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Abstract

The detonation of conventional munitions due to accidents or hostile actions causes urban destruction and
loss of life, underscoring the need for improved safety measures. This study addresses the scarcity of research
in munitions safety by investigating the threat of small and medium munitions. Experimental setups using
50mm shaped charges were developed and simulated with ANSYS AUTODYN, featuring JH-2 explosive and
oxygen free high conductivity copper liner. Aluminum buffer plates were added to align jet energy levels with
small and medium munitions' requirements. Safety assessments of JH-2 explosive against standard charges
utilized $45x40mm JH-2 targets covered with steel. Numerical simulations employed the Lee-Tarver ignition
and growth model, comparing JH-2 explosive response with insensitive explosives like LX-17 and TATB. Results
showed JH-2's failure in experimental tests, corroborated by simulations, while TATB and LX-17 remained
stable. This study advocates for the adoption of cost-effective, insensitive explosives in next generation
weaponry to mitigate unintentional detonations.
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1 INTRODUCTION

Munitions are at risk of heat and shock threats that could occur throughout their manufacturing,
transportation, storage, and operational deployment. In December 1917, a tragic incident occurred in the harbor
of Halifax, Canada, where a Belgian boat collided with a French cargo ship that was carrying ammunition. The
collision led to the loss of approximately 5,000 lives (Gilbert 1991). Between the years 1948 and 1994, there was an
average of one occurrence every five years in the United States alone where incidents involving stored explosive
materials took place. As reported by the Munitions Safety Information Analysis Center (MSIAC), there were a total
of 17 incidents involving munitions worldwide during the initial half of 2004 (Hayles 2005). Separate incidents
involving different aircraft carriers, resulted in the loss of 660 lives, destruction of 42 aircraft, and the approximate
loss of assets worth 4 billion dollars (Davis and Louise 1989). The incident at Camp Doha had devastating
consequences, as it not only resulted in the near-total loss of an entire battalion but also created a dangerous
radioactive environment due to the utilization of depleted uranium in 120 mm penetrators(Scherpelz et al. 2000).
Therefore, there is an urgent need to assess munitions safety against different heat and shock stimuli.

Shaped charges represent one of the most formidable shock threats encountered by munitions throughout
their life cycle. Shaped charges find extensive applications in both military and civilian contexts. Shaped charges are
widely employed in various military applications, encompassing land, air, and sea warfare scenarios (Shekhar 2012).
Shaped charges find utilization in the destruction of tanks, bunkers, naval surface vessels, submarines, and aircraft.
In civilian applications, they are employed to induce long crack formation in the oil industry (Ahmed and Malik
2017), thick or long metal structure cutting, breaking a rock (mining industry) or demolishing a concrete structure
(Q. Zhang et al. 2021). Hypervelocity impact research in space also involves shaped charges (Selivanov et al. 2021).
Hence, among the six assessment tests conducted on munitions, one of them is the shaped charge jet impact test.
This test necessitates meeting the pass criteria of no reaction more severe than an explosion(NATO 2010).
A prominent example for conducting standard shaped charge threat assessment is STANAG 4526 (STANdardization
AGreement) shaped charge jet munitions test procedure. As per this agreement, a 50 mm Rockeye was utilized as
the standard shaped charge. However, its performance exhibited variability, particularly concerning the Held
criteria (v2d) that determines the energy level of the jet, where the jet tip diameter is denoted by d and its tip
velocity is represented by v (Arnold, W. and Rttenkoler 2012). Moreover, its test setup was not fully defined
(e.g. conditioning plate, target nose, etc.) (Peron 2004). Hence, it becomes imperative to develop a standardized
shaped charge for evaluating the safety of munitions.

In 2018, M. B. Brian Fuchs et al. presented an updated version of the STANAG 4526 test procedure, introducing
different test procedures for small, medium, and RPG-7 level threats, which are employed globally. Additionally,
they highlighted deficiencies and appropriate methodologies within this context (Fuchs 2018). Rocket-propelled
grenades (RPGs) were identified as the most significant threat to munitions in recent warfare scenarios, with a vd
value of 141 mm?3/us? (Spasskiy 2001). However, numerous experts have highlighted that smaller shaped charges,
such as "Top Attack Bomblets," and “40mm grenades” also pose a significant threat to the safety of munitions.
E.L. Baker et al. conducted a numerical study to model surrogate representations of 40 mm grenades
(Baker et al. 2015). Weaponry has been classified into four distinct categories based on their v2d values,
encompassing top-attack bomblets and extending to large anti-tank missiles(Daniels et al. 2017). It is possible to
devise four distinct test configurations, however, observations indicate that only specific types of explosive
initiation transpire. Nearly all of the munitions detonate, with the exception of certain highly insensitive ordnance
that remains secure under the RPG7 threat level (Arnold and Rottenkolber 2013). Therefore, it is recommended to
focus on utilizing only two specific types of shaped charge test setups, one representing RPG7 and higher-level
threats(Baker et al. 2013), and the other representing small and medium munitions. This study aims to address this
problem by proposing the use of standardized small shaped charges as representatives of small and medium-sized
munitions for assessing munitions safety.

The JH-2-50 mm shaped charge was both modeled and experimentally examined as a standard representation of
small and medium munitions. The JH-2 50mm shaped charges possess cone apex angles of 60 degrees. In order to adjust
the V2d values of shaped charge jets, buffer plates made of aluminum and steel were utilized. v2d value is not being used
as an explosive initiation reference but only to identify munitions class. These plates had varying thicknesses, with
aluminum measuring 60mm and steel measuring 10mm combined with 60mm of aluminum. A munitions safety
assessment was conducted on small JH-2 targets.
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2. Experimental studies of small standard shaped charge and JH 2 explosive target

2.1 Small standard shaped charge design

The investigation of jet impact performance on the JH-2 explosive entails the utilization of a 60-degree conical liner
shaped charge. The dimensions and visual depiction of the shaped charge, encompassing a detonator, JH-2 explosive and
metal liner, are demonstrated in FIGURE 1(a) and 1(b). The choice of copper OFHC as the liner material stems from its
exceptional penetration capabilities. Upon initiation by the detonator, spherical detonation waves disperse outward
from the ignition point. These waves propagate at the explosive detonation velocity, estimated at approximately
8 km/sec in this specific case, under the influence of the Chapman-Jouguet detonation pressure. Subsequently, the liner
material converges along the centerline following the onset of the detonation shock wave. Ultimately, the shaped charge
yields an intense jet of high-speed liner material.
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(a) (b)
Fig. 1 50mm JH-2 shaped charge dimensions (a) and image (b)

2.2 Test Setup for Safety Assessment of JH-2 Explosive

The performance of the shaped charge was modified in accordance with small and medium munitions using two
different buffer plate configurations. First configuration involved a 60mm aluminum plate and second consisted of a
combination of 10mm steel and 60mm aluminum plates. The experimental setup included the shaped charge, buffer
plates, a steel base cylinder, a standoff cylinder, and the JH-2(70RDX/30TNT) explosive target (Xiao et al. 2016). Figure 2
provides a visual representation of the buffer plates, steel base cylinder, standoff cylinder, and the JH-2 explosive used
in the experiments. JH-2, also known as 8701 explosive, has Chapman-Jouguet pressure and performance similar to
COMPB conventional explosive. Consequently, it was chosen as the target explosive for this study. The target JH-2
explosive had dimensions of 45mm in diameter and 40mm in height.

®100x100 steel base cylinder  (©45x40 JH-2 explosive Standoff cylinders

Fig. 2 Different elements of standard shaped charge test configuration
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2.3 Safety assessment set up configurations

Four different configurations were employed to evaluate the JH-2 explosive's response against the standard
shaped charge. Configuration one setup consisted of a shaped charge, a 25mm standoff distance between the shaped
charge and a 60mm aluminum buffer plate, and a JH-2 explosive target covered with a 10mm steel plate placed at a
distance of 15mm from the aluminum buffer plate as listed in table 1 along with other 3 configurations. Figure 3 also
provides a general pictorial overview of first two configurations.

Table 1. Safety assessment configurations utilized for experimental and numerical evaluation of JH-2 explosive safety

Configuration  Shaped Charge Standoff(mm) Buffer Plate Thickness(mm) Standoff(mm) Explosive Cover  Target

1 50mm SC 25 60 Aluminum 15 10mm JH-2
2 50mm SC 25 60 Aluminum 15 20mm JH-2
3 50mm SC 25 10 Steel/60 Aluminum 5 10mm JH-2
4 50mm SC 25 10 Steel/ 60 Aluminum 5 20mm JH-2

Detonator

50mm shaped charge

+——eee 25mm standoff cylinder

Aluminum buffer cylinder
10mm or 60mm

65mm or 15mm standoff
cylinder

10mm or 20mm steel JH-2
cover

JH-2 target ©®45x40

Base steel cylinder
@100x100

Fig. 3 JH-2 explosive safety assessment setup schematic design (a) and real image (b)

2.4 Flash X-ray set up

The experimental setup is described in Figure, providing a visual representation of the apparatus used in the
study. To accurately observe and measure the jet tip diameter and its velocity, flash X-ray technology was employed.
This method enables the capture of instantaneous images during the collapse of the metallic liner into a jet. Upon
initiation of the shaped charge, copper metallic jet is created rapidly at high velocity, reaching speeds of several
kilometers per second. By employing two X-ray tubes that emit X-rays at different time delays, two distinct moments
in the jet evolution can be captured, allowing for detailed observations of the jet's morphology and position. By
applying the geometric
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Fig. 4 Flash X-ray setup to gauge diameter and velocity of the shaped charge

similarity principle, critical jet characteristics, including length, diameter, and average velocity, can be determined.
This methodology facilitates a comprehensive analysis of the shaped charge jet's behavior during the experimental
investigations as depicted in figure 4.

2.5 Steel base cylinder baseline/penetration test

To compare the effects of detonation on the steel cylinder with the normal shaped charge jet penetration behavior,
a baseline penetration test was conducted. The Shaped charge penetration ability was measured on 45-steel target.
The densities of this specimen were 7.85 grams/cm? and its diameter was 100 millimeters and height was 250 millimeters
as represented in figure 5.

~ Detonator

50mm shaped charge —

65mm standoff cylinder -

Steel cylinder Target
®100x250

Fig. 5 Depth of penetration experiment schematic design(a) and real image(b)
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3. Experimental results and analysis

3.1. Flash X-ray results

A flash X-ray study revealed a 6.13km/sec velocity and 3mm diameter for shaped charges. Numerical simulations
confirmed these findings as well as depicted in figure 6(b). Moreover, the velocity of the shaped charge jet varies linearly
over its length. To avoid over-statement of the v2d values, shaped charge jet diameter and velocity should be measured
behind jet tip anomalies as shown in figure 6(a).

06| ABSVEL {cmius}
£ g 620361
Measure Jet tip diameter and 05
velocity behind tip anomalies 04t oo
03+ 4.962e-1
Eu 2
E . 43421
SO 372261
G 00}
2 3.101e-1
C.0.1
o 2.481e-1
o2
il - 1.861e-1
031 eetgRe- e —— e
04 1.241e-1
05 . . . . . . :
0 5 10 15 20 25 30 35 6.203¢-2
Jet length {cm) e
(a) (b)

Fig. 6 (a) Flash X-ray images of the jet at 26 and 55usec. (b) simulated velocity distribution within a shaped charge jet at
35 psec.

3.2 Damage analysis of the target

In all of the conducted experiments, the JH-2 explosive target with a diameter of 45mm and a mass of 80 grams
was detonated. The JH-2 target was subjected to three different conditions: being covered with either a 10mm and
20mm steel plate for v2d value of 37 and a 20mm steel plate for v?d value of 68 mm3/usec? respectively. These
experiments were conducted to evaluate the impact of a jet attack with energy levels equivalent to those of a 40mm
grenade and medium-sized munitions on JH-2 explosive target. The results obtained from the high-speed camera
recordings clearly demonstrate that the explosive material was instantaneously consumed by detonation, as observed
in the figures 7, 8, and 9. It was only covered from top and bottom with a 10,20mm steel top cover and a $100x100mm
steel bottom cylinder. Full encasement of the explosive material from all sides was deliberately avoided, as it would
lead to enhanced confinement, thereby elevating the probability of detonation. In addition, there is another proof
that the detonation occurred by virtue of the full consumption of the JH-2 target explosive.

Fig. 7 High speed camera shows detonation of JH-2 target explosive covered with 20mm casing with input v?d value of
68mm3/usec?.
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Fig. 8 High speed camera shows detonation of JH-2 target explosive covered with 10mm casing with input v3d value of

68mm?3/usec?.

Fig. 9 A high-speed camera records JH-2 explosive detonation using buffer plates (10mm steel, 60mm aluminum), replicating a
40mm grenade's performance against 10mm steel cover for JH-2 explosive.

3.3 The damage to steel base cylinder

Standard shaped charges easily penetrated the steel and aluminum buffer plates of various thicknesses and went
on to strike the target with enough energy to cause detonation of JH-2 explosive. Further evidence of detonation of
target explosive is crater on steel base cylinder figures 10 (a), (b) and (c) as compared with normal penetration
experiment performed on the explosive as shown in figure 10 (d). This phenomenon is due to the impact of detonation
shock waves on steel base cylinder, and it can also be observed in AUTODYN simulations as shown in figure 14(c), while
in the absence of detonation shock wave no crater exists in AUTODYN simulation figure 15(b).

(a) (b} (d)

Fig. 10 (a), (b), and (c) display a crater on the steel base cylinder front side, evidencing detonation for first three configurations
listed in table 1, in contrast absence of crater is evidence of no detonation in case of configuration 4.

3.4 Depth of penetration Experiment results

This test was conducted to observe the difference between normal jet interaction with steel cylinder and detonation
of JH-2 explosive target on steel cylinder as shown in figure 10 (a), (b) and (c). Further, the results of penetration
experiments indicate that jet penetrated roughly 230mm into the steel target shown in figure 11.
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(a) (b)

Fig. 11 Penetration behavior of shaped charge jet into steel targe (a) diameter (b) depth of penetration

4. Numerical simulation

4.1 Modeling

The nonlinear dynamics software ANSYS Autodyn was employed to conduct simulations of Shaped Charge Jet
(SCJ) attacks on JH-2 explosives. In order to assess the distinctive initiation behavior of JH-2 compared to other
insensitive munitions, simulations were also performed on TATB and LX-17 explosives under similar conditions. The
simulation process incorporated the utilization of the Lee-Tarver ignition and growth model ,abbreviated as IGM here,
IGM is known to be suitable for modeling shaped charge jet impacts that induce overdriven shocks capable of initiating
explosives(X. Zhang, Huang, and Qiao 2011)(Liu, Yin, and Wang 2019). Due to the fact that some parameters of this
model only fit in the unit system (cm, g, us), AUTODYN simulations were conducted using the (cm, g, is) units.

The simulation of the jet formation process was conducted utilizing the Euler multi-material solver, where the
explosive and liner were modeled within the Euler grid. To prevent the undesired reflections during the propagation of
shock waves, flow out boundaries were implemented at the ends of the computational grid which had a unit cell of
20x20cm (Elshenawy and Li 2013). The modeling scenario encompassed free space filled with air, with an assigned
internal energy and density of 2.06640x10° and 0.001225 mg/mm?3, respectively. To measure the jet velocity, fixed gauge
points were strategically positioned along the axis of symmetry. These gauge points served as reference locations for
determining the velocity of the jet tip over time. To ensure the stability of the simulation results, AUTODYN's Lagrange
solver was employed for simulating the penetration of the jets into the buffer plates(Li, Yang, and Lv 2014). Additionally,
the erosion option in AUTODYN was utilized to maintain a reasonable time step and prevent degeneracy problems caused
by excessively distorted elements in the simulation. This numerical approach helps eliminate distorted elements and
ensures the integrity and accuracy of the simulation process (AUTODYN, 1998).

4.2 Constitutive equations and related parameters

The JH-2 explosive, used in both standard shaped charges and targets, was simulated using the high explosive burn
modeling procedure and the Jones-Wilkins-Lee equation of state (Downes, Bouamoul, and Ensan 2014). According to
Lee et al., JWL EOS takes the form given in equation 1 (E L Lee, Hornig, and Kury 1968).

P=A(1-Z)e™ +B(1-%)e ™ +5 (1)

Where P represents pressure and Ri, A, Rz, w, and B denote coefficients of equations 1, whereas energy is represented by
E and V characterizes relative volume. These coefficients for JH-2 explosive are provided in table 2 along with D denoting
the Chapman-Jouguet detonation velocity of JH-2 explosive.

Table 2. JH-2 explosive JWL equation of state parameters

D (m/sec) w B (GPa) R1 R, A (GPa) Density (g/cm3)
8350 0.38 6.9 4.3 0.87 6.184 1.72
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The detonation process of explosives under shaped-charge jet attacks was studied using IGM simulations. For
explosives and detonation products, this model incorporates the Jones-Wilkins-Lee equation of state(Lee and Tarver 1980).
Moreover, this model contains ignition and growth terms. As its name implies the ignition term is a mathematical depiction
of hotspots forming process and consequent ignition of these hotspots. Initially, the reaction is slow to develop because
isolated hotspots are burned, represented by the first growth term. Once the hotspots have begun to coalesce, the second
growth term accounts for the rapid completion of the reaction(Souers, Garza, and Vitello 2002). A mathematical
formulation of the Lee-Tarver IGM is given in equation 2.

L =11 - F)’ (15— 1= @)% + Gy(1 — F)°a®P¥ + G,(1 — F)°a9P* 2)

ns denotes the unreacted explosive’s relative density and it is equal to ps/po, with ps being the density of remaining
solid explosive and p, being density when explosive was first ignited. Explosive's pressure is referred to as P, and its mass
fraction is referred to as F in equation 2. And z, g, e, G1, Gy, 3, b, X, ¢, d, y, and | remain constant. In order to start ignition
and therefore reaction, there is a critical compression parameter "a" that specifies the maximum compression which
must be achieved before starting ignition and reaction. Reaction only starts when ns> 1+a.

Table 3. Reaction rate parameters for Lee-Tarver model

Parameters JH-2 TATB LX-17 Parameters JH-2 TATB LX-17
| 14 4x107 4x108 d 0 6.67 x10! '1.11 x10?
b 6.67x101 6.67x10?1 6.67x10?1 y 0 4.0 1.0
a 0 2.3x10t 2.2x10* G, 40 400 400
X 4.0 7.0 7.0 e 2.22 x10? 3.33x10? 3.33x101
Gy 488 6.3x10* 6 x10? g 0.666 1 1
c 6.67x10! 6.67x10? 6.67x10? z 1.2 3.0 3.0

Based on the examination of the parameter values of the Lee-Tarver IGM for a wide variety of explosives, one can
easily see that for most of the heterogeneous explosives, the exponents a, b, ¢, d, e and z remain fixed in values, which
is due to the fact that they are primarily associated with the geometry of the hotspots. However, parameters | and x vary
from explosive to explosive and depend on shock intensity and duration. In addition, there are four growth parameters
that vary as well with changing explosive, these are Gi, y, G2, and z. Lee-Tarver equation reaction rate parameters are
given in table 3, whereas JWL parameters for reacted and unreacted parts can be found in the AUTODYN material library
and the Y Liu et al paper (Liu et al. 2020).

A shock equation of state (EOS) is used to numerically represent steel target, aluminum buffer plate, and copper
liner while material strength effects are depicted by the Johnson-Cook strength model. Shock-EOS describes internal
energy and pressure outside and within Hugoniot curves.

P =Py+pl(e—ey) (3)

There are three factors involved in Hugoniot curve analysis, Hugoniot-curve pressure Py, material density p and
Gruneisen coefficient I'. ey is Hugoniot curve energy. Johnson-Cook strength model relates yield stress, thermal softening
and strain rate as follows.

0y = (A+ Bep)(1 + Clogey)(1 — T (4)

Table 4. Johnson Cook parameters for different metals used in simulation

Metal p(g/cm3) r n m C G(GPa) B(GPa) A(GPa) Tm(K)
Aluminum 2.70 1.97 0.27 1.00 0.01 27.1 0.292 0.04 1220
Steel 45 7.83 2.17 0.26 1.03 0.014 81.8 0.51 0.792 1793
Copper 8.96 2.00 0.31 1.09 0.025 46 0.292 0.09 1356
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"o is normalized plastic strain rate, while o, describes the dynamic behavior of yield stress and &, denotes effective plastic
strain. In addition to these terms static yield stress is A, hardening constant is B and C is the strain rate constant in equation 4.
While, m and n are thermal softening and hardening exponents respectively. Relative melting temperature is represented by
Ty and G is shear modulus in table 4 along with other related parameters of strength model (Xu, Wang, and Chen 2019).

4.3 Modeling results

The v2d value of the simulated 3 configurations and experimental setups is provided in figure 12. Figure 13(a), 13(b)
and 13(c) illustrate the phenomenon of shaped charge jet im-pact on JH-2 explosive covered with 10mm steel casing
from one side and thick steel cylinder from the other side. The shot line of jet was selected so that it passes through
longest path in the explosive. The V2d value of the impacting shaped charge jet was around 68 mm3/usec?. Round parts
of the JH-2 explosive did not have any kind of cover. It can be seen clearly that JH-2 explosive goes under prompt
detonation (with run distance to detonation <10 mm) while in case of LX-17 and TATB explosive the target did not
undergo any kind of full or partial detonation of explosives as no detonation shock wave can be seen in these explosives
clearly depicted figure 13 (d, e, f, g, h and i).

120 + 115

100

80
68

60 -

Vad (mmP/ps?)

40 37

20

No Buffer 60mm Al Buffer 10mm Steel and
60mm Al Buffer

Fig. 12 Shaped charge jet energy levels with respect to buffer plates

PRESSURE (Mbar)

3.029e-1
I H2) —
2.094e-1
(a) 10mm Steel  (b) Thick Steel ()
Cover Cylinder 1.158e-1
(Copper Jet)l
1 (x17) 2.226e-2
-7.129e-2
(d)
-1.648e-1
1| (TATB)
(e) (h) (i)

Fig. 13 Using a v2d value of 68mm?3/usec?, a shaped charge jet hits 10mm steel-covered JH-2, LX-17, and TATB explosive targets.
Among them, only the JH-2 explosive undergoes detonation, evident from the contour in the image.
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Table 5. A total of 14 cases were simulated including three experimental configurations

Simulated cases Explosive Casing v2d (mm3/psec?) Result
1 JH-2 10 Front, 100 back 37 Fail
2 JH-2 10 Front, 100 back 68 Fail
3 JH-2 20 Front, 100 back 37 Fail
4 JH-2 20 Front, 100 back 68 Fail
5 LX-17 10 Front, 100 back 37 Pass
6 LX-17 20 Front, 100 back 37 Pass
7 TATB 10 Front, 100 back 37 Pass
8 TATB 20 Front, 100 back 37 Pass
9 LX-17 10 Front, 100 back 68 Pass
10 LX-17 20 Front, 100 back 68 Pass
11 TATB 10 Front, 100 back 68 Pass
12 TATB 20 Front, 100 back 68 Pass
13 JH-2 20 Front, 20 back 37 Pass
14 JH-2 20 All sides 37 Fail

Table 5 provides a summary of 14 simulated cases “fail” result indicates the detonation of explosive while “pass”
result accounts for no detonation in explosive material. While some important explosive responses are shown in figures
13, 14 and 15. A relatively interesting shaped charge jet initiation mechanism was observed when the front steel cover
thickness was increased from 10mm to 20mm and v2d value was set at 37 mm3/psec?. There was no prompt detonation.
The shaped charge jet managed to pierce through the JH-2 explosive material until it approached the rear cover of the
JH-2 explosive. This situation led to a substantial containment of the explosive substance between the impacting shaped
charge jet and the steel base cylinder located at the back. As a consequence, an explosive shock wave was initiated,
propagating in the opposite direction to the impacting jet, as illustrated in figure 14(c). This phenomenon occurs due to
the steel base cylinder's ability to reflect shock waves, thereby intensifying the compression of the JH-2 explosive that
was situated between the shaped charge jet and the steel base cylinder. This increased compression creates localized
regions of high temperature, ultimately causing the detonation of the JH-2 explosive material.

Notably, the insensitive explosives TATB and JH-2, which were safely contained within a 10 mm casing, did not
experience any form of detonation in this particular scenario as well. This outcome can be attributed to the fact that the
shock waves reflected by the steel base were insufficient to generate the necessary hotspots within these less sensitive
explosive materials. Another what if scenario involved a relatively thin back casing of 20mm resulted in no detonation of
JH-2 explosive as presented in figure 15(b). While, munitions are mostly covered from all sides so this scenario was also
simulated and resulted in the penetrative detonation of JH-2 explosive near the side casing as shown in figure 15 (c).

PRESSURE (Mbar)
3.112e-1

| K I
IH-2 : e
® b= r - 2 353e-1
i 1.595e-1
(a) 20mm Steel  (b) Thick Steel (e) =
Cover Cylinder
Copper 32111 ——
07 .
7.797¢-3
(d) )
-6.805e-2
=0 | (TaTe) =5 ‘
(8 (h} (i)

Fig. 14 In the 20mm casing, strong confinement between shaped charge jet and steel base causes detonation in JH-2 explosive,
moving opposite to the jet. LX-17, TATB remain safe.
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-1.255e-2

A TRERT

Fig. 15 Confinement impact on JH-2 explosive detonation: (a) Robust 100mm steel casing and (c) full confinement of explosive from all
sides generate high-pressure hot spot from reflected shock, leading to detonation. (b) Thin 20mm steel casing lacks strong shock reflection,
preventing detonation.

The gauge point pressure profile depicted in figure 16 provides numerical evidence of JH-2 explosive detonation.
As the shaped charge jet penetrates, the pressure within the explosive steadily increases due to the formation of
hotspots resulting from the compression caused by the impinging jet. This continuous hotspot generation elevates the
internal pressure until it reaches the detonation threshold, represented by the Chapman-Jouguet pressure of
approximately 0.3 Mbar for JH-2 explosive. In contrast, for LX-17 and TATB explosives, the pressure within remains
consistently below their respective Chapman-Jouguet pressures, as shown in figures 17 and 18. This is attributed to
less efficient hotspot generation compared to conventional JH-2 explosive. As a result, these insensitive explosives
remain unaffected by the shaped charge jet with energy levels equivalent to medium munitions in all three cases.
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Fig. 16 Gauge points inside the explosive, spaced 5 mm apart, show pressure rising until Chapman-Jouguet pressure approximately
0.3 Mbar is reached, causing detonation in JH-2 explosive
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Fig. 17 Gauge points within the explosive, placed every 5 mm, reveal no detonation; pressure stays significantly under LX-17's
Chapman-Jouguet threshold pressure for detonation.

The gauge point pressure profile depicted in figure 16 provides numerical evidence of JH-2 explosive detonation.
As the shaped charge jet penetrates, the pressure within the explosive steadily increases due to the formation of
hotspots resulting from the compression caused by the impinging jet. This continuous hotspot generation elevates the
internal pressure until it reaches the detonation threshold, represented by the Chapman-Jouguet pressure of
approximately 0.3 Mbar for JH-2 explosive. In contrast, for LX-17 and TATB explosives, the pressure within remains
consistently below their respective Chapman-Jouguet pressures, as shown in figures 17 and 18. This is attributed to
less hotspot generation compared to conventional JH-2 explosive. As a result, these insensitive explosives remain
unaffected by the shaped charge jet with energy levels equivalent to 40mm grenade in all three cases The agreement
between the experimental outcomes and the simulations of penetration depth is notable. The numerical calculation
of penetration depth, as depicted in figure 19, is approximately 233mm.
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Fig. 18 Gauge points within the explosive, spaced every 5 mm, demonstrate absence of detonation; pressure stays notably below
TATB's Chapman-Jouguet threshold pressure for detonation.
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Fig. 19 The numerical prediction indicates a penetration depth of around 233mm, a close match to the experimental measurement
of 230mm at a stand of distance 2 times the shaped charge diameter.

5. Discussion

The phenomenon of explosive initiation by a shaped charge jet is a well-researched topic and has provided evidence
of the detonation of conventional munitions, such as TNT and COMPB explosives, under the attack of a shaped charge jet
(Held 1987). However, safety analysis studies, standard tools for the safety analysis of munitions against shaped charge jet
attack, and preventive measures have been sparsely studied. This paper aims to fulfill that gap by providing standard safety
assessment tools that represent small munitions with v2d values in the range of 60-70 mm3/usec?, as well as 40mm grenades
with a v2d value of approximately 40 mm?3/usec?. It also offers an experimental and numerical analysis of the response of
the conventional JH-2 with respect to munition safety.The detonation of the JH-2 target explosive was observed at
68 mm?3/usec? for both 10mm and 20mm steel covers, as well as at 37 mm3/usec? in the case of a 100mm steel cover.
This underscores the critical need to explore alternative, safer explosive compounds. We suggest replacing JH-2 explosive
with many new advanced energetic materials that have been reported that fulfil insensitive munitions requirements
including IMX-101 and IMX-104 (Anniyappan et al. 2020)(K. E. Lee et al. 2010). A recent work by Dany Frem describes the
entire manufacturing process for IMX-101 and IMX-104 under a common low-cost insensitive munition explosive program
abbreviated as CLIMex(Frem 2023). This study highlights the importance and urgent need to replace conventional
explosives such as JH-2 with novel explosives such as IMX-101 and IMX-104 in order to avoid the deadly and costly accidents
of the past. These adaptations will reduce risks, increase safety, and increase operational effectiveness in regions where
conventional munitions such as JH-2 are still widely used. By embracing this transition, continuous occurrence of accidental
detonations will be significantly reduced making the whole world a safer place to live.

6. Conclusion

This research underscores the pivotal role that standard shaped charges play in evaluating munition safety parameters,
essential to mitigate the tragic loss of lives and substantial financial damage caused by accidental detonations. The study's
innovation lies in employing a compact 50mm standard shaped charge setup to effectively replicate the effects of 40mm
grenades and medium-sized munitions. By strategically incorporating aluminum and steel buffer plates, the research
adeptly assesses the safety characteristics of the JH-2 explosive and insensitive explosives. The meticulous selection of
buffer plate materials, guided by rigorous AUTODYN simulations, attenuates the shaped charge jet's original energy output,
yielding tailored configurations for subsequent safety analyses. These optimized setups facilitate comprehensive
assessments of JH-2 explosive safety through empirical and computational means. The agreement between simulation
outcomes and experimental results, confirmed by X-ray analysis and depth of penetration experiment, validates the
approach's accuracy and underscores the effectiveness of simulation techniques. Moreover, the study highlights the
profound influence of confinement conditions on explosive detonation probabilities, a key finding with implications for
munition safety assessment. Important findings are listed as follows

1. The analysis of safety for JH-2 explosive exhibited inadequate performance, resulting in detonation across two trials,
characterized by v2d measurements of 68 mm3/usec?.

2. During testing, the JH-2 explosive detonated when subjected to a 10mm steel cover, while it remained secure when
surrounded by 20mm steel covers both in front and behind the explosive, against a shaped charge jet with a v2d
value of 37 mm?3/psec?
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3. The empirical results, culminating in the detonation of the JH-2 explosive, found reinforcement through dedicated
numerical simulations tailored for this specific explosive material.

4. Numerical simulation also confirmed the safety of insensitive munitions such as LX-17 and TATB under the same
threat level encountered by JH-2 in this study.
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