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Fragment Mass Distribution of Platelike Objects
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The fragment mass distributions of platelike objects are investigated by conducting two types
experiments. The first is a “sandwich” experiment in which thin glass and plaster plates are inser
between two larger stainless steel plates and an iron projectile is dropped onto the target plate at no
incidence. The second is a “lateral impact” experiment in which a hypervelocity nylon projecti
collides at the side of the plaster plates. There is a discrepancy in the power-law exponent of fragm
mass distribution between the sandwich experiment and the lateral impact experiment. A model
agrees with the experimental results is proposed. [S0031-9007(97)02420-4]
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y
te
e
th
in

u

r
th
e
u
d
e
c

w
-
th
,

d

in
e
n

cu

e
n
te
a
tw
je
h
o
in
d
u

g
a

ts

m-
r to
en
r-

h
re
nt
t-
g-
e
-

te-
e
ing
all
he
lat-
rce

ri-
e
ge
al
in

get
m
ts
s
s
ere

ve
s
of
in
ts.
nd
he
of
Dynamic fragmentation of solid bodies caused by h
pervelocity impact or explosion has been investiga
over many decades in various fields including engine
ing and planetary sciences [1,2]. The experiments of
dynamic fragmentation have been conducted mainly us
a three-dimensional (3D) target such as a sphere or c
For such 3D targets, three-dimensional components
the stress induce various and intricate fragmentation p
cesses. This situation is too complex to investigate
fragmentation phenomenon in detail. Recently, fragm
tation experiments of platelike objects were carried o
to derive the fragment mass distributions [3–6]. Od
ershede, Dimon, and Bohr [4] and Meibom and Balsl
[6] reported that the fragmentation of a platelike obje
by letting it fall onto a hard floor indicated a power la
with the exponenta about 0.2 in the cumulative distri
bution Ns.md defined as the number of fragments wi
mass larger thanm. On the other hand, Neda, Mocsy
and Bako [5] observed by letting the plates fall onto
concrete floor thata changed with the energy input an
became about 0.8.

In these experiments, the fragmentation was mainly
duced by bending the objects in the 3D space. Howev
in the 2D space the fragmentation caused by the be
ing of the objects out of the plate plane does not oc
and the forces producing the fragments are restricted
the plate plane. Here two types of the fragmentation
periments are conducted. First, we carried out the “sa
wich” experiments by using thin glass (100 mm diame
and 1 mm thickness) and plaster (100 mm diameter
2.5 mm thickness) plates which were placed between
larger sized plates of stainless steel. Spherical iron pro
tile of diameter 100 mm was dropped from various heig
and collided with a stainless cylinder with the diameter
100 mm vertically; the cylinder was placed on the sta
less steel plate in order to load a force uniformly. Gra
and Kipp [3] also performed the sandwich experiment b
they paid most attention to the distribution of larger fra
ments rather than the power-law distribution of the sm
fragments.
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Second, we carried out the “lateral impact” experimen
by colliding a hypervelocity projectiles,4 kmysd to the
side of plates. The stress wave propagating from the i
pact point generates a new crack surface perpendicula
the plate plane rather than a parallel crack surface wh
the plate is thin enough. Within the distance about ta
get thickness from the impact point “3D fragments” whic
have only one or no surface of the original target plate we
produced. However, outside of this area, no 3D fragme
exists and “2D fragments” which have both top and bo
tom surfaces of the original plate were generated [all fra
ments shown in Fig. 1(b) are the 2D fragments]. Also, th
crack propagation velocity in hypervelocity impact frag
mentation is about the sound velocity of the target ma
rial, which is ,1 kmys, so that the target does not hav
a time to bend and the fragmentation due to the bend
cannot occur. It should be noted that in the 2D space
forces should be loaded through a boundary (side) of t
plate in the plane where the object exists such as the
eral impact, and that the fragmentation caused by the fo
which works normally to the plate plane is not realized.

The lateral impact experiments were done using sphe
cal nylon projectiles with the diameter of 7 mm and th
mass of 0.21 g; they were accelerated by a two-sta
light-gas gun at the Institute of Space and Astronautic
Science (ISAS). We used plaster as target material
order to mold various shapes and prepared the tar
plates with the diameters ranging from 95 to 308 m
and the thicknesses from 3.3 to 14 mm. The targe
were horizontally installed between acrylic resin plate
of 5 mm thickness. Between the acrylic resin plate
washers that had the same thickness as the target w
inserted. The target was not fixed and could mo
horizontally between the acrylic resin plates. It wa
set inside a plastic box that had an entrance hole
15 mm diameter and was lined with urethane foam
order to prevent secondary disruptions of the fragmen
The projectile passed through the entrance hole a
impacted on the side of the target. The first series of t
lateral impact experiment was carried out with targets
© 1997 The American Physical Society
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FIG. 1. Sketch of crack patterns. (a) Pattern produced b
sandwich experiment for glass plate. The iron projectile
dropped from the height 150 cm. The areas where we can
find suitable fragments are indicated as shadows. (b) Pat
produced by impacting the hypervelocity projectile at the s
of the plaster plate. Projectile was shot from the right. A
fragments shown in this figure are the 2D fragments. T
kinds of large cracks, radial cracks and cracks perpendicula
the radial ones, are produced. The experimental conditions
shown in the figure.

various diameters and thicknesses at a constant velo
of 4 6 0.4 kmys. The second series was conducted
changing the velocity of the projectiless0.6 4.1 kmysd
and used the targets with the 200 mm diameter and
5 mm thickness. We also did the hypervelocity impa
experiments with the spherical targets for comparis
All these experiments were performed under an ambi
pressure of about 1 Torr.

After the experiments, fragments were collected a
reconstructed to investigate the pattern of the large cra
Figure 1 shows sketches of crack patterns. The cr
pattern of a glass target in Fig. 1(a) seems to ha
occurred at random. On the other hand, the crack pat
caused by the lateral impact is shown in Fig. 1(b), a
two kinds of cracks are recognized: radial cracks initiati
from the impact point and cracks perpendicular to t
radial ones. Because most of the perpendicular cra
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do not traverse the radial cracks, the radial cracks
considered to be formed prior to the perpendicular one

The mass of the 2D fragments that were weighed m
than2 3 mg was measured. Most fragments of the gla
plate heavier than2 3 mg are 2D fragments while mos
2D fragments of the plaster plate are weighed more th
10 mg. Figure 2(a) showsNs.md resulting from the
glass plate sandwich experiments with various heightsh
from which the projectile is dropped, 15, 75, and 120 c
against the fragment masses normalized by the origi
target mass. It can be seen that the slope for the sma
fragmentssm , 0.01d for h  15 cm is different from
the others. Figure 2(b) showsNs.md resulting from
the plaster plate sandwich experiments withh  30 and
150 cm. Two distributions forh  150 cm are shown;
the open circle is for the 2D fragment distribution, and t
filled circle is for the distribution of all the fragments large
than the minimum 2D fragment mass. It is seen that
slope for the smaller fragment forh  30 cm is different
from that for 150 cm. On the other hand,Ns.md shown
in Fig. 2(c) was produced by the lateral impact. The op
circle is for the 2D fragment distribution, and the fille
circle is for the distribution of all the fragments larger tha
the minimum 2D fragment mass.

We fit Ns.md as

Ns.md  A exps2mym0dm2a , (1)

where A, m0, and a are constants. The exponenta

characterizes a power-law behavior for smaller fragmen
Figure 3(a) showsa found by the sandwich experiment
against the largest fragment masses. It can be thou
that the largest fragment mass is related to the deg

FIG. 2. (a) Ns.md resulting from the glass plate sandwic
experiments against the fragment masses normalized by
original target mass forh  15, 75, and 120 cm. (b)Ns.
md resulting from the plaster plate sandwich experiments
h  30 and 150 cm. Two distributions for 150 cm are show
the open circle is for the 2D fragment distribution and the fille
circle is for the distribution of all the fragments larger tha
the minimum 2D fragment mass. (c)Ns.md resulting from
the lateral impact. The open circle is for the 2D fragme
distribution, and the filled circle is for the distribution of all th
fragments larger than the minimum 2D fragment mass.
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of fragmentation. This figure indicates thata increases
as the degree of fragmentation increases (or the larg
mass decreases). For the large degree of fragmentat
a exceeds 0.5 and becomes0.5 0.7.

In Fig. 3(b) the exponentsa in the lateral impact ex-
periments are plotted against the largest fragment mass
including the two cases of spherical targets. The upp
limit of a is obtained from the distribution of all the
fragments larger than the minimum 2D fragment mas
while the lower limit is from the 2D fragments. The
results of three types of the target diameter are show
below 15 cm (filled circle),15 25 cm (filled square), and
larger than 25 cm (filled triangle). For noncircular target
the average size of the major axis and the minor ax
is defined as the diameter. The measured exponents
about0.1 0.3 regardless of the largest fragment mass an
the target size. Figure 3(b) also includesa in the second
series of the lateral impact experiments of the 200 m

FIG. 3. (a) The exponentsa in the glass and plaster plate
sandwich experiments against the largest fragment mass
With decreasing the largest mass,a increases. For the small
largest mass,a exceeds 0.5. (b) The exponentsa in the
lateral impact experiments, including two cases of spheric
targets (open circles). Their upper limit is obtained from th
distribution of all the fragments larger than the minimum 2D
fragment while the lower limit is from the 2D fragments
The results of three types of the target diameter are show
below 15 cm (filled circle),15 25 cm (filled square), and
larger than 25 cm (filled triangle). The exponents in the seco
series of the lateral impact experiments using the 200 m
diameter and 5 mm thickness plaster plate with various impa
velocities 0.60, 1.33, 2.70, 3.85, and 4.10 kmys are indicated
by open squares. The measured exponents are about0.1 0.3
regardless of the largest fragment mass, the target size, and
energy input.
1446
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diameter and the 5 mm thickness plate with vario
impact velocities 0.60, 1.33, 2.70, 3.85, and 4.10 kmys as
indicated by open squares. It seems that the exponenta is
almost constant even if the input kinetic energy increas
by a factor of about 50. Figure 4 shows the exponen
in the lateral impact experiments against the ratio of t
target diameter to the thickness. As the ratio increas
the effects of 3D fragments (the difference between t
upper and the lower limits) seem to decrease.

Thus, in the sandwich experimentsa varies with the
energy input and approaches to about0.5 0.7, while that
in the lateral impact experiments is about0.1 0.3 regard-
less of the energy input. It should be noted that it is dif
cult to determinea exactly because of its large scatter a
ambiguity always exists in the fragmentation experime
like that a in the spherical target fragmentation is not a
ways exactly the same value.

Various theoretical fragment mass distributions ha
been proposed [3,7–14], but a theory to satisfy the
experimental results is not yet available. Let us estima
the exponenta by a simple model. The differential
fragment mass distribution is assumed to bensmddm 
Am2a21dm, where A is a constant and the massm is
normalized by the original target massMt, and we define
an energy densitý ; EyMt , whereE is the total input
energy.

First we estimatea in the lateral impact case. The
stress wave propagates from the impact point. After t
passing of the stress wave, the stress magnitude increa
and then the cracks grow, new cracks are genera
and the fragments are produced; as a result, the st
is released. Consider that a fragment with the leng
l ~ m1yd , whered is the dimension of space, is separate
from an adjacent fragment with a relative velocityyrel.
The principal source of energy available to drive th
fractures is the kinetic energy of the material arisin
from motion relative to the center of mass. The kinet

FIG. 4. The exponents in the lateral impact experimen
against the ratio of the target diameter to the thickness.
the ratio increases, the effects of 3D fragments (the differen
between the upper and the lower limits) decrease.
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energy about the center of mass can be written asmyrel
2.

A fracture energy ofsm121yd, where s is the surface
energy density, is consumed at the new surface of
fragment from the energy supply within the fragmen
If this is assumed to be equal to the kinetic ener
then yrel

2 ~ m21yd . The fragment separates when th
strain Dlyl exceeds a critical value. The strainDlyl
is equal tosDlyDtd sDtyld > yrelsDtyld, where Dt is
a time required for the fragment to expandDl from
the rest. ThusDt is estimated approximately asDt ~

m1ydyyrel ~ m3y2d. Consider a small sized region i
the target. The stress in this region is released dur
approximatelyDtL ~ mL

3y2d, where mL is the mass of
the largest fragment generated in this region. Hence
mass released from the high stress per unit time becom

Ùm ~
1

DtL

Z mL

0
mAm2a21dm ~ m

123y2d2a
L . (2)

If the crack growth process is steady state, the crack-fi
region grows in the direction of the stress wave propa
tion with a constant velocity; that is, the mass (volum
invaded by the cracks per unit time is constant. Theref
the right-hand side of Eq. (2) should be independent
mL so that the exponent1 2 3y2d 2 a should be equal
to 0: a  1 2 3y2d. In the case ofd  2, a becomes
0.25. This is consistent with the results of the lateral i
pact experiments. Hayakawa [14] constructed a mode
a similar manner, in which the total fragment mass with
“thickness”L was proportional toL so that a larger expo-
nentsa  0.5d for planar wave propagation was derived

On the other hand, in the sandwich experiment the fo
is applied to the plate plane uniformly and simultaneous
The stress is loaded during a constant timeDts at any
locations of the target. Hence the mass released per
time is estimated as

Ùm 
1

Dts


1
Dts

Z mL

0
mAm2a21 dm ~

Z mL

0
m2adm .

(3)
The integration in Eq. (3) is equal to the original targ
mass and should be finite so that the exponenta is
necessary to satisfy1 . a, otherwise the integration
may diverge. Also, the input energy is mainly spe
in production of new crack surfaces in the sandwi
experiment. Consider a case of large´. Since surface
energy of a fragment can be written assm2sd21dyd , we
can write

´ ~
Z mt

0
smsd21dydAm2a21 dm ~

Z mL

0
m21yd2adm .

(4)
If 1 . a 1 1yd, the right-hand side of Eq. (4) has a
upper limit though´ can be an arbitrary large value
Hence,1 # a 1 1yd should be satisfied and then1 2
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1yd # a. In the case ofd  2, it becomes0.5 # a.
Thus we obtain0.5 # a # 1 in the case of the sandwich
experiment. This is consistent with the results of th
sandwich experiments. It should be noted that in t
lateral impact the input energy is transformed into n
only the new surface formation but also the kinet
energy of the fragments. At present we do not know t
dependence of the kinetic energy on the fragment m
so that we cannot obtain a constraint from the ener
conservation.

Finally the experiment in which a projectile impacts a
the side of the plates at higher velocitys.5 kmysd should
be done to confirm thata does not vary at the higher
degree of fragmentation. Unfortunately, the two-sta
light-gas gun at ISAS cannot accelerate the project
faster than 5 kmys so thata cannot be observed at large
input energy.

In summary, the power-law exponenta in the sandwich
experiments using thin glass and plaster plates increa
with the energy input and became0.5 0.7, while that in
the fragmentation by impacting a hypervelocity projecti
at the side of the plaster plate was0.1 0.3 regardless of
the energy input. We derivea  0.25 in the lateral im-
pact fragmentation from a simple model. Also we es
mate the possible range of the exponent in the sandw
experiment,0.5 1.0. These are consistent with the expe
imental results.
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