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Abstract. Three-dimensional dynamic discrete element method (DEM)
and finite element method (FEM) simulation using LS-DYNA were,
respectively, applied to the randomly distributed binary granular mate-
rial and to the cylindrical projectiles in order to clarify the effect of size
distribution of target particles on the dynamic behaviour of low density
granular material. It was found that the peak resistance force of projec-
tile during penetration depends on the packing density of the granular
materials and on the impact velocity of projectile. The change of resis-
tance force was well understood in connection with the propagation and
the reflection of stress wave in projectile. The variety of particle size
almost did not affect the resistance force of projectile. Densified region
in granular material was generated ahead of projectile after impact. The
densified region propagated in the depth direction and its propagation
speed depended on the packing density of target granular material and
impact velocity of projectile. That is, projectile impact behaviours of
granular materials can be uniformly handled by impact velocity and
packing density of the granular material, not depending on the variety
of the particle size.

1 Introduction

Collision impact between continuous material and granular materials such as sand,
soil, and heterogeneous brittle aggregates is one of the most interesting subject
because it can be seen in many fields such as crater phenomena in the planetary
science, impact pilling of concrete piles in construction of high-rise buildings, sample
return device equipped on probe vehicle as Hayabusa and so on. Over several decades,
therefore, a lot of experimental and analytical researches have been carried out. For
example, the article titled “Dynamics of a Projectile Penetration Sand” [1] is one of
early works in which a series of experiments of conical-nosed projectile penetrating
randomly-packed sand and the analysis using a kind of conventional penetration for-
mulas were involved. In 1978, a huge review with nearly 100 pages, concerning the
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terminal ballistic aspects and the penetration mechanics was written by Backman and
Goldsmith [2]. The interesting data obtained from the hyper-velocity impact [3,4] or
high-speed penetration into sand [5,6] is the maximum penetration depth and/or the
projectile design suitable for the deepest penetration into sand. In order to record
grain and bulk response of the penetration event, various experimental techniques,
i.e. high-speed photography coupled with a particle image velocimetry technique [7],
buried quartz gauges for the measurement of transmitted stress wave profile, high-
speed video with photo-elastic particles [8], etc. Recently, a study about the impact
of a projectile onto a bed of small grains immersed in an index-matched fluid was
performed to examine the effect of fluid on the impact dynamics [9]. An elegant
review [10] surveyed knowledge about crater phenomena in the planetary science and
penetration phenomena in granular targets.

With recent rapid development of computer, there are also many studies using
numerical simulation concerning collision impact of granular materials. The discrete
element method (DEM) is one of the most suitable simulation techniques capable of
describing the mechanical behaviour of assemblies of discs and spheres such as sand
and soil [11], because the movement of discrete particles can be treated. Wada et al.
studied the impact cratering process on granular material due to vertical impact
by using 3-D DEM simulations. The size of the crater cavity and the ejecta veloc-
ity were successfully compared with the results of experiments [12]. The projectile
instability during penetration in dry sand was examined by 2-D DEM analysis [13].
Projectile instability was mainly caused by lateral forces due to the heterogeneous
and randomness inherent in a particulate media like sand.

The effect of variations in the size distributions and variations in the dynamic
fracture strength of dry sand target on the dart penetration were investigated by
DEM [14]. And then, they said that both variations can have significant effect on
penetration performance of the dart. By using DEM, idealized granular geometric
packing subjected to gravity was studied [15]. Single-sized and multi-sized sphere
packings were attempted to find the packing manner with the largest packing density
by 3-D DEM code [16,17]. These topics were not a problem about impact penetration
into granular target, though.

As widely used for numerical analysis of projectile impact to granular target so far,
the discrete element method is quite suitable to simulate the mechanical behaviour
of granular materials. However, the projectile is usually made of a continuum mate-
rial. Therefore, DEM is not necessarily the best method to analyze the mechanical
response of projectile. The finite element method (FEM) appears to be rather proper
for this. From this consideration, the combination analysis of DEM and FEM was
carried out about some dynamic geomechanics problems [18]. This combined method
was successfully applied to the analysis for cutting rocks or the analysis for impact of
projectile against rock plate. However, this research just proved that the combined
analysis is very useful to study projectile penetration into granular target. They have
not got enough results about impact problems, yet.

In this research, the goal is to investigate the dynamic mechanical responses of
projectile by FEM analysis and simultaneously of granular target by DEM. The
effects of packing density and impact velocity on the dynamic mechanical response
of granular target were also examined.

2 Simulation

Figure 1 shows a projectile and a target of granular material used for our research.
The projectile was an aluminium cylinder of 42mm in diameter and 120 mm in
length. Three-dimensional elastic FEM model was applied to the projectile having
Young’s modulus of 69 GPa, density of 2.8 x 103 kg/m? and Poisson’s ratio of 0.34.
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Fig. 1. Target and cylindrical projectile.

A three-dimensional rectangular coordinate zyz-system was set in which the z axis
was reverse direction of the normal to the surface of target granular medium. The
initial impact velocity, V; was given to projectile in the range of 60-240m/s in the 2z
direction. Simulation was conducted under zero gravity condition.

The target granular materials consist of alumina ceramic spheres of
3.76 x 10 kg/m? in density with Young’s modulus of 310 GPa. Movement of indi-
vidual spherical particles after impact was traced by using elastic Discrete Element
Method (DEM) in LS-DYNA. The particle-particle interaction was accomplished
using penalty-based contact algorithms. The normal and tangential reactions were
expressed by divider, spring and slider as shown in Figure 2 [11]. The divider repre-
sents that adjacent particles interact only when they contact with each other. The
normal spring constant, ky, and the tangential spring constant, kt were as shown in
table (Fig. 2).

The spring constants were computed by LS-DYNA using the material constants
[19]. The slider represents frictional force based on Coulombs law of dry friction. The
friction coefficient, p and the rolling friction coefficient, u,. were, respectively, 0.1 and
0.001. We made an original granular target which consists of randomly close packed
discrete element spheres in a semi-spheroidal container of 210 mm in diameter and
160 mm in depth as shown in Figure 1. Its packing density was 63% which is a density
of randomly close packed spheres [20].

By using three kinds of particles with different size (Tab. 1), particles 1, 2 and 3,
we created three types of rarefied granular target materials, A, B and C. Particle 1 is
the basic particle which we have used so far. The difference of particles 2 and 3 from
particle 1 is only size. Particle 2 is a particle with half volume of particle 1 and parti-
cle 3 has a half diameter of particle 1 as shown in Table 1. Granular material A was
generated as follows: (1) z, y and z-coordinates of the spheres in the dense original
granular target which consisted of particle 1 were isotropically displaced by multi-
plying a desired coefficient, and (2) overflowed spheres moved across the container
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Fig. 2. Mechanical model of material with erastic spring and sliders to represent friction.

Table 1. Alumina ceramic particle parameters.

Diameter Volume Material density Young’s modulus Poisson’s Remarks
[mm]  [mm?] [kg/m?] [GPa] ratio
Particle 1 2.18 5.42 Basic particle

Half volume of
basic particle

Particle 3 1.09 0.68 Half diameter of
basic particle

Particle 2 1.73 2.71 3.76 x 103 310 0.24

were deleted. Granular materials B and C were generated as follows: (1) particles in
the original dense granular target material were picked out randomly at the predeter-
mined number of particle 2 or 3 as satisfying the desired packing density, as shown in
Table 2. The picked particles were replaced by particle 2 or 3, i.e. granular material
B consists of particle 1 and particle 2, and granular material C consists of particle 1
and particle 3. The packing densities chosen were ranged from about 55% to 42% as
shown in Table 2. The bulk densities of the rarefied granular materials are close to
those of sand and soil.

3 Simulation results and discussions
3.1 Resistance force of projectile during penetration
The resistance force during penetration of Type A granular material in the cases of

various impact velocities from 60 to 240m/s are shown in Figure 3a. The resistance
forces were obtained from the axial stress of elements on the projectile head. When the
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Table 2. Particle number for three types of granular materials.

Number of particles

Granular materials Particle 1 Particle 2 Particle 3 Bulk density
(basic particle)  (half volume) (half diameter) [kg/m?]
63% A 63% 462300 2.37 x 10°
55% A 55% 388262
B 55% 344890 117410 2.07 x 10°
C 55% 395209 67091
50% A 50% 352645
B 50% 271510 190790 1.88 x 10®
C 50% 353277 109023
42% A 42% 296 247
B 42% 154100 308 200 1.58 x 10%
C 42% 286 186 176114

projectile hit the surface of the target, the force increases rapidly with oscillation.
The force was increased with the increase of impact velocity (Fig. 3a). Since the
oscillation was from lateral effect of the thick projectile, hereinafter the force was
smoothed with the 10 ms moving average. This significant increase of peak force, F'1
can be understood by the change of momentum of the particles in granular material
as discussed previously [21]. The force decreased periodically like a step (Fig. 3a — F2,
F3) after the peak values, F'1 appeared. The vertical dot—-dash lines in Figure 3 are
drawn with an interval time of 48 ms, T;., which looks like corresponding to the step
interval of force records, except for the initial part. The interval time, T;., corresponds
to the time of one return journey of elastic wave in the longitudinal direction of the
projectile because of the length of 120mm and elastic wave velocity of 5000 m/s.
Therefore, the cause of this periodic change of the resistance force may be the elastic
wave reflection in the projectile. Thus, we can say that the resistance force of binary
granular material decreases step-by-step as same as the case of a single kind of particle
granular material shown in the previous research [22].

The resistance force during penetration of Type A granular material in the cases
of various initial packing densities from 63 to 42% are shown in Figure 3b. The force
was increased with the increase of initial packing density (Fig. 3b).

Figure 4 shows the resistance force of single and binary granular materials
with three different packing densities in the case of the same impact velocity of
V; =120m/s. Solid lines show the case of Type A granular model, composed of only
one type of particle. Broken lines show the case of Type B binary granular model,
composed of basic particles (particle 1) and half volume particles (particle 2). Dotted
lines show the case of Type C binary granular model, composed of basic particles and
particles with half diameter (particle 3). The resistance forces of three kind targets
Type A, B and C differ in the oscillation. However, the peak values and the decreasing
period of forces are almost same. This means that the influence of the variety of size
and distribution in target particles on the resistance force is quite small and confined
if the initial packing density of granular material is the same, although it is the results
obtained from the limited range of packing density and distribution patterns.

3.2 Distribution of local packing density

To clarify stress wave propagation state in the granular material, we have focused our
attention on the change of local packing density distribution in the depth direction
in front of projectile. Figure 5a shows local packing density distribution at 300 us
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Fig. 3. Resistance force change of the granular material A. (a) Effect of impact velocity V;
on the resistance force change at initial packing density of 55%. (b) Effect of packing density
on resistance force change at impact velocity of 120 m/s.

after impact in granular material with initial packing density, p; = 55%, for impact
velocity of 120m/s. The local packing density distribution after impact is shown by
using 5 mm x 5 mm square tiles. In order to express the propagation of this dense area
around the projectile head, we considered a circular cylinder with 20 mm in diameter
and 150 mm in length along the z direction as shown in Figure 5a by broken line. We
defined the local packing density at a depth of z mm using the range from z — 2 mm to
z~+2mm in the cylinder. The packing density may reflect to stress and strain in the
sense of continuous mechanics. Figure 5b shows the local packing density distribution
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Fig. 4. Resistance force—time relations at three kinds of granular material for impact veloc-
ity, V;=120m/s. (a) Packing density 55%. (b) Packing density 50%. (c) Packing density

42%.
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Fig. 5. Local packing density distribution in the depth direction, z at 300 us for impact
velocity 120 m/s, initial packing density 55%. (i) Surface of granular medium (z = O mm).
(ii) Position of projectile head. (iii) Densified region in granular material. (iv) Wave front of
propagation of densified region. (v) Bottom of granular material (z=150mm). (a) Packing
density distribution in granular medium. (b) Packing density distribution in the direction
of z.

in the depth, z direction at 300 us. This figure can clearly show the dense area in
front of projectile head. The depth at which the density becomes the intermediate
value between the maximum density, ppax and the initial density, p; is defined as the
wave front.

Figure 6 shows the local packing density distributions in the depth direction for
impact velocity, V; =120m/s, respectively at 100 us, 300 us and 500 us after impact.
Solid lines show the granular model A, i.e. single kind particle. Broken lines show the
binary granular model B. Dotted lines show model C (see Tab. 2). After impact, it
can be found that the highly densified region, shown as an angulating mountain pat-
tern, propagates in the depth direction. The propagation of densified regions in the
binary granular materials were almost same as the single granular material (model A).
With increase of initial packing density and impact velocity of projectile, the densi-
fied region propagated faster as with the previous study for granular medium which
contains one kind of particle [21]. When we focus our attention on the magnitude of
density, it is found that the magnitude of local packing density in front of projectile
corresponds to the resistance force. The packing density of the densified regions at
100 ps after impact is high and it decreases gradually with time of 300 us and 500 us
as shown in Figure 6. The similar dependency can be found in the resistance force
changes presented in Figure 4. The propagation speed of the densified region in front
of the projectile head depends on the initial average packing density, i.e. the propaga-
tion of densified region is faster in higher initial packing density materials than lower
materials, although the packing density change seems to be independent on the vari-
ety of particle size of granular materials, because there are any significant differences
among these granular material models A, B and C. The results suggest that prop-
agation of densified region in granular materials is affected by their initial average
packing density, however the influence of the variety of particle size is relatively small.
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material for impact velocity of 120m/s. (a) Initial average packing density of 42%. (b) Initial
average packing density of 55%.

When the force applied to the projectile from a granular target and the time
increment are, respectively, denoted to be F' and dt, the impulse can be expressed by
the change of momentum as follows:

Fdt = pACAtV, (1)

where p, A and C are, respectively, the density of densified region, a hypothetical
cross-sectional area and the propagation speed of the densified region in front of the
projectile head. Since pAC'dt corresponds to the mass of granular target accelerated
to be a velocity V. While, the force applied to the head of projectile can be written
by F' = 0 Ao, where o0 and Ag are the mean stress and the cross-sectional area of the
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Fig. 7. Evaluated value of A’ during penetration.

projectile. Therefore, equation (1) can be rewritten as follows:

A
oAy =pACV = o=pACV, A = A’ (2)

where A’ is a cross-sectional areas ratio of A to Ag.

Figure 7 shows A’ (=0/pCV') during penetration for the various impact velocities
(V' =60-240m/s) and initial packing densities (pg=42—63%). The p is given by
the value of pmax in Figure 5 and/or Figure 6. The C can be evaluated from the
propagation velocity of the densified region front in a target material obtained from
Figure 5 and/or 6 with a 100 us interval, while V' may be obtained from the change
of the projectile head location in Figure 5 and/or 6 with a 100 us interval. The values
of A’ are almost constant and less than one. The reason may be explained by taking
account that not all particles are moving at the same velocity, V as that of projectile.
Thus, the cross-sectional area ratio corresponding to the velocity distribution ratio
is independent on the initial target density and the impact velocity.

4 Concluding remarks

Three-dimensional dynamic FEM and DEM simulations for the projectile penetration
into granular target material were carried out to investigate the effect of the size
variety in granular particle on the dynamic behaviour of projectile and granular
target. The major results obtained are: (1) the resistance force of projectiles during
penetrating single or binary granular material depends on the initial packing density
of granular target materials and on the impact velocity. (2) The propagation velocity
of highly densified region in granular target material increased with the increase of
the initial packing density and with the increase of impact velocity and is not affected
by the variety of particle size in granular target. (3) The ratio of the hypothetical
cross-sectional area of the densified region in front of the projectile head to the cross-
sectional area of projectile is about 0.35 during penetration, which is almost constant
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even the impact velocity or the initial packing density of granular target materials
changes.
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