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Abstract Laboratory-scale experiments with gram-range
explosive charges are presented. Optical shadowgraphy and
high-speed digital imaging are used to measure the explo-
sive-driven shock-wave position as a function of time. From
this, shock Mach number-versus-distance from the explo-
sion center can be found. These data then yield the peak
overpressure and duration, which are the key parameters in
determining the potential damage from an explosion as well
as the TNT equivalent of the explosive. Piezoelectric pressure
gage measurements of overpressure duration at various dis-
tances from the explosive charges compare well with the-
oretical calculations. A scaling analysis yields an approach
to relate the gram-range blast to a large-scale blast from the
same or different explosives. This approach is particularly
suited to determining the properties and behavior of exotic
explosives like triacetone triperoxide (TATP). Results agree
with previous observations that the concept of a single TNT
equivalence value is inadequate to fully describe an explo-
sive yield, rather TNT equivalence factor and overpressure
duration should be presented as functions of radius.
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1 Introduction

Explosive characterization is the process of quantifying
explosive blast parameters relative to a standard. Typically
TNT equivalence is reported, where explosion parameters
or energy release are compared to the same results from an
“equivalent” mass of TNT. This method is useful for esti-
mation and comparative experiments, but it cannot describe
the detailed differences in shock wave motion when different
explosives are used [1]. Shock propagation speed determines
the overpressure and its duration [2], thus explosives pro-
ducing different shock speeds will have different overpres-
sure and duration profiles. Such property differences result
in different explosive impulses, damage potentials, and mul-
tiple “TNT equivalences” for the same blast [3] depending
upon radius from the explosion center. To better character-
ize explosives, the shock wave radius and the overpressure
duration as functions of time should be presented instead of
mere TNT equivalence [4].

Shock wave propagation from large-scale blasts has been
scientifically documented [5], but these tests are expensive
and dangerous to researchers and test facilities. Recently,
Kleine et al. performed explosive tests with 0.5–10 mg of
silver azide and a laboratory-scale optical schlieren method
[4]. These experiments pioneered the use and scaling of small
explosive charges in economical and safe experiments. With
the Hopkinson scaling law, mass, distance, and time can be
scaled for explosives over a wide range of charge sizes [6].
Under the right circumstances, testing can be conducted at a
laboratory scale and results extrapolated to large scale, reduc-
ing the need for full-scale tests.

The present research extends the small explosive charge
characterization and scaling techniques pioneered by Kleine
et al. [4] with milligram charges to the gram range. This
research focuses on the measurement of shock wave
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radius-versus-time using high-speed digital shadowgraphy.
The experiments include the measurement of overpressure
duration at various distances from the charge center. The col-
lected data provide the basis for future gram-range-explosive
materials testing.

2 Experimental procedure

2.1 Explosive charges

Two different explosives have been used in this research
in order to document explosive parameter differences. The
charge masses used here reflect ease of handling, manufac-
ture, and safety considerations for each explosive material.
An image of two typical charges is presented in Fig. 1.

Triacetone triperoxide (TATP), a primary explosive, was
selected because of its recent use in terrorist activities [7].
The TATP was mixed with about 5% by mass nitrocellulose
binder and formed into hemispheres. Two hemispheres were
joined with liquid binder after placing a 0.15 mm tinned-
copper wire through the center. The wire served as a hot-
wire initiator for the primary explosive charge, powered by
a 12 V automobile battery. Charge masses ranged from 0.5
to 4 grams. Each size was made in a hemispherical mold so
that all charges were spherical.

Pentaerythritol tetranitrate (PETN) is a common and well-
documented secondary explosive used in detonators for high
explosives [8]. To initiate the PETN a 0.15 mm copper wire
was used as an exploding bridgewire. Ground PETN crys-
tals were mixed with 10% by mass nitrocellulose binder and
pressed into cylindrical molds with the copper wire along the
axis of the cylinder. The bridgewire initiation was driven by
a commercial exploding-wire apparatus with 15µF capaci-
tance charged to 4,000 V. The methods for producing spheri-
cal TATP charges were unsuccessful when applied to PETN,
but cylindrical charge molds worked well. Nominal PETN

Fig. 1 1 gram TATP (left) and PETN (right) explosive charges. Both
explosives are formed with a thin wire running through the center of
the charge. The scale shows millimeters and inches

charge masses of 1 and 2 grams were used, with both molds
having a length-to-diameter ratio of 1.

2.2 High-speed shadowgraph visualization

Each charge was detonated at the focus of a 0.76 m aperture,
z-type optical focused shadowgraph system [9]. The focused
shadowgraph technique allows the shock wave to be precisely
imaged in the plane of the charge when the event is recorded
with a high-speed digital camera. A 200 W Newport Xenon
arc lamp provided continuous white-light illumination and a
Photron APX-RS digital camera recorded the explosive event
at frame rates from 10,000 to 250,000 frames per second with
exposures of 1µs per frame. A schematic of the shadowgraph
system is given in Fig. 2. Theoretically, the shadowgraph
effect should disappear when the camera is focused sharply
on the explosive charge [9]. In this case, however, the shock
wave of interest was strong enough and extended over a suf-
ficient optical path length to provide well-defined shadows
even when sharply focused.

Each test was recorded as a sequence of microsecond
digital images of the shock wave propagating from the explo-
sion center. Each sequence of images was then processed to
locate and track the shock wave from the explosion center to
the edge of the field of view. The position-versus-time his-
tory of the shock wave can then be used to determine shock
Mach number and downstream properties throughout the
event via the well-known Rankine-Hugoniot normal-shock
theory. Shock position-versus-time data were extracted from
the digital images using an image processing code written in
MATLAB. A typical image sequence from an explosive test
is shown in Fig. 3.

In order to check the symmetry of the shock waves pro-
duced from these small charges, a second shadowgraph
system was set up perpendicular to the first, as shown in
Fig. 4. The second system was an “Edgerton” retroreflective
shadowgraph system [10]. This system used a 2 m retrore-
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Fig. 2 The z-type focused shadowgraph system. The mirrors are
0.76 m aperture and the test section is roughly half way between the
mirrors. The schematic is not drawn to scale
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Fig. 3 Sample images from a test of 1 gram PETN, frames are 56µs
apart

flective screen with a 1000 W Xenon arc lamp as an illu-
mination source. A second Photron APX-RS digital cam-
era, synchronized with the first, recorded the event at the
same time as the master camera. The two systems together

light
source

explosion

camera

rod mirror

retro-reflective screen

light
sourcecamera

charge orientation

mirror

Fig. 4 A schematic of the perpendicular shadowgraph systems used
to make simultaneous image sequences. The schematic is not drawn to
scale

provided perpendicular views of the explosion, as shown in
Fig. 5.

The focused shadowgraph images, shown on the left in
Fig. 5, are sharper and show more detail, as expected. The
retroreflective images, on the right in Fig. 5, are less sharp
and not as detailed, though the shock front is still shown
clearly. Images from the focused shadowgraph system are
preferable because there is a one-to-one relationship between
measurements in the image plane and the object plane when
sharply focused. The retroreflective images require a sim-
ple geometric correction to relate the observed shock radius
in the image plane to the actual shock radius, as shown by
Dewey et al. [11].

When combined, the two views of the shock wave give an
estimate of the degree of spherical symmetry. The 1 gram
PETN charge was positioned so that the cylindrical axis
aligned with the optical axis of the focused shadowgraph
system. The resulting images from this system show a highly-
symmetric shock wave at all distances from the charge. This
is the plane of the shock wave that is measured both opti-
cally and with pressure gages. The second plane shown in
Fig. 5 is the plane of the charge axis. The shock in this plane
shows some asymmetry and residual shape due to the cylin-
drical shape of the charge. Huygen’s Principle requires the
eventual generation of spherical shocks, and within about
0.15 m of the charge center the irregular shock has become
nearly spherical. This asymmetry is similar to that reported
by Kleine et al. [4], but the present charges show better shock
symmetry. This may be due to the more-symmetrical method
of charge initiation.

The spherical TATP charges used here had no noticeable
asymmetry when examined in the same manner.

2.3 Pressure measurement

PCB Piezotronics model 105C13 pressure gages and a model
481 signal conditioner were used to document the shock wave
overpressure duration at various distances from the explosive
charge center. The pressure gages were mounted and posi-
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Fig. 5 Images from the
simultaneous shadowgraph
tests. The images from the
z-type focused shadowgraph are
on the left and the images from
the retroreflective shadowgraph
are on the right. The frames are
67µs apart

tioned face-on to the blast as described in Rahman et al. [12].
The positive pressure duration was measured and used to
determine the positive impulse, the integral of pressure from
the time of shock arrival to the end of the positive duration
[13]. The negative impulse phase was ignored [6]. Gage iner-
tia, response time, and noise make recording peak overpres-
sure inaccurate, so the Rankine-Hugoniot relation was used
to determine peak overpressure from the measured shock
Mach number [2]. This is valid so long as the perfect gas
assumption holds, which allows its use throughout the event
except very close to the charge, where the high temperature
behind the shock wave causes real-gas effects [14]. Thus no

calibration for pressure is given in Fig. 6 because the peak
overpressure is obtained by other means.

A typical unfiltered pressure trace recorded with the
Tektronix TDS2000 digital oscilloscope and a 100 kHz low-
pass-filtered signal are given in Fig. 6. The unfiltered data
were noisy due to the small size of the charges and irregular-
ities in the shock front. The filtered trace was used to deter-
mine the overpressure duration using the method outlined
by Kinney and Graham [2]. The second peak in the pressure
record was due to a shock reflection from the bracket hold-
ing the pressure gage. When determining the duration, only
data points between the initial peak and this reflection were
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Fig. 6 Sample experimental pressure trace from the passing of a shock
wave. The original and filtered data points are graphed. The duration
is estimated by examining the exponential decay of the overpressure as
described by Kinney and Graham [9]

used. The pressure rise from the secondary shock is insignif-
icant compared to that from the primary shock. The location
of the secondary shock was verified by comparing the time
of arrival from the pressure trace with an image sequence
showing the secondary shock passing the pressure gage.

3 Experimental results

3.1 Explosive scaling

Explosives are typically scaled using the Hopkinson or Sachs
scaling laws. Hopkinson scaling assumes that similar shock
waves are produced at scaled distances from two charges
of the same material but with different masses, when det-
onated in the same atmosphere [6]. Sachs scaling accounts
for temperature and pressure differences in the atmospheres
in which charges are detonated [13]. Both scaling laws have
been extensively confirmed on both large and small scales,
e.g. by Dewey [5] and Kleine et al. [4], respectively. The
scaling approach used by Kleine et al. [4] was also used here,
where all experiments were scaled to Normal Temperature
and Pressure (NTP). The scaling is given in Eqs. (1) and (2)
and the scale factors are presented in Eqs. (3) and (4).

RS = R/S (1)

tS = ct/S (2)

S = (W/Wstd)
1/3(101.325/P)1/3 (3)

c = (T/288.16)1/2 (4)

Variables with subscripts S are the scaled values. R is the
radius from the charge center, t is time, P is actual atmo-
spheric pressure, T is actual atmospheric temperature, W
is explosive mass, and Wstd is the mass being scaled to, in

this case 1 gram. Once scaled, the shock-wave-motion data
points can be fit to Eq. (5) yielding coefficients A, B, C ,
and D, where a0 is the speed of sound at NTP. For curvefits
to data close to the charge center, B should be set to 1 to
guarantee an asymptote to the speed of sound for large time
[15]:

RS = A + Ba0tS + C ln(1 + a0tS) + D
√

ln(1 + a0tS) (5)

3.2 Shock tracking

To verify the scaling laws for TATP and PETN, charges of
different masses were exploded and the shock wave radius
versus time data were recorded with the shadowgraph sys-
tem described above. Graphs of the measured and scaled data
for TATP and PETN are given in Fig. 7. The measured data
spread due to faster shock propagation with increasing charge
mass. When scaled, the data collapse upon a single curve to
within the error of the optical and image processing systems.
Each set of data in Fig. 7 represents only a sample of the
data recorded; multiple charges at each mass were exploded,
revealing high repeatability between charges.

The scaled data for each explosive were combined from all
tests and fit by least squares to Eq. (5), with B set to 1. The
equation was then differentiated and manipulated to yield
Mach number as a function of radius, the most important of
present experimental results, which is given in Fig. 8. Also
plotted in Fig. 8 are the “standard” values for 1 gram of TNT
[2]. From this graph all post-shock gas property informa-
tion can be generated using Rankine-Hugoniot or a real-gas
theory.

The shock Mach number decays to 1 (a sound wave) within
0.5 m for these gram-range charges. Thus these charges are
safe for indoor testing, where researchers require only hear-
ing protection during a test when working several meters
away, behind simple barricades. Limited data were obtained
for R ≤ 0.03 m because of camera speed resolution limits
and the physical limit of the charge radius.

3.3 Pressure duration

The overpressure duration measurement completes the defi-
nition of explosive impulse for gram-range charges. Kinney
and Graham [2] suggest that the duration can be calculated
upon knowing the speed of the shock wave as a function of
radius and assuming that the point marking the end of the
positive pressure pulse (the “zero point”) moves at the speed
of sound based on gas temperature behind the shock wave.
This “theoretical” duration can be calculated from the shock
Mach number versus radius data by invoking the Rankine-
Hugoniot theory. Each point in space is assumed to have a
static temperature caused by a shock wave passing at a given
Mach number. Simple gas dynamics calculations and a finite
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Fig. 7 Measured and scaled shock radius as a function of time for
PETN and TATP. The scaled data is scaled to 1 gram charges. The error
bar associated with each point is the size of the data point symbol,

typically about 2 mm uncertainty in radius measurement. This repre-
sents a small sample of the total experimental data obtained

Fig. 8 Mach number as a function of scaled radius for 1 gram of PETN,
TATP, and TNT. Error bars are shown for points where the error is larger
than the curve marker symbol. Uncertainties for measurements when
R > 0.10 m are typically about 3% of the Mach number

difference scheme can be used to propagate the shock front
and zero point through space to estimate the overpressure
duration.

Present experimental pressure duration measurements
support Kinney and Graham’s suggestion to within exper-
imental error. More experiments should be performed, how-
ever, to further confirm this theoretical approach.

The predicted duration curves for TATP and PETN, cal-
culated using the method above, along with experimental
data for PETN, are given in Fig. 9. The experimental error
varies inversely with radius due to possible irregularities in
the shock front near the explosion center. The experimental
and theoretical match shows the value of knowing the shock
Mach number-versus-radius profile for an explosive, since it
also determines the overpressure duration.

Explosive impulse, calculated from the peak overpressure
and the overpressure duration, is a parameter that is used to
scale damage to solid surfaces adjacent to a blast. While the
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Fig. 9 Calculated and measured overpressure duration as a function
of radius for PETN and TATP. Theoretical curves are determined using
the method of Kinney and Graham [2]. The error in measured values
decreases with increasing distance from the explosion center

present research is focused on understanding the explosive
event, future work will address impulse effects on adjacent
blast-resistant material samples.

3.4 TNT equivalence

One method of computing TNT equivalence is to find the
mass of TNT required to cause the same overpressure at the
same radius as a different mass of another explosive charge
[4]. Thus the TNT standard shown in Fig. 8 is scaled by mass
until the Mach number matches that of the desired explosive
curve at each point. This process generates a variable TNT
equivalence as a function of radius from the explosion center,
as shown by Kleine et al. [4]. It is shown in Fig. 10 for TATP
and PETN.
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Fig. 10 TNT equivalence for 1 gram of PETN and TATP as functions
of distance from the charge center

Previous TNT equivalence estimates for PETN range from
1.2 to 1.8 grams TNT per gram PETN depending on the type
of test used to calculate equivalence [2]. The present research
shows that the TNT equivalence actually varies between 0.7
and 1.8 depending on the radius from the explosion center.
Similar results were published by Kleine et al. [4] for silver
azide.

One published TNT equivalence value for TATP is
0.88 grams TNT per gram TATP [16]. The present data show
a TNT equivalence range from 0.3 to 0.5 grams TNT per gram
TATP. The TATP used here included a desensitizing polymer
to stabilize the material, reduce volatility, and allow safer
handling (Cho, I., personal communication). This could pro-
duce a lower TNT equivalence than pure TATP. However, the
large discrepancy is more likely due to the different methods
used to measure TNT equivalence here and in the work by
Kemp [16]. The measurements shown here accurately repre-
sent the shock wave strength and the subsequent explosive
damage potential.

These equivalence values based on the TNT “standard
explosion” are expected to be valid over the majority of the
shock wave radius range with the exception of its extremes.
Both TNT equivalence curves show maximum values
between scaled radii of 0.05 and 0.15 m. The decrease in
equivalence at smaller radii is most likely due to significant
errors near the explosion center. Limited camera resolution
and other factors prevent more accurate measurements in this
region. The high slope of the TNT Mach number-versus-
radius curve in this region causes small errors in measured
Mach number or radius to be magnified in determining TNT
equivalence.

The decay of the equivalence curve with increasing radius
is likely due to different chemical processes. TATP is a highly-
non-ideal-explosive [17]. TNT is known to have an after-
burning effect which changes the way in which the shock
propagates, relative to an ideal explosion. Dewey has shown
that TNT maintains a larger overpressure than an ideal explo-
sion at large distances [13]. The difference in shock speed,
and therefore TNT equivalence, is thus highly dependent
upon the chemical mechanism by which the explosion pro-
cess occurs. A detailed study of reaction mechanisms would
be required to fully explain the TNT equivalence curve shapes
of Fig. 10.

3.5 Experimental errors

Limited camera resolution caused some shock location
tracking errors. Typically the shock location was determined
to within two pixels. For each test a calibration image was
taken to relate image pixels to a physical length in the image
plane. Tests were conducted with different fields-of-view and
camera speeds in order to optimize the data resolution. The
most difficult measurements to make were near the explosion
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center, where the largest error bars occurred. The repeatabil-
ity of these experiments, over twenty trials, allowed a further
reduction of the error bar size. Typical errors for all mea-
surements with R > 0.10 m are on the order of ±3%. Error
estimates are presented on all figures either as explicit error
bars or by the size of the data symbols.

Overpressure duration measurements have a wider error
due to pressure-gage noise. The method for determining over-
pressure duration cited by Kinney and Graham [2] allows this
error to be mitigated by examining a broad trend in the data.
Measurements show good repeatability. The error bars are
drawn based on two standard deviations. The error is about
±5% of the measurement level, with the largest error occur-
ring nearest the explosion center.

4 Future work

The techniques used here should be applied to other explo-
sives to build a library of explosive equivalent strength pro-
files. Larger-scale tests should also be performed to ensure
the scalability of the results presented here.

More experiments should be performed to document the
variation of overpressure duration as a function of radius,
thus to further test the hypothetical variation proposed by
Kinney and Graham.

The explosive characterization performed here can also
be applied in future work on material blast response. The
shock wave overpressure magnitude and duration profiles are
the basis for this future work. With known Mach number-
radius profiles, gram-range charges of different explosives
and/or different masses can be exploded at various distances
from a “witness plate” made of a known or candidate blast-
resistant material. Ultimately, material response curves can
be generated for a given overpressure magnitude, duration,
or combined impulse. These response curves can be used to
evaluate the blast mitigation properties of old and new shield-
ing materials. Future materials testing will be challenged to
scale material properties, but small-scale blast results will be
useful for computational model validation and will provide
better realism than typical drop-weight tests.

Gram-range explosive testing is not expected to entirely
replace full-scale materials testing using charges at the kilo-
gram level or larger. Nonetheless, gram-range testing has its
applicability, the limits of which are yet to be determined.

5 Conclusions

A single TNT equivalence value is insufficient to define
explosive strength parameters, as observed previously [4,18].
Shock wave Mach number and overpressure duration, as
functions of radius from the explosion center, are required
to properly define all parameters [4]. Here, TATP and PETN

have been characterized by optically determining the shock
wave radius-versus-time and by also measuring the overpres-
sure duration as a function of radius. The pressure duration
hypothesis of Kinney and Graham [2] was supported here for
PETN, although more experiments should be performed for
further validation.

This work also highlights the benefits of performing gram-
scale experiments in the laboratory. These experiments are
safer and cheaper than the equivalent full-scale tests. The
optical methods and high speed digital imaging used in the
laboratory environment allow more data to be recorded and
more useful information to be derived than in typical full-
scale outdoor explosive tests. These small-scale tests cannot
fully replace full-scale tests, but they show useful potential.
Inexpensive small-scale tests could be used to determine key
experimental parameters and to bracket results to within an
order of magnitude. Following gram-range testing, a limited
set of full-scale tests should still be conducted to check the
scaled results.
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