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Reactions of a high explosive
under low intensity impact with
adjustable amplitude and duration

WujiangYing?, Zhuoheng Li?, Pan Liu?, Feichao Miao?, Lin Zhou' & Xiangrong Zhang**

Laboratory testing with adjustable loading amplitudes and durations remains the primary method
for assessment of the safety of explosives under either launch or penetration environment. In this
study, a novel impact testing laboratory equipment with loading amplitudes ranging from 0.1 to 1.0
GPa and pulse durations ranging from 1 to 8 ms is established. It was used to investigate the safety of
a 2,4-dinitroanisole (DNAN)-based melt-cast explosive subjected to impact loading in either launch
or penetration scenarios. The explosive’s response to the impact loading depends not only on the
loading characteristics (peak pressure and maximum rate of pressure rise) but also on the confinements
of the explosives. The ignition events of the explosives exhibited some randomness. A logistic
regression analysis method was utilized to analyze such ignition events. This method can predict the
ignition events of the DNAN-based melt-cast explosive with a high accuracy, which demonstrates the
effectiveness of the method. The effect of the confinements of the explosives on the accuracy of this
method was also investigated.

Keywords Impact testing, Explosives, Non-shock initiation, Logistic regression, Ignition discrimination,
Cross-validation

An explosive charge, bare or in a projectile, is frequently subjected to all types of mechanical stimuli!, and may be
ignited if some criterion is satisfied. Mechanical stimuli can be approximately divided into two categories: shock
and non-shock. The shock mechanical stimulus is characterized by a high amplitude (pressure on the order of
several GPa or above) with a short pulse duration (on the order of several microseconds). The ignition of the
explosive charge by a shock wave followed by growth to detonation is commonly termed as shock-to-detonation
transition (SDT)?. In contrast, the non-shock mechanical stimulus is characterized by a low amplitude (pressure
roughly on the order of 0.1-1 GPa) with a long pulse duration (on the order of several milliseconds)**. Compared
to SDT, the ignition of the explosive charge by a non-shock mechanical stimulus can be termed as XDT (X stands
for unknown)? or delayed detonation®’.

When a projectile charged with explosives penetrates a concrete target (not steel target) or is launched in an
artillery, the corresponding explosive charge usually suffers from the mechanical stimulus, which is characterized
by a low amplitude with a long pulse duration, as described above®. Therefore, it needs to be evaluated whether
there is ignition of such a projectile in the penetration or launch process. Field testing of possible ignition events
(XDTs) is the most direct approach for evaluation. However, as the ignition probability of such XDTs is low, field
testing is not a realistic approach although it must remain the final criterion’.

In this regard, laboratory testing is generally used to evaluate the penetration stability* or launch safety
of the projectile. Numerous laboratory equipments were designed and manufactured to analyze XDTs of
projectiles>®11-15, Depending on whether the original energy source of the impact force loaded on an explosive
sample is related to a drop hammer, these laboratory equipments can be broadly divided into two types: drop
hammer and non-drop hammer. For the non-drop hammer-type equipment, gunpowder'31¢ or compressed
air!! is used as an original energy source. The load amplitude and pulse width applied to the explosive sample
cannot be easily controlled. In contrast, for the drop hammer-type equipment®!’, the drop hammer is the
original energy source, and thus the whole equipment is vertically assembled. Furthermore, if the drop hammer
is combined with compressed air, the load amplitude and pulse width can be relatively easily controlled.

2,4-dinitroanisole (DNAN)-based melt-cast explosives are widely used and are gradually replacing the
traditional 2,4,6-trinitrotoluene (TNT)-based melt-cast explosives. DNAN-based melt-cast explosives exhibited
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characteristics of equivalent or improved extremely insensitive detonative substances compared to TNT-based
melt-cast explosives, while maintaining the performance requirements of explosives!®!°. Under the shock
mechanical stimulus, the sensitivity of DNAN-based melt-cast explosives has been investigatedzo'”. However,
under the non-shock mechanical stimulus characterized by a low amplitude and long pulse duration, the
sensitivity of DNAN-based melt-cast explosives is yet to be thoroughly investigated.

This study focuses on the non-shock mechanical sensitivity of a DNAN-based melt-cast explosive (30 wt%
HMX (cyclotetramethylene-tetranitramine), 40 wt% NTO (3-Nitro-1,2,4-triazol-5-one), 8 wt% Al (Aluminum),
and 2 wt% MNA (N-methyl-p-nitroaniline) and other additives) tested by a unique laboratory equipment.
Firstly, this equipment characterized by adjustable amplitudes and pulse durations was used to approximately
mimic the load characteristics for the penetration or launch environment of an explosive charge in a projectile,
as presented in detail in Section “Experiments”. Secondly, logistic regression, a widely used statistical method for
modeling of the probability a binary outcome based on one or more independent variables??, was employed to
analyze the ignition discrimination of the DNAN-based melt-cast explosive with the laboratory equipment. The
effect of sample confinements on the ignition discrimination was further investigated.

Experiments

Experimental setup

As shown in Fig. 1, the impact testing laboratory equipment mainly consists of three modules: hammer loading
module, pulse shaping module, and sample testing module. These three modules are assembled in order from
top to bottom. The total weight of the whole equipment is approximately 800 kg. The equipment can provide an
impact force with a load amplitude of 0.1-1.0 GPa and pulse width of 1-8 ms. Additionally, to avoid possible
damage resulting from the reactions of explosive samples, blast resistance structures are generally installed?*-2°.
In this study, the whole equipment was surrounded by simple steel walls (not shown in Fig. 1).

As shown in Fig. 2, the hammer loading module mainly consists of a drop hammer, compressed air chamber,
and fixture. The drop hammer weights approximately 46 kg with a diameter of 200 mm and height of 333 mm.
The compressed air chamber on the top of the drop hammer is connected to an outside high-pressure gas storage
bottle. The output pressure of the compressed air chamber is in the range of 0-2 MPa with a precision of 0.01
MPa. The fixture is used to fix the drop hammer and control its release.

Pulse shaping module

As both drop hammer mass and height are fixed, the dynamic adjustment of either the load amplitude or pulse
width should resort to other approaches. Although the load amplitude (peak pressure loaded on the samples)
can be adjusted on the basis of the magnitude of the release pressure in the compressed air chamber, the pulse
width can only be adjusted in a limited degree. To obtain a pulse width in a wider range, a pulse shaper was used
in this study.
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Fig. 1. Impact testing laboratory equipment.
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Fig. 3. Photograph of the pulse shaper.

1 - - - 14 18
2 - - - 18 22
3 - - - 22 22
4 - - - 22 30
5 10 10 - 18 22
6 10 10 - 22 30
7 10 10 7 22 22
8 10 10 7 22 30

Table 1. Copper cylinders with different sizes.

As shown in Fig. 3, the pulse shaper was composed of copper with an excellent ductility, though it can be also
fabricated by different materials.

Depending on the pulse width requirements, the pulse shaper consists of one or two copper cylinders. When
two copper cylinders are used, they are separated by a cylindrical thin sheet of silico-manganese steel. Generally,
small and big copper cylinders are located on the top and bottom of the thin sheet, respectively. The copper
cylinders can be solid or hollow with different sizes listed in Table 1.

Sample testing module
When the hammer drops, it acts on the pulse shaper, then on the upper plunger (if there is no pulse shaper, the
hammer directly acts on the upper plunger), and finally on the explosive sample. An extrusion of explosive may

occur between the plungers and rigid confinement cylinder resulting in an accident ignition of the explosive?.

Scientific Reports |

(2024) 14:29825 | https://doi.org/10.1038/s41598-024-81240-1 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

To avoid such occurrence of extrusion of explosive, a polyethylene (PE) slice is generally placed on each of
the upper and lower surfaces of the explosive column, as shown in Fig. 4. Moreover, surfaces of the explosive
sample were coated with a layer of silicone grease so that there is no gap or air around the explosive sample.

A pressure transducer was installed at the bottom of the lower plunger. Generally, even if the explosive sample
does not undergo any reaction during the impact process, the pressure-time history is not the same at different
coaxial locations because of wall friction effect. However, if the explosive sample reacts, these pressure-time
curves should suddenly rise nearly at the same time.

If there is no soft confinement between the rigid confinement and sides of the explosive sample, a one-
dimensional strain process can be assumed in the explosive sample upon impact, as shown in Fig. 4a. If there is
a soft confinement inserted between the rigid confinement and sides of the explosive sample, the deformation
process in the explosive sample is three-dimensional, as shown in Fig. 4b. In this study, a soft confinement (linear
elastic material) was used, and the size of the soft confinement could be tailored (Section “Load characteristics
subjected to the explosive samples”).

The explosive sample used in this study has a diameter of 15 mm and height of 14 mm. As the size of the
explosive sample is small, during the rapid solidification process of the molten suspension of the DNAN-based
melt-cast explosive, there is no sufficient time for the air bubbles inside the molten suspension to escape outside,
and the resulting densities of the explosive samples quite largely disperse.

To obtain explosive samples with a consistent density, the cooling and solidification rate of the molten
suspension in a mold should be reduced and the mold should be vacuumed. In addition, sufficient explosive
samples should be solidified at one time. To meet the above requirements, a group mold device was established,
as shown in Fig. 5.

The device was connected with a constant-temperature water bath and vacuum pump. When the molten
suspension of the DNAN-based melt-cast explosive prepared in advance was poured into the molds, a sealing
plate was placed over the molds, and then vacuumed for 15 min. Based on the solidification process of the
explosive suspension, the temperature in the water bath gradually decreased to room temperature according to
a set procedure.

The explosive samples ground by a sandpaper are shown in Fig. 6. The densities of these samples were
measured. The density deviation between these samples did not exceed 0.5%. The relative densities of these
samples were larger than 97.5%, which demonstrates that the quality of the explosive samples was well controlled.
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Fig. 4. Schematic diagram of the sample testing module.
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Fig. 5. Group mold device (a) Photograph of the group mold and (b) Schematic diagram of the group mold.

Fig. 6. Photograph of explosive samples.

Experimental procedures

Before the first test and every time when an impact test is completed, the status of the whole equipment should
be inspected thoroughly to ensure that all parts of the equipment are normal. If any parts were damaged during
the last impact test, they should be replaced with new. After the inspection, the procedures for the next impact
test has the following main steps.

1. The explosive sample coated with a layer of silicone grease is placed inside the cylinder of the soft confine-
ment (Fig. 4b). The inside of the cylinder of the rigid confinement, lower plunger, lower PE slice, explosive
sample, upper PE slice, steel sheet, and upper plunger are installed sequentially.

2. The pulse shaper is placed on the top of the upper plunger. Regardless whether the pulse shaper consists of
one or two copper cylinders, related parts were installed coaxially with the plungers. If a pulse shaper is not
used in the impact test, this step can be omitted.

3. The compressed air chamber was inflated to given pressure. When the drop hammer was released by a switch,
it was accelerated to fall vertically due to the pressure in the compressed air chamber. Both acceleration and
pressure transducers were triggered, and the acceleration-time and pressure-time histories were recorded
during the whole impact process.

Results and discussion

Input pressure-time curves

For convenience, we did not measure the input pressure on the supper surface of the explosive sample. Rather,
we measured the pressure-time history at the bottom of the lower plunger. When the explosive sample was
impacted with different amplitudes and pulse widths, these pressure-time curves can be used as a relative

measure for the input pressure®.
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Fig. 7. Effect of the release pressure on the pressure-time history.
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Fig. 8. Effect of the pulse shaper on the pressure-time history.

Figures 7 and 8 show the effects of release pressure (in the compressed air chamber) and pulse shaper on the
pressure-time curves below the lower plunger, respectively.

As shown in Fig. 7, a typical pressure—time curve appears as half of a sine wave. The amplitudes of the three
pressure-time curves increase with the release pressure in the compressed air chamber, while the pulse widths
(approximately 3 ms) seem to be unaffected by the release pressure. In contrast, both amplitude and pulse width
of the pressure-time curve can be adjusted with different pulse shapers, as shown in Fig. 8.

Sample response under given impact condition

Output pressure—time curves

If the explosive samples did not react upon impact, the pressure-time curves appeared as half sine waves (Figs. 7
and 8). If the explosive samples reacted, these curves deviated from the shape of half of a sine wave and suddenly
raised before or after the peak was reached, as shown in Figs. 9a and b, respectively.

Videos of sample response upon impact

The experimental setup and process were videotaped. If the explosive sample did not react upon impact, no
smoke or flame could be observed except that the impact sound of the drop hammer could be heard, as shown
in Fig. 10a. If the explosive sample reacted upon impact, besides a strong sound, smoke (slight reaction) or flame
(violent reaction) could be observed, as shown in Fig. 10b and c, respectively.

Recycled photographs of test samples
Figure 11 shows the photographs of the steel sheet, upper PE, lower PE, explosive sample, and soft confinement
before (Fig. 11a) and after (Fig. 11b-d) the impact test.

If the explosive sample did not react upon impact, the soft confinement recovered well, while the sizes of
the upper PE, explosive sample, and lower PE changed slightly. Their heights decreased within 5%, as shown in
Fig. 11b. If the explosive sample reacted upon impact, both upper PE and lower PE were deformed largely (not
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Fig. 9. Typical pressure-time history for the reacted explosive sample impact.

(c) Violent reaction

Fig. 10. Videos of sample response upon impact.

shown). Moreover, in an impact test with a slight reaction, only a small amount of black soot can be observed, as
shown in Fig. 11c. In contrast, in an impact test with a violent reaction, no residues of the explosive sample can
be observed, as shown in Fig. 11d.

Ignition discrimination analysis

Based on the videos and photographs in Figs. 10 and 11, the response of explosive samples upon impact can
be broadly classified into two types: ignition (including both slight reaction and violent reaction, Fig. 10b and
¢) and absence of ignition (absence of reaction, Fig. 10a). The occurrence of ignition for the explosive sample
upon impact is determined by many random factors, such as the microstructural morphology of the explosive
sample?’. Therefore, a probabilistic model, not a deterministic model, should be used to describe such ignition
events. In this study, a logistic regression model was used to classify the ignition and non-ignition events for the
explosive samples upon impact.

Logistic regression modeling
Logistic regression is a widely used statistical method for modeling of the probability of a binary outcome based
on one or more independent variables??. Unlike linear regression, which predicts continuous outcomes, logistic
regression predicts the probability of given input belonging to a particular class. This makes it particularly useful
in medical research?®?’, finance®**!, social sciences, and risk assessment and disaster management®>34, where

the outcomes are often binary (e.g., success/failure, yes/no, or presence/absence).
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(a) Photographs of the steel sheet, upper PE, lower PE, explosive sample, and soft
confinement before the impact test.

(b) No reaction, photographs of the steel sheet, upper PE, lower PE, explosive
sample, and soft confinement after the impact test.

(c) Slight reaction (d) Violent reaction

Fig. 11. Photographs of test samples before and after the impact test.

The logistic regression model estimates the probability P(Y = 1|X) as a function of the independent
variables X = (X1, X2,...,Xp). The relationship between the independent variables and probability is
modeled using the logistic function, which ensures that the predicted probabilities are between 0 and 1. The
logistic function is defined as**3°

1

PY =1X) = 14 e~ (BotB1X1+B2Xa++Bp Xp)’ W

where P(Y = 1|X) is the probability that the outcome Y is 1 given the variables X, (o is the intercept term, and
B, B2, ..., Bp are the coefficients associated with the independent variables X1, Xo, ..., X,.

In logistic regression, P(Y = 1|X) is often converted into a binary outcome (0 or 1) using a probability
cutoff value. The predicted binary variable is expressed by

V= { 1 if P(Y = 1|X) > cutoff value @)

~ | 0 otherwise,

where Y represents the predicted binary variable with 1 indicating the occurrence of ignition (GO) and 0
indicating absence of ignition (NO-GO). Generally, the cutoff value is set as 0.5 because of statistical benefits*.
The choice of the optimal probability cutoff between ignition and non-ignition conditions is discussed in Section
“Load characteristics subjected to the explosive samples”. This choice is facilitated through a graph of sensitivity
and specificity against each possible cutoff*>. The sensitivity (true positive rate, TPR) is defined as the proportion
of correctly predicted positive instances, where TPR is expressed as TP/(TP+FN), where TP and FN denote true
positives (correctly predicted GO) and false negatives (incorrectly predicted NO-GO), respectively. Similarly,
the specificity (true negative rate, TNR) is defined as the proportion of correctly predicted negative instances,
where TNR is expressed as TN/(TN+FP), where TN and FP denote true negatives (correctly predicted NO-GO)
and false positives (incorrectly predicted GO), respectively. This approach ensures that the cutoff choice, meant
to predict GO and NO-GO from estimated probabilities, is quantitatively determined rather than subjectively
chosen a priori**3.

The classification performance of the logistic regression model needs to be evaluated. As the experimental
datasets (Tables 3 and 4) exhibited a significant imbalance with the number of NO-GO and GO/PP], the stratified
K-fold cross-validation (SK-CV) method was used to evaluate this model. Generally, the SK-CV method can
ensure that each fold of the dataset contains approximately the same percentage of samples of each class as the
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complete experimental dataset, making the training and validation process fair and more reliable?’. This method
splits the dataset into K folds. In each of the K iterations, one fold is used for testing while the remaining folds
are used for training. In most cases, the value of K is set to 5 or 10%7. In this study, we used stratified five-fold CV
considering the size of the experimental dataset.

In evaluation of the classification performance of a model, accuracy, receiver operating characteristic
(ROC) curve, and area under ROC curve (AUC) are widely used metrics***%3°, The metrics were calculated
from the confusion matrix®. The confusion matrix (Table 2) provides a comprehensive summary of the model’s
predictions compared to the actual outcomes. The accuracy defined as ((TN + TP)/N) represents the percentage
of correctly classified test dataset, where N is the total number of datasets for validation (N = TP + FN + FP +
TN).

The ROC curve is a graphical representation of the model’s binary classification performance®”, with TPR on
the y-axis against FPR on the x-axis over all possible cutoffs, where FPR is expressed as FP/(TN+FP). AUC serves
as a global accuracy statistic for the model, independent of a single probability cutoff*®. The AUC ranges from 0.5
(equivalent to random assignment, represented by the diagonal line) to 1.0 (perfect discrimination), providing a
more comprehensive description of classification accuracy, particularly in imbalanced datasets®.

The above three metrics (accuracy, ROC, and AUC) used to evaluate the classification performance of
the logistic regression model for the explosive samples upon impact are presented in detail in Section “Load
characteristics subjected to the explosive samples”

Load characteristics subjected to the explosive samples

As indicated in Eq. (1), the ignition probability for an explosive sample upon impact can be affected by many
factors (independent variable X in Eq. (1)). However, for certain explosive sample with a fixed experimental
setup, the ignition probability is mainly controlled by the loading characteristics subjected to the explosive
sample. As stated in the literature Refs.>*, the loading characteristics can be extracted from the pressure-time
curves (Figs. 7, 8, 9) and are represented by the peak pressure (p), rise time to that pressure (), and maximum
rate of rise (dp/dt).

Moreover, based on the pressure-time curves (as shown in Figs. 7-9), the experimental results can be
classified into three categories: NO-GO, GO, and post-peak ignition (PPI). For the NO-GO and PPI scenarios,
the parameter p represents the peak pressure on the pressure-time curves, t denotes the rise time to the peak
pressure, and dp/dt is calculated as the quotient of p and t. In the GO scenario, p and t correspond to the values
at the ignition onset on the pressure-time curves, with dp/dt similarly calculated as the quotient of p and ¢.

The three loading characteristics (p, ¢, and dp/dt) can be adjusted by both hammer loading module and pulse
shaping module (Fig. 1). According to the impact tests performed on the DNAN-based melt-cast explosive,
these loading characteristics are listed in Tables 3 and 4. Notably, the loading characteristics for the explosive
samples with confinements A (Table 3) and B (Table 4) are listed separately, as the radial deformation of the
explosive sample with confinement A is different from that with confinement B.

The logistic regression analyses were conducted using the scikit-learn library in Python®!.

Evaluation of ignition discrimination

Combining the datasets listed in Tables 3 and 4 with Eq. (1), the logistic regression model was calibrated
separately for the datasets of the explosive samples with confinements A and B. The dataset with confinement
A consisted of 32 NO-GO and 8 GO/PPI, while the dataset with confinement B consisted of 10 NO-GO and 13
GO/PPL. The calibrated logistic regression model for the datasets with confinements A and B are expressed by

1

P(Y = 1|X, Confinement A) = —,
1 4 ¢—(—35.153-0.135p+0.533 3%)

3)

1
aedpy ©
1+6_(_2'850_0'021p+0'032ﬁ)

P(Y = 1|X, Confinement B) = (4)

Based on Egs. (3) and (4), the ignition probability of the DNAN-based melt-cast explosive upon impact can be
obtained, given the values of both p and dp/dt.

Figure 12 shows the sensitivity and specificity versus all possible cutoffs for the dataset with confinements A
and B using stratified five-fold CV. To choose an optimal cutoff for classification, a simple and commonly used
method is to choose a cutoff that maximizes both sensitivity and specificity®. This is calculated as the probability
cutoff with the maximum value of the Youden’s index, defined as (sensitivity + specificity - 1)*2. A higher value
of the Youden’s index, a higher discriminative ability of the probability cutoff*®. As shown in Fig. 12, the optimal
choice for the cutoffs ranged from 0.46 to 0.93 and from 0.41 to 0.87 for the datasets with confinements A and
B, respectively.

Furthermore, at low cutoffs, the model will yield a large number of true positives (high sensitivity) with a
small number of true negatives (low specificity), as shown in Fig. 12. In addition, based on the definitions of both

Predicted NO-GO | Predicted GO
Actual NO-GO | TN FP
Actual GO FN TP

Table 2. Confusion matrix®.
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Soft confinements (outer diameter: 30 mm, Soft confi ts (outer di ter: 30 mm,
inner diameter: 15 mm) inner diameter: 15 mm)

No. | p (MPa) | t (ms) | dp/dt (MPa/ms) | Reaction | No. | p (MPa) | t (ms) | dp/dt (MPa/ms) | Reaction
1 636 4.1 156 NO-GO |21 |454 5.1 89 NO-GO
2 399 5.1 79 NO-GO |22 |470 2.6 177 NO-GO
3 574 4.1 139 NO-GO |23 |495 39 126 NO-GO
4 504 4.0 127 NO-GO |24 [543 4.0 134 NO-GO
5 426 4.5 94 NO-GO |25 |415 3.5 118 NO-GO
6 403 4.0 101 NO-GO |26 |340 4.0 85 NO-GO
7 589 2.9 202 NO-GO |27 |615 33 188 NO-GO
8 457 4.6 99 NO-GO |28 439 5.2 85 NO-GO
9 453 4.0 114 NO-GO |29 |518 29 180 NO-GO
10 | 613 2.9 209 NO-GO |30 |625 2.9 216 NO-GO
11 508 34 149 NO-GO |31 553 37 150 NO-GO
12 | 492 3.5 142 NO-GO |32 |422 34 123 NO-GO
13 | 564 35 163 NO-GO (33 |622 2.7 234 GO

14 | 550 34 161 NO-GO |34 |771 13 607 GO

15 | 577 34 168 NO-GO |35 | 680 1.8 378 GO

16 | 564 35 162 NO-GO |36 |555 2.6 215 GO

17 | 605 3.1 195 NO-GO |37 |266 1.8 146 GO

18 | 542 3.1 172 NO-GO |38 |481 2.3 209 GO

19 | 484 3.0 164 NO-GO |39 |537 2.6 209 PPI

20 | 518 4.0 131 NO-GO |40 | 668 1.8 365 PPI

Table 3. Results of the impact test with different pulse shapers under confinement A.

Soft confinements (outer diameter: 20 mm, Soft confi ts (outer di ter: 20 mm,
inner diameter: 15 mm) inner diameter: 15 mm)
No. | p (MPa) | t (ms) | dp/dt (MPa/ms) | Reaction | No. | p (MPa) | t (ms) | dp/dt (MPa/ms) | Reaction
1 353 2.8 126 NO-GO |13 192 0.5 352 GO
2 395 33 121 NO-GO |14 181 0.4 411 GO
3 439 32 138 NO-GO |15 | 309 0.6 480 GO
4 430 2.6 162 NO-GO |16 |255 0.6 456 GO
5 442 3.2 139 NO-GO |17 |278 0.6 482 GO
6 448 2.8 160 NO-GO |18 |202 0.3 732 GO
7 499 5.6 90 NO-GO |19 |293 0.6 498 GO
8 347 5.8 59 NO-GO |20 | 366 1.3 279 GO
9 410 2.8 144 NO-GO |21 |224 0.5 481 GO
10 | 437 2.9 149 NO-GO |22 |327 2.9 113 PPI
11 | 210 0.5 383 GO 23 | 475 3.2 147 PPI
12 307 1.7 180 GO

Table 4. Results of the impact test with different pulse shapers under confinement B.

sensitivity and specificity (Section “Load characteristics subjected to the explosive samples”), the sum of TPR
and false negative rate is equal to 1. The sum of TNR and false positive rate is also equal to 1. Therefore, at low
cutoffs, the model will yield a small number of false negatives with a large number of false positives. In this study,
we focused on the ignition discrimination of the explosive samples upon impact. False positive implies that the
explosive sample’s response NO-GO was incorrectly predicted as GO when the sample suffered from a potential
hazard. Similarly, false negative implies that the explosive sample’s response GO was incorrectly predicted as
NO-GO when the sample suffered from an actual hazard. Therefore, we prefer low cutoffs to minimize the risk
of incorrectly predicting GO as NO-GO.

With the help of the above analysis of the cutoff choice, as a rule of thumb, a cutoff of 0.5 was used in this
study, and then the mean accuracy of the model was calculated to be 1.0 and 0.92 for ignition discrimination of
the explosive samples with confinements A and B, respectively.

Moreover, with the cutoff of 0.5, Fig. 13 shows the corresponding ROC curves and AUC values. For the
explosive samples with confinement A, the five ROC curves and their mean value yield an AUC of 0.99 and
standard deviation of 0.0, as shown in Fig. 13a. Similarly, for the explosive samples with confinement B, the five
ROC curves and their mean value yield an AUC of 0.90 and standard deviation of 0.13, as shown in Fig. 13b.
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Fig. 13. ROC curves for stratified five-fold CV.

Compared to the case with confinement A, the standard deviation for the case with confinement B is considerably
larger. This difference may be caused by the smaller number of data for the case with confinement B. Additionally,
the ROC curve of a random classifier is often included to serve as a comparison point (random classifier ROC).
Generally, the rule of thumb is used to measure how well the model can discriminate. AUC values of 0.7 to 0.8
indicate an acceptable discrimination, values of 0.8 to 0.9 indicate an excellent discrimination, and values of >
0.9 indicate an outstanding discrimination®*. Therefore, for the explosive samples with confinement either A
or B, the model was able to classify the datasets into GO and NO-GO with a very high accuracy.

Conclusion

An impact testing laboratory equipment was developed to assess the safety of a DNAN-based melt-cast explosive
upon impact during launch or penetration environment. This equipment is characterized by adjustable loading
amplitude ranging from 0.1 to 1.0 GPa and pulse duration ranging from 1 to 8 ms. Compared to other similar
equipments10,13,15,16,44, our equipment can control both loading amplitude and pulse duration more
conveniently and efficiently. In addition, this equipment can provide both soft and rigid radial confinements for
the explosive samples upon an axial impact.

When the explosive samples were impacted by the drop hammer of the equipment, such mechanical stimulus
was measured by a pressure transducer installed at the bottom of the lower plunger, and the corresponding
pressure—time history could be obtained. This pressure-time curve can be mainly characterized by the peak
pressure (p) and maximum rate of pressure rise (dp/dt).

The response of the explosive samples upon impact depends not only on the loading characteristics (peak
pressure (p) and maximum rate of pressure rise (dp/dt)) but also on the radial confinement of the explosive
samples. Moreover, the response of the explosive samples can be affected by many random factors, such as the
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microstructural morphology of the explosive sample. Therefore, a probabilistic model, i.e., logistic regression
model was used to classify the ignition and non-ignition events for the explosive samples upon impact.

The logistic regression model was calibrated separately for DNAN-based melt-cast explosives with
confinements A and B. Due to the two datasets exhibited a significant imbalance, a stratified five-fold CV
method was used to evaluate this model. For classification performance, a cutoff of 0.5 was used to minimize the
risk of incorrectly predicting GO as NO-GO.

Finally, three metrics (accuracy, ROC curve, and AUC) were used to evaluate the classification performance
of this model. For the explosive samples with confinement A, the accuracy of this model was 1.0 and the AUC
value was 0.99, while, for the explosive samples with confinement B, the accuracy of this model was 0.92 and
the AUC value was 0.9. This performance demonstrates that logistic regression effectively evaluates the safety of
explosive samples under non-shock mechanical stimuli with varying amplitude and duration.

In future investigations, by combining drop hammer tests using our equipment with the logistic regression
model, we can compare the safety of different explosives with known loading characteristics (peak pressure
(p) and maximum rate of pressure rise (dp/dt)) subjected to the explosive samples. The safety of one explosive
maybe better than that of another explosive at some loading characteristics, but it maybe quite worse at other
loading characteristics.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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