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Abstract

We conducted a large-scale explosion experiment to assess blast wave characteristics of a model underground magazine.
The magazine tunnel and storage chamber were modeled by a cylindrical steel pipe with one end closed by a reinforced
panel. The static overpressures of the blast were measured by piezo-electric pressure sensors set up in three locations at
four azimuth angles. TNT charges of 1.2 kg, 6 kg and 30 kg in mass were ignited by a pentolite booster and EBW detona-
tors. Free field explosion of TNT charges weighing 1 kg and 30 kg were conducted to obtain standard blast data. It was
found that the peak overpressures decreased with the azimuth angle at the same scaled distance, and the peak overpres-
sures at 60° were higher than that of the free field blast data. The directionality of blast waves decreased at a far distance,
but appreciable directionality remained at a far distance. The results of the present study agreed well with our previous
studies (1 kg and 0.6 g TNT). The results clearly demonstrated the applicability of the scaling law on the propagation of

blast waves around a model underground magazine.
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1. Introduction

An underground magazine with a storage chamber and
an exit is called a shotgun type, and this is the simplest
structure. From the safety point of view, related param-
eters that should be considered for blast characteris-
tics around underground magazine are numerous. For
instance, peak pressure depends on magazine chamber
size (diameter, length, and height), tunnel size, and load-
ing density (ratio of the stored mass of the explosive to the
volume of the magazine chamber), etc. Therefore, many
researchers use metallic models which are not destroyed
easily due to the explosion of explosive "-7. Skjeltorp, et
al. proposed empirical equations in which the attenuation
index of peak overpressure versus scaled distance was
constant for all azimuth angles . The assumption is used
in the safety standard of DDESB ®-°. We have investigat-
ed blast propagation around small scale model magazines
to clarify the directionality of the blast wave and attenua-
tion index of peak overpressure versus scaled distance 7.
Our conclusion was that the attenuation index was not
constant, and it varies depending on the azimuth angles. In
this report, an experiment on the condition of increasing
the amount of the explosive mass was conducted, and the

similarity of the blast wave characteristics was studied.

The purpose of the present study is to obtain the blast
wave parameters by a large scale model magazine and
make a comparison with small scale results to confirm the
similarity law between the small scale model results and
the present experiment results.

2. Experiments

Table 1 shows explosive used in the test. Experiment No.1
represents the ground surface explosion of TNT charges.
TNT charges weighing 1 kg and 30 kg were conducted
to obtain standard blast data. Experiment No.2 is a model
underground magazine test. The shape of the TNT charges
in Experiment No.l and No.2 are almost right cylinders
except for No.2-3. The amount of booster charge is approx-
imately 2 % wt. of each TNT charge. TNT charges were
ignited by a pentolite (TNT50 / PETN50 wt.%) booster,
a double-hold detonating fuse and exploding bridge-wire
(EBW) detonators (RISI-501) with RDX based mixture
explosive (0.4 g). The length of the detonating fuse is one
meter for No.1 and approximately 10 m for No.2.

Figure 1 shows a model underground magazine used in
test No.2. The magazine tunnel and storage chamber were
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Table 1 Explosive

Exp. No. Name Mass (kg) Outer diameter (mm) Length (mm) Density (kg - m3)

-1 TNT 1.191 99.7 100.2 1,550
Pentolite 0.024 27.0 27.2 1,630

12 TNT 29.97 293.2 293.6 1,550
Pentolite 0.638 79.2 79.9 1,620

21 TNT 1.191 99.8 100.5 1,550
Pentolite 0.024 27.2 27.0 1,620

2 TNT 6.038 171.8 172.7 1,540
Pentolite 0.13 46.8 47.0 1,620

3 TNT 30.18 232.9 466.3 1,550
Pentolite 0.638 79.2 80.6 1,620

Pentolite: TNT50 / PETN50 wt.%
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Fig. 1 Schematic cross sectional view of the model magazine.

modeled by a cylindrical steel pipe with one end closed by
reinforced panels. The inner diameter, inner length, and
maximum wall thickness were 1768 mm, 4572 mm, and
32 mm, respectively. The chamber was covered with soil,
the maximum height was 4350 mm from ground level,
and its width at bottom was approximately 10 m. The
explosive was placed at the center of the model magazine
as shown in the Fig. 2.

The static overpressures of the blast were measured
by piezo-electric pressure sensors (PCB H102A07 and
H102A12). The distances for Exp. No.1 were 15, 25, 38
and 51 m from the explosive center. The azimuth angles
from the exit of the model were 0, 60, 120 and 160 °, and
the distances from the exit of the model to the sensors
were 25, 38 and 51 m.

The blast wave pressures were recorded by using a digi-
tal waveform recorder (Gage Applied Inc., Gage 1610, 16
Bit, 10 MS /s).

3. Results and discussion
3.1 High speed photography results
Figure 2 shows the results of high-speed photography

taken at 1000 fps. It was found that the expansion of
explosion gas is not a spherical shape. A rapid expansion
was observed in the right direction. The results may sug-
gest a directionality of propagation of the blast wave. It
was found that the chamber was deformed partially but
was not destroyed by the explosion of 30 kg of TNT. The
confirmation of the model magazine seemed to be com-
plete.

3.2 Static overpressure time records

Figure 3 shows the pressure-time traces at ~ 38 m from
the exit (at azimuth angles of 0°, 60°, 120°, and 160°)
generated by the detonation of a TNT charge with a mass
of 6.038 kg. It was found that the larger the azimuth
angle, the lower the peak static overpressure and scaled
impulse, and the slower the time-of-arrival. It was found
that the peak overpressure of the front side (= 0° and 60 °)
is greater than that of the reverse side (= 120° and 160°).
The experimental results of peak static overpressure are
higher than that of surface explosion of TNT at small azi-
muth angles.
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Fig. 2 The result of high-speed photograph for explosion of TNT 30 kg in model underground magazine.
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Fig. 3 Pressure-time records of static overpressure for four azimuth angles.
The explosive is a TNT 6.038 kg.

3.3 Scaled distance versus blast parameters the overpressure during the positive pressure phase).
The time-histories were interpolated by smooth  The reference data from the surface burst of TNT

cubic natural spline functions to obtain four charac- by MITI87 !9 and the free-air explosion by Baker 'V

teristic blast parameters: peak static overpressure,  are plotted in the figures.

time-of-arrival, duration of positive pressure, and Figures 4 to 7 show the experimental results of peak

the positive pressure impulse (the time-integral of  overpressure, scaled impulse, scaled time-of-arrival, and
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Fig. 4 Peak static overpressure vs. scaled distance.
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Fig. 6 Scaled time-of-arrival vs. scaled distance.

scaled duration with respect to the scaled distance. It was
found that Experiment No.1 results agreed with the surface
burst of TNT by MITI87. So, it was confirmed that the
present experiment shows a good validity. Figure 4 shows
that the peak overpressure decreases significantly as the
azimuth angle increases. The peak overpressures of 0° are
more than four times than the one of 120°. Another point
to note is that the peak overpressures at azimuth angles of
0° and 60° are approximately equal or larger than that of
the surface burst. This means that the safety distance at
azimuth angles of 0° and 60° are approximately equal or
larger than that of a surface burst.

3.4 The decay of peak static overpressure
Distance attenuation characteristics were investigated
from the data obtained at approximately between 20 m
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Fig. 7 Scaled duration vs. scaled distance.

and 50 m. The empirical formula below (1) was used to
evaluate the attenuation of the peak static overpressure as a
function of scaled distance.

Ap=k(R/Q'*)" ey

where R is the distance (in meters) from the exit, Q is the
charge mass (in kg), Ap (in Pa) is the peak static overpres-
sure, k is the attenuation constant, and » is the attenua-
tion index. Table 2 shows the values of the charge mass,
the azimuth angle, k, and n. The attenuation index for the
present results at azimuth angles of 6 = 0°, 60°, 120°, and
160° became n = —1.532, —1.287, —0.904, and —0.655,
respectively. The experimental results by Skjeltorp et al. D,
Millington 2, Nakahara et al. ¥ and Nakayama et al. »-©
are included in Table 2. Skjeltorp reported that n = —1.35
for azimuth angles of 0° to 180°. However, as the azimuth
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Table 2 The observed results of the attenuation constant k and the attenuation index 7.

Charge mass Azimuth angle Constant Index Scaled
Method Explosive Q 0 k n distance
(kg) (deg.) (Pa) =) (m-kg™?)
0 8.45 (E+02) -1.532
60 3.40 (E+02) —-1.287
Present TNT 6.04 and 30.18 120 6.24 (E+01) Z0.904 7-28
160 1.67 (E+01) —-0.655
0 5.76 (E+03) -1.54
Nakayama TNT 0.2,0.5and 1.0 90 1.57 (E+03) -1.31 5-30
180 0.544 (E+03) -1.16
0 2.3 (E+02) -1.26
Nakayama Detonator 0.172 (E-03) and _
Model No.1 #6 and #0 0.626 (E-03) 20 1.0 (E+02) 119 355
180 0.13 (E+02) —-0.806
. 0, 30, 60, 90, 120,
Skejeltorp TNT 0.095-0.152 150, and 180 — 1.35 1.3-67
o RDX/TNT =
Millington 60 /40 wt % 0.163 0, 45 and 90 — -4/3 1-10
Nakahara TNT 9.49-343 0 1.67 (E+06) -1.7 0.7-5
angle increases, the absolute value of the attenuation index . . I . e
decreases for the present study, and may decrease to a con- 1ok --- Skjeltorp i
stant value of n = —1 at a far distance (which corresponds N o Millington
to the value for a spherically decaying sound wave). One 0.8L ) . IS\Irﬁngl\I/?(ﬁiEél i
of the present authors reported the same trend - ©. It may S i + Small Model-2| |
be reasonable to conclude that attenuation index is a func- I a=98.3° », v Small Model-3
. ¢ azimuth anele < 0.6+ . = TNT lkg .
tion of azimuth angle. S % + Present result
3.5 Directionality of blast waves 20‘4 I . A
The pressure ratio of peak static overpressure as a func-
tion of azimuth angle is used to investigate the directional- 0.2} S v |
ity of blast waves. Pressure ratio is expressed by the fol- T

lowing equation.
Ap(0) / Ap(0=0°)=1/[1+(6/a)] 2)

where parameter a is a constant defined from experimental
results. Skjeltorp reported that a = 56° V. If 8 equals a, then
the right hand side equals a half. Therefore, the parameter
denotes the directionality of the blast wave propagating
outside of the tunnel exit. If the parameter is small, the
directionality of blast is high. Equation (2) is designated
by broken line in Fig. 8. Several results were shown in
the same figure. The symbol O denotes the results from
Millington by using a steel pipe model (RDX / TNT / 60 /
40 w t%, and mass is 0.163 kg) ?. The symbol [J] denotes
the results from Nakahara et. al. by using a reinforced steel
concrete model (the cross sectional view is square at the
bottom and dome shaped at the ceiling) (TNT 9.49 kg to
343 kg) ¥ . The black symbols represent data developed by
one of the present authors. The symbols @ , A , and ¥ are
steel model-1, model-2, and model-3, respectively (cross
sectional views are square) (0.6 g TNT equivalent mass) ™.

0.0— :
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Fig. 8 Pressure ratio of peak static overpressure
as a function of azimuth angle at scaled distance
of 16 m-kg'A.

The symbol B denotes a steel model (the cross sectional
view is square) (TNT mass 0.25 ~ 1 kg) ©. The symbol 4
denotes the present results. All the values are estimated
at a scaled distance of 16 m-kg~'. The small steel model-
1 and the large steel model are similar in shape such as
the ratio of cross sectional area of the tunnel (A,) to that of
the chamber (A.), A, / A., and the ratio of tunnel length to
chamber length (L, / L.). Therefore the result of the small
steel model-1 (the symbol is @ ) and the large steel model
(the symbol is ) agrees quite well from the Fig. 8. The
solid line in the Fig. 8 denotes the interpolated results of
the small steel model-1, the large steel model, and the
present data (the symbol is 4 ) by Equation (2). It is found
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that the present study agrees well with our previous stud-
ies (1kg and 0.6 g TNT) from Fig. 8. The results clearly
demonstrated the applicability of the scaling law on the
propagation of blast waves around a model underground
magazine.

The results by Skjeltorp are different from our results.
This means that the blast wave has high directionality. The
reason for this may be attributed to factors such as load-
ing density (kg-m=) of explosives in a magazine, ratio of a
cross sectional area of the tunnel (A,) to the cross sectional
area of the chamber (A.), A, / A., and length to the diam-
eter ratio of tunnel (L, / D,). It is reported that the results
by Skjeltorp have a high correlation with the results from
the shock tube data with one end open. The blast wave
emerging from a long pipe tends to have a highly direc-
tional character, and the pressure ratio at 180° is smaller.
Skjeltorp used a steel magazine with a large L,/ D, = 86,
and gave the minimum pressure ratios as shown in Fig. 8.

4. Conclusions

We conducted a large-scale explosion experiment to
assess blast wave characteristics of a model underground
magazine. It was found that the larger the azimuth angle,
the lower the peak static overpressure and scaled impulse,
and the slower the time-of-arrival. The peak overpressures
at azimuth angles of 0° and 60° are approximately equal
or larger than that of the surface burst. In other words,
the shock waves propagated forward and the weak pres-
sure waves propagated backward. The directionality of the

blast wave was weaker at greater distances. The present
study agrees well with our previous studies (1 kg and 0.6 g
TNT). The results clearly demonstrated the applicability of
the scaling law on the propagation of blast waves around a
model underground magazine.
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