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Evaluation of magnitude of an explosion from dimensions of crater

formed in ground comprising gravel under a concrete slab

Yoshio NAKAYAMA®, Ken OKADA®, Tomoharu MATSUMURA®,
Toshiaki MINTA™, Noriaki MATSUURA", Kazushige KATO",
Akihiko YAMAMOTO", and Masatake YOSHIDA®

Crater size, which is directly obtainable from the effects of an explosion, is regarded as an
important qualitative measure of its magnitude. The relationship between quantity of explosive
and crater size has been examined in detail for various kinds of rocks and soils. However, no
empirical equation for evaluating the magnitude of an explosion (relation between crater size of
ground and charge mass) is available when an accidental explosion occurs above a concrete slab,
and a crater is formed under the concrete slab. Most studies center on high explosives, and there
is little data for smokeless powders. In the present paper, the relationship between crater size
and charge mass for a high explosive and two types of smokeless powders are reported under
conditions where a concrete slab is present between the explosive and the ground. We also esti-
mated TNT equivalents for smokeless powders from crater volume. The observed results were

compared with the calculated values and a reasonable agreement was found.

1. Introduction
If an accidental detonation of explosives occurs
inside a structure such as explosives magazine or
chemical plant, the magnitude of the explosion needs
be correctly evaluated to identify the cause of the
accident. At present, this is done by combining
information on the size of the resultant crater, break-
age of windows, damage to facilities, and surround-
ing buildings, people and animals. The size of the
resultant crater is an important qualitative index
of magnitude of the explosion close to the explosive
charge. The relationship between the quantity of
explosive and crater size have been examined in
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detail for various kinds of rocks and soils, and it
has been reported that resultant crater volume is
proportional to TNT equivalent mass, and the re-
sultant crater diameter and depth are proportional
to the cube root of the charge mass'™. When the
surface of solid slabs (including concrete slabs) were
exposed to detonation of explosives, it has been re-
ported that the crater size closely depends on the
length-to-diameter ratio of the charge, L/D (L =
charge length and D= charge diameter) ; crater
depth is proportional to charge diameter; and the
resultant crater volume is proportional to the
square root of the charge mass*®. If an accidental
explosion at a real storage site is assumed, the ex-
plosives are stored in a container placed above the
concrete floor which in turn covers a layer of gravel.
Under these conditions, the concrete slab is perfo-
rated and a crater forms underneath. No studies
have been carried out on the relationship between
crater size in the ground and charge mass under
these conditions. In addition, the studies that have
been carried out are based on experiments with
high explosives. There is little data for smokeless
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Fig. 1 Experimental setup

powders.

The purpose of this paper was to gain an under-
standing of the relationship between crater size
and charge mass for high explosives and smokeless
powders under conditions where a concrete slab is
present between the explosive and the ground and
to propose equations expressing these relations.
Also, the TNT equivalent of two smokeless powders
are estimated by crater size and compared with the
calculated values.

2. Experimental setup

Figure 1 shows the explosive, and the installa-
tion of concrete slabs with H,= 70 mm; (a) C-4,
(b) smokeless powders, and (c) C-4 with no con-
crete slab. H, is defined as the distance between
the lower surface of a PMMA plate (2 mm in
thickness) and the front surface of the concrete slab
or the ground. Two different gaps, H,=0 mm and
H,=170 mm, were used to examine the effects of
height of burst (HOB). HOB is defined by the dis-
tance from the center of the explosive to the surface
of the concrete slab, or to the surface of the ground
in the case of no concrete slab being present. There-
fore, the relation between HOB (m) and A, (m) is
expressed by HOB = (L/2) + 0. 002 + H,. Table 1
shows the explosives used in the present experiment:
mass, diameter, and length. Although TNT is often
used in large-scale experiments, C-4 (RDX 90. 2,
plasticizer 9. 5, other ingredients 0. 3 wt.%) (Nippon
Koki Co, Ltd.) was chosen as the standard explo-
sive in the present experiment. The reason for this
selection is that the present experiments were
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conducted on a small scale and reference data are
available for C-4*®. Asingle base propellant, 35GIP
(NOF Corp.) and a double base propellant, SS (NOF
Corp.) were used as typical smokeless powders since
the two smokeless powders were found in a prelimi-
nary experiment to be detonable. C-4 and the
smokeless powders were loaded into a cylindrical
container made of polyvinylchlorate or MC nylon.
The average loading density was 1400 kg-m™ for
C-4, 521 kg*m™ for 35GIP and 616 kg*m™ for SS.
The charge mass of C-4 varied from 0. 025 kg to 4. 3
kg and that of the smokeless powders was 5. 0 kg.
Since the L/D of the explosive had a strong influ-
ence on the crater size, L/D=0. 75 was used in the
present experiment®. C-4 of 0. 25 kg in mass loaded
in a plastic container (50 mm in diameter X 67 mm
in height) was used as a booster explosive for the
two types of smokeless powders. C-4 was detonated
with a No. 8 electrical detonator (Hokkaido NOF
Corp.).

The sizes of the concrete slabs were determined
as follows. The concrete slab thickness, the diam-
eter of the reinforcing bar, and gap length were
assumed to be 120 mm, 6 mm, and 210 mm, respec-
tively for a full-scale structure. Since the present
experiment was scaled down to about one-third, the
thickness of the concrete slab, diameter of reinfore-
ing bar, and gap were given values of 45 mm, 1.6
mm, and 70 mm, respectively. Table 1 shows the
sizes of the concrete slabs. Each concrete slab was
made of conventional Portland cement and river
sand. The mixing proportion was cement:sand =
600: 1436, and the water-cement ratio was w/c =280/



Table 1 Experimental conditions and results of crater dimensions

" Scaled

axbx L, ! Apparent craster volume
(m) (o)
© 0.590X0.550%0.115  1.47E-02
| 0.310X0.310%0.080  3.02E-03
| 0.205X0.180%0.051  7.39E-04
' 0.105%0.095%0.020  7.83E~05
0.095X0. 130X0.021°" 1.02E-04""
0.420%0.440%0.100  7.26E-03
0.230%0.240X0.045  9.75E-04
0.165%0.165X0.005  5.35E-05
0.084X0. 087 X0.014°" | 4.02E-05""
0.330%0.340%0.085 | 3.75E-03
0.240X0.220X0.045 | 9.33E-04
© 0.240X0.230%0.035 | 7.59E-04
' 0.260%0.250x0.032 | 8.17E-04
| 0.390X%0.350X0.190 | 9.45E~03(1. 02E-02)™""

0.410X%0.430x0. 140
0.370X0.360X0. 180

J 0. 430 % 0. 400 X 0. 130

' 9.64E-03(9. 69E-03) "
 8.68E-03(9. 42E-03) ™"
' 8.73E-03(8. 78E-03) ™

E’;"' Explosive | il giamgteer ﬁam ] ganl;th - HOB” M°“a’(r 31)8" size
| ke) =~ (@) () (m) (mke™) -
1 C-4 | 4331 0175 | 0132 0 | 0.042  2.20X2.20X0.045
2| C-4 | 098 | 0.107 | 0.080 | O 0.042  1.14X1.14X0.045
3 l C-4 0. 250 0. 067 0.050 | 0. 0.043 0.72X0.72X0. 045
4 1 C-4 | 0.071 ‘ 0.044 | 0033 | 0.  0.045  0.45X0.45X0.045
5 C-4 0.025 1 0.031 - 0.023 | 0. - 0.046 : 0.27X0.27X0.045
6 | C-4 4.357 ¢ 0.175 0.132 | 0.070 0.084 | 2.20X2.20%0.045
7 C-4 . 0.991 0. 107 0, 080 ! 0. 070 0.112 | 1. 14X 1. 14X 0. 045
8 C-4  0.250 0.067 . 0.050 0.070 0. 154 0.72%0.72%0. 045
i 9 C-4 . 0.071 . 0.044 . 0.033 - 0.070 i 0.214 0. 45X0.45X0. 045
8 10 . C-4  0.986 . 0.107 0.080 | 0. h 0.042 Without slab
| 11 ¢ C-4 | 0.462 0. 083 0.062 | 0. | 0.043 Without slab
12 ' C-4 0. 250 0. 067 0.050 | O. " 0.043 i Without slab
13 C-4 0.025 | 0.031 ' 0.023 | 0. 0.046 |  Without slab
14 | 35GIP*™ | 5.000 | 0.249 ° 0.197 | O. 0.056 | 2.20X2.20X0.045
15 | 35GIP™* | 5.000 0.249 0.197 | 0.070 0. 097 | 2.20%2.20%0. 045
16 S 5. 000 0.235 | 0.187 | 0. : 0. 053 2.20%X2.20X0. 045
17 | 8™ | 5000 . 0235 |0.187 0070 | 0094 | 2.20X220X0.045
*: Defined by distance between lower surface of PMMA plate and the top surface of the concrete slab or ground
**: Height of burst defined by distance between the center of the explosive and the surface of the concrete slab or ground
***: Crater size formed in the top surface of the concrete slab.
****: Cylindrically shaped C-4 (0. 25 kg) is used as a booster explosive.
****: The figures in parentheses are the resultant crater volume resulting from both the smokeless powder and booster charge.
X.
b
+
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Fig. 2 Crater parameters: the left-hand figure indicates the case with no concrete slab and the

right-hand figure with a concrete slab.

600. The concrete slabs were cured for twenty-two
to thirty days, then kept indoors until the test.
Sheets of wire mesh (wire diameter 1. 6 mm) were
imbedded in the slab at intervals of 30 mm to main-
tain its shape during curing. It was reported that
the reinforcing bar had no appreciable effect on
primary response (e.g. stress wave response) of the
concrete slab”. Therefore, no consideration was
given to the size and interval of the wire mesh. The
density of the concrete slab was 3150 kg - m™ and its
compressive strength was 41. 0N+ mm’” after aging
for 7 days, rising to 51. 4 Nemm™ after aging for 21
days. The floor underneath was made of gravel
5-13 mm in size (one-third normal size) with a
density of about 1600 kg* m>,

The major diameter, the minor diameter and the
depth of the crater were measured to obtain the
resultant crater volume as shown in Fig. 2. The
craters were assumed to show the following charac-
teristics: a) the horizontal cross section parallel to
the ground surface was elliptical and b) the two
orthogonal vertical cross sections were parabolic.
The resultant crater volume V, (m®) was estimated
using the following equation:

T

83-b°L, (1

V,=

Here, a = major diameter of the horizontal cross
section of the crater parallel to the ground surface
(m) ; b= minor diameter of the horizontal cross sec-
tion of the crater parallel to the ground surface (m);
and L, = depth of the crater (m).

3. Results and discussion
3. 1 Perforation criteria of concrete slab

The relationship between charge mass and depth
of perforation of concrete slabs resulting from
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Fig. 3 Relationship between charge mass and perfo-
rated thickness of concrete slabs when sur-
face blasting with C-4. Solid circle = un-per-
forated slab: open circle = perforated slab.

surface blasting with C-4 is shown in Fig. 3. The
boundary between the perforated and un-perforated
region can be expressed as a straight line as
follows.

t=0.154-W" 2

Where ¢ = thickness of concrete slab (m), and W=
charge mass (kg). Since Equation 2 is obtained from
¢=0.045(m), it may be not valid for another thick-
ness. The results obtained by Takeda et al.” are
also shown in Fig. 3 as a dotted line. The present
results gave thinner values than Takeda’s result.
Since Takeda used five kinds of explosives includ-
ing C-4 and masses ranging from 10 g to 600 kg,
their results appear to give a thicker value than
Equation 1. However, since Takeda’s C-4 results
were thinner than their own averaged data, it may
be concluded that the present results show a good
agreement with Takeda’s C-4 results.
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Fig. 4 Crater radii and depths as a function of the
resultant crater volume.
Solid circle = C-4 with H,= 0 mm: open circle
= C-4 with H,=70 mm; open triangle = C-4
without concrete slab; solid square =SS with
H,=0 mm; open square = SS with H,=70
mm; solid diamond =356GIP with A,=0mm;
open diamond = 35GIP with A, = 70 mm.

3. 2 The relationship between diameter and depth
of the resultant craters

In the present experiments, D), is considered
to be the average crater radius, defined as D, =
(a-b)". Figure 4 shows crater radius D, and cra-
ter depth L, as a function of the resultant crater
volume. The results for C-4 with A, =0 mm were
expressed using the following equations:

D,=2.27-V,* (3)
L,=0.498-V,"? (4)

In Fig. 4, the solid lines show Equations 3-4. It was
found that the results of C-4 with H,=70 mm with
no slab present can be expressed using same equa-
tion. It has been reported that the radius and depth
of craters from high-explosive sources in wet soil
and those from high explosive and nuclear sources
in dry soil, soft rock, and hard rock are best esti-
mated using the following equations”.

D,=2.4-V,"*
} ®

L,=0.5-V,""
The values of the present experiment show a good

agreement with Equation 5.
It was found that the crater depths for the smoke-
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Fig. 5 The resultant crater volume as a function of
charge mass. The symbols represent the same
items as in Fig. 4.

less powders were significantly deeper than in the
C-4 data and that the crater diameters were shorter
than in the C-4 data. In particular, the depths for
smokeless powders with A, =0 mm were more than
twice that of C-4 data for the same crater volume.
The reason for this result is unknown, but it may be
a feature characteristic of smokeless powders.

3. 3 Resultant crater volumes as a function of charge
mass

Table 1 shows the results for the major diameter,
minor diameter, and depth of the resultant craters.
Figure 5 shows the resultant crater volume as a func-
tion of charge mass. Since a good linear relation
was obtained for the largest three masses of C-4 with
H,=0 mm (scaled HOB of about 0. 04 m-kg'"),
the data were fitted using the following equation.

V,=0. 00306 W " (6)

It was found that the resultant crater volume was
approximately proportional to the charge mass 3,
The results for 0. 071 kg were slightly smaller than
the value given by Equation 6. This means that the
scaling law is not applicable to small charge masses
in the present results due to the size of the ground
(gravel size is 5-13 mm).

In the data for A, =70 mm, V,was smaller than
the data for H, = 0 mm, especially at small charge
mass, since the smaller the charge mass, the higher



the scaled HOB (scaled HOB increased from 0. 084,
t00.112, to 0. 154 m-kg™"*
The resultant crater volumes thus became smaller
than the values predicted in Equation 6. The effect
of HOB was clearly observed in the C-4 results.
Next, the results without a concrete slab are con-
sidered in Fig. 5. It is very interesting to note that,
except for the smallest masses, the resultant crater

as shown in Table 1).

volumes without a concrete slab closely paralleled
those with a concrete slab. It is concluded that the
slab was so thin that it showed no resistance to sur-
face blasting under perforated slab conditions.

For the smokeless powders, the resultant crater
volumes in the present experiment showed almost
the same value regardless of H, or type of explo-
sive. It is clear that when H, is higher, the pres-
sure acting on concrete slab is lower, and smaller
craters are likely to be formed on the concrete slab,
as clearly observed in the C-4 results. The mecha-
nism of crater formation by explosion on the sur-
face of the concrete slab is considered to be via shock
waves and/or reduction of material strength by the
heat of the explosion”. Table 2 shows detonation
properties such as detonation velocity, temperature,
and pressure at the Chapman-Jouguet point (C-dJ
point) and heat of explosion (HOE) calculated
using the CHEETAH® and KHT” thermochemical
codes for the loading density of each explosive. The
pressures of smokeless powders are one fifth those
of C-4 and TNT, but the temperatures are compa-
rable. Takeda et al. mentioned the importance of

the heating effects of hot detonation product gases.
The relationship between crater depth and diam-
eter for smokeless powder could not be explained
solely by pressure effects in the present result; ther-
mal effects may thus play an important role in the
formation of craters.

Next, we propose an expression to describe the
relationship between the resultant crater volume
and the charge mass of a amokeless powder. Since
the experiments were conducted with 5 kg of smoke-
less powders, the charge mass dependency needs to
be known. In the present experiment, it is assumed
that the dependency mass in the case of smokeless
powders has the same value as that for C-4 with A,
=0 mm. Therefore, the following expression is
obtained for smokeless powders.

V,=0.00163- W"% (7

The range of parameters is W=0.071-4. 331 kgand
H,=0-70 mm. This is shown in Fig. 5 by the dotted
line.

3. 4 TNT equivalent of smokeless powders

Here, the TNT equivalent of smokeless powders
is estimated from the crater volume and the
observed TNT equivalent was compared with the
thermochemical calculation results. The compari-
son of calculated TNT equivalent to the observed
data for two smokeless powders is shown in Table
3. The TNT equivalent is obtained from the ratio of
the heats of explosions in the calculation. As a

Table 2 Detonation properties of exploswes calculated using KHT and CHEETAH codes

Co it Smgle base Double base
mcpi‘ mni ropellant | propellant | TNT
7 O ’ 35_GIP ss |
Loading density (kg'm™) 10 | 550 600 | 1600
. KHT 7198 3958 4176 | 6844
Detonation velocity (m-s” |
etonation velocity (") | yEETAH| 6991 3955 | 4155 | 6722
KHT 3532 3227 3591 3428
Detonation te t ‘
stonation temperature (K)| (v ovprars | ages | 3455 3830 3712
| KHT 18.74 | 2.56 3.09 19. 08
Detonati GP
ctonationpreseure (GPa) | ppran| 1738 | 2.60 1804
KHT 5. 560 4,057 4415 | 4.685
Heat of explosion (MJ-kg"
eat of explosion (MJ"ke™) | (ronmar| 5,314 4.151 4.782 | 4.801
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Table 3 Comparison of calculated TNT equivalent with the observed data for two

smokeless powders
o S;ngle base 5 Double base |
- C-4 | propellant | propellant | TNT
v : . 35GIP Ss
' Calculated® | KHT 1.19 ‘ 0. 866 ‘| 0. 942 1. 00
TNT equivalent (CHEETAH  1.11 | 0.865 0.996 1. 00
Observed™ } - o7 | o068 L0

*; TNT equivalent is obtained from the ratio of the heats of explosions in the

calculation

**; The observed C-4 equivalent of smokeless powders is obtained from equiva-
lent apparent crater volume and it is converted to TNT equivalent by multiply-

ing the factor of 1. 19.

result, TNT equivalents calculated using the KHT
code for C-4, 35GIP and SS were 1. 19, 0. 866 and
0. 942, respectively. The results calculated using
CHEETAH gave closely similar values. The observed
C-4 equivalent mass of smokeless powders was es-
timated from Equation 6 and the resultant crater
volume for /,=0 mm in Table 1. The observed TNT
equivalent for smokeless powders was estimated
from the value of the observed C-4 equivalent mass
of smokeless powders multiplied by the calculated
TNT equivalent of C-4 (1. 19). The average of the
observed results was found to be 30 % lower than
the averaged calculated value (0.91 from KHT
code). The one of reasons for this is that the length-
to-diameter ratio was relatively small and a steady-
state detonation may not occurred for the case of
smokeless powders. Moreover, it is reported that
the calculated and experimental pressure (and
temperature) differ by 10 to 20 % for high explo-
sives”. Since low explosives such as smokeless
powders were used in the present experiment, the
mechanism of crater formation is not fully under-
stood. It may be concluded that the calculated
values based on the heat of explosion and experi-
mental values based on crater dimension agree to
within 30 %.

4. Conclusions

To evaluate the magnitude of the explosion from
the resultant crater volume in the case of ground
made up of gravel under a concrete slab, we exam-
ined the relationship between charge mass and
crater size, effects of scaled height of burst (HOB)

and presence or absence of a concrete slab. In the
case of C-4 and gap of 0 mm, it was found that the
relations among the resultant crater volume, the
diameter and depth agreed well with the reference
data for various rocks and soils. Moreover, the ef-
fect of scaled HOB was clearly observed, and it was
found that the presence or absence of a concrete slab
had no appreciable effect in the present experiment.
On the other hand, in the cases of two types of
amokeless powders, the crater diameters were
smaller and the crater depths were deeper than the
data for C-4. Moreover, the crater volume was
almost a constant value regardless of type of smoke-
less powder or gap. We propose an empirical
formula by which the resultant crater volume can
be used to calculate the quantity of smokeless
powder used. The observed TNT equivalent of
smokeless powders is estimated from the crater
volume results and compared with the calculated
TNT equivalent. A reasonable agreement, within
experimental error, was found.
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