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Abstract      11 

 12 

This study offers improved safety design guidelines for high explosives (HE), creating impact 13 

insensitive geometries, capitalising on the potential for additive layer manufacturing 14 

techniques. There are numerous safety concerns when considering energetic materials and 15 

HEs, the primary concern, subject of this work, is the risk of unplanned detonation from 16 

impact. There are multiple potential causes for unplanned detonation due to impact; one of 17 

which is the impact from a high-speed foreign object. Despite this substantial risk, the 18 

problem has not been publicly addressed by means of adjusting the design of the charge itself. 19 

Therefore, investigations into the internal design of the charge were executed, whereby the 20 

inclusion of various sized and shaped voids are assessed, to establish their effect upon the 21 

reactivity of the HE. Using computational modelling, allows for numerous designs to be 22 

assessed and developed, and the impact sensitivity of the charge to be tested across a range 23 

of scenarios.  The proposed validated computational model enables designs to be optimised 24 

in a safe and efficient manner, reducing the number of physical tests required, and thus 25 

minimising time, cost and the environmental impact.  26 



Introduction 27 

 28 

Explosives are often used for military, mining, and construction purposes. They are typically 29 

made up of a casing, housing an explosive chemical compound, with a fuse or detonation 30 

system. With the most common geometries of explosives, being solid cylinders, cubes, and 31 

cuboids. The explosive chemical compound is usually triggered by heat, shock, friction, or a 32 

combination of these. This in turn results in a rapid release of heat and high-pressure gasses, 33 

which expand rapidly overcoming its confines [1]. This rapid release of energy results in 34 

fragmentation of the casing and confining structures, and a blast of air that causes loose 35 

debris to be expelled from the explosion site, and ground vibration. 36 

One primary purpose of accurate modelling of HEs is to understand the blast effect on 37 

surrounding items and structures, and to utilise the information to better design safety 38 

equipment against such blasts. For example, Makwana et al [2] investigated the structural 39 

rigidity improvement of armoured vehicles against anti-vehicle mine blasts, and the study 40 

from Rasico [3] highlights the importance of capturing the fragmentation of explosive casings, 41 

as these can often have the ability to pierce protective armour.  42 

Normally, the detonation of explosives is carefully planned and executed to achieve the 43 

desired explosion results. However, there is a significant risk posed by unplanned detonations 44 

of high explosives. For example, an unintentional impact force may be applied on the charge 45 

during the manufacturing, transit, or storage processes. In order to improve the safety 46 

performance of explosives under unexpected impact, this paper promotes a novel concept 47 

using HEs with tailored internal hollow sections, to reduce the reactivity of the charge to 48 

prevent unplanned detonations, while allowing for the HEs to achieve their target blast 49 

performance. In addition, this concept can also eliminate the impact on explosives use costs, 50 



because the existing casing and transportation setups for explosives do not need to be 51 

modified for the purpose of increasing safety.     52 

To enable the internal designs to be considered, a practical manufacturing method must be 53 

known. Therefore, additive layer manufacturing (ALM) is suggested as the most prudent 54 

method, to allow for the inclusion of internal voids of desirable sizes and for much greater 55 

design scope for experiments and trials. ALM processes can easily generate geometrically 56 

complex shapes directly from computer models with little waste material. Currently, a 57 

casting/moulding process is used, which also offers the potential for the creation of enclosed 58 

internal geometries. However, due to the viscous nature of the energetic material it would be 59 

difficult to successfully fill the mould under normal conditions, with the additional pressure 60 

or heat input required, posing a safety concern. According to recent studies [4, 5], material 61 

extrusion ALM methods are a feasible manufacturing process for explosives. This paper solely 62 

focusses upon the explosive geometry design and consequent blast behaviour, due to the 63 

limited access to the flow properties of the energetic material during the ALM process.  64 

Background and Method 65 

 66 

Within the pre-existing publications, several methods for modelling blasts have been used, 67 

ranging from analytical [2], particle-based methods [6], mesh free [7] and coupled methods 68 

[8]. A common approach to predict the blast load of explosives, is the empirical CONWEP blast 69 

model [9]. However, it does not suit the scope of the present paper, as it only applies on 70 

spherical explosives and uses empirical formulae to generate spherical blast wave fronts. Two 71 

more suitable frequently cited methods are the pure lagrangian and Multi Material Arbitrary 72 

Lagrangian-Eularian Eulerian (MM-ALE).  To be able to investigate the blast behaviour of 73 

explosives in various shapes, the MM-ALE approach is widely used [10-12]. The MM-ALE 74 



approach offers accurate simulation results of explosion and fluid-structure interactions, as 75 

this approach allows each mesh to contain two or more materials and move independently 76 

with material flow, which overcomes severe element distortions [10, 13, 14]. Additional 77 

benefits of the MM-ALE method include the ability to capture shadowing (a feature of blast 78 

waves after interacting with objects, preventing the propagation of the blast wave) and the 79 

focusing of the blast wave, which is imperative when required to consider surrounding 80 

structures. However, MM-ALE often requires a higher level of computational intensity when 81 

compared to other options. 82 

Within the MM-ALE method, a key controlling element of the model performance is the 83 

Equation of State (EOS) utilised to characterise the HE and the consequent blast. The EOS 84 

governs the pressure, energy, and density, and plays an essential role in explosive detonation 85 

simulation. Jones–Wilkins–Lee (JWL) EOS [15] is a typical EOS that is widely used, and has 86 

shown successful results when implemented in previous studies [10, 11]. The general form of 87 

the JWL EOS is presented in Equation (1).  88 

𝑃 = 𝐴𝑒−𝑅1𝑉 + 𝐵𝑒−𝑅2𝑉 +  𝜔𝐶𝑣
𝑇

𝑉
                                                                                           (1) 89 

Where P is pressure, V is the relative volume, T is temperature, ω is Gruneisen coefficient, Cv 90 

is average heat capacity and A, B, R1 and R2 are calibration constants. 91 

However, a more suitable version can be used when focusing on the internal detonation 92 

process and charges that are sometimes only partially detonated. This is the Ignition and 93 

Growth (I&G) EOS [16, 17], which contains the two forms of the basic JWL EOS; one for the 94 

reacted explosive and another for the unreacted portion, as well as a reaction rate law. The 95 

rate law is split into three sections, each utilised for different values of the reacted fraction.  96 

Each part describes the stages of reaction typically observed within the shock, initiation, and 97 



detonation of a heterogeneous solid explosive. The three parts are identified in Equation (2), 98 

where t is time, ρr is current density, ρr0o is initial density and I, G1, G2, a, b, c, d, e, g, x, y 99 

`and z are empirically derived calibration constants [16]. The I&G EOS is applied in many 100 

successful cases on simulating detonation progress of solid explosives under impact [18-20]. 101 

𝑑𝐹

𝑑𝑡
=  𝐼[1 − 𝐹]𝑏 [

𝜌

𝜌0
− 1 − 𝑎]

𝑥

+ 𝐺1[1 − 𝐹]𝑐 𝐹𝑑𝑃𝑦 + 𝐺2[1 − 𝐹]𝑒  𝐹𝑔𝑃𝑧                            (2) 102 

                {0 < 𝐹 < 𝐹𝑖𝑔 𝑚𝑎𝑥}        {0 < 𝐹 < 𝐹𝐺1 𝑚𝑎𝑥}    {𝐹𝐺2 𝑚𝑎𝑥 < 𝐹 < 1} 103 

 104 

Validation 105 

 106 

The proposed computational model was conducted under the commercial Finite Element 107 

Analysis software, LS-DYNA [21].  The MM-ALE method with I&G EOS was selected. In order 108 

to ensure the computational model used here is robust and reliable, a numerical validation 109 

work using both 2D and 3D models was carried out by reproducing the simulation model 110 

published in [22]. In this model, a cylindrical explosive with an aluminium plate located on the 111 



bottom face of the charge is used, with a projectile impacting this face, as displayed in 124 

 125 

Figure 1Figure 1. The detailed material models and setups were taken from [22], and were 126 

reiterated in this paper for the sake of completeness. 127 

Table 1Table 1 summarises the detonation impact speeds from the experimental and 128 

simulation data in [22] and the results of this validation work. It can be seen that the results 129 

of both the 2D and 3D models considered in this paper only have a difference of 1.2 % and 130 

are close to the experimental result reported in [22]. According to Figure 2Figure 2, the 131 

predicted morphologies of explosive after detonation from the 2D and 3D models are similar 132 

to the simulation results in [22]. Therefore, the proposed computational model offers reliable 133 

investigation results.    134 

 135 
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 136 

Figure 1 Schematic of axis symmetric 2D model used for validation 137 

Table 1 The detonation impact speeds of the explosives reported in [22] and predicted by the 2D and 138 
3D models using MM-ALE and I&G EOS approach in this paper 139 

 Experimental data in [22] 2D model in [22] 2D model 3D model 

Impact speed 1220 m/s 1165 m/s 1270 m/s 1255 m/s 

Difference - -4.5 % +4.1 % +2.9 % 

 140 

 141 

Figure 2 Comparison of shapes of detonated explosives (A) 2D result (mesh size 0.333 mm) reported 142 
in [22] (B) 2D (mesh size 0.25 mm) and (C) 3D model (mesh size 0.25 mm) in present work. 143 

 144 



Proof of concept: Improve explosive safety via 2D simulation 169 

 170 

A 2D axisymmetric model was initially created to prove the concept of improving the safety 171 

of explosive material by utilising internal hollow sections, while retaining comparable blast 172 

performance against equivalent solid explosives. The effects of the sizes and locations of the 173 

hollow sections on the blast behaviours were investigated. At later stage of this study, various 174 

3D models using refined designs were considered to derive improved design safety guidelines. 175 

In this paper, COMP-B was selected as a representative explosive material to investigate by 176 

using the I&G approach. In the simulations, a cylindrical explosive of 100 mm diameter and 177 

100 mm length was impacted by a 50-gram brass projectile with a length of 49.5 mm and 178 

diameter of 12.7 mm in an ambient environment. This set up was selected based upon several 179 

established impact test procedures, such as Standardisation Agreement (STANAG) 4496, 180 

STANAG 4241 and Energetic Material Hazard Party (EMPTAP) test 36, whereby projectiles 181 

ranging from 13.5 grams to 250 grams are fired at speeds of up to 2530 m/s. With the utilised 182 

50g projectile selected offering sufficient mass to trigger a detonation at speeds within the 183 

top end of these specifications.  184 

Figure 3Figure 3 shows the setup of the 2D axisymmetric model. All the material models and 185 

associated parameters of the projectile and COMP-B are listed in Table 2Table 2. The 186 

projectile speed is then increased by an increment of 10 m/s and the safety performance of 187 

the explosive is assessed by the impact speed which can detonate the explosive material. The 188 

blast performance of the charge is evaluated by the pressures acquired at Sensors A and B 189 

(indicated in Figure 3Figure 3) once the explosive is fully detonated.  Sensor A is located at 190 

the mid-point of the explosive, and is 25 mm far to the side surface, while Senor B is on the 191 

centre axis of the explosive and is 25 mm above the top surface. 192 
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 193 
Figure 3 Schematics of the 2D axisymmetric model setups  194 

 195 

Table 2 Parameters of the material models and EOS used in this paper taken from [22] 196 

Component   Parameters 

COMP-B 

Material 
Model 

Elastic 
Plastic 

ρ: 1717 kg/m3; Gshear: 3.54 GPa; Syield: 20 MPa 

EOS 
Ignition & 
Growth 

Unreacted JWL 
A: 4.85×1013 Pa; B: -3.9×109 Pa; R1: 11.3; 
R2: 1.13; ω: 0.8938; Cv: 2.487×106 Pa/K; 
T0: 298 K. 

Reacted JWL 
A: 5.242×1011 Pa; B: 7.678×109 Pa; R1: 
4.2; R2: 1.11; ω: 0.5; Cv: 1.0×106 Pa/K; E0: 
8.5×109 Pa. 

Reaction rate 

a: 0.0367; b: 0.667; c: 0.667; d: 0.333; e: 
0.222; g: 1; x: 7; y: 2; z: 3; FG1max: 0.7; 
FG2min = 0; I: 4×107 s-1;  
G1: 1.4×10-14 Pa-1S-1; G2: 1.0×10-24 Pa-1S-1. 

Projectile 
Material 
Model 

Elastic 
Plastic 

ρ: 8020 kg/m3; Gshear: 81.0 GPa; Syield: 1375 MPa 

EOS Gruneisen C: 4569; S1: 1.49; S2: 0; S3: 0; γ0: 2.17 ;  α: 0.46 

Air 

Material 
Model 

Null ρ: 1.225 kg/m3 

EOS 
Linear 
Polynomial 

C0: 0; C1: 0; C2: 0; C3: 0; C4: 0.4; C5: 0.4; C6: 0;  
E0: 2.5 × 105; V0: 1 

 197 



In terms of the internal voids in the 2D explosive model for improving safety, their cross-214 

sectional shape was designed to be spherical circle with two sizes selected to investigate (3 215 

mm and 6 mm in radius). The explosive designs in the 2D axisymmetric model are 216 

schematically shown in Figure 4Figure 4. The explosives with the small and large hollow 217 

sections have the same cavity volume fraction (6.5 vol. %). Hence, the equivalent solid 218 

explosive is 93.5 mm long to ensure all of the explosive charges contain the same amount of 219 

energetic material. In addition, the effects of the hollow section location were investigated, 220 

by examining two distances between the bottom surfaces of the hollow sections and the 221 

leading edge of the explosive (5 mm and 10 mm were selected and shown as d in Figure 222 

4Figure 4). 223 

 224 

Figure 4 Schematics of explosives with (A) large (r=6 mm) and (B) small (r=3 mm) hollow sections and 225 
(C) the equivalent solid explosive  226 

After a mesh sensitivity study where the accuracy of simulation results of blast wave pressure 227 

and computational cost was weighted, the element size was selected as 0.25 mm in the 228 

structured mesh. Similar mesh sensitivity study results can be found in [22]. 229 
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Table 3Table 3 lists the detonation impact speed of all the investigated explosives, with and 252 

without the internal hollow voids. It can be seen that the presence of the internal hollow 253 

section improves the detonation impact speed, when compared to the equivalent solid 254 

explosive, which can be detonated at the impact speed of 1040 m/s. However, the 255 

improvement is only around 2 % when the hollow sections are 10 mm away from the bottom 256 

impact surface of the explosives, no matter what the size of hollow sections.  When the hollow 257 

sections are located at only 5 mm above the bottom surface, the improvement in detonation 258 

impact speed becomes more significant. The small hollow sections provide an improvement 259 

of 34.6 % in the detonation impact speed, compared to the speed of the solid explosive, while 260 

the large hollow sections result in an increase in speed of 76.9 % to 1840 m/s.  261 

Table 3 The detonation impact speed of the solid explosives and the explosives with small and large 262 
hollow sections in the 2D axisymmetric model 263 

Location of the 
hollow sections 

Solid explosive 
Explosive with small 

hollow section 
Explosive with large 

hollow section 

d = 5 mm 
1040 m/s 

1400 m/s (+34.6%) 1840 m/s (+76.9%) 

d = 10 mm 1060 m/s (+1.9%) 1060 m/s (+1.9%) 

 264 

Figure 5Figure 5 shows the burn fraction over series of time steps of the explosives with and 265 

without the internal hollow sections, when impacted by their detonation speeds listed in 266 

Table 3Table 3. It can be seen that the detonation progression of all the explosives are 267 

different. (B) and (C) in Figure 5Figure 5, for the explosives with the hollow sections 10 mm 268 

away from the impact surface, shows once the explosive materials near the projectile are 269 

detonated at the initial stage (< 3 μs) like the solid explosive, there is sufficient energetic 270 

material within that 10 mm region to support the detonation progressing continuously until 271 

the whole charge is fully detonated. Hence, their detonation speeds are close with each other. 272 

Although whilst these two types of explosives cannot provide significant improvement in 273 
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impact safety, it is worth noting that the large hollow sections create a more flattened blast 274 

front. The detailed study on tailoring blast fronts through the use of voids will be discussed in 275 

future publications.  276 



 277 
Figure 5 Burn fraction contour plots at different time stages of all the investigated explosives in the 278 
2D axisymmetric models: (A) Solid explosive; (B) Explosive with small hollow sections (d = 10 mm); (C) 279 
Explosive with large hollow sections (d = 10 mm); (D) Explosive with small hollow sections (d = 5 mm); 280 
(E) Explosive with large hollow sections (d = 5 mm), note that this explosive continued to burn 281 
completely after 15 μs. 282 



When the hollow sections are closer to the impact surface (d = 5 mm), the severe detonation 296 

is delayed to approximate 8 μs by the small voids (at impact speed of 1400 m/s) and to 15 μs 297 

by the large voids (at impact speed of 1840 m/s), as shown in Figure 5Figure 5 (D) and (E). This 298 

can be ascribed to larger pressure dissipation capacity from the large hollow sections. 299 

According to Figure 6Figure 6, the initial maximum pressure of 31 GPa is reduced to 2.4 GPa 300 

by the small voids at 3.6 μs, whilst the large voids can decrease the pressure to 1.8 GPa even 301 

under a higher impact speed from projectile (1840 m/s (+76.9%)). 302 

 303 
Figure 6 Blast pressure in the explosives with (A) small and (B) large hollow sections 304 

Table 4Table 4 lists the maximum pressure and arrival time at sensors A and B for the solid 305 

explosive and the explosives with hollow sections set 5mm from the impact site. It can be 306 

seen that all three types of explosives generate a similar level of blast pressure, but by 307 

increasing the size of the hollow sections, the blast wave arrival time is postponed due to the 308 
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delayed detonation as illustrated in Figure 5Figure 5. Therefore, the presence of the designed 329 

internal hollow sections can not only improve safety under impact, but also maintain similar 330 

blast performance. 331 

Table 4 Blast wave pressures and their arrival time at Sensor A and Sensor B 332 

 
Sensor A Sensor B 

Pressure 
(MPa) 

Arrival time (μs) 
Pressure 

(MPa) 
Arrival time (μs) 

Solid explosive 55.3 13.3 65.8 16.8 

Explosive with small 
hollow sections (d=5 mm) 

55.2 17.2 63.8 19.9 

Explosive with large 
hollow sections (d=5 mm) 

56.7 23.7 64.9 25.9 

 333 

3D Simulations 334 

 335 

To further consolidate the investigations carried out under the 2D model, a 3D version is also 336 

tested using the same material and EOS data highlighted in Table 2Table 2. However, the 3D 337 

version allows for more freedom in the geometry selected compared to the 2D axisymmetric 338 

model, which is limited to helical voids, within the cylindrical geometry. For the testing of the 339 

3D model a 100 mm cube was specified, to establish a benchmark detonation point when 340 

impacted by a prescribed 50g blunt projectile made of brass. As previously mentioned, the 341 

projectile is based upon EMTAP test 36 standards, but was blunted to increase contact surface 342 

area ensuring a larger pressure transfer. In practice, one would expect the bullet design 343 

utilised in EMTAP testing to deliver lower contact pressures, and therefore require higher 344 

impact speeds to achieve the same detonations.  345 

The set-up was first tested with no infill inclusions as a solid cube of charge, the testing of this 346 

model resulted in a Shock to Detonation Threshold (SDT) velocity of 1100 m/s, providing the 347 

benchmark for future tests. With this in mind, similar cylindrical voids to the 2D investigations, 348 
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were introduced to the solid charge. The first trial implemented two rows of 6 3 mm in 365 

diameter radius cylindrical voids, set 10 mm from the edge of the impact site, displayed within  366 

Figure 7Figure 7. These voids showed an increase in the required detonation speed as 367 

expected up to 1430 m/s.  368 

 369 

Figure 7 Schematic of an example 3D model. With 6 3 mm radius voids 10 mm from impact site. 370 

To establish the effect of the distance of the voids from the impact site, further tests were 371 

executed whereby the voids were positioned 14 mm from the impact site, a further 4 mm 372 

from the previous trial. The effect of this was significant, with the required detonation speed 373 

reducing from the previous void trial of 1430 m/s to 1145 m/s, just a 4.5 % increase on the 374 

benchmark SDT of 1100 m/s. To further examine this effect, the voids were moved within 4 375 

mm of the impact site, the impact of this was an increase in the SDT from the solid benchmark 376 

of 201.8 % to 2220 m/s.  377 

To examine an additional aspect of the inclusion of voids, the voids were designed to pass 378 

through the whole of the charge; this uncapped model saw an inability for the projectile to 379 

trigger a full detonation at impact speeds up to 2500 m/s. This is likely a result of venting of 380 
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the charge due to the voids being unenclosed, preventing the ability for pressure to build up 405 

to a critical point to result in the full detonation of the charge. However, the implementation 406 

of uncapped voids preventing an impact triggered detonation is also likely to affect the 407 

planned detonations and was also proven to be location sensitive, in relation to the impact 408 

site. This was shown by locating the voids out of the direct path of the projectile, therefore 409 

leaving a mass of solid charge in the immediate impact site. The outcome of this geometrical 410 

change was a full detonation being achieved at 1300 m/s, still an improvement on the 411 

completely solid charge, but an even more significant reduction than when the voids were 412 

appropriately located in the vicinity of the impact site. 413 

When analysing the pressure results from the numerous simulations, while considering the 414 

detonated model, the initial pressure built up over the first 10-15 mm region from the impact 415 

site, to in excess of 15 GPa. Whereas the non-detonating simulations displayed an initial 416 

pressure spike at the impact site before falling away. Figure 9Figure 9 to Figure 11Figure 11,  417 

display the tracked pressures for a solid charge, with 6 3 mm diameter radius voids, 4 mm 418 

from the impact site, and 6 3 mm diameter radius voids 14 mm from the impact site 419 

respectively. All three cases utilising the same impact speed of 1145 m/s to show a direct 420 

comparison in resultant pressures. The voids set 4 mm from the impact site display a 421 

substantial difference than the other two models, with the pressure clearly dropping after 422 

initial impact as the pressure wave is dissipated by the voids. When comparing this to the 423 

solid charge which shows a continual build-up in pressure up to the point where the charge 424 

begins to detonate at approximately 0.005 ms, which is the cause for the continued pressure 425 

rise beyond 16 GPa. In contrast to the graph in Figure 11Figure 11, for the voids set 14 mm 426 

from the impact site, after the initial gain in pressure a drop is observed before a delayed 427 

continued raise and detonation occurs. The dip in tracked pressures is due to the pressure 428 
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concentrations diverging after passing the voids, as illustrated in Figure 8Figure 8 where the 442 

divergence in comparison to the solid charge can be clearly depicted leading to a delay in 443 

detonation. With the detonation developing off the direct path of the projectile and the 444 

monitored pressures, with the latter stages of the detonation displayed beyond 0.01 ms in 445 

Figure 11Figure 11. This delayed detonation due to the voids, displays continuity in the 446 

models with a similar effect noted within the 2D trials.  447 

 448 

Figure 8 Pressure plot over a series of timesteps. (A) Solid Charge; (B) Charge with voids 14 mm from 449 
impact site. 450 

 451 

 452 

Figure 9 Pressure curve for tracked pressures from impact site to 90 mm from impact site, for solid 453 
charge benchmark,1145 m/s impact speed. 454 

Formatted: Font: 12 pt, Font color: Auto

Formatted: Font: 12 pt, Font color: Auto



 467 

Figure 10 Pressure curve for tracked pressures from impact site to 90 mm from impact site, for 6 3 468 
mm radius voids located 4 mm from impact site, 1145 m/s impact speed. 469 

 470 

 471 

Figure 11 Pressure curve for tracked pressures from impact site to 90 mm from impact site, for 6 3 472 
mm radius voids located 14 mm from impact site, 1145 m/s impact speed. 473 

To aid the understanding of the performance of current standard ALM infill patterns, and their 474 

impact upon the reactivity of the charges. A basic infill pattern provided in Figure 12Figure 12 475 

was set up within the same 100 mm cube, which displayed issues of venting causing 476 

excessively large impact speeds to be required up to 2500 m/s. Whilst this may appear 477 

beneficial in preventing detonation from impact, the venting can lead to charges failing to 478 
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fully detonate even under a planned ignition. Therefore, tests were also carried out ensuring 492 

the infill was fully enclosed to eliminate the effects of venting, which had previously been 493 

observed to prevent the charge passing from deflagration to detonation (DDT). The difference 494 

in the burn fraction as a result of this change can be seen in Figure 13Figure 13. 495 

 496 

Figure 12 Cross section of the infill pattern utilised for infill simulation. 497 

 498 

 499 

Figure 13 Comparison of burn fraction from standard infill of an unenclosed charge (left) and one 500 
encased with 5 mm steel casing (right). 501 

A summary of the key tested models are gathered in Table 5Table 5, highlighting the 502 

percentage increase in SDT and the volume of charge sacrificed to achieve this. Trying to 503 

maintain the maximum volume of charge is key for planned detonations. From the table the 504 
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conventional infill patterns do not offer the best gain in SDT, when considering the volume of 524 

charge sacrificed to obtain this improvement; particularly when comparing to the 6 3 mm 525 

diameterradius, 4 mm offset example.  However, the infill pattern does offer impact 526 

protection on each face of the cube, so applying the 6 3 mm diameter radius void design to 527 

each face to offer this same level of protection, would lead to an energetic volume sacrifice 528 

of 26.4%, compared to the infill’s 43%. 529 

Table 5 Summary of key tests, volume of charge lost, and SDT improvements. 530 

Model % Volume of 
energetic material 

sacrificed. 

SDT Velocity % Difference in SDT 

Solid Charge 0 % 1100 m/s - 

3 mm radius voids- 4 mm offset 4.4 % 2220 m/s +101.8 % 

3 mm radius voids- 10 mm offset 4.4 % 1430 m/s +30.0 % 

3 mm radius voids- 14 mm offset 4.4 % 1145 m/s +4.5 % 

Standard Infill Pattern  43 % <>2500 m/s <>127.3 % 

Standard Infill Pattern - encased 43 % 2170 m/s +97.3 % 

 531 

From the 2D and 3D investigations, an improved understanding of the effects of voids and the 532 

importance of size and location has been made. This research has identified two main factors 533 

to securely design: the size of the internal voids, and their locations relative to the impact site. 534 

These two factors provide concise information, with the larger voids clearly seen in Table 535 

3Table 3 to increase the SDT of the charge, whilst the distance of the void from the impact 536 

site also having a significant effect upon the SDT of the charge.   537 

The reasoning behind the two attributes of void size and location are based upon the pressure 538 

build up within the charge around the impact site. The solid charge allows for the pressure to 539 

build up to a point that causes the detonation within the charge; once a large enough portion 540 

of the charge has reached this point; the full detonation will likely occur, bypassing any voids 541 

or internal features, providing they do not offer venting. Therefore, the distance from the 542 
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impact site is key, as when a significant region of solid charge is within the impact site this will 565 

allow for DDT to occur, consequently triggering the detonation of the HE.  The voids 566 

themselves act as a way of distributing pressure and energy from the impact, with the larger 567 

voids offering a more substantial region of air to absorb the pressure and energy. This effect 568 

is supported by the highlighted and known effects of venting, whereby the charge has a 569 

means of syphoning off the increased pressure and energy to the surrounding environment, 570 

preventing a detonation.  571 

Considering these factors, it can be concluded that the location of the voids is the most critical 572 

factor, as a well-designed void located away from the impact site will be ineffective. As such 573 

voids located far beyond the surface of the charge will be redundant and reduce the overall 574 

charge’s volume for limited benefit. This means that conventional infill patterns which pass 575 

through the whole of the geometry are not the most efficient means of increasing the SDT 576 

point of a HE. 577 

From this information, the design required should aim to absorb and distribute the impact 578 

pressures to a non-detonation triggering limit. Whilst trying to maintain uniformity for the 579 

whole charge, to provide protection against impact from all angles. As in real life events the 580 

impact site will not be known.  Therefore, an air-cushion design was proposed whereby a 581 

large void will be located 5 mm from the surface of the charge to ensure sufficient rigidity in 582 

the outer surface of charge, as shown in Figure 14Figure 14. The internal portion of the charge 583 

requires supporting and connecting to the outer face of the geometry. In turn resulting in 584 

certain small regions of the design, with a solid charge path from the outer face to the inner 585 

charge volume, where the designed voids will not be as effective. However, this problem 586 

Formatted: Font: 12 pt, Font color: Auto



applies to all designs where the need for supports within the geometry will lead to certain 587 

areas where the implemented voids cannot be as effective.  588 

The simplicity of this design is intended to offer a large area of energy absorption whilst 589 

removing as little of the charge as possible, in this instance 22 % of the charge volume is 590 

sacrificed.  591 

 592 

Figure 14 Cross sectional view of proposed air cushion design. 593 

The design was tested utilising the same previously used method, whereby it was seen to be 594 

very effective at increasing the SDT of the HE, with the design offering a 79.5 % increase in 595 

SDT from 1100 m/s up to 1975 m/s at the expense of 22 % of the charge volume. Offering a 596 

strong relationship for safety advantage against loss of charge.  597 

The design itself may be more easily manufactured with the use of an inert material within 598 

the voids. However, based on the previous tests this is believed to not be as effective as the 599 

inert material will not be able to dissipate the pressure and absorb the energy of the impact 600 

as well as air. To prove this hypothesis the air was substituted for a silicone rubber inert 601 

material; this change resulted in a significant drop in the required impact speed from the air 602 



version, with a speed of 1630 m/s triggering the detonation. However, this still offers over a 617 

48.2 % improvement, it is not seen to be as effective as air, due to the rubber’s ability to 618 

transfer more pressure and energy. This is illustrated in Figure 15Figure 15, showing the 619 

tracked pressures over the first 21 mm from the impact site, with the points at 5, 7, and 9 mm 620 

being set within the void region of the charge. The pressure is seen to drop off quicker after 621 

entering the air void, with the pressure failing to rebuild after this and trigger the detonation. 622 

Whereas the inert material, whilst decreasing the pressure, still allows sufficient transfer of 623 

pressure for the detonation to be triggered. The drop-off then observed between 0.005 ms 624 

and 0.008 ms is due to the detonation and continued build of pressure propagating further 625 

from the impact site, before dispersing back to the centre line of the charge and the location 626 

of the tracked points, during the later stages of detonation.  627 

If a multi material ALM printer was utilised, this would allow for the improved benefits of the 628 

inert material over the energetic material, to be used to generate the supports around the air 629 

cushion, which would lead to a safety improvement for 100 % of the surface of the charge. 630 
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 631 

Figure 15 (A) Pressure curve for tracked pressures for first the 21 mm from impact site for inert 632 
cushion, 1630 m/s impact speed. (B) Pressure curve for tracked pressures for the first 21 mm from 633 
impact site for air cushion, 1630 m/s impact speed. 634 

 635 

Conclusion 636 

 637 

The proposed research has identified that the inclusion of voids within a HE can alter the 638 

shock to detonation threshold significantly. This in turn offers the chance to improve the 639 

safety of charges against unplanned impact detonations. With the key focus of void inclusions 640 

being to absorb energy and distribute pressure. For this aim, it was found the two key 641 

considerations for the void geometry being employed was the size and location relative to 642 

impact site. 643 



In order to ensure 360-degree protection, one proposed design offers a 79.5 % improvement 644 

in required shock to detonation velocity, compared to a conventional solid charge, whilst only 645 

sacrificing 22 % of the volume. This principle of utilising voids to absorb energy from impact 646 

can be easily applied to all conventional charge geometries, through the use of additive layer 647 

manufacturing and suitably adapted to match the users’ needs.  648 
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