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ABSTRACT

To clarify the shock characteristics of Okinawa’s unique soils “Jahgaru” that
is widely distributed in southern part of Okinawa Main Island, an experimental
investigation of dynamics properties such as shockwave propagation,
pressure and particle velocity have been performed using impedance
matching method. Therefore, we have also obtained the Hugoniot date of
“Jahgaru”. And then, to reveal a validity of the material characteristics, a
computational model for the experimental procedure using ALE simulation
have been developed. A comparison between numerical results and
experimental ones, the capabilty of proposed method through the
numerical simulations have been confirmed.

1. INTRODUCTION

The main objective of our research is to contribute to a technique of unexploded bomb
(UXB) disposal such as an establishment of evacuation areas based on the computational
mechanics. The explosion characteristics of UXB depends on the bombing case, explosives
and surrounding environments such as air, soil, construction and building. To our
knowledge, however, the dynamic characteristics of Okinawa’s soil has not reported yet
though the static characteristics has few reported. Thereby, it is significantly important to
clarify the dynamic characteristics of the soil. The types of soil in Okinawa Island are
classified into four major groups [1] as follows: (a) Kunigami Mabhji, (b) Shimajiri Mahji
(dark-red soil), (c) Jahgaru (grey terrace soil) and (d) Kucha (alluvial soil). Kunigami Mahji
is widely distributed in Northern place in Okinawa Island. Shimajiri Mahji and Jahgaru is
also distributed in Southern place. Kucha meaning of clay in the local Okinawan language
is distributed along the coastline. In our research, we focused on the dynamic soil
characteristics of the Jahgaru because the soil widely distributed in the Southern part of
Okinawa where the UXB is discovered well. It is very important to reveal the dynamic
characteristics of Jahgaru to predict the fragment behavior of the soil at the blast. Thus, in
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order to clarify the shock characteristics of the Jahgaru, an experimental investigation of
dynamics properties have been performed using impedance matching method [2,3]. In
addition to verify the validity of the material properties, a computational model
corresponding to the experimental procedure using ALE simulation have been developed.

2. EXPERIMENTAL PROCEDURE

To clarify the dynamics characteristic of the Okinawa’s unique soil i.e. Jahgaru, the optical
observation using the shadowgraph system [4-9] have been performed to evaluate the shock
wave induced by the detonation. The large number of studies using shadowgraph method for
shock wave visualization has been reported in the past. The shadowgraph system consists of
an image converter camera (IMACON468, 20Mfps, 1ns/mm) and Xenon lamp (HL20/50 type
flash-right, output 500J) were used to observe the incident / transmit shock wave propagation
behavior in acrylic resin (Polymethyl methacrylate; PMMA). The observation system in this
study has the dimension and consists of an electric detonator (ED), detonation fuse (DF),
explosive lens (SEP+HABW), main explosive (SEP), explosive container (PVC), gap and
base block (PMMA), and Jahgaru as shown in Fig. 1.
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Figure 1. Schematic illustration of optical measurement system
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Figure 2. Schematic illustration and dimension of an optical observation



Int. Jnl. of Multiphysics Volume 11 - Number 3 - 2017 247

The explosive lens is set on the top of the main explosive (SEP; detonation velocity
6980m/s, density 1310kg/m®) and corn shape explosive (HABW; detonation velocity
4750m/s, density 2200kg/m®) to make a planner wave. We can prepare the different
transmitted velocity depending on the length of gap block. The Hugoniot equation of state
between shock velocity Us and particle velocity up has calculated with impedance matching
method [2,3]. These relationship between already known (PMMA) and unknown
transmitted velocity (Jahgaru) has obtained the shock Hugoniot data of Jahgaru. In this
experiment, the thickness ‘t” of PMMA gap as shown in Fig. 2 were 10, 30 and 50mm,
respectively.

3. COMPUTATIONAL MODELING OF THE EXPERIMENTAL SETUP
To verify the validity of the dynamics characteristic of Jahgaru, the computational model
which is arranged as well as the experimental setup has been constructed using a commercial
finite element software (ANSYS Autodyn) and has been performed introducing the dynamic
characteristics obtained by the experimental results as shown in Fig. 3. In this study, the
explosive (SEP and HABW), PVC, PMMA and Jahgaru are discretized by ALE finite
elements [10].

Figure 3. Computational model



248 Experimental Study and Computational Simulation for Shock Characteristics
Estimation of Okinawa’s Soils “Jahgaru”

3.1. Equation of state.
The equation of state for an explosive in this study was used Jones-Wilkins-Lee (JWL) types
equation [11].
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where A, B, Ry, R, and ® are the JWL parameters; V is the ratio of the volume of the gases
produced by the explosion to the initial volume of the undetonated explosive; E is the
detonation energy per unit volume and has an initial value of Eo; P¢y is the Chapman—Jouguet
pressure, which depends on the initial density po of the explosive and the detonation velocity
D; and v is the isentropic expansion factor. JWL parameters of SEP and HABW are given in
Table.1.

Table 1. JWL parameters for HABW and SEP explosive

. Pcy D po A B
Explosive  \Gpal  [mis]  [kgm’  [GPa]  [GPa] R: @
HABW 12.4 4750 2200 835 1267 585 153 0247
SEP 15.9 6980 1310 365 231 43 1.0 0.28

The hydrostatic pressure p was calculated for PVC, PMMA and Jahgaru using the Mie—
Griineisen equation of state (EOS) [12], which is given as

PoCsT Ton
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where po is the initial density, co is the acoustic velocity, I is a Griineisen constant and s is a
linear Hugoniot slope coefficient, e is the specific internal energy and n=1-po/p is a material
parameter defined by the material density p. The values of these parameters for the pertinent
materials are given in Table 2. Here the material characteristic of Jahgaru is calculated from
an experimental result addressed after this paragraph.

Table 2. Material constants in Mie-GrUneisen EoS

po co i :
keg/m’]  [mis] SV Tl
PVC 1380 2300 147 0.4

PMMA 1180 2260 1.82 0.75
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4. RESULTS AND DISCUSSIONS

4 1. Calculation of Jahgaru’s Hugoniot EOS.

Figure 4 shows the streak photograph and the schematic diagram to calculate a) the incident
and b) transmitted shock wave velocity, in case of PMMA gap t = 50 mm. the both curves
are approximated by nonlinear curve function as follows:

L = A{1 — exp(—=B;t)} + A,{1 — exp(—B, 1)}

+A5{1 — exp(—B3t)} + ¢ot . 4)

where Ai, A, Az, Bi, B> and B3 material parameters. co denotes the acoustic velocity of
PMMA. These summaries of an analytical result have been summarized as shown in Table
3. Therefore, the relationship between the Jahgaru’s particle velocity and Rankin-Hugoniot
EOS derive the shock characteristics of Jahgaru as shown in Table 3. The figure 5 shows
Hugoniot EOS of Jahgaru corresponding to the relationship between the particle velocities
Us and u,. In this study, we can summarize the dynamic characteristics of Jahgaru as
follows: the acoustic velocity co = 0.701km/s, and Hugoniot’s slope coefficient s =2.919.
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Figure 4.Streak photograph of shock wave and schematic illustration of a) incident
shock wave velocity and b) transmitted shock wave velocity
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Table 3. Experimental results for Jahgaru

PMMA PMMA-Jahgaru Jahgaru-PMMA Particle Pressure
Gap a)Incident velocity b)Transmitted velocity GPa
t, mm Uso ,km/s velocity Us ,km/s up ,km/s P,
10 3.74 3.52 0.966 6.85
10 3.61 3.32 0.898 6.32
30 2.65 2.34 0.651 1.81
30 2.74 2.33 0.643 1.82
50 2.37 1.94 0.423 1.40
50 2.43 2.07 0.471 1.86
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Figure 5. Hugoniot EOS of Jahgaru

4.2. Computational simulation.

To verify the validity of the dynamic characteristics, a computational model for the
experimental procedure using ALE simulation have been developed as shown in Fig. 3 and
the computational simulation introducing the Jahgaru’s material parameters have been
performed.

The pressure propagation behavior from the explosive initiation to transmitting shockwave
in PMMA were shown in Fig. 6. It is seen that the front of the shock wave propagates and it
is almost flat just before entering the PMMA (t=8.05 ns). This result suggests that the
experimental setup could be obtained the quasi-plane wave necessary to discuss Hugoniot
EOS using the explosive lens. The figure 7 shows the pressure history of gauge point #1-#6
as shown in this figure. The gauge point #2 corresponds to the transmitted velocity, Us, of
Jahgaru-PMMA interface. In the case of PMMA gap length t=10 and 30mm, the peak pressure
at gauge #2 are 7.16 and 2.02GPa, respectively. The computational results are fairly good
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agreement with the experimental ones because the experimental results are 6.85 and
1.81GPa. These results suggest that the dynamic characteristics of Jahgaru estimated from
experimental outcomes is quite valid.
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Figure 6. Snap shots of pressure propagation behavior at each time steps. This
result corresponds to PMMA gap length t=30mm.
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Figure 7. Pressure vs. time history at the pressure gauge #1 - #6. These results
correspond to the PMMA gap length t = 10mm.
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5. CONCLUSIONS

To clarify the shock characteristics of Okinawa’s unique soils “Jahgaru”, an experimental
investigation of dynamics properties such as shockwave propagation, pressure and particle
velocity have been performed using impedance matching method. Therefore, we have also
obtained the shock characteristics i.e. the Hugoniot date of “Jahgaru”. And then, to reveal
a validity of the material characteristics, a computational model for the experimental
procedure using ALE simulation have been developed. A comparison between numerical
results and experimental ones, the computational results are fairly good agreement with the
experimental ones. These results suggest that the dynamic characteristics of Jahgaru
estimated from experimental outcomes is quite valid.
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