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Table 1 (LA HBROFBE, BET, ZBRES, X
i, K&, FPREEXEXEE, FERXH
L), BREBIBEOPLIAOHEE TOKL)
(height of burst, HOB), HRFBRES S (HOBEE
BRO=ZFIRTRLE), BRAOMKE ERHIxT 2
BEOBATER), BIUOREHE(1 HHOa<
#, frame per second, fps) 72 ¥ &9, 1960 D
FERTRFRT A F~<4 PBERER, 70 ERIT
ANFO B L UG ABEMAFEH SN, TNTHEi
1962 FEITHRO b OBEH Eh, S0ERITEES 1
T CERBZITOI., 4N L-REL, 150~
3000kg DFHAY A+~ A b (#E 1400-1440kg *m™,
% 6. 0-6. 5km *s™'), 150~600kg DREZIRIEK (1050
kg-m>, 3.8km-s”), 150~600kg DBRI—Y v b
(1050kg*m™, 4.62km-+s™), 2.1~600kg ® TNT (}}
KT 1060-1070kg - m™>, #§&EH 1 7T 1550kg-m>,
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1962 |

1972

1986 l

B 1

. ! Exp. Mass
Cite | N’:’ Charge® | "\, )
Eniwa 1 SKD 1500
Eniwa 4 SKD 750
Eniwa 5 SKD 3000
Aebano 4 SKD = 150
Aebano 10 . SKD ' 300
Aebano 14  SKD ' 600
Aebano Al SKD | 1000
Aebano A2 SKD 1225
Aebano 5 AN 300
Aebano 11 AN 600
Aebano 7 BC 300
Aebano 12 BC 600

 Kamifurano | 6-1 | ANFO | 100
Hijudai 5-1 | ANFO | 300
Hijudai 5-2 | ANFO | 500
Iwatesan | 3-1 ANFO | 100
Iwatesan  3-2 | ANFO ' 100
Iwatesan 3-3 ANFO 100
Aebano [ 8 TNT . 300
Iwatesan | 1-2-1 TNT 100
Iwatesan | 1-2-2 | TNT ’ 2.1
Hijudai 3 TNT = 192

Booster
Explosxvee

No. 3 Kiri 2. 5kg
Sin-kiri 2. 5kg

Sin-kiri 2. 5kg |
Sinkiri 0. 5kg

Sin-kiri 1. Okg
Sinkiri 3. Okg
PL 2. 06kg
PL0.041kg
PL 3.89kg

Table 1 Expenmental conditions

R
I W X D x H HOB flcggd
; ~ (m) ! (m) (m - kg7 ‘
? HO. 925 | 0.463 | 0.0404
HI1 11 | 0.555 | 0.0611
H1.48 0.740 ' 0.0513
0.73 X 0.665 X 0.41 ~ 0.205 [ 0. 0386
 0.74X0.67Xx0.62 0.31 ;| 0.0463
1.85X 1,36 X0.19 0.095  0.0113
0.97 X 0.84 X1.20 0.60 : 0.0600
0.84 X 1.115X 1.4 | 0.70 | 0.0654
0.985 X 0.88 X 0.6 | 0.3 0. 0448
' 160X 1.42X0.31 | 0.155  0.0184
| 0.77 X 0.765 X 0.75 | 0.375 0. 0560
1.64 X 1.63 X 0.23 | 0.115  0.0136
0.9X0.44 X0.61 | 1.1 0. 2370
0.85 X 0.6 X 0.96 | 0.82 0. 1225
1.160 X 0.87 X 0.82 ' 0.7t 0. 0895
0.9X0.44X0.61 | 0.605  0.1303
0.9X0.44 X0.61 | 0.605 ’ 0. 1303
0.9X0.44 X0.61 | 0.605  0.1303
0.92X0.83x0.67 | 0.335  0.0500
¢ 0.43 X H0.457 | 0.839 . 0.1808
60.12 X HO. 122  0.222 I 0. 1734
| 0.555 X H0.566 |

1

1.08

0. 1872

Camera speed ‘

(F.PS.)

2900 3360

2450, 2860

2220, 2650
4125
4035
3940
5500
5900
4225
3638
3980
4870
4607
3714
5400
3269
2810
3000
3975
1000
500
1000

0.4

0.39

0.38

0.2, 0.4, 0.6, 0.8

0.2, 0.4, 0.6, 0.8, 1.0
0.2, 0.4, 0.6, 0.8, 1.0

0.33

0.88

0.86
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RSEHIY

Year " Cite

1975 | Hijudai
1976 | Kamifurano
1976 | Kamifurano
1976 ' Kamifurano
1975 - Hijudai
1976 ; Kamifurano

1976 Kamifurano !

1976 1 Kamifurano
1976 | Kamifurano
1976 | Kamifurano
1975 Hijudai
1975  Hijudai
1976 | Kamifurano

1976 | Kamifurano :

1976 | Kamifurano
1976 | Kamifurano
1985 | Iwatesan
1986 |  Hijudai

1986 1 Hijudai

2-1

2-2

:
!

=IO ORTEEEE P> >

. Mass

i

(kg)

50
50
100
100
50
100
50
100
100
50
50
100
100
50
50
100
100
100
100

Table 1 Experimental conditions (Contd.)

Size
WXDxH
(m)

0.38x0.38x%0.38
0.39x0.39x0.37
0.56%0.49X0. 67
0.51X%0. 49X0. 67
0.38x%0.38%0.38
0.77X0.38X0. 36
0.40X0. 40X%0. 36
0. 54X%0. 49X0. 58
0. 55X 0. 49X0. 58
0. 38%0. 36X%0. 36
0.38x0.38x0. 38
0.48X%0. 57 X 0. 705
0.77x0.38%0.4
0.385x0.375%0. 38
0.39X0.38x%0.4
0.58X%0.48x0.7
¢ 0.535xXHO0. 478
¢ 0. 542X HO. 507
¢ 0. 542X HO. 521

: «| Scaled

o] St

' (m.kg I/J)

| .

| 0.62 0. 168

1 0.685  0.186
0.835  0.180
0.835 ' 0.180
0.62 | 0.168

1 0.835 | 0.180

| 0.68 0. 185

l 0.79 0.170

' 0.79 0. 170

' 0.68 0.185
0.62 0. 220
0.733 -~ 0.158

0.70 ©  0.151

0.69 | 0.187
0.70 0. 190
0.85 0.183

| 0.80 0.172
0.809 | 0.174
0.816 ' 0.176

(F.PS.)
64, 1500
64
64, 1450
64
64
64, 3200
64, 3450
64, 3550
64
3300
64, 1500
64
64
64
64
64
1000
1000
1000

Ratio of initiation
Camera speed

height Type of
(number of wrapping*=*
initiation point) **
Top(1) Blocks (2)
Top(1) Blocks (2)
0.33, 0.67, 1.0(5) Cartridge( ¢ 50)
0.33, 0.67, 1.0(5) Cartridge (¢ 50)
Top(1) Blocks (2)
Top (2) Blocks (4)
Top(1) Blocks (2)
0.33, 0.67, 1.0(5) | Cartridge( ¢ 50)
0.33, 0.67, 1.0(5) | Cartridge( ¢ 50)
Top (1) Blocks(2)
Top(1) Blocks(2)
Top (1) Cartridge ( ¢ 50)
Top (2) Blocks (4)
Top (1) Blocks(2)
Top (1) . Blocks(2)
0.33, 0.67, 1.0(5) Cartridge( ¢ 50)
0.82(1) Cartridge( ¢ 50)
0.75(1) Cartridge( ¢ 50)
0.75(1) Cartridge ( ¢ 50)

*: SKD; Sin-kiri dynamite, AN; ammonium nitrate explosive, BC; black carlit, ANFO; ammonium nitrate fuel oil, TNT: trinitrotoluene,
No.3 Kiri; No.3 Kiri-dynamite, PL; pentolite (TNT/PETN=50:50wt.%), A, B, C, H, I, and J; watergel explosive

**: height of burst

*=: The figures mean the ratio of the initiation point height to charge height from bottom of the charge.

****: The figure in the parenthesis next to “Blocks” denotes the number of explosive block.
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Fig. 1 Dynamics of explosion products for TNT 300kg
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Fig. 2 Time histories of explosion products as a func-
tion of time for TNT 300kg. Upper is the

height and radius and lower is the velocities
for vertical and horizontal directions.

P, P
y= P; {exp(Pzt)-l}*"?i{exp (Pt)-1}

+Pst+ P, (2)

ZIIZ, t=EEH O OB (sec), y=IRRBLER
SHEOBEELIIEEMmM), P ~Plditil A7 A —
FThb, MBEIATOTF—F LEREIATFTD
FEHEOT—Z BEETIHEITIT, AELHLELT
BE%EITo 7. BROWESHL, P(m-s")>0,

P,(s')<0, Py(m-s")>0, P(s')<0, Pi(s™")
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Table 2 Results of curve fitting parameters

Year |Explos. | Hor! fu, | pe P, P, P, | P P, | P,
Exp.No. | W(kg) (R | (s) | (m+s™) (s™ (m-s™) (s™) (m+s™") | (m)
1961 | SKD | H |0.014 | 0.9998 | 2. 17E4 | -2.20E4 | 3.56E3 | -3.35E2 | 2.28E2 | 0.926
1 1 1500 | R [0.012:0.9996 | 3.29E3 | -6.94E2 | 1.40E3 | -1.89E2 | 5.79E2 | 0.5
1961 | SKD | H ]0.0130.9933 | 2.04E3 | -2.82E2 | 1.82E3 | -2.82E2 | 1.67E2 | 1. 11
4 750 | R | 0.0130.9931 | 3.98E3 | -2.06E2 - - 0 (0.5
1961 | SKD | H |0.014 '0.9941 | 1.72E3 | -1.79E2 | 1.71E3 | -1.79E2 | 0 |1.48
5 | 3000 | R |0.014 | 0.9844 | 1.84E3 | -1.50E2 | 1.79E3 | -1.51E2 | 0 | 0.5
1962 | SKD | H [0.020 | 0.9905 1.65E3 | -1.56E2 | 1.62E4 . -3.63E3 | 0 |0.5
4 150 i R |0.020 0.9985 | 4.82E3 | -2.35E3 | 2.42E3 | -2.22E2 | 4.84E1 | 0.41
1962 | SKD | H |0.017 | 0.9554 | 8.31E3 | -1.41E3 | 1.82E3 | -4.67E2 | 3.82E2 | 0.62
10 | 300 | R [0.020]0.9959 | 4.33E3 | -3.47E2 | 1.23E2 | -1.69E-8 | 1.46E2 | 0.352
1962 | SKD | H [0.015]0.9915 | 1.84E3 | —6.32E1 | 1.33E4 | 2.20E3 | 0 | 0.19
14 600 | R [0.018]0.9770 | 4.59E3 -2.24E3 | 1.97TE3 | -1.41E2 | 0 |0.895
1967 | SKD | H 0.029  0.9998 | 4.67E3 | -5.74E2 | 1.46E3 | -7.15E1 | 0 |1.2
A1 1000 | R [0.010 0.9995 | 2.26E3 | -3.94E2 | 2.26E3 | -3.94E2 | 8.01E2 | 0.509_
1967 | SKD | H |0.033]0.9997 | 6.00E3 | -7.54E2 | 1.88E3 | -7.73E1 | 0 | 1.4
A2 1225 | R [0.023{1.0000 | 5.92E3 | -1.23E3 | 1.81E3 | -9.51E1 | 4.83E2 | 0.546
1962 AN | H [0.019 | 0.9839 | 2.05E4 | -5.45E3 | 9.96E2 | -7.70E1 | 0 | 0.6
5 | 300 | R 10.019!0.9850 | 1.64E3 | -5.89E2 | 1.45E3 | -1.48E2 | 2.08E2 | 0.525
1962 | AN | H 0.016|0.9678 1.41E4 | -2.75E3 | 1.76E3 | -1.02E2 | 0 | 0.31
1 600 | R [0.019 0,998 1.76E3 | -9.11E2 | 1.58E3 | -1.41E2 | 2.40E2 | 0.851
1962 | BC | H |0.0170.9919 | 3.16E4 | -8.67E3 | 2.83E3 | -4.23E2 | 2.05E2 | 0.75
7 300 | R {0.018|0.9976 | 1.11E4 ;, -8.92E3 | 2.56E3 | -2.86E2 | 3.94E2 | 0.433
1962 | BC | H |0.0120.9993 | 4.83E3 | -1.58E4 | 3.53E3 | -1.88E2 | 2.53E2 [ 0.23
12 600 | R |0.008 |0.9878 | 1.57E3 | -1.87E2 | 1.57E3 | -1.87E2 | 0. | 0.923
1971 | ANFO | H |0.006 | 0.9876 | 6.24E2 | -4.33E-11 | 3.65E1 | -3.63E-7 | 4.75E2 | 1.41
6-1 100 | R |0.006|0.9998 1.84E3 | -5.53E2 | 1.75E3 | -5.54E2 | 2.08E2 | 0.355
1972 | ANFO | H [0.009 | 0.9864 | 9.71E2 | -1.39E2 | 9.30E2 | -1.74E2 |8.86E-1|1.3
5-1 300 | R |0.009 0.9998 | 2.30E3 | -2.98E2 | 5.16E2 | -8.17E1 | 2.61E2 | 0.403
1972 | ANFO | H |0.007 | 0.9603 | 3.87E2 | -6.96E1 | 3.67E2 | -6.97E1 | 0. |1.12
52 | 500 | R {0.007 |0.9982 | 1.42E3 | -2.09E2 | 1.97E1 | -L.17E3 | 0. | 0.502
1973 | ANFO | H |0.003 | 0.9620 | 5.47E2 | -1.68E-11 | 1.97E2 | -1.53E-1 | 5.10E2 | 0.91
3-1 100 | R 10.005|0.9972 | 7.67E2 | -4.38E2 | 7.67E2 | -4.36E2 | 5.99E2 | 0.355
1973 | ANFO | H |0.002 | 0.9947 | 5.86E2 | -5.08E1 | 5.87E2 | -4.85E1 | 3.90E2 | 0.91
3-2 100 | R 10.004,0.9999 | 1.30E3 | -7.04E2 | 1.30E3 | -7.04E2 | 5.86E2 | 0.355
1973 | ANFO | H [0.003 | 0.9997 | 5.59E2 | -2.06E2 | 5.59E2 | -1.30E2 | 4.00E2 | 0.91
3-3 100 | R |0.005]0.9999 | 1.16E3 | -4.56E2 | 9.63E2 | -4.56E2 | 4. 10E2 | 0. 355
1962 | TNT | H [0.015]0.9738 | 3.34E5 | -1.26E5 | 2.88E3 | -3.41E2 | 1.36E2 | 0.670
8 300 | R |0.020|0.9979 | 3.56E3 | -5.79E2 | 7.72E2 | -T.TAEl | 1. 16E-1 | 0. 493
1985 | TNT | H [0.036 | 0.9984 | 1.05E3 | -1.82E2 | L.OSE3 | -1.80E2 | 0. |1.07
1-2-1 | 100 | R |0.036|0.9927 | 2.83E3 | -3.52E2 | 7.52E1 | -4.64E2 | 9.64E1 | 0.215
1985 | TNT | H |[0.040 | 1.000 | 8.11E2 | -4.89E2 | 8.11E2 | -4.89E2 | 1.24E1 | 0.283
122 | 2.1 | R [0.040 1.000 | 5.03E2 | -3.32E2 | 5.03E2 | -3.32E2 | 2.02E1 | 0.061
1986 | TNT | H |0.100|0.9968 | 5.66E2 | -9.13El | 5.61E2 | -6.41E1 | 1.03E0 | 1.363
3 192 | R {0.100]1.000 | 1.39E3 | -3.21E2 | 4.99E2 | -5.31E1 | 8.59E0 | 0.278
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Table 2 Results of curve fitting parameters (Contd.)

Year ! Explos. |Hor| £, R P, P, P P, P; P
Exp.No. | W(kg) | R’ (s) (m-s™) (s | (m-s™) (s (m-s™") | (m
1975 | A | H [0.186]0.9932 | 5.05E3 | -1.06E3 | 2.69E2 | -1.38E2 |8.90E-1]0.81
1-1-1 | 50 | R [0.022]0.9996 | 4.67E3 | -1.98E3 | 8.30E2 | -1.09E2 | 0. |0.214
1976 A |
i | g | H |0.4620.9984 | L5IE4 | 2.04E3 | 4.19E1 | -1 19E1 |6.19E-1 | 0.87
1976 | A | H |0.462 | 0.9894 | 3.04E3 | —2.00E3 | 6.4E2 | -1.75E2 | 6.69E0 | 117
142 | 100 | R |0.035|0.9916 | 6.26E3 | -2.97E3 | 6.14E2 | -1.10E2 | 1.27E1  0.296
976 A |
! H |0.084|0.9982 | 3.03E3 | -7.28E2 | 4.34E1 | -4.81E1 | 0. 117
1-4-1 | 100 g ‘ L
1975 B | | |
i3 | s | H |0189|0.9991 | 1.31E4 | -2.52E3 | 2.55E2 | -9.98E1 | 1.53E0 | 0.81
e B "H [0.0310.9207 | 1.13E3 | -9.00E2 | 1.41E2 | -1.29E2 | 0. 102
e | 100 | H_10.252)0.9996 | 5.52E3 | -9.30E2 | 9.0El | -5.83E1 | 1.55E1 | 1.02
R |0.031|0.9853 | 5.74E2 | -2.44E2 | 2.78E2 | -1.56E2 | 0.  10.305
1976 | B | H | 0.457 | 0.9693 | 6.18E3 | -1.34E3 | 1.96E2 | -1.20E2 | 9.42E0 | 0.86
1-2-1 | 50 | R [0.029|0.9751 | 4.49E3 | -1.95E3 | L.OIE3 | -1.80E2 | 0. |0.226
1976 B | H |0.462]0.9609 | 2.68E3 | -6.39E2 | 1.96E2 | -1.23E2 | 4.96E0 | 1.08
1-5-1 | 100 | R |0.056 | 0.9945 | 2.20E3 | -8.43E2 | 1.42E3 | -2.08E2 | 4.24E1 | 0.29
1976 B |
H |0.1260.9911 | 1.08E4 | -3.17E3 | 6.11E1 | -7.26E1| 0. | 1.08
1-5-2 | 100 | o
1976 | B | H [0.091]0.9932 | 5.50E3 -1.84E3 | 2.31E2 | 4.33E1 | 0. [0.86
1-2-2 | 50 | R |0.017[0.9838 | 9.92E3  -3.41E3 | 6.72E2 | -9.90E1 | 0. | 0.209
1975 C | H [0.189]0.9285 | 1.30E4 | -3.29E3 | 2.78E2 | -8.67E1 | 4.59E-1 | 0.8l
1-2-2 | 50 | R |0.023]0.9995 | 1.37E3 | -3.11E2 | 1.04E5 | -9.90E4 | 3.43E1 | 0.214
1975 C | |
ot | 10 | H |0.189/0.9997 | 1.52E4 | —2.99E3  3.51E2 | -1.38E2 | 4.32E0 | 1.09
1976 | C
151 o | H |0128]0.9972 | 1.72B4 | -1.21E3 | 7.61E1 | 5.07E1 | 1.36E1 | 0.88
1976 C 7 y
as | o | E |0-465|0.9976 | 2.34E4 | -1.79E3 | 3.83E1 | -1.29E1 | 1.84E0 | 0.9
1976 | C
6t | 100 | H |0-169|0.9979 | 8.51E3 | -5.36E2 | 1.60E2 | 5.06E1 | 9.9E0 | 0.9
1976 | C |
H [0.127 | 0.9975 | 2.42E4 | -1.73E3 | 6.22E1 | -4.24E1 | 0. [1.2
1-6-2 | 100 g
1985 H | H [0012]0953]3.10E3! -3.83E2 [ — — 0. |1l.o4
1-1-2 | 100 | R |0.012]0.9872 | 1.78E3 | -1.48E2 | - = 0. _10.289
1986 I | H [0.062]L 1L.84E3 | -2.39E2 | - — | 5.40E1 | 1.06
2-1 100 | R ]0.062|0.9976 | 2.60E3 | -4.45E2 | - -  |103E2 j0.2n
1986 J | H [00%]L 1.36E3 | -1.48E2 | — - 1.77 | 1.08
2-2 100 | R |0.038]0.9515 | 1.20E3 | -1.52E2 | - - 0. lo.2n

*H: horizontal direction, R: radial direction

k, ANFO, TNT DFALEBLT, WThiyik
DBIERFIZKZV, Zhit, TableliZRT &Iz, 3
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Fig 3 Reduced height as a function of reduced time
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Expansion of explosion products by the surface burst
of explosives in the field tests

Yoshio NAKAYAMA®, Masatake YOSHIDA®, and Syuzo FUJIWARA®

Results of high-speed photographs of surface burst of many kinds of explosives in the field experi-
ments were summarized and the time histories of height and radius of the explosion products were
examined. As a result, a cubic root similarity was recognized in the data for sin-kiri dynamite, ANFO
and TNT. The height to radius ratio of explosion products (H/R) were found to be almost constant
value of unity and the variation in the data was considered to be due to the effects of the reduced
height of burst or the initiation positions. A numerical calculation by the one-dimensional Lagrange
code was conducted and it was found that the calculated separation time of shock wave from the
explosion products agreed well with the observed data. Furthermore, pulsation of explosion products
was shown in the one-dimensional calculation. However the explosion product was monotonically
expanded and no pulsation was observed in the experimental results.

(*National Institute of Advanced Industrial Science and Technology, Higashi 1 —1—1 Tsukuba
Central Five, Tsukuba, Ibaraki 305-8565, JAPAN)
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