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Abstract–In order to study the catastrophic disruption of porous bodies such as asteroids and
planetesimals, we conducted several impact experiments using porous gypsum spheres (porosity:
50%). We investigated the fragment mass and velocity of disrupted gypsum spheres over a wide range
of specific energies from 3 × 103 J/kg to 5 × 104 J/kg. We compared the largest fragment mass (ml/Mt)
and the antipodal velocity (Va) of gypsum with those of non-porous materials such as basalt and ice.
The results showed that the impact strength of gypsum was notably higher than that of the non-porous
bodies; however, the fragment velocity of gypsum was slower than that of the non-porous bodies.
This was because the micro-pores dispersed in the gypsum spheres caused a rapid attenuation of
shock pressure in them. From these results, we expect that the collisional disruption of porous bodies
could be significantly different from that of non-porous bodies.

INTRODUCTION

Recent explorations carried out by spacecraft provide
valuable information regarding the physical properties of
small bodies such as asteroids and satellites, particularly their
bulk density and surface morphology. Flybys of 253
Mathilde, a C-type asteroid, and 433 Eros, an S-type asteroid,
by the Near Earth Asteroid Rendezvous (NEAR) spacecraft
have shed light on the densities of these asteroids. The flyby
revealed that Mathilde has a very low density (~1.3 g/cm3),
indicating that it has a highly porous internal structure; on the
other hand, Eros has a density of ~2.67 g/cm3, indicating that
it has a fractured chondrite parent body (Veverka et al. 1997,
1999; Cheng 2004). Observations made by the Hayabusa
spacecraft revealed that 25143 Itokawa, an S-type asteroid,
has a rubble-pile structure owing to the re-accumulation of
disrupted impact fragments. Itokawa has a high porosity
(~40%), probably because of the macro-porosity among the
disrupted fragments (Mukai et al. 2007). On the basis of these
observations, it is proposed that asteroid have diversity in
bulk densities and porosities. 

It is believed that the variations in the bulk density and
porosity are the result of the planetary formation process,
which involves accretion of planetesimals into proto-planets
(e.g., Taylor et al. 1987). During planetary formation process,
the interiors of highly porous planetesimals such as Mathilde
were heated by potential heat sources such as the short-lived
radioactive isotope, 26Al, and the microscopic porosity in

each grain in the interior of a planetesimal was reduced by
sintering, which resulted in the formation of a consolidated
material. As a result of impact events, such thermally evolved
planetesimals might be transformed to non-porous sintered
fragments similar to those that made up Eros. Planetesimals
with various degrees of sintering are expected to be disrupted
and to form impact fragments with a wide range of porosities.
Mutual interactions among the fragments separated from a
large parent body could then lead to re-accumulation of the
impact fragments, and result in the formation of a rubble-pile
body similar to that of Itokawa (e.g., Michel et al. 2001). This
re-accumulation of fragments is a very crucial physical
process for the formation of small asteroids like Itokawa and
for the accretionary growth of proto-planets.

Hypervelocity impact experiments on non-porous
materials such as basalts and water ice have been conducted
to study the impact strength and velocity of disrupted
fragments (Fujiwara and Tsukamoto 1980; Fujiwara et al.
1989; Arakawa 1999). The results show that the impact
strength and fragment velocity distribution are strongly
dependent on the nature of the target materials. The impact
strength of basalt is larger than that of water ice by
approximately one order of magnitude; for the same specific
energy, the fragment velocity at the antipode of the ice target
is approximately twice that of the basalt target. In addition,
many numerical simulations are conducted to simulate the
collisional disruption of rocky and icy bodies (Housen and
Holsapple 1990; Benz and Asphaug 1999). 
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Many asteroids showing a high porosity were found by
ground-based observations and spacecraft missions.
Porosity included in the interior of asteroids is expected to
cause significant changes in the results of collision (Durda
and Flynn 1999; Kawakami et al. 1991; Nakamura et al.
1992; Love et al. 1993). Thus, it is necessary to investigate
the collisional processes of porous materials to clarify the
collisional outcomes of such a porous asteroid. However,
very few systematic impact experiments have been
conducted on porous materials, and only a small number of
data is available for porous materials. For example, impact
experiments were carried out on porous gypsum targets in
order to study the fracture pattern found around Stickney
crater on Phobos and to study the impact strength and
fragment velocities of porous bodies (Kawakami et al. 1991;
Nakamura et al. 1992). Kawakami et al. (1991) reported the
largest fragment mass of a porous gypsum at low specific
energy impacts (≤3.4 × 103J/kg). However, they did not
study the fragment velocities and fragment size
distributions. Nakamura et al. (1992) reported the fragment
velocity of a gypsum target whose specific energy was
1.5 × 103 J/kg, however, more data of fragment velocities
for porous materials are necessary to study the collisional
evolution of porous asteroids. From the previous results, it is
inferred that at high velocities (>2 km s–1), the impact
strength of a gypsum target is greater than that of a basalt
target, while the fragment velocity of the gypsum target is
lower than that of the basalt target. However, the collisional
outcomes such as their impact strength, fragment size
distribution, and fragment velocity distribution are not
enough to compare the above mentioned properties of
porous materials with those of nonporous materials. Love
et al. (1993), Arakawa et al. (2002), and Setoh et al. (2007)
also showed that the effect of porosity on the degree of
disruption for porous silica and ice targets with various
porosities. Numerical simulations carried out for estimation
of the impact fractures of porous asteroids revealed a
distinct difference between the impact damages caused in a
macroporous asteroid and a nonporous asteroid (e.g.,
Asphaug et al. 1998). Further, a first confrontation between
impact experiments on porous pumice targets and numerical

simulations including a model of fragmentation of
microporous material was successfully performed recently,
showing the strong influence of porosity on the outcomes
(Jutzi et al. 2009). However, since our knowledge on the
impact fragmentation of porous bodies is still limited, such a
confrontation must be carried out for a large variety of
porous materials. Therefore, a systematic investigation of
porous targets must be carried out in order to clarify the
effect of porosity on the collisional outcomes.

In this study, we performed systematic impact
experiments on porous gypsum targets at various specific
energies in order to study the impact strengths of porous
bodies and the velocity distributions of impact fragments
formed from porous parent bodies. Then, we compared our
results (impact strength, fragment velocities) with those
reported previously for basalt and ice (Fujiwara and
Tsukamoto 1980; Arakawa et al. 2002). 

EXPERIMENTAL METHODS

Sample Preparation

We prepared spherical gypsum samples to simulate
porous asteroids; the gypsum samples had a high porosity of
approximately 50%. In some of the impact experiments,
porous gypsum targets were used as analogs of low-density
bodies such as small asteroids and satellites (Kawakami
et al. 1991; Nakamura et al. 1992). In order to prepare
gypsum (CaSO4·2H2O), we mixed water and CaSO4·1/2H2O
powder in a 1:1.3 mass ratio. The mixed slurry was cast into
a spherical mold, and then, the sample was dried in an oven
for 2 days at 45 °C before conducting the impact
experiments. The density and porosity of the spherical
gypsum target were 1100 ± 100 kg/m3 and 53 ± 4%,
respectively. The longitudinal speed of sound CL was
2300 m/s, and the shear wave velocity CS was 1500 m/s.
The tensile strength was 2.5 MPa. We changed the target
mass from 1 to 12 g in order to control the specific energy of
the sample during the impact experiments (see Table 1). The
data presented in Table 1 is arranged in increasing order of
specific energy. 

Table 1. Experimental conditions and results of gypsum targets. ml/Mt is the largest fragment mass normalized by the
original target mass (Mt). Vi, Qt and Va are the impact velocity, the specific energy and the antipodal velocity, respectively.

Run number Mt (g) Target diameter (mm) ml/Mt Vi (km s–1) Qt (J/kg) Va (m/s)

No.1 12.1 28.8 0.377 3.33 3.21 × 103 5.08
No.2 8.44 25.5 0.281 3.30 4.51 × 103 5.00 
No.3 4.96 21.0 0.169 3.01 7.30 × 103 7.69
No.4 5.73 21.1 0.237 3.37 7.92 × 103 5.29
No.5 5.23 21.5 0.116 3.53 8.33 × 103 8.45
No.6 2.93 17.0 0.131 3.50 16.7 × 103 12.5
No.7 1.97 15.0 0.0822 3.68 27.4 × 103 20.0 
No.8 1.01 12.2 0.0257 3.41 45.9 × 103 40.0 
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Impact Experiments

Impact experiments on spherical gypsum targets were
conducted by using a two-stage light-gas gun at Nagoya
University. The target was suspended by threads in a target
chamber whose dimensions were 19.0 × 49.8 × 18.5 cm. The
chamber was maintained in vacuum at a pressure less than
100 Pa. Cylindrical nylon projectiles whose density, diameter,
length, and mass were 1100 kg/m3, 1.67 mm, 2.5 mm, and
7 mg, respectively. The projectiles were considerably smaller
than the targets. A head-on collision was carried out between
the nylon projectile and the gypsum target in each run. The
impact velocities (Vi) were determined using a pair of laser
beams that were perpendicular to the direction of impact at an
interval of 5 cm. Vi was measured at the instant the projectiles
intercept the beams. The measured Vi values were within
3.4 ± 0.4 km s–1. The specific energy (Qt), which is defined as
the kinetic energy of the projectile imparted per unit target
mass of the target, was found to be between 3 × 103 and 5 ×
104 J/kg in our experiments. The experimental conditions are
shown in Table 1.

Analytical Method 

We observed the collisional disruption processes for each
collision by using an image-converter camera or a high-speed
digital video camera, and measured the fragment velocities
from the obtained images. Using the image-converter camera
(Ultranac FS501, NAC), successive images of 15 frames
could be recorded at a rate of up to 5 × 105 frames per second
(fps) with an exposure time of 100 ns. We constructed a
shadow photograph lighting system using a Xe-flash lamp
with a high intensity (>50 J/flash) and flash duration of

greater than 1 ms (Arakawa 1999). A high-speed digital video
camera with a frame rate of (1–2) × 104 fps was used at a
shutter speed of 1 µs (MEMRECAM fx RX-6G, NAC).
Observations were made by illuminating the target from
behind using one metal halide lamp or by illuminating the
target from the front using two metal halide lamps. Images
recorded using the high-speed digital video camera of run 3,
which is easy to observe the numbering on the surface due to
illuminating the target from the front using two metal halide
lamps, are shown in Fig. 1. 

Furthermore, we recovered all the impact fragments
dispersed in the chamber after each impact in order to
reconstruct the size distribution of fragments for each impact.
We measured the masses of the fragments using an electric
mass balance and determined the impact strength of the
gypsum target from the mass of the largest fragment. The
photographs of the recovered fragments are shown in Figs. 2a
and 2b. We suspect that fragments whose velocities were
higher than several tens of meters per second probably
suffered from re-fragmentation since there is a possibility of
secondary impact of the fragments with the walls of the target
chamber. 

RESULTS AND DISCUSSION

Impact Strength

Studies on the impact strength have been carried out for
determining the impact conditions necessary for the
catastrophic disruption of a target (Fujiwara et al. 1980;
Takagi et al. 1984; Davis and Ryan 1990). Previous studies
have examined the relationship between the mass of the
largest fragment normalized by the original target mass

Fig. 1. High-speed images of impact fragmentation for Run 3. A projectile horizontally impacted on the gypsum target from the right side.
0 ms on the first image shows the time of the projectile hitting. The elapsed time from the first image is displayed on the upper right corner. 
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Fig. 2. Photograph of recovered fragments with different specific energy. a) Run 1 was the lowest specific energy in our experimental
conditions, then it was cone-type destruction mode. b) The specific energy of Run 8, which shows catastrophic destruction mode, was one
order of magnitude larger than that of Run 1.
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(ml/Mt) and Qt = 1/2Vi
2·mp/Mt, where mp is the mass of the

projectile (Fig. 3). Kawakami et al. (1991) showed that ml/Mt
of gypsum targets decreased with an increase in Qt; this
behavior was similar to that observed in nonporous targets
such as basalt, glass, and ice (Gault and Wedekind 1969;
Fujiwara et al. 1977; Arakawa 1999). The relationship
between ml/Mt and Qt is expressed by the following empirical
Equation: 

ml/Mt = aQ t
b, (1)

where a and b are constants that are dependent on the
materials used (Table 2). 

Figure 3 shows a comparison between the results of our
experiments conducted on gypsum and those of the
previously reported experiments conducted on gypsum,
basalt, and ice. We obtained the empirical equation fitted by
Equation 1 for our gypsum targets; the values of the constants
a and b are shown in Table 2. The results of our experiments
were in good agreement with those of the experiments
conducted by Kawakami et al. (1991) on gypsum for Vi values
of 2.8–4.2 km s–1. We observed that for the same specific
energy, the mass of the largest fragment of porous gypsum is
larger than that of the basalt and ice targets. This could be due
to the low shock-induced pressure and the rapid attenuation of
shock pressure in porous gypsum (Kawakami et al. 1991).
The impact strength of the gypsum target, Q t

* , which is
defined by the specific energy at which ml/Mt is 0.5, was
compared with that of basalt and ice. Q t

*  is ~2000 J/kg from
Equation 1, whereas Q t

*  of basalt and ice are 700 J/kg and
30 J/kg, respectively.

Size Distribution of Gypsum Fragments

The fragmentation modes of the basalt targets induced by
high-velocity impact experiments (≥1 km s–1) were classified
into three main categories: crater formation, core-type
destruction, and catastrophic destruction (Fujiwara et al.
1977). Crater formation on the surface of the targets was
observed in the low specific-energy region (≤1 × 103 J/kg),
while catastrophic destruction was observed in the high
specific-energy region (≥1 × 104 J/kg) and ml/Mt < 0.5.
Moreover, the core-type destruction was typically caused by
high-velocity collisions. This implied that spallation of the
target surface was probably caused by the tensile stress that
originated near the free surface, and the central part of the
target remained intact. This destruction mode occurred in the
specific energy range of 1 × 103–1 × 104 J/kg for basalt
(Fujiwara et al. 1989). Fujiwara and Tsukamoto (1980)
showed that in core-type destruction, the mass of the largest
fragment was 10–30 wt% of Mt, and the largest fragment was
always  the remnant core. In  the low-velocity regime
(≤1 km s–1) the core-type destruction does not occur even in
the specific energy range of 5 × 102−5 × 103 J/kg. The target,
however, is broken into cone-shaped fragments, in which the

apex of the cone is toward the impact site (Fujiwara et al.
1989). We call this fragmentation mode cone destruction
mode.

The fragmentation of porous gypsum by a high-velocity
impact never occurs via core-type destruction; this
fragmentation is either the cone-type destruction (Fig. 2a) or
catastrophic destruction mode (Fig. 2b). This is because of the
reduction in the rear-surface spallation in a porous target
(Love et al. 1993). The cone-type destruction mode
frequently occurred in the specific energy range of 1 × 103−1
× 104 J/kg. The catastrophic destruction mode is observed
above specific energies of 1 × 104 J/kg. Under the present
experimental conditions, crater formation, which may occur
at low specific energies (<1 × 103 J/kg) was not observed. 

Fig. 3. Largest fragment mass versus specific energy. Solid square
symbols show our gypsum targets. Opened square symbols show the
gypsum data obtained by Kawakami et al. (1991). A solid line was
obtained by least square fits of our gypsum data. A dashed line shows
the basalt data obtained by Fujiwara and Tsukamoto (1980). A dotted
line shows the ice data obtained by Arakawa (1999).

Table 2. Results of the least-squares fits of experimental
results of gypsum, basalt and ice by m l/M t=aQ t

b . The
gypsum data are from this work. The basalt and ice data are
from Fujiwara and Tsukamoto (1980) and Arakawa (1999),
respectively.

a (J/kg)−b b

Gypsum 102.7 ± 0.5  −0.87 ± 0.14

Basalt 103.5 −1.34

Ice 101.1 ± 0.2 −0.91 ± 0.08
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We compared the fragment size distributions of the
gypsum targets in the cone-type destruction mode with those
of the catastrophic destruction modes (Fig. 4). The mass of
the largest fragment formed by catastrophic destruction is
smaller than that of the largest fragment formed by cone-type
destruction by approximately one order of magnitude. The

slope of the distribution in the case of the catastrophic
destruction in the large fragment region is very steep, similar
to the case of distribution observed in the catastrophic
destruction of basalt targets for Vi < 1 km s–1 (Takagi et al.
1984). In the small-fragment region, we can express the small
fragments by using the power law relationship N (>m) = αm−β,
where N(>m) is the cumulative number of fragments heavier
than m, and m is the fragment mass. β is estimated to be
~0.75, irrespective of the specific energy. 

Antipodal Velocity

The fragment velocity (Va) at the antipode of the impact
sites of basalt and ice was determined by high-speed
photography as the representative fragment velocity of the
disrupted target (Fujiwara and Tsukamoto 1980; Arakawa
1999). Figure 5 shows the Va values obtained for gypsum
targets plotted against those reported for basalt and ice in the
specific energy range of 1 × 102 − 5 × 104 J/kg. Va of basalt
and ice increased with Qt, and the following empirical
equation was obtained in the from the plot of Va versus Qt by
least-square fits,

Va = c·Q t
d.  (2)

where c and d are constants (Table 3). The slope of the line
fitted by Equation 2 for ice was consistent with that of the
basalt within the error; however, the data obtained for ice
showed that at the same specify energy, the intercept obtained
for ice was a few times larger than that obtained for basalt,
while Va of ice was a few times higher than that of basalt
(Arakawa 1999). We can recognize the distinct difference of
fragment velocities among the disrupted targets made of
different materials.

From the Va values obtained for the gypsum targets, it is
possible to determine the dependence of Va on the porosity. In
our experiments, Va of the gypsum targets increased from 5 to
40 m/s with an increase in the specific energy in the range of
3 × 103 − 5 × 104 J/kg. We can obtain the empirical
relationship shown by Equation (2) for gypsum targets (see
Table 3). Our results were in good agreement with the results
reported for gypsum by Nakamura et al. (1992), as shown in

Fig. 4. Fragment size distributions of gypsum targets. Opened circles
show the data of Run 1, and closed circles show the data of Run 8.

o

Fig. 5. Antipodal velocity versus specific energy. Solid square
symbols show our gypsum targets. Open square symbols show the
gypsum data obtained by Nakamura et al. (1992). A solid line was
obtained by least square fits of our gypsum data. A dashed line shows
the basalt data obtained by Fujiwara and Tsukamoto (1980). A dotted
line shows the ice data obtained by Arakawa (1999). 

Table 3. Results of the least-squares fits of experimental 
results of gypsum, basalt and ice by Va = c.Qt

d. The gypsum 
data are from this work. The basalt and ice data are from 
Fujiwara and Tsukamoto (1980) and Arakawa (1999), 
respectively.

c (J/kg)−b d

Gypsum 10−2.2 ± 0.4 0.79 ± 0.10
Basalt 10−1.5 0.76

Ice 10−1.0 ± 0.3 0.71 ± 0.09
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Fig. 5. The slope of our fitted relation for gypsum is almost
consistent with that of the fitted relation for basalt; however,
our results show that the intercept obtained for gypsum is
several times smaller than that obtained for basalt. Thus, for
the same specific energy, Va of gypsum is significantly lower
than that of basalt. Impact experiments on gypsum plates
(porosity: ~50%) showed that the shock pressure attenuation
of gypsum is described by the power law equation with the
power law index n of approximately –4,

, (3)

where P is the shock pressure, and d is the distance of
propagation of the shock waves (Okamoto and Arakawa,
2007). The shock pressure propagating through basalt and ice
targets could also be attenuated according to Equation 3 for n
values of −2 and −1, respectively (Kato et al. 2001; Nakazawa
et al. 2002). It noteworthy that the attenuation rate in highly
porous gypsum targets is significantly higher than that in
basalt and ice. Therefore, porous materials such as gypsum
have notably lower antipodal velocities than those of
nonporous materials such as basalt and ice.

Fragment Velocity Distributions

Figure 6 shows velocity distributions of gypsum
fragments, using the velocity component normal to the line of
sight, the initial position is defined as the angle relative to the
antipode of the impact point, 0° (90° means the impact point).
The velocity distributions are almost symmetric to 0° as
shown in Fig. 6, since head-on collisions were conducted in
all impact experiments. The velocity distribution depends on
the specific energy, i.e., the whole fragment velocity of the
target increased with an increase in the specific energy from
7 × 103 to 5 × 104 J/kg (Fig. 6). Va usually reaches a minimum
in the fragment velocity distribution, and the fragment
velocity increases when the fragment approaches the impact
position; the fragment velocity at ~70° is twice of Va,
irrespective of the specific energy.

IMPLICATION FOR RUBBLE-PILE FORMATION
IN SMALL BODIES

We performed impact fragmentation experiments on
spherical gypsum targets in order to clarify the collisional
outcomes of porous bodies and compared the results obtained
with those obtained for nonporous rocky and icy bodies. In
our experiments, we examined the impact strength,
destruction modes, fragment size distributions, and fragment
velocity distributions of spherical gypsum targets. The masses
of the largest fragment observed at various specific energies
showed that the impact strength of gypsum is thrice that of
basalt. Depending on the specific energy, the observed
destruction modes were either cone-type destruction or
catastrophic disruption, while the core-type destruction was

not observed. Moreover, we clarified that porosity affects the
fragment velocities of the broken fragments of the spherical
gypsum targets. Va of spherical gypsum targets was
considerably lower than that of the basalt target. This was
because rapid attenuation of shock waves occurred at a faster
rate in porous materials than in nonporous materials such as
basalt and ice. Hence, we conclude that porosity is a crucial
parameter in the study of asteroidal collisions. Asteroidal
bodies are larger than laboratory-scale targets by several
orders of magnitude. It has been proposed that the impact
strength of small bodies decreases with an increase in sizes
from centimeters in laboratory scale to kilometers in asteroid
scale (Housen and Holsapple 1990). Thus, the data obtained
in laboratory experiments on the cm-scale targets need to be
extended to those of km-scale bodies through scaling theories.

Many asteroids whose sizes are of the order of few
kilometers are considered to have rubble-pile structures
bounded together by gravity (Richardson et al. 2002). Study
of the impact conditions required for the formation of rubble-
pile structures in asteroids with different porosities and
constituents is interesting. Recently, observations made by the
Hayabusa spacecraft revealed that Itokawa, an S-type
asteroid, is a rubble pile. However, it is likely that Itokawa
might be too small (535 × 294 × 209 m) to capture all the
fragments ejected from the fragmented parent body. From our
results, we speculate that the impact fragments originated
from the region close to a large parent body could re-
accumulate to form a rubble-pile body, which was
significantly smaller than the parent body; this was because
the relative ejection velocities of these neighboring fragments
was so small each other (Fig. 6). Itokawa might have formed
by agglomeration of some of the fragments ejected during

P dn∝

Fig. 6. Fragment velocity distributions obtained from impact
experiments. 0 degree shows the position at the antipode of the
impact site.
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catastrophic destruction of the parent body. This is evident
from the results of the numerical simulation carried out by
Michel et al. (2004). A comparison of the experimental
results with the numerical simulation is necessary to
understand the impact disruption of asteroidal bodies and re-
accumulation of the impact fragments. 
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