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Abstract: Erythritol tetranitrate (ETN) is a highly sensitive
nitrate ester that has a molecular structure similar to nitroglycerine and pentaerythritol tetranitrate (PETN). In this
study, experiments detonating 175 g of ETN were repeated
three times to measure blast waves 0.6 m above the
ground. TNT and PETN were also tested under the same
conditions for comparison. The average peak overpressure
of ETN was about 30 kPa at 3 m from the explosion center
(5.4 m kg 1/3 scaled distance), which was much higher than
that of TNT (about 22 kPa) and similar to PETN. The effects
of the reflected wave from the ground appeared at greater

distances of 5 and 7 m (8.9 and 12.5 m kg 1/3, respectively),
as verified by the waveforms and high-speed camera
images. Previous TNT data for peak overpressure vs. scaled
distance were used to calculate the TNT equivalents for the
experimental data, which revealed that ETN had a similar
value to PETN. The fragment velocities of steel cylinders
were measured, and that of ETN (1040 m s 1) was higher
than that of TNT (957 m s 1) and lower than that of PETN
(1260 m s 1). The Gurney constant for each explosive was
obtained by using the initial fragment velocities.

Keywords: Erythritol tetranitrate · TNT equivalent · Mach reflection · Metal fragments · Gurney constant

1 Introduction
Erythritol tetranitrate (ETN) (Figure 1) is a simple nitrate
ester that was first prepared in 1949 by Stenhouse [1], although it has not been investigated as an explosive until
recently. There is increasing concern that ETN will become
a common home-made explosive (HME) owing to its relatively easy synthesis and the increased availability of erythritol, the starting material for ETN [2–4]. ETN is more sensitive than pentaerythritol tetranitrate (PETN), but less sensitive than nitroglycerin [5, 6]. The high sensitivity of ETN
means that it must be handled with the utmost care
[2, 6, 7]. The crystal structure, physical and chemical properties of ETN have been reported recently, and its similarity
to PETN was highlighted [2, 6, 8], although they have different melting points and oxygen balances [5].
Recently, Manner et al. reported the detonation velocity
and critical diameter of ETN, suggesting that its high explosive performance is similar to PETN [8]. However, the explosion properties of ETN have not been thoroughly investigated. The pressure of blast waves and fragment velocities
generated by ETN, especially for large charges, are not
known.

Figure 1. Molecule of erythritol tetranitrate.
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In the presented study, several hundred grams of ETN
was prepared and explosion experiments were conducted.
Blast parameters, such as peak overpressure and impulse,
from ETN were measured and compared with those of TNT
and PETN. To date, a huge amount of data has been published about TNT on the relationships between peak overpressure and scaled distance, and the scaled impulse and
scaled distance. These correlations were summarized in the
peak overpressure/scaled impulse vs. scaled distance
curves, referred to as the standard curves [9–13]. These
standard curves for TNT differ from each other owing to
the different experimental conditions, such as whether the
explosions were measured in air, or on or above the
ground. The standard curves for the explosion in air consisted of only the incident wave, whereas the curves for on
or above the ground include the effect of the reflected
wave from the ground. We performed experiments 0.6 m
above the ground at the height our former data were measured [13]. We also compared the peak overpressures and
scaled distances with standard curves reported by Baker
[9], and reported as the MITI87 [12] and NRIPS09 [13]
curves. In addition, the fragment velocities of steel cylinders
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and 288.15 K, as described by Matsunaga et al. [17, 18]. The
best fitting exponential curve for the overpressure was
plotted to determine the peak overpressure values, as reported by Arai et al. [13]. The MITI87 standard curve was
obtained by TNT explosions at a scaled distance from 1.4 to
21.5 m kg 1/3, and with scaled height of 0.18 m kg 1/3. The
NRIPS09 standard curve was obtained by TNT explosions at
a scaled distance from 1.4 to 31 m kg 1/3, and a scaled
height of 0.22 to 0.70 m kg 1/3. The MITI87 standard curve
was expressed as polynomial functions of the scaled distance in any range, and it was used to estimate TNT equivalents in this study. In addition, the ratio of the peak overpressure against the MITI87 curve (Pexp/PMITI87), and the ratio
of the scaled impulse against the MITI87 curve (Iexp/IMITI87)
were also calculated. The ratios were obtained by using experimental data (Pexp or Iexp) and values derived from MITI87
functions at the corresponding scaled distance (PMITI87 or
IMITI87) and averaging. Because the scaled distances were
from 5.33 to 13.2 m kg 1/3 in this study, MITI87 functions
with a range of 4.30 < Z < 6.81, 6.81 < Z < 10.80, and
10.80 < Z < 17.11 were used, where Z is the scaled distance.

filled with TNT, ETN, and PETN were measured. Gurney constants of these explosives were calculated by using the initial fragment velocity [14, 15].

2 Experimental Section
2.1 Preparation of Explosives

The explosives used in this study are summarized in
Table 1. TNT was purchased from Chugoku Kayaku Co., Ltd.
and PETN from Kayaku Japan Co., Ltd. TNT were prepared
by passing crystalline TNT through a 1.2 mm sieve. ETN was
synthesized according to the mixed acid method reported
by Oxley et al. [5] and recrystallized according to the literature [6]. ETN was identified by GC/MS by comparing the retention time and mass spectroscopic data with reference
standards (AccuStandard Inc.). ETN was kept wet until it
was used because dry ETN is very sensitive.
2.2 Blast Wave Measurement

Blast wave measurements were repeated three times with
ETN (175 g). The same measurements were done with TNT
and PETN separately, although the PETN amount used was
150 g instead of 175 g for one measurement. Composition
C-4 (2 g) was used as a booster for TNT (Table 1). Explosives
were loaded into a paper tube (diameter: 68 mm) and
placed on top of timbers at a height of 0.6 m. A No. 6 electric detonator (Kayaku Japan Co., Ltd) was placed on the
top of the explosive charge. The pressure values of the
blast wave were measured with pressure sensors (137A23,
PCB Piezotoronics Inc.) placed 3, 5, and 7 m from the explosion center and 0.6 m above the ground, which was the
same height as the explosive charges. Two sensors were
used at each distance. Blast pressure data were recorded
by oscilloscopes at a frequency of 500 MHz, as mentioned
in Ref. [16].

2.4 Visualization of Shock Front by using High-speed
Camera Images

High-speed camera images of the explosions were recorded at 22,002 frames per second (fps) in the blast wave experiments by Phantom V2010 (Vision Research Inc.). The
distance from the explosion center to the camera was
about 50 m. The experiment was performed with 175 g of
TNT without pressure sensors. To help visualize the shock
front, a checked cloth was placed behind the explosion
site. Camera images were edited to clarify the shock front
according to Kudo et al. and Leete et al. [19, 20] by using
software (Photoshop Elements 10, Adobe). The differences
between two adjacent frames were subtracted, and the
gamma values and white balances were adjusted. The distance in the images was calculated by software (Pixel
Runner, TellusImage, Co., Ltd.).

2.3 Obtaining Blast Wave Parameters and Comparing with
Previous Data

2.5 Fragment Velocity Measurement

The peak overpressure and the positive phase impulse
were obtained by applying Sachs’ scaling law and converted into the values for 0 m above sea level of 101.325 kPa

Seamless steel pipe was used as a cylindrical container
(inner diameter: 54.1 mm; thickness: 3.2 mm; height:

Table 1. Explosives and casings used in this study.a)
Experiment

TNT

Blast wave
measurement
Fragment velocity
measurement

Three replicates of 175 g
(2 g Composition C-4), 1  0.83 g cm
C = 99 g, M = 229 g, C/M = 0.43,
1 = 0.86 g cm 3
C = 94 g, M = 228 g, C/M = 0.41,
1 = 0.81 g cm 3

3

ETN

PETN

Three replicates of 175 g,
1  0.73 g cm 3
C = 81 g, M = 229 g, C/M = 0.35,
1 = 0.71 g/cm3
C = 84 g, M = 230 g, C/M = 0.37,
1 = 0.73 g cm 3

Two replicates of 175 g and one
replicate of 150 g, 1  0.87 g cm
C = 101 g, M = 229 g, C/M = 0.44,
1 = 0.88 g cm 3
C = 103 g, M = 227 g, C/M = 0.45,
1 = 0.89 g cm 3

3

a) All explosives were in powder form, and 1 is the loaded density of the explosive. The capital letters C and M represent the mass of the
explosives and metal casings in the fragment velocity experiment, respectively.
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50 mm), the bottom of which was covered with cardboard.
Explosives and the steel casings are detailed in Table 1. The
explosive in the steel cylinder was placed on top of timber
at a height of 0.6 m, and initiated from the top surface by
a No. 6 electric detonator. This experiment was repeated
twice for the three kinds of explosives.
Three pairs of steel plates (0.6 mm thick) were placed upright at 0.5, 1.0, and 2.0 m from the explosive to visualize
the impact of fragments. High-speed camera images were
recorded at 35,000 fps. Fragment velocities were measured
by sensors consisting of insulated two pieces of aluminum
foil with an electrical circuit attached to the back surface of
the steel plates. The fragment velocities were calculated
from the arrival times and distances, and the initial velocities were obtained from the average of the data measured
at 0.5 m.

3 Results
3.1 Blast Wave Parameters and Waveforms

In the blast wave measurements, pressure vs. time was recorded. Blast data were summarized in the peak overpressure and positive phase impulse. The waveform of the TNT
explosion at 3 m shows the second (reflected) wave after
the arrival of the incident wave (Figure 2a). In contrast, this
reflected wave was not observed in the waveforms at 5 m
(Figure 3a) and 7 m, and only one peak was observed.
There were no significant differences in the waveforms of
ETN and PETN compared with TNT, except that the time intervals between the first and second waves of ETN and
PETN were shorter than for TNT (Figure 2 and Figure 3).
The peak overpressures of ETN (PETN) and PETN (PPETN) were
higher than that of TNT (PTNT), and the arrival time of the
shock waves of ETN and PETN were earlier than that of TNT
(Figure 2 and Figure 3). As was observed for peak overpressure, the scaled impulses of ETN (IETN) and PETN (IPETN) were
higher than that of TNT (ITNT).
To verify how the blast wave propagated in air and was
reflected from the ground, high-speed camera images were
analyzed. Under these experimental conditions, the Mach
stem was formed. When the first wave reached the sensor
3 m from the explosion center, the triple point had risen
from ground level, although the height was still below the
height of the sensor (Figure 4).

Figure 2. Blast waveforms of (a) TNT, (b) ETN, and (c) PETN at 3 m
are shown. Two arrows labeled “i” and “r” indicate the arrival times
of the first (incident) wave and the second (reflected) wave.

The relationships of peak overpressure vs. scaled distance
and scaled impulse vs. scaled distance are well established,
and there is a long history of using TNT as a standard to
compare or estimate the performance of explosives. These
correlations are summarized in standard curves. In this article, two standard TNT curves are used: a curve based on explosions in air (Baker) [9], and curves based on explosions
above the ground surface (MITI87 and NRIPS09) [12, 13],

because the effect of the reflected waves depended on the
distance as described in previous section.
PTNT at 3 m was close to the Baker curve, whereas PTNT
at 5 and 7 m were close to the MITI87 curve (Figure 5). At
any scaled distances, PETN were higher than PTNT, and were
similar to PPETN. The ratio of peak overpressure to MITI87
(Pexp/PMITI87) was calculated for each explosive. The values of
PETN/PMITI87 (1.25 at 5 m and 1.19 at 7 m) and PPETN/PMITI87
(1.24 at 5 m and 1.18 at 7 m) indicated that there were no
big differences between ETN and PETN in the peak overpressure (Table 2). TNT equivalent values were obtained
from the data at 5 and 7 m against the MITI87 curve. The
average TNT equivalents were 1.57 for ETN and 1.54 for
PETN against the MITI87 curve under these experimental
conditions, where that of TNT taken as 1.00.
The scaled impulse of TNT (ITNT) at 3 m was smaller than
that of the MITI87 curve, and ITNT at 5 and 7 m were larger
than the MITI87 curve (Figure 6). For the scaled impulse,
the MITI87 curve was the most similar at any distance. The
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Figure 3. Blast waveforms of (a) TNT, (b) ETN, and (c) PETN at 5 m.

values of IETN/IMITI87 (1.38 at 5 m and 1.27 at 7 m) were slightly smaller than the values of IPETN/IMITI87 (1.45 at 5 m and 1.34
at 7 m) (Table 2).

Figure 4. Images from the high-speed camera of the explosion of
175 g TNT obtained 5.3 ms after initiation. The bottom image is
processed to visualize the shock front. The cylinder represents the
center of explosion (0.6 m above the ground) and the cross represents the position of the pressure sensor 3 m from the explosion
center at a height of 0.6 m.

3.3 Fragment Velocity

The fragment velocities of the steel cylinder were calculated by using the distance to the foil sensor and the arrival

Table 2. Ratio of peak overpressure and scaled impulse against MITI87 for each explosive.a)
Ratio of peak overpressure and scaled impulse against MITI87
3m

TNT

Average
ETN

7m

Scaled distance
[m kg 1/3]

Pexp/PMITI87

Iexp/IMITI87

Scaled distance
[m kg 1/3]

Pexp/PMITI87

Iexp/IMITI87

Scaled distance
[m kg 1/3]

Pexp/PMITI87

Iexp/IMITI87

5.34
5.35
5.34
5.43
5.43
5.43

0.72
0.71
0.70
0.61
0.62
0.58
0.66
0.85
0.83
1.00
0.92
1.03
0.91
0.92

1.17
1.16
1.17
0.94
0.93
0.91
1.05
1.48
1.50
1.48
1.18
1.17
1.16
1.33

8.90
8.89
8.90
8.97
8.96
8.97

1.02
1.02
1.03
1.00
1.05
1.02
1.02
1.25
1.22
1.23
1.25
1.26
1.27
1.25

1.08
1.09
1.08
1.11
1.11
1.10
1.09
1.34
1.35
1.35
1.41
1.41
1.42
1.38

12.38
12.38
12.38
12.51
12.50
12.52

0.89
0.98
0.91
1.03
1.01
1.05
0.98
1.13
1.14
1.13
1.25
1.25
1.26
1.19

0.95
0.97
0.97
1.04
1.04
1.04
1.00
1.22
1.23
1.20
1.33
1.34
1.33
1.27

5.36
5.38
5.33
5.45
5.45
5.50

Average
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Figure 5. Peak overpressure vs. the scaled distance of standard
curves and experimental data for TNT, ETN, and PETN. Standard
curves for the air explosion (Baker) and the above-ground explosion (MITI87 and NRIPS09) of TNT are shown as lines. The peak
overpressure of TNT, ETN, and PETN at distances of 3, 5, and 7 m
are plotted. (a) All experimental data and (b) an expanded view of
(a).

Figure 6. Scaled impulse vs. the scaled distance of standard curves
and experimental data of TNT, ETN, and PETN. Standard curves for
the air explosion (Baker) and above-ground explosion (MITI87 and
NRIPS09) of TNT are shown as lines. The scaled impulse of TNT,
ETN, and PETN at distances of 3, 5, and 7 m are plotted. (a) All experimental data and (b) an expanded view of (a).

time (Figure 7). The velocities decreased as the distance increased, and the slopes of the fitted curve became gradual.

As for the initial velocity (V0), PETN (1260 m s 1) was the
fastest, ETN (1040 m s 1) came in second, and TNT

Table 2. (Continued)
Ratio of peak overpressure and scaled impulse against MITI87
3m

PETN

5m

7m

Scaled distance
[m kg 1/3]

Pexp/PMITI87

Iexp/IMITI87

Scaled distance
[m kg 1/3]

Pexp/PMITI87

Iexp/IMITI87

Scaled distance
[m kg 1/3]

Pexp/PMITI87

Iexp/IMITI87

5.38
5.36
5.75
5.45
5.47
5.74

0.88
1.13
0.89
0.78
1.09
0.81
0.93

1.54
1.51
1.58
1.20
1.17
1.22
1.37

8.94
8.92
9.39
9.00
9.02
9.48

1.26
1.22
1.25
1.22
1.24
1.26
1.24

1.42
1.36
1.44
1.49
1.48
1.52
1.45

12.45
12.43
13.08
12.57
12.58
13.23

1.18
1.14
1.11
1.21
1.21
1.20
1.18

1.32
1.26
1.31
1.37
1.33
1.44
1.34

Average

a) The ratio of the peak overpressure and scaled impulse against MITI87 are shown. The ratios were obtained from the experimental data
(Pexp or Iexp) and values were derived from MITI87 functions at the corresponding scaled distance (PMITI87 or IMITI87). The average values are
shown in bold type.
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Figure 8. Image of ETN explosion obtained 1.2 ms after ignition.
The moment that metal fragments hit the steel plates is shown.
Bright sparks are observed after the impact.

impact on the steel plates (Figure 8). The numbers of
through-holes in the 0.6-mm-thick steel plates were counted. PETN made the most holes, followed by ETN and TNT
(Table 3), which was the same order as the initial fragment
velocities (V0).

4 Discussion

Figure 7. The fragment velocities of (a) TNT, (b) ETN, and (c) PETN.
The curved lines indicate the approximate curves and the slopes of
the dotted straight line indicate the initial velocities (V0) obtained
at 0.5 m.

(957 m s 1) was the slowest. Unlike the peak overpressure,
V0 of ETN and PETN were significantly different. By applying
the V0 to the Gurney equation, the Gurney constant was
obtained, which was 1.63 km s 1 for TNT, 1.88 km s 1 for
ETN, and 2.08 km s 1 for PETN. The high-speed camera
images showed bright sparks at the moment of fragment

In this study, ETN blast wave parameters were compared
with those of TNT and PETN, the peak overpressure was
compared with standard curves of TNT (Baker, MITI87, and
NRIPS09), and the TNT equivalent for each explosive was
obtained. The effect of the reflected wave on the peak
overpressure was identified; therefore, the waveforms and
the Mach stem position were evaluated carefully [20, 21].
Figure 4 shows that the height of the triple point was still
below 0.6 m, where the pressure sensor was placed; therefore, the incident and reflected waves were separately recorded by the sensor at 3 m (Figure 2). The peak overpressure values at 3 m were obtained by using only the incident waveform, so these data excluded the effect of the reflected wave. Thus, the value was close to the air explosion
data in the Baker curve. In contrast, at 5 and 7 m, the
height of the triple point increased and exceeded the
height of the sensor, and then the Mach stem reached the
sensor, and hence there were no notable peaks after the
first wave at 5 m (Figure 3). The peak overpressures at 5
and 7 m included the effect of the reflection and Mach
stem. Therefore, PTNT at 5 and 7 m were closer to the MITI87
and NRIPS09 curves, which are for above-ground explo-

Table 3. Numbers of though-holes made by metal fragments.a)
TNT

ETN

PETN

Distance

3m

5m

7m

3m

5m

7m

3m

5m

7m

Number of through-holes

9
3
7
4
5.75

1
3
3
2
2.25

1
1
1
2
1.25

9
6
8
8
7.75

4
3
1
5
3.25

3
2
2
3
2.5

27
25
21
22
23.75

18
7
11
10
11.5

4
4
7
4
4.75

Average

a) Four steel plates (45  60 cm) were used for each distance (0.5, 1.0, and 2.0 m from the explosive center). Average numbers of throughholes in four plates are shown at the bottom of the table.
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sions (Figure 5). Consequently, the peak overpressure
values at 5 and 7 m were used to estimate the TNT equivalent against the MITI87 curve.
ETN showed a much higher level of peak overpressure
and an earlier arrival time than TNT at all scaled distances,
and was similar to PETN (Figure 2, Figure 3 and Figure 5).
The shorter time interval between the first and second
wave indicated that the triple point was closer to the
sensor (Figure 2 and Figure 4). The TNT equivalents of ETN
were slightly higher than that of PETN, although the difference was within experimental error. It was not surprising
that the blast parameters of ETN and PETN were similar to
each other because they have similar molecular structures.
There are a variety of TNT equivalents for PETN, and the
value obtained in this study was similar to that in Ref. [22],
but higher than that in Ref. [10]. The TNT equivalent can be
affected by the scaled distance and scaled height [23, 24];
thus, similar experimental conditions are important for
comparing the values of TNT equivalents. In this study, the
experiments of ETN, PETN, and TNT were conducted under
the same conditions and the peak overpressure of TNT was
close to the MITI87 curve. The TNT equivalent of the experimental data of TNT was 1.00 against the MITI87 curve.
Therefore, MITI87 was considered to be a reasonable standard curve for these experiments.
The scaled impulse showed similar behavior to the peak
overpressure (Figure 5 and Figure 6). The scaled impulse of
ETN was slightly smaller than that of PETN, although the
peak overpressures of ETN and PETN were almost the same
(Table 2). The difference between the peak overpressures
and scaled impulse may come from the effect of after-burning and differences in oxygen balance (+ 5.3 % for ETN and
10.1 % for PETN), because the after-burning of an oxygen
deficient explosive can drive the blast wave for a long time,
and consequently increases the impulse [25]; however, the
reason was not clear in our work.
In contrast to the peak overpressure, there were significant differences between the fragment velocities of ETN
and PETN (Figure 7). The loaded density of the explosives
was the main reason for the differences because a high
loading density of PETN increases the detonation velocity,
and it causes greater fragmentation of the steel cylinder
than that of ETN, resulting in a higher fragment velocity of
PETN than that of ETN. Thus, the fragment velocity also depends on the loading density, whereas the peak overpressure was related to the energy released or the weight of
the explosive. The loaded density of ETN was lower than
that of TNT, however, due to its higher power, the fragment
velocity of ETN was higher than that of TNT (Figure 7). The
number of through-holes increased in the order of PETN,
ETN, and TNT (Table 3), which were in good agreement
with the results of the initial velocity (V0).
Fragment velocities were decreased along with the flying
distances, suggesting the effect of air resistance on the
fragments. From these results, the initial velocities of the
fragments were obtained by using the values at 0.5 m, the

closest position to the explosion center, where the effect of
air resistance was assumed to be smallest. The Gurney constant was calculated for each of the explosives, and the
values of TNT and PETN were smaller than some previously
reported values [15,26], although the value for PETN was
similar to that reported by Knzel et al. [27], which was obtained with low-density powdered PETN. The Gurney constant is affected by the mass ratio, (C/M, where C is mass of
the explosive charge, and M is the mass of the metal
casing) and the length-to-diameter ratio (L/D) of the explosive and casing [26, 28]. In our experiment, all explosives
were powders, and the low loading density resulted in the
relatively low C/M ratios (0.41–0.43 for TNT and 0.44–0.45
for PETN), and had low L/D ratios (below 1/1). These experimental conditions explain the relatively low Gurney constants obtained in this study. ETN had lower loaded density
(1 = 0.71–0.73 g cm 3) compared with PETN (1 = 0.88–
0.89 g cm 3); therefore, the relatively low detonation velocity of ETN made the Gurney constant lower than that of
PETN. Owing to its high sensitivity, ETN cannot be compacted into the cylinder and it has a low loading density. However, ETN has a low melting point (about 61 8C) and it can
be melt cast [6], and thus increasing its density may yield
different results in future work.
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5 Conclusions
The peak overpressure of ETN was much higher than that
of TNT, and was similar to that of PETN. The TNT equivalent
of ETN was 1.57 under these experimental conditions. The
scaled impulse of ETN was higher than that of TNT and
slightly smaller than that of PETN. The fragment velocity of
ETN was higher than that of TNT, but lower than that of
PETN. Gurney constants were calculated from the initial velocity of the fragments.
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