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Abstract

We report measurement of the pressure—time profiles produced by the initiation at ground level
of four common commercial sector explosives with different detonation velocities. The results
indicate that there are no significant differences in the blast waveshapes from the explosives when
measured at distances of 25 and 50 m from the initiation point. Analysis of both peak overpressure
and positive phase impulse data has yielded values for the TNT Equivalence of the materials at
two scaled distances. Our work indicates that the TNT Equivalence values of the materials studied
vary with scaled distance and on whether they are evaluated from overpressure or impulse.

Keywords: Blast characteristic; TNT equivalence value; Commercial explosive; Ground-level detonation;
Detonation velocity; Blast waveshape; Peak overpressure; Positive phase impulse data

1. Introduction

TNT Equivalence has been widely used to equate the blast effects produced by a
given energetic material with those of the well characterised explosive TNT. In some
cases the concept has been extended beyond explosives and applied to such events as
dust explosions and vapour cloud explosions [1] where the analogy with TNT is less
appropriate.

The Health and Safety Executive (HSE) is interested in evaluating TNT Equivalence,
obtaining scaling laws and producing predictive techniques for both the near and far
field blast effects from a range of explosives and energetic materials.
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A blast overpressure measurement facility has recently been constructed and commis-
sioned at the Health and Safety Laboratory’s site at Buxton to enable a detailed study to
be undertaken in this area. While the blast range was being constructed, a contract was
placed with British Gas plc to do a limited number of experiments at their Spadeadam
test site. Surface mounted pressure transducers were used to monitor the pressures
produced by the initiation at ground level of four commonly used commercial explo-
sives. This paper presents our analysis and interpretation of the experimental data
produced under this extra-mural contract.

2. Experimental

The explosives examined in this study were chosen to cover a range of ballistic
mortar strengths and detonation velocities. Table 1 gives further details.

Hemispherical papier-maché shells were used to contain the explosives. The hemi-
spheres had a capacity of approximately 7litres, a wall thickness of 2mm, and an
internal diameter of 340mm. Each shell was coated internally and externally with
varnish to provide a degree of waterproofing. Duplicate charges were prepared using
each type of explosive: the mass of each set of charges differed because of the range of
densities of the explosives.

Super Dopex was supplied in 12.5kg blocks. Slices were carved from the explosive
using a copper /beryllium knife and fitted into the container leaving as few air spaces as
possible.

Special Gelatine 80 was supplied in 200 g cartridges. The gelatinous explosive was
removed from the cartridges and pressed into the container, eliminating as much air as
possible.

Penobel 2 was also supplied in 200 g cartridges. The powder explosive was removed
from the cartridges and added to the container in increments, again eliminating as much
air as possible.

Anobel was supplied as a free flowing powder which was poured into the container.
As Anobel requires a booster to ensure detonation, each charge consisted of 6.5kg
Anobel with a 0.2kg Special Gelatine 80 booster. Since the booster only accounted for
3% of the total mass of the charges, and the relative strengths of Special Gelatine 80 and
Anobel are similar when determined by ballistic mortar measurements (Table 1), the
effect of using a different explosive in the booster compared with the main charge was
expected to be insignificant. We therefore analysed the resultant blast waves as though
the charges consisted of 6.7kg Anobel.

After filling each hemisphere with explosive, a membrane of transparent sealing film
was stretched across the surface of the explosive and taped around the sides of the
container.

On reaching the test site, charges were primed with a Nobel No. 8* detonator (and
booster charge if necessary) located in the base of the charge prior to placing a plywood
board 600 mm X 600 mm X 3 mm on top of the plastics film. The charge assembly was
then inverted and placed on a bed of sand which was levelled prior to each test.

Some problems were experienced owing to flexibility of the hemispherical contain-
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Table 2

Summary of tests

Test number Explosive

1,2 6.5kg Anobel with 200 g Special Gelatine 80 booster
3,4 7.8kg Penobel 2

56 9.6kg Super Dopex

7,8 9.5kg Special Gelatine 80

ers: with Penobel 2 and Special Gelatine 80, cracks developed in the explosive during
transportation of the charges.

With the exception of Anobel, it was necessary to apply pressure to the explosive to
remove air pockets during charge manufacture. This produced distortion of the container
and limited the amount of air that could be removed. On inversion of the Anobel charge,
the sealing film was not rigid enough to prevent movement of the explosive, and a void
at the top of the hemisphere may have been produced. It was not possible, therefore, to
produce entirely homogeneous charges of uniform density, but we feel that any density
variations will have been minor and will have therefore exerted little or no effect on the
measurements.

Table 2 summarises the tests carried out.

The wind blew across the site from a S /SSW direction during the experiments, with
a velocity in the range 3-9ms~'. Since the blast pressures were measured using
piezo-electric gauges, rather than estimating them from the time of arrival of the blast
waves, we believe that the effect of the wind on the blast wave parameters quoted in this
paper will have been negligible.

3. Blast measurement details

Pressure measurements were made using ten Meclec MQ-10 piezo-electric gauges
with a crystal resonance frequency of 80kHz. Signals from these gauges were amplified
and recorded on a Thorn-EMI Datatec BE256 transient recorder. The combined
bandwidth of the amplifiers and filters used to condition the pressure signals was
20kHz, and 12-bit samples were taken at a sampling rate of 50 or 80 kHz, depending on
gauge location. The gauges had been dynamically calibrated to an accuracy of 1% on a
separate calibration rig prior to the experiments.

Gauges were positioned flush with ground level at 25, 50, 75, 100 and 150 m from
the firing position, as shown in Fig. 1. Gauges 1 to 4, 8 and 10 were in a horizontal line
running approximately East—West at the same height as the firing point, while gauges 5,
6, 7 and 9 were all in a line at right angles, but at a lower level than the firing point.
There were a number of earth embankments and cuttings around the test area, and the
firing point was surrounded by such embankments.

The British Gas facility had been set up to measure overpressures from BLEVEs,
with the explosions centred well above ground level. Although the gauges at the lower
levels (5, 6, 7 and 9) are satisfactory for recording the overpressures from such events,
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Fig. 1. Layout of the test site.

they would be expected to give low results for explosions at ground level. It is also
expected that the presence of earth embankments around the initiation centre could have
influenced the results recorded by the ground level gauges, as could reflections of the
blast waves from obstacles around the test area.

The expected form of an ideal shock wave from an unconfined high explosive is
shown in Fig. 2. It is characterised by an abrupt (essentially discontinuous) pressure
increase at the shock front, followed by a quasi-exponential decay back to ambient

Pressure

Pressure | . (t) ,l

Time

Fig. 2. Ideal shock wave in air.
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pressure. A negative phase follows, in which the pressure is less than ambient, and
oscillations between positive and negative overpressure continue as the disturbance
quickly dies away. These further oscillations, being of low pressure difference, are not
very important compared with the first positive phase, and usually are not examined.

The backslope of the positive phase of an ideal air blast wave is commonly fitted to
the modified Friedlander equation, which is given [5] by P'(1) =P, +
OP,..(1 = (t/t3))e "'/ where b is a positive constant. The fitting of this equation to
the upper portion of the backslope of a blast wave can be used to partially compensate
for the non-ideal nature of pressure gauge recordings, caused by their finite response
time and the presence of noise. This technique [6,7] was used to obtain the peak
overpressures quoted in this paper.

It was found that many of the pressure—time recordings from the gauges at positions
3,4, 5,6,9 and 10 did not exhibit the typical blast wave characteristics expected from
condensed explosives. One example of a recording which appears to involve the
superposition of different blast waves is given in Fig. 3. The non-ideal nature of certain
of the pressure—time profiles is attributed to the topography of the site, since the
pressure profiles recorded at gauges 1, 2 and 8, where there is a reduced likelihood of
interference, were similar to the ideal shock waveshape. An example of a recorded blast
wave which exhibits near ideal shock wave characteristics is shown in Fig. 4.

Comparison of Fig. 4 with the pressure profile from a non-typical blast wave, Fig. 5,
indicates that the rate of increase of pressure in the non-typical blast wavefront is lower
than in a shock wave. The gradient of the shock front is critical to the energy dissipation
within the wave as it travels through the air, since this is the region in which
non-iseniropic compression occurs [8]. In order to provide a meaningful comparison
between the measured blast waves from commercial sector explosives and those
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Fig. 3. Example of a recording showing superposition of blast waves.
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Fig. 4. Example of a recording exhibiting shock wave characteristics.

published for TNT, only pressure waves which exhibited near ideal waveshapes were
analysed to obtain values for OP,,, and I, see Table 3.

Some of the pressure gauge signals were found to be degraded by the presence of
noise. Eliminating this interference by conventional moving-window averaging tech-
niques was not considered an appropriate method for improving the quality of the data,
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Fig. 5. Example of a recording exhibiting non-ideal blast wave characteristics.
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Table 3
Recordings analysed for blast wave characteristics

Test number Gauge recordings used

P1,P2, P8

P1, P8

P1,P2, P8
P1,P2,P8

P1, P2, P5, P8, P9
P1, P2, P5, P8

P1, P2, P8, P9
P1, P2, P8, P9

0N AW -

since this would have seriously reduced the value of OP,,,. The signals were therefore
digitally post-filtered, removing those frequencies that were consistent with noise. We
estimate that this caused an average reduction in OP,,, of only 1-2%.

ax

4. Measurement of shockwave characteristics

The values for OP,,, and I™ for those pressure recordings that exhibited shock wave

behaviour were calculated and then scaled to mean sea-level conditions and 1kg of
material, using Sachs’ relationships [9]:

R ,
Z=——"7 (1)
3({Pol3
W [
%)
P’
P=T (2)
7]
I+
£+= 1 2 1 (3)
5[ Po)3[To )z
=)z}
t
T=— (4)

1 1
P \T;

Ambient temperature and pressure measurements were provided by the Meterological
Office weather station at Carlisle, and adjusted to take account of the altitude of the test
site (approximately 270 m). The average ambient air pressure and temperature during
tests 1 to 3 were 97 500 Pa and 278 K, respectively. Tests 4 to 8 were conducted with an
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average ambient air pressure of 96 800 Pa and air temperature of 283 K. The Sachs-scaled
results are summarised in Table 4.

The method used to estimate OP,, was that previously reported by Kinney and
Graham [6], and Ismail and Murray [7]. If ¢ in the modified Friedlander equation is
measured from the time of arrival of the blast wave, then when ¢ is small, (1 - t/7,) = 1,

b
sodln(P — P,)/dr - — P Hence the natural logarithm of the overpressure (P — P,) in

d
a blast wave, plotted against time, should be a straight line after OP,,, . Extrapolation to
time = 0 will yield In(OP,,, ), and provide an estimate of OP,,, at the arrival time of
the blast wave. Peak overpressure values calculated by this method were then Sachs-
scaled to mean sea level conditions.

The specific procedure used to analyse the results reported in this paper was to:

. Plot In(overpressure) against time.

. Fit a straight line to the top portion (15%) of the backslope, after the recorded peak.
. Extrapolate this line back to ¢,.

. Find the value of In(OP,,,).

. Sachs-scale OP,,,, to mean sea-level conditions.

Fig. 6 shows peak overpressure against scaled distance for the explosions initiated in
these trials. The uncertainty in the data points is mainly due to variations between the
two repeat experiments on each material, and is between 5 and 15%.

The positive phase impulse (per unit area) is given by I"= [/s P(z)ds, and was
calculated by numerical integration of the recorded blast waves using FAMOS software
[10]. Impulse values calculated by this method were then Sachs-scaled to mean sea level
conditions and 1kg of material. Fig. 7 illustrates the dependence of scaled impulse on
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Fig. 6. The dependence of peak overpressure on scaled distance.
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scaled distance for the explosives examined in this study. The uncertainty in the data
points is again mainly due to variations between the two repeat experiments on each
material, and was a maximum of 29% (for Special Gelatine 80).

5. Calculation of TNT equivalence

The TNT Equivalence (7NT,) of a material is given [11] by:

WTN T

Wx ) OP . 1"

where W, = mass of explosive charge and Wy =mass of TNT producing the same
peak overpressure, or positive impulse, at the same distance.

This was calculated for the recorded blast waves using the methods described by
Maserjian and Fisher [12], and published TNT hemispherical groundburst data [9]. These
methods for calculation of TNT Equivalence have also previously been used by Esparza
[13]. TNT Equivalence by overpressure can be calculated from the following relation-

ship:

TNT,(%) = 100 X ( (5)

7 \3
(Lo = | = | ©)
INT / OP 1oy
where Z, = scaled distance from the explosive charge and Zpy; = scaled distance from
TNT producing the same OP,_, .
Since an OP,, of 1857 Pa was recorded from Penobel 2 at Z = 25.0, and the lowest
TNT pressure reported in Ref. [9] is 2360Pa at Z = 40, it was necessary to extrapolate
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TNT Equivalence by Overpressure (%)

the published data to Z = 50 in order to evaluate [TNT,],, . A straight line was fitted
to the low pressure TNT data points on a log—log graph against Z. This yielded a
gradient of — 1.30 which is in reasonable agreement with the value of —1.38 reported

TNT Equivalence by Impulse (%)
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by Honma et al. [14] for a range of weak (< 200 Pa) shocks in air. Since the line drawn
was a satisfactory fit to the published low pressure data, the value of —1.30 was used in
all subsequent calculations. Fig. 8 illustrates the dependence on scaled distance of TNT
Equivalence evaluated in this manner.

In order to obtain the TNT Equivalence by impulse, [TNT_],-, using the method of
Maserjian and Fisher [12] it was necessary to obtain the intersection point of a
construction line of unity gradient with the TNT impulse curve, yielded by a plot of {*
against Z. In order to simplify calculation of the intersection point, it was found that
published TNT impulse data for groundburst {9] when plotted on a log—log graph
against Z could be adequately approximated by a straight line dependence in the region
of interest.

A scaled impulse of 2.85sPakg™!/? was recorded from Penobel 2 at Z = 25.0, and
the lowest TNT scaled impulse reported in Ref. [9] is 7.92sPakg™'/3 at Z = 40. It was
therefore necessary to extrapolate the published TNT impulse data in a similar manner
to that described for OP,_, above, in order to evaluate [TNT,],+ for Penobel 2 at
Z=125.0. The published data for scaled impulse was extrapolated to Z = 53, using a
straight line of gradient — 1.0 fitted to the low impulse data points on a log-log graph
against Z. Fig. 9 illustrates the dependence of TNT Equivalence calculated by impulse
on scaled distance for the experiments reported in Table 4.

6. Comparison of TNT equivalence from overpressure and impulse

Figs. 8 and 9 indicate that different values of TNT Equivalence are obtained from
overpressure and impulse data. In order to investigate the relative magnitude of the two
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values, the ratio (TNT,1,p_ /[TNT];+) was calculated for each experiment and the
values plotted against Z, Fig. 10. Although only limited data are available and the error
bars on the graph are large, it can be concluded that, generally, [TNT,], P> [TNT],-.

7. Discussion and conclusions

At the sensor locations used for these tests, there was no significant difference in
blast waveshape from explosives with different detonation velocities. It had been
expected that blast waves from explosives with slower energy release rates would have
taken longer to ramp up into shock waves. The fact that this was not observed is
attributed to the large distances between the charge and gauges.

The topography of the site affected many of the pressure recordings, as embankments
and other obstacles interfered with blast wave propagation. It is expected that the
propagating blast waves would have been affected to differing degrees by both diffrac-
tion (as they travel over surrounding embankments) and by reflection (from obstacles
around the test area). Many of the recordings of blast waves that had suffered
interference exhibited non-shock wave characteristics, and pressure recordings affected
in this way were not used in the evaluation of TNT Equivalence. Signal traces from
locations 1, 2 and 8 were found to possess characteristics similar to those of an ideal
shock wave, because the blast waves at these positions had travelled over smoother
terrain than that used for the location of the other gauges on the site. These recordings
were used to evaluate TNT Equivalence for the explosives studied. Ideally, in order to
make measurements which can be used to compare blast waves from explosive sources
with those reported for TNT, a flat area of land is needed which is free from
obstructions that could interfere with the blast waves.

TNT Equivalences obtained from this study are summarised in Table 5. The values
given for the explosive Anobel should only be considered as rough estimates, since it
has been reported [4] that an unconfined charge size of at least 450kg is needed before
ANFO can be considered to release its full energy. Free-field blast measurements with
ANFO [4] have yielded TNT Equivalence values of about 85%.

The significant difference between the TNT Equivalence values calculated from our
data for Penobel 2, and the value obtained from ballistic mortar measurements [2], Table

Table 5
TNT Equivalence values of some commercial explosives
Explosive [7NT,] by [TNTJop,_ (%) [TNT, ]+ (%)
batlistic Scaled distance (mkg™'/?) Scaled distance (mkg™~'/?)
mortar (%)
13 25 13 25
Super Dopex 98 103 87 48 77
Special Gelatine 80 83 66 62 33 54
Anobel 73 372 642 254 46°?
Penobel 2 37 92 132 82 112

® For indication only, as it is likely that these materials did not fully detonate in the tests reported here.
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5, may be due to the lower confinement of the material in the airblast trials. Penobel 2 is
a permitted mining explosive which is designed to release its full energy only when
confined.

Since the experiments used a groundburst configuration, the hardness of the ground is
an additional variable that could have affected the TNT Equivalences evaluated in this
paper. The proportion of explosion energy radiated as a blast wave will depend upon the
energy absorbed during crater formation, and the absorption coefficient of the ground.
Although the absorption coefficient is not known, comparing the blast gauge recordings
with published hemispherical groundburst, rather than airburst, TNT data ensures that, as
far as possible, the most accurate TNT Equivalences have been evaluated from our data.

Although this paper presents only limited information from some initial studies on
blast, it is still possible to draw two general conclusions from our work: the TNT
Equivalences for the materials studied are different depending on whether they are
evaluated using overpressure or impulse data; and the values of TNT, evaluated from
overpressure are generally greater than those evaluated from impulse.

Other authors have previously reported that the TNT Equivalence of certain explo-
sives is distance-dependent. For example, De Yong and Campanella [15] have published
information indicating that the TNT Equivalences calculated by overpressure for a range
of primary explosives and pyrotechnics vary with distance. Swisdak has also reported
that the TNT Equivalence of some high explosives (e.g. Composition B, Composition
C-4, Pentolite, and Tritonal) varies with distance and with the method of calculation
[16].

The programme of air burst experiments with commercial sector energetic materials
that is currently under way using the new facility at Buxton will generate much useful
information. The results obtained from these studies will enable a detailed examination
to be made of both the applicability of TNT Equivalence to quantification of the airblast
hazard from a range of detonating materials, and the general applicability of the above
observations,

8. Nomenclature

The following symbols are used in this paper:

w charge mass (kg)

R distance (m)

t time (s)

t, arrival time of blast wave (s)

t positive phase duration (s)

P'(1) pressure at time ¢ (Pa)

P(1) Sachs’ scaled pressure at time ¢ (Pa)

P, ambient atmospheric pressure (Pa)

P, standard atmospheric pressure (101300 Pa)

peak overpressure (Pa)
T ambient air temperature (K)
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T, standard air temperature (288 K)

I impulse (Pas)

It positive phase impulse (Pas)

I negative phase impulse (Pas)

Z scaled distance (mkg™'/3)

T scaled time (skg™!/?)

rr scaled positive phase impulse (Paskg™'/3)
TNT, TNT Equivalence (%)

[TNT,],p_ . TNT Equivalence derived from overpressure data (%)
[TNT,],» TNT Equivalence derived from positive phase impulse data (%)
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