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We present the experimental results of the measurement of fragment velocity in an impact disruption.
Cylindrical projectiles impact on a side (edge) of thin glass plates, and the dispersed fragments were observed
using a high-speed camera. The fragment velocity did not depend on the mass but rather on the initial position
of the fragment; the velocity component parallel to the projectile direction increased with the distance from the
impacted side, while the component perpendicular to the projectile direction increased with the distance from
the central axis parallel to the projectile direction. It appears that there are two mechanisms for fragment
ejection: one is “spallation,” where the fragment velocities depend on the particle velocity induced by shock
waves, and the other is “elastic ejection,” where the velocities are controlled by the strain energy stored in
targets and are at most a few tens of meters per second. We performed a one-dimensional numerical simulation
of elastic ejection with a discrete element method and obtained the velocity distribution as a function of the

initial position. The numerical results are qualitatively consistent with the experimental ones.
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Fragmentation of brittle solids has been investigated for
many decades in various fields of science and engineering
[1,2]. In recent years, our understanding of fragment mass
distributions has improved [3—7]. On the other hand, another
important feature—fragment velocity—is still not fully un-
derstood, although it is important for partitioning of the im-
pact energy, which is the most fundamental quantity for un-
derstanding the whole process of fragmentation. In planetary
science, fragment velocity has been studied in order to
clarify the origin of asteroid families and the process of plan-
etesimal accretion [2,8—14], but fragment velocity data from
disruption experiments are still sparse, and are limited to the
velocities of selected fragments. Thus some basic problems
still remain. For example, one important question is whether
or not the velocity of the fragment depends on its mass.
Nakamura and Fujiwara [13] obtained the results that the
fragment velocity was expressed as the —1/6 power of the
fragment mass, while Giblin et al. [14] found considerable
variation in the slope of the fragment size-velocity distribu-
tion.

One of the reasons for the paucity of data is that the
measurements of fragment mass and velocity are difficult
when spherical or cubic targets are disrupted. Fragments
overlap each other in the line of sight, such that some frag-
ments are not visible. Also, because it is difficult to deter-
mine the shape of the fragments, the volume and mass can
not be estimated precisely. Moreover, although in principle it
is possible to obtain three components of the fragment ve-
locities using two cameras, in actual practice it is quite dif-
ficult to identify fragments in two images recorded by differ-
ent cameras in different directions. As a result, the number of
fragments whose mass and velocity can be determined was
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so small that the statistical discussion was difficult.

Here we consider the impact fragmentations of thin glass
plates. Projectiles impact on one side (edge) of the glass
plates. In this case, the displacements of fragments were lim-
ited to the plate plane, and hence we were able to observe the
velocity and mass (area) of most fragments with a high-
speed camera.

The experimental system is shown in Fig. 1(a) [15]. Thin
Pyrex glass plates (square) with a thickness of 1 mm and a
side length of 30, 50, 100, or 200 mm were vertically in-
stalled and suspended by two fine threads under an ambient
pressure of 1 atmosphere. Cylindrical aluminum projectiles
with a diameter of 15 mm and a height of 10 mm, which

FIG. 1. (Color online) Consecutive images in the experiments
using a glass plate with a side of 50 mm. The projectile impacted
against the center of the upper side from the top at an impact ve-
locity of 65.4 m/s. (a) Just before the impact. The coordinate sys-
tem used in this paper is shown. (b) Just after the impact [0.25 ms
after (a)]. (¢) 0.5 ms after (b). The arrow indicates “jet.” (d) 1 ms
after (b).
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FIG. 2. The fragment velocity V against the fragment area for
(a) 50-mm and (b) 200-mm targets. The fragment area is normal-
ized by the initial target area.

were accelerated by an air gun at the Institute of Low Tem-
perature Science, impacted against the upper side of the tar-
gets from the top with an impact velocity of
52.3-73.2 km/s. Around the impact point, two brass semi-
circular projectile stoppers with a radius of 15 mm and a
thickness of 10 mm were set to prevent the projectile from
penetrating into the target. These stoppers were connected by
two thin threads and hooked on the upper side of the target.
The projectile initially impacted the target, and its motion
was quickly terminated by the stoppers. A total of five shots
were carried out (one shot for the 30-, 50-, and 200-mm
targets and two shots for the 100-mm targets).

Fragment motion was observed using a high-speed video
camera with a framing speed of 4000 frames per second and
an exposure time of 10 us. Most experiments were carried
out using a shadow photograph lighting system, except the
experiment with a 200-mm target, which was done with a
reflection lighting system. The camera view was normal to
the target plane.

Figure 1 shows the result of the experiment using a glass
plate with a side length of 50 mm. The projectile impacted
against the center of the upper side from the top at an impact
velocity of 65.4 m/s. (a) Just before the impact. The projec-
tile is just visible at the top of the frame. The coordinate
system used in this paper is shown; the X axis and Y axis are
perpendicular and parallel to the projectile direction, respec-
tively. (b) Just after the impact [0.25 ms after the image in
Fig. 1(a)]. It can be seen that a number of cracks have been
generated and the fragments have already moved. (c) 0.5 ms
after the image in Fig. 1(b). Very fast fragments are observed
(arrow). These are probably “jet,” very fine and fast frag-
ments thrown out during the earliest stage of the impact pro-
cess, when the projectile first contacts the target [16]. (d)
1 ms after the image in Fig. 1(b). The fragments have flown
away.

The positions of the fragments in each frame were mea-
sured, and the components of fragment velocities V, and V,
were estimated. Figure 2 shows fragment velocity V
:V"Vi+Vf against the fragment area using the results ob-
tained with (a) 50-mm and (b) 200-mm targets, respectively.
The fragment area is normalized by the initial target area.
The jet is not included. It seems in both cases that the dis-
persion of fragment velocities is large and that there is no
one-to-one relation between the fragment area and velocity.

Figure 3 shows the velocity vectors drawn from their ini-
tial positions for (a) 50-mm and (b) 200-mm targets. The
scale bar at the bottom right of each figure represents

PHYSICAL REVIEW E 72, 045106(R) (2005)

(a) 50 mm
i - (b) 200 mm

of . Pt/"/

\-*“—‘4

E
E &\5 -
7 !l\
-lc ¥ czcm) 10

X Ecm)

FIG. 3. Velocity vectors drawn from their initial positions for (a)
50-mm and (b) 200-mm targets. The scale bars at the bottom right
of the figures represent 10 m/s in both cases. There are no vectors
around the impact point due to the projectile stoppers.

10 m/s. We cannot plot vectors around the impact point be-
cause the initial positions of the fragments from there are not
known due to the projectile stoppers. It seems that the frag-
ment velocity depends on the initial position of fragments.
For example, the absolute value of V, is small around the Y
axis and increases with the distance from the Y axis, and V,
which is small around the impact point, increases with the
distance from the X axis and reaches a maximum near the far
side of the targets.

In Fig. 4, V, and V, for (a) 50-mm and (b) 200-mm targets
are plotted as a function of x, and y,, respectively, where x,
and y, are the initial positions of fragments. One of the char-
acteristic features is that there appear to be positive correla-
tions in both cases; V, and V| increase with x, and y,, re-
spectively [17,18]. Another feature is that, for a 50-mm
target [Fig. 4(a)], the V, of most fragments is positive, and
the maximum of V| is larger than that of V, (these features
are seen in the results of 30- and 50-mm targets), while for a
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FIG. 4. Velocity components as a function of the initial position
for (a) 50-mm (left: V; right: V) and (b) 200-mm (left: V,; right:
V,) targets.
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FIG. 5. The averages of V, and V, as a function of the side
length of targets. The average of V, is almost zero and V, decreases
with target size.

200-mm target [Fig. 4(b)], there are some fragments with
negative V, and the maxima of V, and V, are comparable
(these features can also be seen in the results of the experi-
ments using the 100-mm targets). Figure 5 shows the aver-
ages of V, and V, as a function of the target size. The aver-
age of V, is almost zero in every case, while that of V, is
large for smaller (30- and 50-mm) targets and becomes small
and comparable with that of V, for larger (100- and
200-mm) ones.

In general, the shock waves generated by impacts are re-
flected from the sides of targets back into the interiors of
targets as tensile waves (rarefaction waves). When the tensile
stress is sufficiently large, the targets fail and “spall” frag-
ments fly off [19]. The velocity of spall fragments is approxi-
mately twice the particle velocity induced by the shock
waves. For the smaller targets, shock and rarefaction waves
would be strong at the sides, and spallation is expected to
occur. Since the projectile diameter and the target lengths are
comparable, the stress distribution in the targets is nearly
one-dimensional and the particle velocity and stress in the Y
direction are larger. Hence the maximum velocity of V, for
small targets is probably larger than that of V..

When the target size increases, shock waves propagate
radially in the targets and attenuate due to some factors such
as the geometrical effect, crack formations, and rarefaction
waves, before arriving at the sides. As a result, spall frag-
mentation does not occur, and fragments are ejected using
stored elastic energy after outer adjacent fragments move
away (“elastic ejection”). In this case the crack formation
continues for approximately a few tens of microseconds [7],
during which the elastic waves repeatedly propagate back
and forth in the targets. Thus the stress distribution becomes
nearly uniform in the targets, so that the maxima of V, and
V), become comparable. It is noteworthy that the average
velocity of fragments can be estimated to be at most a few
tens of meters per second regardless of the impact velocity
[20]. This is consistent with the experimental results for large
targets. It should also be noted that, even in the experiments
using small targets, not all fragments are ejected by spalla-
tion, and fragments in the inner parts are ejected by elastic
ejection.

Next, in order to indicate that the elastic ejection also
result in the dependence of the fragment velocity on the ini-
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FIG. 6. Numerical results with DEM. The velocities of the par-
ticles are plotted against their initial positions. The velocities in-
crease according to the initial position.

tial position as shown in Fig. 4 (the outer fragments move
faster and the inner ones move slower), we carry out a one-
dimensional numerical simulation using a discrete element
method (DEM) with a soft particle model [21]. We consider
100 elastic particles with equal diameter as fragments, which
are lined up in a row. Particles (fragments) are initially in
contact with their adjacent fragments, but the distance be-
tween them is random rather than uniform. This means that
the fragments store random elastic energy before ejection.
After the release the fragments are accelerated using the elas-
tic energy. At a certain time point, the fragment velocity is
measured. Figure 6 shows the results. The fragments near the
free boundaries move faster and that the velocities increase
according to the initial position. This is consistent with the
experimental results. This feature can be explained qualita-
tively as follows. The fragments begin to move after the
release wave from the nearer free boundary arrives, and are
accelerated in the direction to the nearer boundary. However,
if the fragments initially exist around the center of the row,
the release wave from the other boundary may arrive during
the acceleration. As a result, these inner fragments are also
accelerated in the opposite direction; the acceleration to the
nearer boundary decreases. Thus the inner fragments have
lower velocities. It should be noted that realistic two- or
three-dimensional numerical simulations should be carried
out for more quantitative discussion.

In summary, fragmentation experiments were carried out
using thin glass plates, and the velocity of fragments was
investigated. The results suggested that there was no one-to-
one relation between the velocity and area (mass) of frag-
ments, and that the velocity was dependent on the initial
position of fragments; vy increases with the distance between
the initial position of fragments and the X axis, and V, in-
creases with the distance between the initial position and the
Y axis. It appears that there are two mechanisms for fragment
ejection: spallation and elastic ejection. We performed a one-
dimensional numerical simulation of the elastic ejection and
obtained the velocity as a function of initial position. The
numerical results qualitatively agreed with the experimental
ones.

The authors would like to thank A. M. Nakamura, O. S.
Barnouin-Jha, and S. Sugita for their helpful comments.
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