 4 to

calculate these values. In both planetesimals, the m;/M; becomes smaller with the

increase of the normalized specific energy at the same impact probability. It was also

shown that at m;/M, = 1, the impact probability corresponding to keeping planetesimals

intact after the collision decreases with the increase of the normalized specific energy. In
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comparison of the results of the primitive rocky planetesimals with those of the

consolidated planetesimals, the degree of disruption (m;/M,) for the consolidated rocky

planetesimals fluctuated approximately four times at the impact probability between the

head-on collision (P = 1) and the oblique impact of 45° (P = 0.5), whereas the m;/M,

of the primitive rocky planetesimals was almost constant within the same impact

probability range.

At the same normalized specific energy, the impact probability of the primitive rocky

planetesimals for m;/M; <0.5 is always larger than that of the consolidated rocky

planetesimals. For example, at the normalized specific energy of 10, the impact

probability of the primitive rocky planetesimals for m;/M; >0.1 is 0.83 (8 ~66°) and

that of the consolidated rocky planetesimals is 0.27 (6 ~31°). Thus there is a more than

threefold difference in the impact probability between them. As a result, the consolidated

rocky planetesimals can be more easily disrupted into small fragments compared to the

primitive rocky planetesimals.

In contrast, the impact probability of the consolidated rocky planetesimals is larger

than that of the primitive rocky planetesimals for m;/M, >0.5 at the same k. It is also
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notable that the impact probability for both planetesimals crosses at m;/M; = 0.5 when

the k isthe same. In this case, the impact angle can be determined by using the following

equation, Ocp = arcsin (k~%/?), from Q. = Qsin?6 and the assumption of Q" =

Q. That is, the impact angle at which the catastrophic disruption could begin to occur,

Ocp, 1s independent of the target material, but it depends only on the specific energy

normalized by the impact strength. At a 6 larger than the 6.p, the target body could be

disrupted catastrophically, and we can thus calculate the range of the 6 necessary for

catastrophic disruption at each k.

According to this 6 range, we can also calculate the impact probability of rocky

planetesimals at catastrophic disruption in the solar nebula by using Eq. (6),as P(> 6) =

1 —k~1. Fig. 16¢ describes the relationship between the impact probability P(> 6)

corresponding to the occurrence of catastrophic disruption, and the normalized specific

energy k. The impact probability P(> 6) at the NLFM <0.5 increased with the increase

of the k, and it was closer to unity at large k values. That is, the catastrophic disruption

could occur even at a low impact angle as the normalized specific energy increases. For

example, to be necessary for catastrophic disruption with a probability of 50% (8 =90°—
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45°), k = 2isproposed, and for a probability of 75% (8 =90°-30°), k = 4 is proposed.

We can therefore say that the catastrophic disruption could have occurred at a wide range

of impact angles when the specific energy at the collision was approximately four times

larger than the impact strength.

The effects of oblique impacts described in this study should thus be considered in

order to construct the appropriate numerical model for the study of the mass frequency

distributions of planetesimals and asteroids.

In this study, we examined the collisional disruption of solid materials in a strength-

dominated regime. Our experimental results can be applied to mutual collisions of bodies

with a radius <100 m in a strength regime [Holsapple et al., 2002]. However, to apply

our experimental results to the collisional disruption of asteroids and planetesimals >100

m, the effect of the bodies’ self-gravity on the re-accumulation processes of impact

fragments should be considered. In this study, we provide the basic data of the ejecta

velocity distribution and the mass distributions of impact fragments that are necessary for

the study of re-accumulation processes of the bodies. Numerical simulations referring to

our experimental results are expected in the future.
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5. Summary

We carried out oblique high-velocity impact experiments using porous gypsum and

glass spheres at impact angles from 90° (a head-on collision) to 10° (a grazing collision)

and at impact velocities from 7 to 2 km s~!. We then examined the effects of the impact

angle on the ejection velocity of the impact fragments and the impact strength. Our results

are summarized as follows:

(1) The expanding velocity of the ejecta envelope was measured. At the initial position

angle of 0° (the antipodal point), the expanding velocity became the minimum at a

head-on collision for the porous gypsum targets. As the impact angle decreased, the

initial position angle where the expanding velocity showed the minimum changed

from 0° to +30° . For the glass targets, in contrast, the expanding velocity reached the

maximum at the initial position angle of 0°, irrespective of the impact angle.

(2) When the Q was constant, the NLFM, m;/M,, was almost the same at the large

impact angle, whereas it rose markedly with the decrease of the impact angle at 6

values smaller than 30° and 55° for the porous gypsum and glass targets, respectively.
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The impact strength Q* values for the porous gypsum and glass targets at a head-on

collision were obtained to be 1330 and 1070 J kg!, but compared to the porous

gypsum targets, the glass targets were disrupted more catastrophically with a small

change of the specific energy.

(3) We defined the effective specific energy, Qqf (= Q sin? @), and observed that the

NLFM, m,;/M,, had a good correlation with the Q. irrespective of the impact angle.

Atthe my/M, values <0.75, the relationship can be written as m; /M, = 10%:02£0-22 .

Qoge *76%%%  for the porous gypsum targets and m;/M, = 10%66+039.
Qoge” “8%12 for the glass targets. The effective impact strength Qg , i.€., the Qg
at my/M, =0.5, was surprisingly consistent for both types of target at ~1000 J kg!.
The relationship between the antipodal velocity for the porous gypsum targets 1, and

the Q. Was obtained as V, = 10~1.72£010() 0-68£0.03

(4) We estimated the relationship between the impact probability and the NLFM, m,/M,,

by using our empirical equations. At the m;/M, <0.5, the impact probability of

consolidated rocky planetesimals simulated by glass targets was always smaller than

that of primitive rocky planetesimals simulated by porous gypsum targets at a constant
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normalized specific energy Q/Q*, while these results were the opposite at the m;/M;

>0.5. Our findings also clarified that catastrophic disruption can occur at an impact

angle from 30° to 90° irrespective of the target materials when the specific energy at

the collision is approximately four times larger than the impact strength.
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Appendix
The probability density function of impacting bodies, dP/d68, shown by Eq. (6) can
be rearranged as

dP 1
i 2sinf cos@ = 2sin 6 (1 — sin?6)z, (A1)

by using the fundamental Pythagorean trigonometric identity.
By using Eqgs. (3) and (4), we can obtain the relationship between the specific energy

Q and sin @ as follows:

1

§inf = %&(%)} “l, (A2)

where A" = 10Pz, Thus, substituting Eq. (A2) for Eq. (A1), we have

1
-1 _11\2
fo=2lale G| (ot G™))

Here, we assumed that the effective impact strength Q.¢" was equal to the impact
strength Q* when the NLFM was 0.5, as described in Section 4.2. We can thus obtain

the Q* by using Eq. (4) as follows:

(%)q_ 27, (A4)

Thus, substituting Eq. (A4) for Eq. (A3), we can obtain Eq. (7).
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Figure Captions

Figure 1:

Top view of the two-stage light gas gun and experimental setup. The small panel at upper

right provides a side view of the recovery box.

Figure 2:

The analysis method used to determine the impact angle, 6. (a) Definition of the 6. (b)

Example of the 6 determined by using the images taken by a shutter camera. Left images

were taken at 5 and 12 us before the impact. Right image is the superimposed image by

using two images on the left. (c) Example of the 8 determined by using the images taken

by a high-speed camera. The images are the identical, but some notes are added on the

right image to determine the impact angle. The impact point was determined as the middle

point on the line linking both ejecta necks.

Figure 3:
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Snapshots of the porous gypsum targets taken by the high-speed camera. The run number

and the impact angle in each panel were as follows. (a) 20141208-1, 8=75°. (b)

20141209-2, 6=45°. (c) 20150515-1, 6=10°. (d) 20150515-2, 6=90°. (e) 20150515-

3, 0=55°. (f) 20151119-3, 6=15°. The specific energy in each figure was 3 x 10> J kg™!

in (a—) and 10* J kg™! in (d—f). The black circle represents the projectile and the arrow

represents the projectile trajectory. The black bar shown on each panel represents a length

of 10 mm. The number shown on the right of each image represents the elapsed time after

the impact in ms, and “0 ms” indicates the moment of impact.

Figure 4:

Snapshots of the glass targets taken by the high-speed camera. The run number and the

impact angle in each panel were as follows. (a) 20151007-1, 6=80°. (b) 20151008-2,

0=45°. (c) 20151125-1, 6=15°. (d) 20151001-1, 8=80°. () 20151118-1, 8=40°. (f)

20151202-1, #=15°. The specific energy in each figure was 10° J kg™! in (a—c) and 4 x

10° T kg! in (d—f). The black circle represents the projectile and the arrow represents the

projectile trajectory. The black bar shown on each panel represents a length of 10 mm.
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The number shown on the right of each image represents the elapsed time after the impact

in ms, and “0 ms” indicates the moment of impact. The fifth image on panel (c) was taken

at 15 ms after the impact.

Figure S:

(a) Schematic illustration of the definition of the initial position angle. (b) Relationship

between the expanding velocity of the ejecta envelope and the initial position angle for

the porous gypsum targets at the specific energy of 10* J kg™!. The run numbers of all

data are shown in Table 1. The numbers in the legend indicate the measured impact angle

and those in parentheses indicate the impact angle used in the text. (c) Relationship

between the expanding velocity and the initial position angle for the glass targets at the

specific energy of 4 x 10° J kg'!. The run numbers of all data are shown in Table 2. (d)

The enlarged part of the vertical axis in panel (¢) ranging from 0 m s! to 50 m s~!. The

error bars on panels (b) — (d) were smaller than the symbol’s size.

Figure 6:
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Relationship between the antipodal velocity V, and the specific energy @ for the porous

gypsum targets. Each symbol represents the impact angle. The dashed thick line

represents the fitting line determined by using the power law equation of Eq. (1). Four

thin lines show the results for H>O ice, basalt, and porous gypsum obtained in previous

works. The numbers in the parentheses indicate the impact angle: “ice” obtained by

Arakawa [1999a], “basalt” by Fujiwara and Tsukamoto [1980], and “gypsum” by

Okamoto and Arakawa [2009].

Figure 7:

Relationship between the antipodal jet velocity Vje; and the specific energy Q for the

glass targets. The symbols represent different impact angles.

Figure 8:

Photographs of the recovered impact fragments of the porous gypsum targets at the

specific energy of 3 x 103 J kg™! in (a—c) and at 10* J kg™! in (d—f). The run number and

the impact angle in each panel were as follows. (a) 20141208-1, 6=75°. (b) 20141209-2,
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B=45°. (c) 20150515-1, §=10°. (d) 20141209-5, H=75°. (e) 20141209-7, H=40°. (f)

20150722-1, 6=15°. ”LF” surrounded by the white dashed line was the largest fragment.

The fragment shown on panels (c) and (f) is the largest.

Figure 9:

Photographs of the recovered impact fragments of the glass targets at the specific energy

of 10° J kg! in (a—c) and at 4 x 10* J kg! in (d—f). The run number and the impact angle

in each panel were as follows. (a) 20151007-1, 6=80°. (b) 20151028-2, 8=40°. (c)

20151125-1, 6=15°. (d) 20151001-1, 6=80°. (e) 20151118-1, 6=40°. (f) 20151202-1,

6=15°. ”LF” surrounded by the white dashed line was the largest fragment. The small

boxes in (a—c) are expanded images of the largest fragment in each panel.

Figure 10:

Mass frequency distributions of recovered impact fragments for (a) the porous gypsum

targets at the specific energy of 3 x 10° J kg! and (b) the glass targets at the specific

energy of 4 x 103 J kg~!. Each symbol represents the impact angle. The numbers in the
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legend indicate the measured impact angle. The numbers in parentheses indicate the

impact angle used in the text. (c) Relationship between the power law index a in the

power law equation showing the mass frequency distribution of impact fragments and the

impact angle. The solid line and dashed line show the average values of a for the porous

gypsum and glass targets, respectively.

Figure 11:

Relationship between the largest fragment mass normalized by the original target mass

(NLFM), m;/M,, and the impact angle 6 for (a) the porous gypsum targets and (b) the

glass targets. The numbers in the legend represent the target diameter and the impact

velocity. The numbers in the parentheses indicate the specific energy. The dashed line

indicates the critical impact angle of the quasi-constant NLFM, 6.

Figure 12:

Relationship between the largest fragment mass normalized by the original target mass

(NLFM), m;/M,, and the specific energy Q for (a) the porous gypsum targets and (b)
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the glass targets. Each symbol represents the impact angle. The solid line shows the fitting

line determined by using the power law equation of Eq. (2) at the impact angle of 90° and

80°. The dotted line indicates the previous results for porous gypsum obtained by

Okamoto and Arakawa [2009] shown as “O&A [2009]” on panel (a) and for basalt

obtained by Fujiwara and Tsukamoto [1980] shown as “F&T [1980]” on panel (b).

Figure 13:

Relationship between the largest fragment mass normalized by the original target mass

(NLFM), m;/M,, and the effective specific energy Q. defined by Eq. (3), for (a) the

porous gypsum targets and (b) the glass targets. Each symbol represents the impact angle.

The solid line shows the fitting line determined by using the power law equation of Eq.

(4). (c) The merged figure of panels (a) and (b) and the previous results for basalt obtained

by Fujiwara and Tsukamoto [1980] shown as “F&T, 1980”. Three lines show the fitting

lines determined by using Eq. (4).

Figure 14:
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Relationship between the largest fragment mass normalized by the original target mass

(NLFM), m;/M,, and the sin@ (the @ is the impact angle) for (a) the porous gypsum

targets and (b) the glass targets. Each symbol represents the experimental results, and the

numbers in the legend represent the target diameter and the impact velocity. The thick

lines show the calculated results from Eq. (4) with the obtained parameters in Table 4 at

each specific energy.

Figure 15:

(a) Relationship between the antipodal velocity I, and the effective specific energy Qe¢r

for the porous gypsum targets. Each symbol represents the impact angle. The thick solid

line shows the fitting line determined by using the power law equation of Eq. (5). (b)

Relationship between the antipodal velocity V, and the specific energy Q. The data

plotted in this figure are identical to those in Fig. 6. The thick solid line shows the fitting

line by using Eq. (1). The thin lines show the calculated results from Eq. (5) at impact

angles of 45° (short dashed line), 30° (long dashed line), 20° (thin solid line), and 15°

(dotted line).
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Figure 16:

(a) Relationship between the probability density function of an impact, dP/d6 (solid

line) on the left vertical axis, or the impact probability, P (< 8) (thick dotted line) on

the right vertical axis, and the normalized largest fragment mass (NLFM), m,;/M,, for a

primitive planetesimal simulated by porous gypsum at the specific energy normalized by

the impact strength Q/Q* of 3. The number on the solid line shows the impact angle 6

corresponding to each NLFM. The two circle symbols on the thick dotted line show the

dataat P = 0.5 and 8 = 45°, and that at P = 0.14 and m;/M; = 1. (b) Relationship

between the impact probability P (< 8) and the NLFM, m;/M,, at the normalized

specific energy Q/Q* (= k) of 0.7, 1, 3, and 10 for a primitive planetesimal and a

consolidated planetesimal simulated by porous gypsum and glass, respectively. The solid

grey line indicates m;/M,; =0.5. The two circles show the data at P = 0.83 on the thin

dashed line (primitive planetesimal) and P = 0.27 on the thick dashed line (consolidated

planetesimal) at m;/M; = 0.1 and k =10. (c) Relationship between the impact

probability P(> 0), corresponding to the occurrence of catastrophic disruption (the
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962 NLFM, m;/M, <0.5), and the k. The number near each circle on the line shows the

963  impact angle 6 corresponding to each k.
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Table 1. Experimental conditions and results for porous gypsum targets
Target Impact Impact Specific NLEM Anti'podal
Run number * | Mass M, | Diameter, velocity v;, | angle 6°, | energy Q, velocity 1,9, at
Porosity, % my /M
g mm km s™! degree Jkg! ms!
Oblique impact: Target diameter = 70 mm, Impact velocity ~3.8 km s~
20141208-1* 180.3 70.1 54 3.66 77.8(75) | 2.51x10° 0.341 3.27 (0.09) | 0.58 (0.02)
20141208-2 171.1 69.8 56 3.73 74.9 (75) | 2.76 x 10° 0.283 3.14 (0.09) | 0.67 (0.03)
20141209-1 161.3 69.1 58 3.74 53.7(55) | 2.94x10° 0.415 2.67 (0.06) | 0.72 (0.01)
20141209-2* 171.4 69.3 55 3.80 43.4 (45) | 2.86x10° 0.417 2.37(0.04) | 0.68 (0.02)
20141209-3* 174.8 69.8 55 3.74 27.6 (30) | 2.71x10° 0.865 1.40 (0.02) | 0.77 (0.03)
20150114-3 150.5 69.9 62 3.78 12.0 (10) | 3.22x10° 0.997 - 0.80 (0.05)
20150515-1* 162.8 70.1 59 3.78 9.2(10) | 2.98x10° 0.994 0.43 (0.01) | 0.76 (0.09)
Oblique impact: Target diameter = 50 mm, Impact velocity ~3.8 km s~
20150515-3* 50.5 48.9 63 3.76 55.9(55) | 9.49x10° 0.144 9.86 (0.04) | 0.86(0.01)
20150515-4* 48.9 49.3 64 3.84 21.5(20) | 1.02x 10* 0.205 4.55(0.09) | 0.87(0.01)
20151119-3* 53.4 48.5 59 4.07 149 (15) | 1.05x 10* 0.582 1.78 (0.03) -
Oblique impact: Target diameter = 70 mm, Impact velocity ~6.9 km s~
20141209-5 174.6 70.1 56 6.94 78.0 (75) | 9.36 x 10° 0.116 7.74 (0.08) | 0.71 (0.01)
20141209-6 176.7 69.6 55 6.98 58.8(60) | 9.35x10° 0.214 7.87(0.12) | 0.65(0.01)
20141209-7 177.8 69.4 54 6.88 41.4 (40) | 9.03x10° 0.221 7.22(0.23) | 0.71 (0.01)
20150721-1 175.5 69.2 54 6.91 42.0 (40) | 9.25x10° 0.276 - 0.78 (0.02)
20150721-2 145.3 69.2 62 7.06 38.5(40) | 1.16 x 10* 0.224 - -
20151119-4 152.6 68.9 59 6.90 32.1(30) | 1.06 x 10* 0.179 4.51 (0.07) -
20150722-1 174.9 69.6 55 6.83 13.8 (15) | 9.06 x 10° 0.995 - -
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Table 1. Continued

Target Impact Impact Specific NLFM Antipodal
Run number * | Mass M,, | Diameter, | Porosity, | velocity | angle 6° | energy Q, velocity 19, at
g mm % v;, km s7! degree Jkg! /M ms!
Head-on collision
20161213-1 200.4 69.7 49 3.02 82.0 (80) | 1.55x10° 0.669 2.26 (0.004) | 0.69 (0.03)
20161220-1 120.7 58.9 49 3.08 82.7(80) | 2.67 x10° 0.287 3.88 (0.04) | 0.68(0.01)
20161220-2 70.1 49.3 49 3.14 80.9 (80) | 4.76 x 10° 0.227 7.10 (0.16) | 0.74 (0.02)
20170110-1 37.2 39.5 48 3.19 90.0 (90) | 9.27 x 10° 0.090 13.80 (0.22) | 0.77 (0.04)
20150715-1 84.1 59.0 65 3.73 83.4 (80) | 5.64x10° 0.151 6.80 (0.02) -
20150515-2* 50.3 49.2 63 3.74 88.7(90) | 9.43x10° 0.109 9.98 (0.08) | 0.86 (0.02)
20150715-2 27.4 40.3 64 3.83 81.6 (80) | 1.81 x 10* 0.054 16.27 (0.09) -
20161011-1 202.0 70.3 50 4.04 85.3(90) | 2.75x10° 0.181 3.58 (0.06) | 0.71 (0.01)
20161025-1 120.4 58.9 49 4.03 88.6 (90) | 4.58 x10° 0.258 5.99 (0.05) | 0.65(0.01)
20161018-1 71.0 49.0 48 4.07 82.5(80) | 7.93x10° 0.134 8.99 (0.01) | 0.83(0.02)
20161018-2 38.0 40.0 48 3.96 84.3(80) | 1.40x 10* 0.069 14.17 (0.10) | 0.72 (0.02)
20151020-2 200.3 69.1 47 4.34 85.9(90) | 3.20x10° 0.150 3.82(0.05) | 0.65(0.03)
20151020-1 118.9 58.7 49 4.36 84.4 (80) | 5.42x10° 0.170 6.57 (0.13) | 0.86 (0.04)
20151013-1* 70.1 48.7 47 4.36 80.5(80) | 9.22x10° 0.067 10.26 (0.01) | 0.71 (0.02)
20151027-1 37.5 39.9 49 4.33 84.9(90) | 1.70 x 10* 0.033 17.47 (0.18) | 0.81 (0.21)
20141209-4 163.0 68.6 56 7.13 86.6 (90) | 1.06 x 10* 0.093 8.39 (0.06) | 0.71 (0.01)
20150715-3 51.0 49.4 63 6.95 80.3 (80) | 3.21x10* 0.044 22.72 (0.06) -
20150715-4 27.0 39.9 63 6.91 86.5(90) | 5.99 x 10* 0.025 33.25(1.19) -
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967  a: Asterisks (*) indicate the results shown in Fig. 5b. Plus signs (+) indicate the results shown in Fig. 10a.

968  b: The numbers without parentheses indicate the impact angle measured by using the images observed by a high-speed camera or a shutter camera.
969  The numbers in parentheses indicate the impact angle used in the text.

970  c: NLFM means the normalized largest fragment mass, which is the largest fragment mass normalized by the original target mass.

971  d: The numbers in parentheses indicate the error.

972 e: a is the power law index on the power law equation showing the mass frequency distributions of impact fragments. The numbers in parentheses

973  indicate the error.
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974

Table 2. Experimental conditions and results for glass targets
Target Impact Impact Specific NLFM Antipodal jet
Run number * | Mass M,, | Diameter, | velocity v;, | angle 6°, | energy Q, velocity Vje, at
g mm km s™! degree Jkg! /M ms!
Oblique impact: Target diameter = 80 mm, Impact velocity ~4.3 km s~/
20151119-1 671.3 79.6 4.19 76.6 (75) | 8.88 x 107 0.631 159.90 (1.40) | 0.89(0.01)
20151028-1 662.8 79.3 4.34 59.1 (60) | 9.64 x 10? 0.679 197.04 (4.00) | 0.92 (0.01)
20151008-2 626.8 77.9 4.38 46.8 (45) | 1.04x 10° 0.833 163.52 (n.d.) | 0.98 (0.01)
20151028-2 664.1 79.4 4.41 37.2 (40) | 9.96 x 10? 0.868 - 1.08 (0.01)
20151111-1 669.1 79.6 4.25 21.8(20) | 9.18 x 10? 0.944 - 1.03 (0.02)
20151125-1 663.7 79.3 4.30 14.8 (15) | 9.47 x 10? 0.973 26.93 (n.d.) 0.99 (0.03)
Oblique impact: Target diameter = 50 mm, Impact velocity ~4.3 km s7!
20151029-2 163.1 50.1 4.32 72.9 (75) | 3.88 x 10° 0.046 210.64 (1.08) | 1.03 (0.02)
20151008-1 163.7 50.2 4.39 57.3(60) | 3.99 x 10° 0.028 153.76 (1.92) | 1.00 (0.02)
20151022-1* 164.4 50.2 4.25 58.9(60) | 3.73 x 10° 0.059 186.20 (3.58) | 0.94 (0.02)
20151118-1** 162.7 50.0 3.96 41.9 (40) | 3.26 x 10° 0.203 150.38 (4.61) | 0.88 (0.03)
20151022-2 160.0 49.8 4.39 32.1(30) | 4.08 x 10° 0.479 164.90 (n.d.) | 0.92(0.02)
20151119-2** 154.8 49.3 4.37 28.4(30) | 4.19x 10° 0.562 156.64 (12.20) | 0.95 (0.03)
20151202-1** 164.6 50.2 4.28 14.8 (15) | 3.78 x 10° 0.780 - 0.81 (0.01)
Oblique impact: Target diameter = 80 mm, Impact velocity ~5.9 km s~
20170208-1 658.6 79.0 5.93 57.4(60) | 1.81 x10° 0.216 188.32 (8.07) | 0.87(0.01)
20170208-2 637.5 78.2 5.86 47.0 (45) | 1.83x10° 0.517 220.30 (2.63) | 0.90 (0.01)
Oblique impact: Target diameter = 30 mm, Impact velocity ~4.9 km s~
20160107-1 323 29.2 4.87 76.6 (75) | 2.49 x 10* 0.005 196.34 (3.79) -
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975  Table 2. Continued

Target Impact Impact Specific NLFM Antipodal jet
Run number® | Mass M,, | Diameter, | velocity v;, | angle 6°, | energy Q, M velocity Ve, at
m C
g mm km s7! degree Jkg! v ms!
Head-on collision

20151209-1 668.7 79.5 2.17 89.5(90) | 2.39 x 10? 0.943 56.20 (1.27) -
20151203-2 164.9 50.3 2.13 81.6 (80) | 9.32 x 10? 0.586 111.66 (1.20) -
20151007-1 586.5 76.0 4.17 83.7 (80) | 1.00 x 10° 0.733 - 0.93 (0.01)

20151001-1** 164.7 50.3 4.14 80.5(80) | 3.53x10° 0.040 177.12 (0.73) | 0.93 (0.02)
20160107-2 669.0 79.6 4.93 80.8 (80) | 1.24 x 10° 0.391 264.03 (3.17) | 1.00 (0.01)
20160106-1 278.8 59.5 4.94 88.6 (90) | 2.97 x 10° 0.029 211.27 (3.97) | 1.13(0.04)
20151202-2 655.6 79.0 6.00 84.4 (80) | 1.86 x 10° 0.210 223.65 (n.d.) -
20170207-1 658.9 79.0 5.88 84.5(90) | 1.78 x 10° 0.189 201.39 (3.24) | 0.87(0.01)
20151203-1 163.7 50.2 5.95 86.8 (90) | 7.34 x 10° 0.015 255.71 (n.d.) -

976

977  a: Asterisks(*) indicate the results shown in Figs. S5c and 5d. Plus signs (+) indicate the results shown in Fig. 10b.

978  b: The numbers without parentheses indicate the impact angle measured by using the images observed by a high-speed camera or a shutter camera.
979  The numbers in parentheses indicate the impact angle used in the text.

980  c: NLFM means the normalized largest fragment mass, which is the largest fragment mass normalized by the original target mass.

981  d: The numbers in parentheses indicate the error. “n.d.” means “not determined”.

982  e: a is the power law index on the power law equation showing the mass frequency distribution of impact fragments. The numbers in parentheses

983  indicate the error.
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984  Table 3. Parameters p; and g, of Eq. (2) and impact strength Q* at head-on

985  collisions (6 =90° and 80°)

986
Target P1 1 Q" Ukg'l
Porous gypsum:
2.32(0.31) 0.84 (0.08) 1.33(0.47) x 10°
this study
Glass:
5.82(0.70) 2.02 (0.21) 1.07 (0.19) x 10°
this study

Porous gypsum:
Okamoto and 2.66 (0.55) 0.87 (0.14) 2.42 (0.84) x 10°
Arakawa [2009]

Basalt:
Fujiwara and 4.40 (0.68) 1.53 (0.18) 1.17 (0.78) x 10°
Tsukamoto [1980]

987  Numbers in parentheses are the standard deviation.

988  The parameters p; and g, in this study were obtained at the m;/M, <0.75.
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989

990

991

Table 4. Parameters p, and q, of Eq. (4) and effective impact strength Q¢

Range of .
Target P2 a2 Qe [Tkg]
my/M, (NLFM)
Porous gypsum: 2.02
<0.75 0.76 (0.06) | 1.14(0.47) x 10°
this study (0.22)
>0.75 0.12
0.08 (0.04)
Glass: (0.10)
9.07 (2.30) x 10?
this study <0.75 4.66
1.68 (0.12)
(0.39)
Basalt:
4.17
Fujiwara and — 1.50 (0.11) | 9.42 (4.08) x 10?
(0.40)

Tsukamoto [1980]

Numbers in parentheses are the standard deviation.
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