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Abst•·act:
The objective of this research was to elucidate the response of geological media
such as sand and soil to high-speed and high-pressure loading of projectiles. Particularly,
penetration mechanics of high-speed projectiles into granular materials and response of
granular media to shock waves were our substantial concern. One of unique the approaches
we proposed was to collect numerical data and imaging data in laboratory scale experiments
on high-speed

projectile impacts using gun facilities and shock waves produced by

micro-explosives in order to compare with large scale experiments. Another objective of this
research was to establish tangible experimental methodology of data acquisition systems
backed up with numerical data processing. In the first year scoping study, we focused
ourselves on the fundamental test of several experimental methods for Eglin sand and Japan
sand and successfully obtained several interesting experimental results. The present project
followed along with the first year scoping studybut employed various developments in
experimental methods.
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Sand Behavior Induced by High-Speed Penetration of Projectile
Keiko Watanabe', Koichi Tanaka", Keisuke !wane', Syungo Fukuma',
Kazuyoshi Takayama"' and Hidetoshi Kobayashi'
Department of Mechanical Science and Bioengineering, Osaka Umve1sity,
1-3 Machikaneyama, Toyonaka, Osaka, 560-8531, Japan.

e-mail: keikow@me.es.osaka-u.ac.jp
•• Department of Mechanical Engineering, Chubu University,
... Institute of Fluid Science, Tohoku University

Abstract: The primary objective is establishing tangible experimental methods and data
analyzing methods in order to grasp various phenomena, which were the behavior of
ejecta and projectile, the penetration depth and speed of projectile, fractured grains and
the pressure distribution, induced by high-speed impact of projectile on sand. The plate
impact experiments were conducted using vertical powder gun. The principal results are
summarized as follows: Sands around the penetrated projectile were smashed to fine
powder of 5 f.ll11 or less like a potato starch. Circumferential crashed sands were
conically distributed and generated at impact velocity above 300 m/s. Conical massive
crashed sand was produced ahead of projectile and vertical angle converged to around
60" as the velocity increases. The projectile penetrated at a speed about equal to the
impact velocity in the initial penetration and decelerated rapidly over since.

1. INTRODUCTON

Collisions between geological materials and rigid bodies occur in vanous
situations, which are excavation, construction, military application and asteroid impact.
Accordingly, the impact and penetration of projectiles in soil have long been studied
extensively1' 8 However, for geological particulate materials such as sand, because the
particle behavior is so complicated due to heterogeneity and instability of granular
media, there have been few experiments investigating the impulse loading of these
media, and the penetration properties on them are less understood. Dynamics of
projectile penetration into sand depends greatly on the features of motion and state of
the sand material at the interface with the projectile.
The final goal of this study is to develop an understanding of behavior of
projectile during penetration, condition and distribution of comminuted sands and
pressure distribution in sand under the impulse loading. As the first step, the primary
objective is establishing tangible experimental methods and data analyzing methods in
order to grasp various phenomena induced by high-speed impact of projectile on sand.

2. EXPERIMENT
Plate impact experiments were performed using vertical powder gun as shown
in Fig.l. The projectiles with a mass of I 2 or I 2.5 g consisted of a plate impactor of
stainless steel or brass 5 mm thick, I 5 mm diameter, mounted on the fi·ont of a
polycarbonate sabot as shown in Fig.2. The impact velocities investigated ranged from
150 to I 400 m/s.
The target was made up of quartz sands with a grain diameter of between 0. I
3
3
and I mm and a density of2.65 x i0 kg/m . Grain size distribution was shown in Fig.3 ,
and the grain size using in this experiment was 300- 500 f.lill. The quartz sands were
placed in three kinds of containers (see Fig.4 and Table I ). In the case of conta iner B
and C, the packing density was I .49- I .56x I 03 kg/m 3, implying a porosity of 40-43 %.
Behavior of the ejecta and the projectile during initial penetration was
visualized with high space and time resolutions using high-speed camera
(MEMRECAM GX-8, NAC Image Technology Inc.) with 1,000 or 20,000 fps and ultra
high-speed camera (ULTRA Cam HS-106E, NAC Image Technology Inc.) with 200,000
fps.
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Table I Material and size of containers.

Fig.4 Container.

Container

A

8

c

Material

Polyethylene

PMMA

PMMA

Inner dia. [mm]

(115xl55xl55)

4>80

Thickness [mm]

5

4> 190
10

Height [mm]

125

200

200

The two-dimensional pressure distribution of the depth direction was
measured using the pressure sensitive films (Prescale, Fujifilm Co.) that were placed
between the sand aggregate and the inner surface of an acrylic cylindrical container.
When pressure is applied, the microcapsules are broken and the color-forming material
reacts with the color-developing material. Red patches appear on the film and the co lor
density changes according to the various pressure levels.
Optical glass fibers were used to detect optically the arrival time and
trajectory of projectile in sand. The schematic illustration is shown in Fig. 5. The thin
silica/silica fiber (core diameter; 200 j..lm, clad diameter; 220 j.!m) was selected and
polyimide jacket was removed by sulfuric acid so that the penetration of projectile is
prevented from disturbing. LED (L61 12-0 1, Hamamatsu Photonics K.K.) and Si PIN
photodiode (S5971, Hamamatsu Photonics K.K.) were used as li ght source and photo
sensor, respectively. Beams of LED were passed through optical glass fibers which were
an anged at 20 mm
Photo
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Fig.5 Schematic illustration of optical glass fiber detector.

3. RESULTS AND DISCUSSION
The investigation items to establish tangible experimental methods and data
analyzing methods and results are summarized as fo llows:
3. 1 High-Speed Visualization of Behavior of Ejecta and Projectile
Figure 6 shows continuous pictures of behavior of the ejecta from the surface
of sand when the projectile penetrated into sand aggregate packed in container C at a
speed of 350 m/s. Frame rate was I ,000 fps and exposure time was 50 j.!S. Sands were
ejected radially like a crown and the velocity was about 20 m/s. It was found that the
container wall greatly influenced the latter behavior of ejecta. Figure 7 shows
continuous pictures of behavior of the projectile during initial penetration into sand
aggregate packed in container C at a speed of 495 m/ s. Frame rate was 20,000 fps and
exposure time was 1 j.!S. Figure 8 shows detailed continuous pictures. Frame rate was
200,000 fps and exposure time was 300 ns. lt was found that sands were at rest and the
projectile penetrated at a speed about equal to the impact velocity in the initial
penetration.

10 ms

Fig.6 High-speed visualization of behavior of ejecta.
Frame rate; 1,000 fPs, exposure time; 50 f.!S, impact velocity; 350 m/s, container; C.

Fig.7 High-speed visualization of behavior of projectile during penetration.
Frame rate; 20,000 fPs, exposure time; I J..LS, impact velocity; 495 rnls, container; C.

Fig.8 High-speed visualization of detailed behavior of projectile during penetrati on.
Frame rate; 200,000 fps (every 5 frames), exposure time; 300 ns,
impact velocity; 495 m/s, container; C.
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Fi g. I 0 Effect of impactor material and deformation
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3.2 Relationship between Impact Velocity and Penetration Depth
Figure 9 shows the effect of container type on the relationship between impact
velocity and penetration depth. It was found that the relationship depended largely on
the container types. ln the case of container B, since the sand motion was strongly
constrained by the container wall, the projectile didn't penetrate deeply and the
container was broken to pieces over 600 m/s. Since container A made of polyethylene
was easily defom1ed by applying a force, it was not fit to use. Figure I 0 shows the
effect of impactor material and defonnation of projectile on the relationship between
impact velocity and penetration depth. It was found that the degree of defonnation of
sabot and impactor greatly influenced the penetration depth. At a velocity below 450
m/s, the projectile did not change shape and the penetration depth increased with
increasing the impact velocity. However, after 450 m/s, the projectile gradually began to
deform and the penetration depth decreased with increasing the impact velocity.
Especially, defonnation of the brass impactor became large and the penetration depth
was shallow in comparison with the stainless steel projectile.
3.3 Observation of Fractured Grains and Their Distribution
Sands around the penetrated projectile were smashed to fine powder of 5 11m
or less like a potato starch as shown in Fig. 11 . It was found that there were two different
kinds of di stributions of crashed sands, which were circumferential and massive ahead
of the projectile as shown in Fig.l2. Circumferential crashed sands were powdery and
generated at impact velocity above 300 m/s (see Fig.I3). T he distribution shape of
circumferential crashed sands was an oblate cone (see the area inside thick line in
Fig.l4). On the other hand, the conical massive crashed sand was produced throughout
all examined impact velocity range. Figure 15 shows the relationship between the
ve1tical angle, 2a, of conical lump and the impact velocity. At a velocity below around
400 m/s, the vertical angle, 2a, decreased with increasing the impact velocity. However,

after around 400 m/s, the vertical angle, 2a, reached a constant when it reached about
60° and it did not increase any more even if the impact velocity increased. Figure 16 the
relationship between the density of conical lump and the impact velocity. Upper line
and lower line indicate the density of quartz (2.65x I 0 3 kg/m 3) and the original packing
. density (1.49~ 1. 56 x L0 3 kglm\ respectively. The density of conical lamp was
approximately 2.0 to 2.6x 10 3 kg/m 3 regardless of variations in the impact velocity, and
it was found that the conical massive crashed sand was finnly pressed and compressed.

(b) Crashed sand

(a) Original sand

Fig. ll Microscopic photographs of sand.

(a) C ircumferential (b) M assive (ahead of projectil e)

Fig. l 2 Distribution of crashed sand.
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3.4 Measurement of Two-Dimensional Pressure Distribution
Figure 17 shows the actual pressure sensitive film in container B at a speed of
389 m/s. The penetration depth was 42 mm. The region between from the rear end of
the stopped projectile to 30mm away from the stop position of projectile became darker
color. At the lower pat1, a fringe pattem was produced due to interference of stress
waves reflected from the container wall. Figure 18 shows the relationship between the
maximum pressure and impact velocity. The Maximum pressure increased with
increasing the impact velocity. It is theoretically predicted that container B is broken
when the itmer pressure exceeds about I 0 MPa, and it was actually broken apart over
600 m/s as was stated previous) y in section 3 .2. This indicates that this pressure
measurement method is applicable to the quantitati ve analysis.

3.5 Detection of Behavior of Projectile during
~ 2so f--0~-o
Penetration
Figure 19 shows the result obtained ~ 200
by optical glass fiber detector in container Cat ~ 150 f-..............................A ......................
a speed of 250 m/s. The penetration depth was ~ 100
0..
144 mm. The projectile penetrated at a speed 0
50
about equal to the impact velocity in the initial "0
~ 0
penetration and decelerated rapidly over since. (/)
This initial phenomenon was in agreement
150
100
50
0
depth [mm ]
Penetration
with the result obtained by high-speed
photography as was stated previously in Fig.l9 Example of result obtained by
optical glass fiber detector.
section 3.1.

.s
(I)

l .. . . . . . . . . .

(I)

Impact velocity; 250 tn!s,
penetration depth; 144 mm.

4. SUMMARY AND CONCLUSION

In order to establish tangible experimental methods and data analyzing
methods to grasp various phenomena induced by high-speed impact of projectile on
sand, the plate impact experiments were conducted using ve1tical powder gun. The
major results are summarized as follows:
1. Sands around the penetrated projectile were smashed to fine powder of 5 1-1m or less
like a potato starch.
2. Circumferential crashed sands were conically distributed and generated at impact
velocity above 300 m/s.
3. Conical massive crashed sand was produced ahead of projectile and vertical angle
converged to around 60" as the velocity increases.
4. The projectile penetrated at a speed about equal to the impact velocity in the initial
penetration and decelerated rapidly over since.
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An experimental study of penetration of a sphere into a sand layer
Hiroaki Yamamato, Brian Milton, Shokichi 1-layasaka. Toshi hiro Ogawa, Takamasa Kikuchi. Kiyonobu Ohtani, Kazuyoshi
Takayama. William Cooper, Koichi Tanaka, Keiko Watanabe
Japan Association for the Advancemen t o fM edical Equipment. 3-42-6 Hongo, Bun kyo-ku. Tokyo, 11 3-0033 JAPAN
Abstract
Paper reports the result of preli minary tests on determining penetration mechanics at hypersonic speed into particulate media.
Using a vertical powder gun. we launched 4> 9.53mm stainless spheres at speed ranging from 0.94 km/s tol .26 km/s into sand
layers. ln addit ion to dynamic pressure measurement in Eglin sand and glass beads, quanti tative measurement was conducted to
observe correlation between penetration depth, bu.lk density and impact velocity. To preserve impacted specimens, we used
inorganic silicate-sealing agent and succeeded to l:i"eeze the traj ectory of sphere' s motion. Penetration velocity inside sand layer
was measured by optical fiber breakdown velocity meter.
Key Words: high-speed penetration. sand layer. vertical powder gun, freezing technique
I.

lntroduction
The penetration mechanics of impacted particulate media
involves destruction and abrasion etc. besides motion of
particles. There are various experimental and theoretical
studies on impacted particulate media [1]. However,
compared to materials which have single phase, particulate
media tend to be less characterized and consequentl y less
understood, in particular, when subject to hyperson ic impact.
Paper reports the result of preliminary tests to obtain
quanti tative information on the targetlpenetTator interacti on.
2. Test Procedure
2-1 Test Materials
We used Florida coastal sand called Eglin Sand (Qui krete
Commercial !,'fade Fine Sand No. I 96 1) and g lass beads
(Ballotini Glass Beads, size6, Batch SR 09 1208) for target
material. Figure I shows micrograph of Eglin Sand. The
particles of Eglin sand, largely consisting of Quanz, show
slightl y-angular shape. T his is in contrast to the spherical
shape of glass beads in Figure I b. Figure 2 shows grain size
dist ribution of Eglin Sand. It exhibits normal distribut ion of
36 1 ~un of populati on mean and 0. 733 of population variance.

fac ility specifically converted for penetration type testing as
shown in Figure 3 .
In the present experiments. a series o f 9.53 mm in diameter
and 3.6 g weight. spherical stainless steel projecti les were
fi red ver1icall y into a I 50mm- 300mm long I OOmm diameter
open top cylinder container or 200mm long by I 00 mm by
30mm open top box . The test chamber was slowly fi lled with
Eglin sand sieved to remove large debris and fine particles.
using JIS standard sieve screen of710fun and 355)Lm mesh.
The bulk density of Eglin sand was controlled between 1.55
and 1.57 g/cm 3 by gentl y taped with a small rubber hammer.
3.0 grams smokeless gunpowder (HS-7) was put into
cartridge case ofriOe. A pneumaticall y-driven hammer was
used for initiation. To increase velocity of projectile up to
1.26 km/s, extr a smokeless powder (H50BMG) and black
powder were set in the powder chamber. Sabot and projectile
were set in the lower part of powder chamber. A plastic
diaphragm was inserted between cartridge and sabot. The
projectil e was bonded at the tip of sabot. The sabot is frust um
of a cone with fl ared end, made of super-high-molecular
weight polyethylene (U HMWPE).
Sabot impinges on the stopper at the end of launcher tube.
deformed sabot blocked nozzle and prevented the following
comb ustion gas fro m blowing into the test chamber.
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Fig. 2 Grain size distribution of Eglin sand.
Fig. 1 Micrograph of a) Eglin sand and b) glass beads.
2-2 Ballistic range
The experimental projectile penetration data was obtained
at Insti tute of Fluid Science. Tohoku University using a

The projectile separated from sabot Dies in test chamber at
the velocity fro m 0 .97 km/s to 1.26 km/s.
The night veloc ity was estimated by time difference
between cutoff times of several linear laser beams placed at
regular intervals by projectile.

2-3 Penetrati on velocity measurement
Figure 4 shows schematics of the veloc ity meter by the
optical fiber breakdown. Five 0.2mm core diameter optical
fib ers (UVIY IS 200UM, NA=0.22. Edmund Optics) was
arranged hori zontall y at regular intervals in the test chamber.
The light source was a He-Ne laser ( I 0 mW max. output at
632.0 nm. Melles Griot) coupled to 0.8mm core diameter
optical f'iber, which connects to a btmdle of0.2mm core
dimneter optical fibers inside test section. TI1e detector was
sili cone PIN photodiodes (S5821. c utoff freq uency: 25M Hz.
llamamatsu photon ics). The output s ignals we re stored in a
digital trans ient memory, Yokogawa- DL7 16 at sampling rate
of 1OM Hz. Assuming that time of the optical fi ber
breakdown indicates trans it time of projectil e at the fiber
position. the penetration velocity of projectile in sand layer
was estimated .

po lymer (' Perrneate' D&D Corporation. Japan). This silicone
sealer penetrates into the po res of sand layer without
dis turbance due to its low viscosity ( 15.5 mPa· s) and low
s urface tension (25.6 mN/m). After it interpenetrates into
pores, it reacts with the mo is ture of ambient atmosphere and
hardens due to the formation of inorganic polymer. After
cw·ing the sealant lor a week, cross-sectional slices were
created using circular saw machine. Then. we can readil y
estimate the track of the proj ecti le and the accompanying
deformation of sand layer.

-+--- ;

1< 0 111111

2-4 Dynamic pressure measurement
When s pherical stainless s teel projectil e plunges into sand
layer. compression waves or shock waves are generated
ins ide sand layer. These press ures we re meas ured with
pressure transducers. ~ stler model 60 I 8 I of rise time 2 ~lS.
and resonant frequency of 300 kH z. nus h mounted at the
positions of A, 8 , C. D and E in Fig. 5. Pressure trans ducers
were each accommodated in MC nylon adapters to avoid
s ignals from electrical noise. The o utput s ignals from the
pressure transducers transmitted to charge amplifiers, Kistler
model 50 I I A and.s tored in a digital transient memory,
Yokogawa-DL7 16 at sampling rate of I OM Hz. To calibrate
pressure transduce rs, we crosschecked the manufacture r's
calibration chart by comparing it with pressure responses to
known s hock waves in air.
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Fig . 4. Schematics of the velocity meter inside sand layer by
the opt ical fiber breakdown .
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Fig. 3 Experimental setup for penetration tes t.
2-5. Freezing method of deforrned sand layer
To observe the internal deformation o f sand layer by
penetration of projectile. colored maker layers were
inte rlaminated in the sand layer. Sand particles have been
stained with aqueous colored inks.
After firing. test chamber was retri eved and the whole
specimens was dipped into a s ilicone-based inorganic

f 'll . ll :.!\.' ,IIJI)l ll fU.1

Ko•lld l\ pc

~1 11 01~

Fig. 5 Experimental setup for pressure measure ment.
Results
3.
3-1. Impact velocity of projectile
High-speed penetration experiments were conduc ted on
Eglin sand and Glass beads. Para meters used for the present
experiment and penetration depth were tabulated in Table. 1.
All specimens were fi lled in test chamber \vith bul k density
3
varyi ng from 1.49 g/cm3 to 1.58 g/cm under arid conditions.
from 1. 13 to 1.26
varied
experiments
nine
of
velocity
Impact
km/s due to addition of extra powder at fi ring. as noted
section 2.2.
F igure 6 shows relatio nship between penetration depth and
impact veloci ty at bulk density of Eglin sand and Glass beads

varying f:rom 1.55 g /cm3 to 1.58 g/cm3 and from I .54 g/cm3
to 1.55 g/cm 3, respectively. It is clear from the g raph that he
projectil e can penetrate more deeply into Glass beads than
Eglin s and at the same impac t velocity. Additi onally, there
was negative correlation between penetration depth and
impact veloc ity at Eglin sand under certain conditions of bul k
dens ity.
Figure 7 shows relatio nship between penetrati on depth and
bulk density at impact velocity of <1> 355- 500Jun, <1> 50071 0 Jun ·Eglin sand and Glass beads varying from 0.94 km/s
to 1.03 km/s. from 1.25 km/ s to 1.26 Janis and from 1.21
g /cm3 to I .2 7 g!cm 3, respectively.
There was negative co n·elatio n between pen etration depth
and bulk density at Eglin sand under certain conditi ons of
impact velocity.

Tabl e. I Experimental data. E: Eglin sand; G: Glass beads; a:
355- 500; b : 500- 7 10.
Impact
Grain
Bulk
Shot
Penetration
vel ocity
Target
~izc
density
d epth (mm)
No.
(km/s)
(g/cm')
().011)

3-2. Penetration velocity of projectile inside s and layer
Fig ure 8 s hows the output signals from fiber breakdown
velocity meter. Falling edge indicates fiber breakdown.
Vertical pos itio ns of optical fibers and times of fall ing
edge due to fiber breakdown were plo tted in figure 9. Me an
velocity decreased at constant acceleratio n rate until s everal
tens of millime te r above the resting position.
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Fig. 9. Open circles indicate ve11ical positions of optical
fibers and times of fa lling edge due to fiber breakdown.
C losed circles indicate mean veloc ity. 0 m m is s urface o f
s and layer.

3-3. Dynamic pressure ins ide sand layer and glass beads
The time variatio ns of the indi vidual pressure signals in
Eglin sand arc shown in Figs. I 0 and II . Impact velocity,
bulk density and grain size were 1. 13 km/s. 1.55 glcm3 and
355- 500 ~Lm , respecti vely. The abscissa designates ti me in
JLS and the ordinate designates overpressures in MPa.
Pressure signals in a part surrounded by a rectangular in Fig.
10 are displayed in Fig. I I. The sharp increases of signals out
of indi vidual pressure transducers c learl y indicate the
presence of shock waves in front of the high-speed proj ecti le
and their multipl e re flection from the side wall and the
expansion wave from the surface. However, since the SJ>eed
of so und in this sand layer is unknown, we cannot precisely
identify wave motions inside the sand layer. Hence, we have
to detem1ine the speed of sound of this s pecimen separately.

Fig. II . Pressure signals in a part surrounded by a
rectangular in Fig. 8.

3-4. Deformation o f sand layer
Figure 12 shows cross-section of sand layer. Crushed sand
layer formed funnel shape behind stainless steel bearing,
shows the penetration track of p rojecti le. However, at the A
plane. the sabot fragment following projectile penetrated and
formed another small trail. As a result. more complex
structure was fo nned than plane B. Nevertheless, it is clear
that the crushed sand layer constri cted in the middle. It
should be considered that the decompaction and convection
due to ho rizontal movement occurred after vertical
movement behind projectile.
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Concluding remarks
Using a vertical powder gun, we launched 9.53mm
diameter stain less spheres at speed ranging from 0. 94 km/s
to 1.26 km/s into particulate media. To preserve impacted
specimens. we immersed them into inorganic si licate-sealing
agent and succeeded to freeze the trajectory of sphere' s
motion and to identify the defonn ation of the sand layer
structure.
5.

Fig. I 0. Pressure signals in Egli n sand .

-;:;-

m<<-<•~r ,· on of sand layer defonned by the
penetration test. Grain size: 355- 500 f1m; b ulk density: 1.56
g/cm 3; projectile: stainless steel bearing (3.6 grams); impact
velocity : 1.00 km/s
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