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Abstract

We provide an updated scaling relationship between explosion energy and the diameter of the resultant crater for single-

burst explosions, as follows:

log D=0.29 log E—-1.79,
where E and D are the explosion energy and crater diameter, respectively. This relationship was applied to two recent

explosion incidents (Tianjin and Beirut) to estimate their explosion energy. The energy estimated for these events were

consistent with those determined from seismological, infrasonic, and remote sensing observations. This demonstrates that

our updated scaling relationship can be applied to evaluate the energy of both man-made explosions and those of volcanic

origin.
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1. Introduction

Explosion phenomena affect the geological environment
by leaving a crater in the ground 2. The characteristics of
the crater are controlled by the physical conditions of the
explosion. There exists an approximately cube-root scaling
relationship between explosion energy and the diameter
of the resulting crater, provided for explosions in a single
burst . Sato and Taniguchi (1997) ¥ compiled observations
of explosion energy and crater diameter from chemical and
nuclear explosion experiments, and from volcanic events,
and proposed that the cube-root scaling relationship is valid
across a range of 15 orders of magnitude in explosion energy
(10°-10"® J). On the other hand, crater diameter depends not
only on the explosion energy but also on the source depth
of the explosion.”. The effects of explosion energy and
source depth can be combined into a single parameter as the
scaled depth (d,.), such that d,. = d EY3 where E and d are
the energy and source depth of the explosion, respectively.
The scaled diameter (D,. = D E'”3) of the crater reaches a
maximum value at a scaled depth of d,. ~ 0.004 m J “134.9),

The energy of explosion phenomena can be inferred
from the diameter of the resultant crater using these scaling

relationships, even if the explosion occurred in the past.
For example, previous studies have estimated the energy of
volcanic explosions from the crater diameter '2-'?. However,
there has not been much progress after the work of Goto et
al. (2001). To better evaluate the energy of an explosion,
it is necessary to update the scaling relationship between
explosion energy and the diameter of the resultant crater.
Here, we update the relationship by considering the results
of recent explosion experiments, and the updated scaling
relationship is applied to two recent explosion incidents. The
results indicate that the updated scaling relationship gives
reliable estimates of the energy of explosions in the past,
based on the diameter of the resultant crater.

2. Updating the scaling relationship

The explosion experiments considered in this study are
listed in Table A1 D908 e focus on experiments
with single-burst explosions because multiple bursts lead
to more complex results that are unsuitable for constructing
a simple scaling relationship #'*). We also summarize the
results of explosion experiments located at the surface and
in the subsurface, for which our scaling relationship is
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confirmed.

The energy of an explosion is measured in Joules, based
on the amount of TNT (trinitrotoluene) required to generate
an equivalent explosion, and we consider explosions with
energy of 300 J to 1.2 x 10" J. The crater diameters cover
five orders of magnitude, from 0.07 to 501 m. The depths are
<193 m, and the scaled depths are from 0 to 0.021 m J '3,
The scaled diameters are therefore estimated to be 0.00038—
0.02500 m J 3. Most experiments were performed in soil or
granular materials, except for that of Bjelovuk et al. (2015)'®
who conducted their explosion experiment on an asphalt
surface.

We determine an updated scaling relationship based on the
data listed in Table Al. The updated relationship confirms
the near cube-root law between energy and crater diameter.
The regression line of the scaling relationship (Fig. 1) is
expressed as follows:

log D=0.29 log E—1.79, )

where E and D are explosion energy and crater diameter,
respectively. The relationship gives a standard error for
crater diameter on a logarithmic scale of 0.25, which is
estimated by standard error = {Z(logD-logD ")?/(n-2)}% |
where D’ and n are the crater diameter calculated from the
regression line and the number of data points, respectively.
The slope of the scaling relationship obtained in this study,
0.29, is smaller than a cube-root law ¥, and consistent with
a 1/3.4 law ». The fact would suggest that experimental data
used in previous studies were not enough to represent the
relationship. The result of Bjelovuk er al. (2015) '® gives
a smaller crater diameter relative to the scaling, possibly
because the asphalt surface used in their study is stronger
than soil.

The scaled diameter has a maximum value around the
scaled depth of 0.004 m J -3, except for the results of
Pacheco-Vazquez et al. (2017) ' (Fig. 2). The optimal scaled
depth for excavating the crater is similar with the result of
previous studies ¥*?. In contrast, the results of Pacheco-
Vazquez et al. (2017) ' show a larger scaled diameter. Their
experiment employed downward explosions, which might
explain the greater excavation depth and larger craters in their
results. This indicates that the optimal scaled depth depends
on the explosion mechanism.

3. Energy of two explosion incidents

We apply our updated scaling relationship to two recent
explosion incidents, in Tianjin and Beirut, to evaluate the
explosion energy. Our updated scaling relationship can be
rewritten as follows:

log E=3.451log D+ 6.17, 2)
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Fig. 2 Scaled depth as a function of scaled diameter in
single-burst explosion experiments. The data of
Sato and Taniguchi (1997) are not included in this
figure because the burst depth was not specified.
Dashed line indicates the possible upper limit.

In the following sections, we use this relationship to estimate
the explosion energy.

A powerful explosion occurred in Tianjin port, China, on
12 August 2015, producing a mushroom cloud consisting
of the dissipated wetting agents of nitrocellulose that was
housed in containers 2?. Two explosions were observed,
at 23:34:06 (Tianjin-01) and 23:34:36 (Tianjin-02) local
time 2, producing craters with diameters of 15 m and 97 m,
respectively 2. The larger crater is located ~70 m north of

the smaller crater >!). Seismic analysis revealed the source of
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Tianjin-02 was located 64 = 10 m northwest of the source of
Tianjin-01 %%, indicating that Tianjin-01 and -02 produced
the smaller and larger craters, respectively. Seismic analysis
quantified the explosive yields of the two explosions to be
1549 tons of TNT equivalent for Tianjin-01 and 128-430
tons for Tianjin-02 29?2, giving explosion energy of 6.3 x
10'%t0 2.1 x 10" J for Tianjin-01 and 5.4 x 10" to 1.8 x 10'2
J for Tianjin-02.

A massive explosion occurred in Beirut, Lebanon, at
18:08 local time on 4 August 2020. The explosion was
caused by the combustion of ammonium nitrate stored in
a harbor warehouse. The explosion created a crater with
diameter of 124 m and depth of 43 m. Combined analysis by
seismological, hydroacoustic, infrasonic, and radar remote
sensing approaches yielded an estimated explosive yield
of 130 to 2000 tons of TNT equivalent 2%, indicating an
explosion energy of 5.4 x 10" to 8.4 x 10'2J.

Using the observed crater diameters for these three
explosions, our updated scaling relationship gives explosion
energy of 9.6 x 10%, 2.9 x 10'2, and 6.3 x 10'% J for
Tianjin-01, Tianjin-02, and Beirut, respectively (Table 1).
Fig. 3 compares the energy of these three explosions
as estimated from the scaling relationship (2) and from
geophysical methods, including seismic, infrasonic and
remote sensing analyses. The consistent results show that
our scaling relationship yields reliable estimates of explosion
energy, although the source conditions of the explosions
(e.g., the mechanism of explosion and the properties of the
ground materials at the explosion site) must also affect the
scaling '8 Our updated scaling relationship can therefore
be used to estimate the energy of past explosions, including
both man-made explosions and those of volcanic origin,
from the diameter of the resultant crater. We note that such
evaluations should be limited to discrete volcanic explosions
with a short duration of energy release, as the scaling
relationship is determined using data from single-burst

experiments.

Table 1 Energy of two explosion incidents, as derived
from our updated scaling relationship (2).

Event Diameter of crater (m) Log E from the scaling (T)
Tianjin-01 15 102
Tianjin-02 97 13.0

Beirut 124 13.4

4. Conclusion

We have summarized the results of single-burst explosion
experiments in terms of explosion energy, diameter of

resultant crater, and source depth. The data were used to

update the scaling relationship between explosion energy
and the diameter of the resultant crater. Explosion energy
of two incidents (Tianjin and Beirut) estimated by our
updated relationship is consistent with that determined using
geophysical methods. We conclude that our updated scaling
relationship can be used to evaluate the energy of single-burst
explosion phenomena that occurred in the past, including
discrete volcanic explosions, if the diameter of the resultant

crater is known.
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Fig.3 Comparison between explosion energy derived
from our scaling relationship and that from seis-
mic, infrasonic, and remote sensing data. Vertical
error bars are originated from the 20% of relative
uncertainty of crater diameter, and horizontal er-
ror bars indicate the range of plausible explosion
energies obtained from the geophysical methods.
Thick black line is the 1:1 line (identity line).
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Table A1.1 Summary of explosion experiments.

Literature Explosion name Log explosion energy (T) Log diameter (m) Depth of burst (m) Sealed diameter (m I''%) Scaled depth (mJ'%) Charge”
Nordyke (1962) Tungle high explosive HE-1 969 1.05 062 0.0067 0.0004 TNT
Nordyke (1962) Jungle high explosive HE-7 9.69 1.06 079 0.0068 0.0005 TINT
Nordyke (1962) Tungle high explosive HE-6 9.69 1.08 092 0.0071 0.0005 INT
Nordyke (1962) Tungle high explosive HE-3 969 107 125 0.0070 0.0007 TNT
Nordyke (1962) Tungle high explosive HE-3 9.69 109 2.08 0.0073 0.0012 INT
Nordyke (1962) Tungle high explosive HE-2 1088 138 1.56 0.0056 0.0004 TNT
Nordyke (1962) Jungle high explosive HE9 8.61 070 026 0.0068 0.0003 TNT
Nordyke (1962) Tungle high explosive HE-10 8.61 084 091 0.0093 0.0012 INT
Notdyke (1962) Mole 206 8.60 059 0.00 0.0049 0.0000 TNT
Nordyke (1962) Mole 205 8.69 073 025 0.0069 0.0003 INT
Nordyke (1962) Mole 204 860 076 050 0.0073 0.0006 TNT
Nordyke (1962) Mole 203 8.69 071 097 0.0065 0.0012 TINT
Nordyke (1962) Mole 202 8.69 084 194 0.0088 0.0025 INT
Nordyke (1962) Mole 212 860 0383 194 0.0087 0.0025 TNT
Nordyke (1962) ERDL 403 8.69 071 025 0.0065 0.0003 INT
Nordyke (1962) ERDL 405 860 075 050 0.0072 0.0006 TNT
Nordyke (1962) ERDL 401 8.69 081 097 0.0082 0.0012 TNT
Nordyke (1962) ERDL 406 8.69 078 097 0.0077 0.0012 INT
Nordyke (1962) ERDL 402 860 083 145 0.0086 0.0018 TNT
Nordyke (1962) ERDL 404 8.69 087 194 0.0094 0.0025 INT
Nordyke (1962) Sandia, series | § 860 0.0 194 0.0102 0.0025 TNT
Nordyke (1962) Sandia, series | 2 8.69 096 290 0.0117 0.0037 TINT
Nordyke (1962) Sandia, series | 9 8.69 094 290 0.0110 0.0037 TNT
Nordyke (1962) Sandia, series | 10 8.69 091 387 0.0104 0.0049 TNT
Nordyke (1962) Sandia, series | 16 8.69 094 387 0.0110 0.0049 INT
Nordyke (1962) Sandia, series | 4 860 0384 485 0.0088 0.0062 TNT
Noxdyke (1962) Sandia, series | 11 8.69 0.60 485 0.0051 0.0062 TNT
Nordylke (1962) Sandia, series | 12 8.60 076 5.81 0.0073 0.0074 TNT
Noxdyke (1962) Sandia, series | 17 8.69 054 581 0.0044 0.0074 TNT
Nordyke (1962) Sandia, series | 15 8.69 041 774 0.0032 0.0098 INT
Nordyke (1962) Sandia,_ series I| §-12 860 072 0.00 0.0066 0.0000 TNT
Nordyke (1962) Sandia, series || §-13 8.69 071 0.00 0.0065 0.0000 INT
Nordyke (1962) Sandia, series I 11 860 095 399 00114 0.0051 TNT
Nordyke (1962) Sandia, series || 10 8.69 093 491 0.0109 0.0062 TNT
Nordyke (1962) Sandia, series || 9 8.69 094 5.00 00111 0.0064 INT
Nordyke (1962) Sandia, series || § 8.60 079 579 0.0078 0.0074 TNT
Nordyke (1962) Sandia, series || 7 8.69 070 6.00 0.0063 0.0076 INT
Nordyke (1962) Sandia, series Il 6 8.60 043 689 0.0034 0.0088 TNT
Nordyke (1962) Sandia, series || 3 8.69 027 710 0.0023 0.0090 TNT
Nordyke (1962) Sandia, series || 4 8.69 016 mm 0.0018 0.0099 INT
Notdyke (1962) Stage coach 2 1088 149 521 0.0073 0.0012 TNT
Nordyke (1962) Stage coach 3 1088 155 1042 0.0084 0.0025 INT
Nordyke (1962) Stage coach 1 1088 154 2438 0.0082 0.0058 TNT
Nordyke (1962) Scooter 1228 197 38.10 0.0076 0.0031 TNT

Bening et al. (1967) bl 640 0.09 0.00 0.0090 0.0000 INT
Bening et al. (1967) 62 640 0.05 0.00 0.0083 0.0000 TNT
Bening et al. (1967) b3 640 0.09 0.00 0.0090 0.0000 INT
Bening et al. (1967) b4 640 025 015 0.0130 0.0011 TNT
Bening et al. (1967) S 640 024 015 0.0127 0.0011 TINT
Bening et al. (1967) b6 640 022 015 00123 0.0011 INT
Bening et al. (1967) b7 640 026 030 00134 0.0022 TNT
Bening et al. (1967) b8 640 032 030 0.0154 0.0022 INT
Bening et al. (1967) b9 640 028 030 0.0140 0.0022 TNT
Bening et al. (1967) b10 640 030 043 0.0146 0.0031 TNT
Bening et al. (1967) b1l 640 032 043 0.0152 0.0031 TNT
Bening et al. (1967) b12 640 030 0.46 0.0146 0.0034 TNT
Bening et al. (1967) b13 640 033 046 0.0158 0.0034 INT
Bening et al. (1967) bld 640 029 046 0.0143 0.0034 TNT
Bening et al. (1967) bls 640 031 049 0.0151 0.0036 TNT
Bening et al. (1967) b16 640 030 0.49 0.0146 0.0036 TNT
Bening et al. (1967) b17 640 027 053 0.0138 0.0039 TINT
Bening et al. (1967) big 640 028 033 0.0140 0.0039 INT
Bening et al. (1967) b19 640 026 055 0.0134 0.0040 TNT
Bening et al. (1967) 20 640 028 0.60 0.0139 0.0044 INT
Bening et al. (1967) b21 640 024 061 0.0128 0.0045 TNT

*TNT (trinitrotoluene); ANFO (94% ammonium Nitrate + 6% foel oil); PETN (pentaerythritol tetranitrate)
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Table A1.2 Summary of explosion experiments.

Literature Esplosion name Log explosion energy (T) Log diameter (m) Depth of burst (m) Scaled diameter (m T'%) Scaled depth (m ™% Charge”
Bening et al. (1967) b22 6.40 028 0.61 0.0139 0.0045 INT
Bening et al. (1967) 23 6.40 026 0.61 00134 0.0045 TNT
Bening et al. (1967) b24 6.40 026 0.61 0.0134 0.0045 INT
Bening et al. (1967) b23 6.40 025 0.61 0.0130 0.0045 INT
Bening ef al. (1967) b26 6.40 028 0.61 0.0140 0.0045 TNT
Bening et al. (1967) b27 6.40 030 0.61 0.0146 0.0045 INT
Bening ef al. (1967) 28 6.40 030 061 0.0146 0.0045 TNT
Bening et al. (1967) b29 6.40 026 0.61 0.0134 0.0045 INT
Bening et al. (1967) b30 6.40 027 0.64 0.0137 0.0047 INT
Bening cf al. (1967) b31 6.40 025 0.64 0.0130 0.0047 TNT
Bening et al. (1967) b32 6.40 026 0.64 0.0134 0.0047 INT
Bening et al. (1967) b33 6.40 026 0.64 0.0133 0.0047 TNT
Bening et al. (1967) b34 6.40 026 0.64 0.0133 0.0047 INT
Bening et al. (1967) b33 6.40 026 0.68 0.0133 0.0050 INT
Bening ef al. (1967) b36 6.40 028 0.68 00139 0.0050 TNT
Bening et al. (1967) b37 6.40 028 0.69 0.0139 0.0051 INT
Bening et al. (1967) b33 6.40 031 076 0.0149 0.0056 TNT
Bening et al. (1967) b39 6.40 029 0.76 0.0142 0.0056 INT
Bening et al. (1967) b40 6.40 026 0.76 0.0134 0.0056 TNT
Bening et al. (1967) b4l 6.40 028 0.84 0.0139 0.0062 INT
Les and Mazzola (1939) AgrVent |l 3 3.69 0.61 026 0.0052 0.0003 INT
Les and Mazzola (1989) A Vent Il 4 8.69 0.67 0.48 0.0059 0.0006 TNT
Lee and Mazzola (1989) Air Vent 1| 54 8.69 073 097 0.0069 0.0012 INT
Lee and Mazzola (1989) Air Vent || 5B .69 (1% 097 0.0066 0.0012 TNT
Lee and Mazzola (1989) Air Vent Il 6 8.69 0.77 145 0.0074 0.0018 INT
Les and Mazzola (1989) Air Veat 1174 3.69 0.78 194 0.0076 0.0025 INT
Lez and Mazzola (1989) Air Vent || 7B 8.69 078 194 0.0077 0.0025 TNT
Lee and Mazzola (1939) Ar Vent 118 8.69 0.80 242 0.0080 0.0031 INT
Les and Mazzola (1989) Air Vent 1194 8.69 083 201 0.0085 0.0037 TNT
Lee and Mazzola (1989) Air Vent || 9B 8.69 033 201 0.0085 0.0037 INT
Les and Mazzola (1939) Jangle He 2 10.88 138 156 0.0056 0.0004 INT
Les and Mazzola (1989) Stage Coach 2 10.88 149 521 0.0073 0.0012 TNT
Les and Mazzola (1939) Stage Coach 3 10.88 155 1043 0.0084 0.0025 INT
Les and Mazzola (1989) Tangle U 1266 1.90 510 0.0043 0.0003 Nuclear
Lee and Mazzola (1989) Johnie Boy 1227 1356 058 0.0030 0.0000 Nuclear
Les and Mazzola (1989) Sedan 14.58 257 193.60 0.0051 0.0027 Nuclear
Les and Mazzola (1989) Teapot § 1266 195 2040 0.0054 0.0012 Nuclear
Les and Mazzola (1989) Mill Race 1223 158 0.00 0.0032 0.0000 ANFO
Lez and Mazzola (1989) Minor Scale 1313 195 0.00 0.0037 0.0000 ANFO
Lee and Mazzola (1989) Misty Picture 13.12 195 0.00 0.0037 0.0000 ANFO
Les and Mazzola (1989) Mixed Company 3 1228 155 0.00 0.0028 0.0000 INT
Lec and Mazzola (1989) Flat Top 11 10.88 134 0.00 0.0051 0.0000 TNT
Lez and Mazzola (1989) Flat Top Il 10.88 137 0.00 0.0056 0.0000 INT
Les and Mazzola (1989) AdrVent 11 24 B 8.69 052 0.00 0.0043 0.0000 TNT
Lee and Mazzola (1989) AirVent I 1A B 8.08 032 0.00 0.0042 0.0000 INT
Les and Mazzola (1989) AirVent I 1CD 8.08 031 0.00 0.0042 0.0000 INT
Lee and Mazzola (1989) Air Vent I 24 BC 928 0.76 0.00 0.0046 0.0000 TNT
Les and Mazzola (1989) AirVent I 3AB 10.06 1.02 0.00 0.0046 0.0000 INT
Les and Mazzola (1989) Pre-mine Throw IV-6 1158 133 0.00 0.0028 0.0000 Nitrometane
Sato and Taniguchi (1997) Chemical 1 340 -1.00 Unknown 0.0074 Unknown Unknown
Sato and Taniguchi (1997) Chemical 2 3.40 -0.80 Unknown 0.0117 Unknown Unkmown
Sato and Taniguchi (1997) Chemical 3 6.60 0.00 Unknown 0.0063 Unknown Unbmown
Sato and Taniguchi (1997) Chemical 4 8.50 050 Unknown 0.0046 Unknown Unkmown
Sato and Taniguchi (1997) Chemical 5 9.40 0.60 Unknown 0.0029 Unknown Unknown
Sato and Taniguchi (1997) Chemical 6 8.30 080 Unknown 0.0074 Unknown Unknown
Sato and Taniguchi (1997) Chemical 7 8.90 085 Unknown 0.0076 Unknown Unknown
Sato and Taniguchi (1997) Chemical 8 9235 090 Unknown 0.0066 Unknown Unbmown
Sato and Taniguchi (1997) Chemical 9 9.40 0.80 Unknown 0.0046 Unknown Unkmown
Sato and Taniguchi (1997) Chemical 10 9.60 0.90 Unknown 0.0050 Unknown Unknown
Sato and Taniguchi (1997) Chemical 11 9.70 095 Unknown 0.0052 Unknown Unknown
Sato and Taniguchi (1997) Chemical 12 950 095 Unknown 0.0061 Unknown Unknown
Sato and Taniguchi (1997) Chemical 13 9.60 110 Unknown 0.0079 Unknown Unknown
Sato and Taniguchi (1997) Chemical 14 9.80 115 Unknown 0.0076 Unknown Unknown
Sato and Taniguchi (1997) Chemical 15 10.20 120 Unknown 0.0063 Unknown Unknown
Sato and Taniguchi (1997) Chemical 16 9.80 130 Unknown 0.0108 Unknown Unknown
*TNT (brini ANFO (94% ium Nitrate + 6% fuel oil); PETN (pentaerythritol tetranitrate)
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Table A1.3 Summary of explosion experiments.

Literature Explosion name Log explosion energy (T} Log diameter (m) Depth of burst (m) Scaled diameter (m I''*%) Scaled depth (m I''%) Charge”

Sato and Taniguchi (1997) Nuclear 1 12.80 145 Unknown 0.0015 Unknown Nuclear
Sato and Taniguchi (1997) Nuclear 2 1240 150 Unknown 0.0023 Unknown Nuclear
Sato and Tanignchi (1997) DNuclear 3 1230 185 Uslnown 0.0056 Unlnown Nuclear
Sato and Taniguchi (1997) Nuclear 4 1180 1.80 Unknown 0.0074 Unknown Nuclear
Sato and Tanignchi (1997) Nuclear 5 12.00 195 Unknown 0.0089 Unknown Nuclear
Sato and Taniguchi (1997) Nuclear 6§ 1290 190 Unknown 0.0040 Unknown Nuclear
Sato and Taniguchi (1997) Nuclear 7 1280 200 Unknown 0.0034 Unknown Nuclear
Sato and Tanignchi (1997) Nuclear 8 12.80 220 Unlmown 0.0086 Unlmown Muclear
Sato and Taniguchi (1997) Nuclear 9 1310 210 Unknown 0.0054 Unknown Nuclear
Sato and Taniguchi (1997) Nuclear 10 1440 230 Unknown 0.0050 Unknown Nuclear
Sato and Taniguchi (1997) Nuclear 11 14.00 260 Unknown 0.0086 Unknown Nuclear
Sato and Taniguchi (1997) Nuclear 12 15.00 265 Unknown 0.0043 Unknown Nuclear
Sato and Taniguchi (1997) Nuclear 13 15.10 270 Unknown 0.0046 Unknown Nuclear
Goto et al. (2001) 1996.E1 487 062 0.00 0.0037 0.0000 TNT
Goto et al. (2001) 1996-E2 548 048 0.00 0.0049 0.0000 TNT
Goto et al. (2001) 1996-E3 3T 047 0.00 0.0041 0.0000 TNT
Goto et al. (2001) 1996.E4 6.47 021 0.00 0.0043 0.0000 TNT
Goto et al. (2001) 1996-E5 6.77 -0.08 0.00 0.0046 0.0000 TNT
Goto et al. (2001) 1996.E6 6.47 -0.05 0.00 0.0063 0.0000 TNT
Goto et al. (2001) 1996-E7 548 033 0.00 0.0067 0.0000 TNT
Goto et al. (2001) 1996-ES 3T 033 0.00 0.0054 0.0000 TNT
Goto et al. (2001) 1096.E9 6.47 027 0.00 0.0038 0.0000 TNT
Goto et al. (2001) 1996-E10 6.90 0.03 0.00 0.0033 0.0000 TNT
Goto et al. (2001) 1993-E4 6.31 039 0.00 0.0032 0.0000 TNT
Goto et al. (2001) 19938-E5 6.77 -1.15 0.00 0.0004 0.0000 TNT
Goto et al. (2001) 1993-E6 725 -0.01 0.00 0.0038 0.0000 TNT
Goto et al. (2001) 1993-E7 7.08 035 101 0.0097 0.0044 TNT
Goto et al. (2001) 1995-ES 6.77 0.16 020 0.0080 0.0011 TNT
Goto et al. (2001) 1993-E9 6.48 0.00 0.61 0.0069 0.0042 TNT
Goto et al. (2001) 1993-E10 765 010 0.00 0.0035 0.0000 TNT
Goto et al. (2001) 1993-E11 6.47 042 L9 0.0027 0.0083 TNT
Goto et al. (2001) 1999-E1 6.95 064 201 0.0011 0.0097 TNT
Goto et al. (2001) 1999.E2 6.95 029 120 0.0094 0.0038 TNT
Goto et al. (2001) 1999.E3 6.95 043 081 0.0130 0.0039 TNT
Goto et al. (2001) 1999-E4 5.95 033 0.00 0.0049 0.0000 TNT
Goto et al. (2001) 1999-E5 6.95 -0.10 081 0.0110 0.0039 TNT
Goto et al. (2001) 1999-E6 6.95 028 0.00 0.00235 0.0000 TNT
Goto et al. (2001) 1999.E7 731 0.54 140 0.0108 0.0044 TNT
Goto et al. (2001) 1999.E8 595 0.17 040 0.0070 0.0042 TNT
Goto et al. (2001) 1999-E9 695 0.10 081 0.0111 0.0039 TINT
Goto et al. (2001) 1999-E11 1.67 0.57 040 0.0103 0.0011 TNT
Goto et al. (2001) 1999.E12 6.95 031 039 0.0098 0.0019 TNT
Ambrosini and Luccioni (2006) No name 6.62 024 0.00 0.0036 0.0000 TNT
Ambrosini and Luccioni (2006) No name 692 0.13 0.00 0.0036 0.0000 TNT
Ambrosini and Luccioni (2006) No name 112 008 0.00 0.0033 0.0000 TNT
Ambrosini and Luccioni (2006) No name 747 017 0.00 0.0048 0.0000 TNT
Ambrosini and Luccioni (2006) No name 162 019 0.00 0.0043 0.0000 TNT
Ehrgott Jr (2011) BM-1-02 7.10 on 115 0.0035 0.0049 TNT
Ehrgott Jr(2011) BM-1-03 7.10 0.18 4.00 0.0064 0.0172 TNT
Ehrgott Jr (2011) BM-1-05 710 023 4.00 0.0073 0.0172 TNT
Ehrgott Jr(2011) BM-C-02 7.10 025 115 0.0077 0.0049 TNT
Ehrgott Jr (2011) BM-C-03 710 034 4.00 0.0093 00172 TNT
Ehrgott Jr (2011) BM-C-05 7.10 036 4.00 0.0099 0.0172 TNT
Ehrgott Jr(2011) BM-5-02 7.10 022 1135 0.0071 0.0049 TNT
Ehrgott Jr (2011) BM-3-03 710 033 4.00 0.0091 0.0172 TNT
Ehrgott Jr(2011) BM-5-03 7.10 036 4.00 0.0099 00172 TNT
Valentine et al. (2012) Pad2-1 6.00 018 030 0.0150 0.0050 TNT
Ross et al. (2013) Padl 6.40 030 0.50 0.0147 0.0037 TNT
Graettinger et al. (2014) Padi-1 635 023 030 0.0130 0.0038 TNT
Graettinger et al. (2014) Pad2-1 6.18 018 0.50 0.0134 0.0044 TNT
Graettinger et al. (2014) Pad3-1 5.88 026 0.50 0.0198 0.0033 TNT
Graettinger et al. (2014) Padd-1 588 033 1.00 0.0050 0.0110 TNT
Graettinger et al. (2014) Padi-1 5.88 024 1.00 0.0064 0.0110 TNT

STNT (trinitrotoluene); ANFO (34% ammonium Nitrate + 6% fisel oil): PETN (pentaerythrital tetranitrate)
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Table A1.4 Summary of explosion experiments.

Literature Explosion name Log explosion energy (T) Log diameter (m) Depth of burst (m) Scaled diameter (m J'%) Sealed depth (m J'%) Charge”
Bijelovuk et al. (2015) No name 562 087 0.00 0.0018 0.0000 TNT
Bijelovuk et al. (2015) No name 592 0.64 0.00 0.0024 0.0000 TNT
Bielovuk et al. (2015) No name 622 0.64 0.00 0.0019 0.0000 INT
Bjelovuk et al. (2015) No name 572 -0.69 0.00 0.0026 0.0000 PETN
Bielovuk et al. (2015) No name 6.11 0.46 0.00 0.0032 0.0000 PEIN
Bijelovuk et al. (2015) No name 641 042 0.00 0.0028 0.0000 PETN
Sonder et al. (2015) 1305-plbl 634 027 050 00142 0.0038 TNT
Sonder et al. (2015) 1305-p2bl 6.17 0.18 050 0.0135 0.0044 INT
Sonder et al (2015) 1305-p3b1 5.86 0.09 050 00137 0.0056 TNT
Sonder et al. (2015) 1305-pdbl 5.86 026 100 0.0061 00111 INT
Sonder et al (2015) 1305-p3bl 586 039 1.00 0.0045 00111 TNT
Sonder et al. (2015) 1310-plbl 634 032 050 0.0160 0.0038 TNT
Sonder et al. (2015) 1310-p2bl 5.86 0.04 050 0.0102 0.0056 INT
Sonder et al (2015) 1311-p3bl 634 033 050 00163 0.0038 TNT
Sonder et al. (2015) 1311-pdbl 5.86 0.18 025 0.0168 0.0028 INT
Sonder et al (2015) 1406-pl 586 0.03 070 00118 0.0078 TNT
Sonder et al. (2015) 1406-p2 5.86 0.02 050 0.0107 0.0056 TNT
Sonder et al. (2015) 1406-p3 5.86 032 080 0.0053 0.0089 INT
Sonder et al (2015) 1406-pbl 586 015 046 00156 0.0051 TNT
Sonder et al. (2015) 1406-p3bl 5.86 024 050 0.0194 0.0056 INT
Pacheco-Vazquez et al. (2017) El 248 -0.96 001 0.0164 0.0015 Potassium nitrate
Pacheco-Vazquez et al. (2017) E2 278 072 0.01 0.0225 0.0012 Potassium nitrate
Pacheco-Vazquez et al. (2017) E3 295 0.65 0.01 0.0233 0.0010 Potassium nitrate
Pacheco-Vazquez et al. (2017) E4 3.08 058 0.01 0.0249 0.0009 Potassium nitrate
Pacheco-Vazquez et al. (2017) E3 3.18 057 0.01 0.0236 0.0009 Potassium nitrate
Pacheco-Vazquez et al. (2017) E6 326 054 001 00238 0.0008 Potassium nitrate

*INT (trinitrotoluene); ANFO (94% ammonium Nitrate + 6% fuel oil); PETN (pentaerythritol tetranitrate)



An Updated Scaling Relationship Between Energy and Crater Diameter for Surface and Subsurface Explosions — T. MIWA and M. NAGAI

=P I RFECBIZIRNF—EI LI DA —Y VTFIRO LR
B N AR ST

RSB AL R

L2

DEE IR R E T OB IRICBUI A I RIINF - L —F—B EOR—1) 7R
T DERDITLFHT S,
log D=0.29 log E—1.79
ZIZT, EEDEENTNHBHIXINF LV L —F—DBETHSH. ZOXr— 2 7HR%E2 G
DOEFEITHR L, OB TN F—2ET L. o Tl F—13, %5*%4*’355%3}5!"75\6
HEINEIRNF—EFFNTHo. 2O &IF, 238G TLHLLAS—U 2 73EN, VT 4A
HoNM B E2E DB GO F TR ICH TELHILE27BHLTN5.

FoU—R:HB5LR AN TRLE—, VL—F—Ef, AT—ULY



