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Abstract 

A working group has been setup under the NATO AC326 SG/A to investigate the setback sensitivity 

of energetic materials for munitions undergoing high dynamic loading during setback from launch. There 

currently exists a knowledge gap in understanding the unintended energetics ignition of projectiles during 

launch.  The unintended energetics ignition during gun launch is commonly called a premature and is 

typically attributed to projectile fill defects.  Energetic materials and munitions are subject to a range of 

defects such as cracks, voids, porosity, base gaps, piping, foreign material, migration, and exudation. 

These defects can be a result of the intrinsic nature of the formulation, processes, controls in 

manufacturing, or related to the aging characteristics of the material. Currently, there is no standardized 

laboratory device or testing approach to assess the setback sensitivity of these types of defects in 

energetic materials. The goal of the working group is to provide guidance and develop a standardized 

approach for assessing energetics and munitions suitability for gun launch. 

 

Background 

 Gun launched munitions undergo extreme loading conditions during the ballistic cycle. A variety 

of defects and failure mechanisms can lead to the sufficient heating causing high explosive main fills in 

the projectile to initiate. Current standards methods and evaluation criteria for testing, and assessing 

the safety do not exist. Current test standards available do not address the safety for these scenarios for 

the susceptibility of a material to ignite or cause a premature during launch [1]. This NATO working 

group will seek to investigate this phenomenon and develop a standard set of tests and tools for 

analysis. 

Factors attributed to the unintended ignition of an energetic during gun launch are believed to 

include adiabatic compression of air, frictional heating, pore jetting, and shear flow [8, 9]. Large HE main 

fills in projectiles are the predominant concern due the overall mass and projectile design. However, 
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these heating mechanisms are applicable to rocket motors, pyrotechnics, boosters, detonators, and 

propellants. While these mechanisms have been evaluated in past studies, their degree of influence on 

heating contribution are not well defined.  

 A working group has been setup under the NATO AC/326 SGA tasked with developing guidance 

on test methodology that can be used to assess energetics and munitions suitability for gun launch. The 

working group began in the spring of 2018 with participating engineers and scientists supporting efforts 

based out of various laboratories and nations. The combined reviews of literature on work relevant to 

the sensitivity of energetic materials due to these effects, and feedback from individuals have been 

collected on this subject. The major topics that have been discussed relevant to the unintended ignition 

of energetics can be attributed to defects in energetic materials, inspection capabilities, subscale 

testing, modelling and simulation, propulsion accelerations, live fire with induced defects, and statistical 

analysis. This working group is planning to create a new test methodology that can be used for assessing 

the suitability of energetics under gun launch. The energetics community can use this methodology to 

improve upon current processes used and apply common practices to improve sharing of technical data 

and lessons learned. The topics addressed below portray some of the relevant subject areas for 

characterizing the sensitivity of explosives due to setback loading. 

 

Energetic Material Characterization 

 The development of high explosives, propellants, and pyrotechnics materials is a long process in 

which they are studied using numerous test methods. Information on characteristics related to the 

sensitivity, thermal, physical, performance, and aging data are of interest to the community and 

industry. Currently, nations participating in NATO have developed standards that dictate common 

testing that is required for energetic materials. Documents such as AOP-7 Data Requirements and Tests 

for The Qualification of Explosive Materials and AOP-4170 Principles and Methodology for The 

Qualification of Explosive Materials for Military Use serves as guidance to assure necessary testing and 

characterization of energetic materials are completed [5,6]. Additional STANAG and AOP documents 

exist that pertain to the use of energetic materials when used in specific systems or applications. 

STANAG 4224 Large Caliber artillery and Naval Gun Ammunition Greater Than 40mm, Safety and 

Suitability for Service Evaluation addresses testing requirements for assessing safety and suitability of 

large caliber ammunition for service [7]. Testing requirements in these documents are to assure an 

energetic material is suitable for the planned manufacturing, logistics transport, storage, and intended 

use in a weapon system.   

The development of new formulations through novel ingredients or processing methods are 

oriented often with the purpose of aiming for improvements in IM response, matching performance 

capabilities, reduce environmental footprint, or provide cost savings. The available test methods in AOP-

7 or AOP-4170 are not designed for assessing the safety of a formulation with respect to the presence of 

defects and their sizes. STANAG 4224 contains information on test methodology for a safety test for the 

launch of high explosive filled projectiles. This test may require launching 60 to 120 loaded HE 

projectiles; however, it is not to determine defect criteria, assessment of acceptable sizes, and 

allowance for the energetic fill. The goal of the working group established under NATO has been to 

determine what parameters influence the unintended ignition of high explosives under dynamic loading, 
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and develop a standard test method to provide guidance in assessing an explosives setback sensitivity 

and their suitability for high G environments. 

 

Defects 

The formation of defects occur due to several reasons that can be attributed to the type of 

formulation, loading processes in manufacturing, and aging of the material while in storage. Common 

types of defects include cracks, voids, porosity, piping, base gaps, exudation, and migration. The use of 

radiographic (x-ray) inspection is common to evaluate the quality of a fill within a warhead body to 

identify the type, location, and size of defects present. X-ray images of projectiles containing defects 

such as porosity and cracks are shown below in figure 1. Areas within a fill that are low density or void 

space show strong contrast against the image. A measurement is recorded to characterize the diameter 

of a void or gas porosity, and the thickness of a crack.   

 

Figure 1: X-ray image of projectiles showing examples of defects found such as porosity (left), and crack formation (right) 

While useful, x-ray inspection does have several limitations. The defects in images may be 

influenced by the presence of multiple defects in the same planar region. X-ray is commonly performed 

at multiple orientations of the projectile to provide better depiction of defects in locations and their 

orientation. The capability of x-ray only provides information on the bulk material. Additional 

characteristics may be important for understanding the environment the materials such as exposed 

crystals for understanding unintended ignition and setback sensitivity. A defect with exposed energetic 

crystals would likely be more sensitive to heating due to setback loading whereas crystals coated in a 

polymer binder may be less prone to some degree of an ignition event. The possible migration or 

exudation of a constituent material within an explosive formulation into a void or crack may occur. This 

could affect the likelihood of a defect to collapse during gun launch and associated heating during the 

event. 

The sectioning of warheads containing energetic fills is common to inspect defects of an 

explosive. This allows for the direct measurement of defects compared to an inferred measurement 

provided through x-ray. Figure 2 shows an image of a high explosive formulation in a sectioned artillery 

shell, the presence of porosity and cracks can be observed in the explosive fill. Explosive filled warheads 
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can be sectioned to verify the accuracy of measurements recorded in x-ray radiography. Machining of 

the warhead body and fill is a concern for the possibility of influencing the defects. The cutting tools 

could cause additional damage to a defect, lengthening cracks, or reducing the apparent size of a defect 

by filling it with shavings. 

 

Figure 2: Sectioned 155mm projectile showing defects in the high explosive fill such as porosity and cracks 

 

Dynamic Launch Environment 

During the acceleration of projectiles undergoing gun launch, munitions containing energetic 

fills may undergo extreme acceleration forces. High explosive fills used in applications for mortars, 

artillery, and tank ammunition are subject to high dynamic forces affecting their loading profiles. Defects 

in HE fills are a concern that sufficient loading may lead to their collapse or failure in a region. The result 

of this would be heating occurring in this area of the HE fill that could lead to ignition. The ability to 

understand the loading environment is required to determine if the forces are capable of causing the 

failure of defects.   

Burning gun propellant in the breech leads to the acceleration of the projectile in the gun tube.  

The base of the projectile is subject to a range of pressures as it moves through the gun tube form the 

hot gas products. . An explosive fill in a munition acts as a large column of material supporting itself 

during this dynamic event. The acceleration and loading forces on the HE main fill can be calculated. An 

M795 artillery shell may contain 23lbs of Comp B explosive with a column height of ~23 inches. The 

loading forces exerted on the explosive fill increase down the length of the warhead, with the highest 

forces observed during gun launch at the base. Projectiles for artillery such as a 155mm may observe up 

to 20,000 G’s acceleration during launch from a gun tube.  
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The loading pressure on the explosive fill can be calculated using information relevant to the 

interior ballistics of the propulsion charge. The base pressure acting on the projectile due to burning 

propellant gases can be determined using the Lagrange approximation. Using this method, the pressure 

at the projectile base is calculated to be lower than the breech pressure. The theoretical loading 

pressure at the base of the explosive fill can be calculated based on the density and column height [3]. 

The comparison of the breech, projectile base, and explosive base acting pressures for a 155mm M795 

projectile are shown in figure 3. In this scenario the theoretical pressure acting on the base of the 

explosive charge is typically around ~25% of the pressure from gun propellant gas in the breech. 

 

Pb = pressure in breech 
Ps = pressure at projectile base 
Phe = theoretical HE base pressure 
c = propulsion charge weight 
w = projectile mass 
a = acceleration (G’s) 
ρ = density of fill 
h = column height of HE fill 
 

Eq. 1  𝑃𝑠 = (1 +
𝑐

𝑤
)𝑃𝑏 

Eq. 2   𝑎 =
𝑃𝑠∗𝐴𝑟𝑒𝑎

𝑤
 

Eq. 3  𝑃ℎ𝑒 = 𝜌 ∗ 𝑎 ∗ ℎ 

 

 

Figure 3: Loading prediction scenario of a 155mm M795 Projectile 

The introduction of defects in explosive fills are a concern in that they present themselves as 

local sites in which heating can occur. The defects are boundaries regions in which an energetic fill does 

not provide any support for itself causing stress concentrations. Under certain loading conditions or 

significance of the defect size may lead to the failure in the material causing the energetic to collapse or 

deform. The interior ballistic characteristics can be used to define the loading conditions the explosive 

may be subject to environment, and help feed further subscale testing and analysis. 
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Additional characteristics including explosive stiffness and warhead geometry may play a role in 

reduction in forces exerted on the high explosive. Design aspects such as a tapered base and bonding of 

the HE to the warhead body may influence the loading distribution on the explosive fill. An explosive 

composition with a high stiffness may be supported by the sidewall, thus reducing the pressure acting 

on the base of the HE column. Testing 155mm M549 projectiles was performed by CCDC-AC to obtain 

inbore setback pressures to compare theoretical and experimental setback data. The projectiles were 

instrumented with pressure sensors at the base, and loaded with composition B as shown in figure 4. 

Results had shown that projectiles containing no defects in fills contained exhibited reduced setback 

pressure due to the composition being “well packed” and having improved elastic heavier compared to 

the rounds with defects. The presence of defects had increased setback loading pressures due to their 

failure, or poor bonding [10]. These characteristics between explosive material behavior and warhead 

design may be important in determining actual vs theoretical loading forces exerted on HE during 

setback for better assessment capabilities.  

 

 

Figure 4: Diagram of instrumented M549 projectile to measure setback loading 
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Subscale Testing 

Laboratory devices driven by compressed gas pistion which apply loading on energetics simulate 

dynamic acceleration environments. These devices may provide capabilities in assessing the energetic 

response to loading prior to a full scale projectile test. Their designs are meant to be tailored to match 

characteristics similar to the environment observed during the launch of a projectile such as loading 

rate, peak pressure, and duration. Induced defects created in sample energetic formulations that are 

subject to testing and the severity of a response are used to assess setback sensitivity. Limitations of 

these devices exist in how closely they mimic the actual loading observed in an actual launch. 

Differences such as natural and manufactured defects, lack of extensive testing conducted on individual 

formulations, and their ability to mimic the failure and collapse of defects may render interpretation of 

results problematic [2]. Influences from factors such as friction, and pinch points may provide a degree 

of error that is not consistent with the actual gun launch event. Examples of some devices currently 

used by nations are shown in figure 5.

  

Figure 5: Examples of laboratory devices for applying dynamic loading on energetic materials. 

The lab scale devices for assessing setback are tailorable to attempt to match several 

parameters such as the loading rate, peak load, and duration for the profile of setback forces acting on 

an explosive during gun launch. Devices being driven by the different modes such as propellant gas, 

compressed air, or drop weight each have their own limitations, however they do have the capability to 

match certain parameters. The plots in figure 6 depict the setback forces observed on the gun launch of 

a 127mm projectile along with the profile of a test on the device that is used in the US at Indian Head. 

The 1-X loading rate does appear to have very good correlation to achieving the peak load, duration, and 

loading rate measured in the 127mm projectile. As shown in the plot on the right, the loading profiles 
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can be adjusted in the laboratory setback device to simulate forces for a range of conditions related to 

other gun launch events. Samples with defects are subjected to specific loading conditions selected. 

Results from these lab scale devices include, no reaction, partial burn, and fully consuming the entire 

sample [4, 11] 

 

Figure 6: Loading profile for the gun launch of a 127mm munition (left), Indian Head lab scale setback test device with similar 
loading profile (right) 

Modeling and Simulation 

 Numerical simulation is another area that is often leveraged to gain understanding of relevant 

physics. There are a few complicating factors, however, that make simulating munition survivability 

difficult. The first is that experiments to characterize material models for explosives can be difficult due 

to specialized equipment needed, and any model is extremely material-specific (i.e. an analyst cannot 

choose a “similar” explosive in lieu of a newer, uncharacterized material). The second is that many 

reactive ignition models try to boil down a complicated physical and chemical reaction into a single 

metric – for example Ignition and Growth is a pressure criteria with some additional terms for sustaining 

the reaction [cite Tarver]. 

Further development of ignition models from mechanical response is an area that may provide 

improved ability to provide predictive capability on the initiation of explosives under loading conditions. 

Past work in modeling efforts for characterizing the response of energetic materials has focused on 

accidents or IM response events. These scenarios may have different stimuli such as shocks-to-

detonation (SDT), deflagration-to-detonation (DDT), shear damage, or burning of material that may lead 

to the ignition and growth of a reaction. Analysts may have to use many different models based on what 

is expected to happen. A more recent example of a model being applied to the multiphysics of setback 

loading on explosives is the HERMES (High Explosive Response to Mechanical Stimulus) model. Lawrence 

Livermore National Labs developed the HERMES model; it is a combination of based off prior models for 

shock driven detonations, mechanical damage that leads to burning, and reaction growth to detonation 

[12]. It has been used at CCDC-AC in modelling of a 155mm artillery projectile with defects in the 

explosive fill. Figure 7 shows the cross section mesh of the munition.  
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Figure 7: Mesh model of a 155mm artillery projectile with defect located near the steel body of the warhead. 

 In a simulation of the 155mm projectile being subject to forces observed during launch, 

the explosive deformation near the defect is measured. The material model of the explosive 

defines how the explosive behaves structurally with a defect ultimately collapsing in the event. 

The onset of a reaction in the HERMES model is determined by an ignition criterion that is 

associated with the shear deformation of the explosive [Reaugh]. The simulation shown in 

figure 8 displays the highest predicted criterion value to be ~15 in the HE near the defect. The 

Stevens test is used to evaluate ignition of explosives from low velocity impacts. The HERMES 

model was applied to the Stevens test and typically ignition occurs with ignition parameters 

~200, which also serves to illustrate the extremely empirical nature of ignition models such as 

HERMES. 

 HERMES is merely one example in the toolbox available to analysts. It has promise in 

possibly capturing a more complete picture of material response but the added complexity of 

capturing myriad sub-grid physics leads to challenges in converging to mathematical solutions 

within the calculation, plus the experimental cost of characterizing what is essentially three 

separate material models for every explosive of interest. M&S can be an essential tool but 

there is much room for improvement. 
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Figure 8: Simulation showing the ignition parameter due to deformation from loading under setback 

 

Statistical Analysis 

 In order to improve methods for assessing the sensitivity of explosives under setback loading 

and safe use in different environments the use of statistical analysis may be useful as a tool to define 

likelihood of an ignition event. Both subscale testing and live fire of projectiles containing defects 

require significant resources for evaluation purposes. Methodology such as the launch of 60-120 

projectiles as required in STANAG 4224 addresses the aspect for a projectile safety test. However, this 

method does not provide any insight to the margin of safety for likelihood of initiation, or address 

changes in defects over aging.  

Future requirements for developing new explosive fills for munitions will require safety 

assessment for both low quantities of precision munitions as well as large-scale production that may 

require tens of thousands items produced a year. The ability for understanding the safety and define a 

measurable likelihood for an event can be used to aid in assessing the suitability for use of a specific 

explosive composition. Statistical analysis on a low quantity of test results may be useful in defining the 

likelihood of initiation to extrapolate for larger future production requirements. 

A scenario of results from a test is displayed which can be applied to both lab scale test devices 

and live fire of full rounds. Six defect sizes were evaluated with results of a go or no-go reaction. Figure 8 

below shows the results from an assumed results of firing five repeat shots over a range of six defect 

sizes. The smaller defect sizes produce a response of all no ignition; the largest size defects produce a 

response of all tests showing an ignition response. Several of the defect sizes in the center produced 

mixed results of both no ignition and ignition. 
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Figure 9: Assumed results from a series of test with a go-nogo response for reaction. Scenario depicts five repeat tests over six 
defect sizes (left), and probability line with confidence intervals (right) 

 After performing an analysis, a relationship for the probability of initiation is defined from the 

data set. This could help in assessment and support for the use of an explosive in an application for an 

allowable defect size. The use of statistical analysis can measure the probability using a limited number 

of test assets. However, the method of analysis, function, and distribution of data can easily skew 

results. The analysis on the thirty shots predicts a 0.5% likelihood of ignition for a defect of 0.07”. When 

including the confidence intervals however, there exists some risk in that the fit probability curve may 

be influenced by the available limited data. 

Summary 

The work performed in the NATO Working Group for setback sensitivity has helped to provide 

extensive information on subject areas that relate to the unintended ignition of explosives during gun 

launch. The warhead design and interior ballistics can define the loading environment subjected on an 

explosive. Laboratory scale simulators appear to have limited correlation with actual gun-fire events based 

on available data.  However, being that it is the only tool capable of assessing simulated dynamic 

conditions they are capable to provide guidance in explosive development. The use of modeling and 

simulation capabilities is an area that may have the ability to provide insight into defining the stresses 

observed during a dynamic acceleration scenario. Statistical analysis is a tool that has potential application 

in defining a measure of safety and likelihood of initiation. The NATO Working Group plans to develop a 

document that include topics to aid in defining setback sensitivity of defects for conditions with high 

dynamic accelerations. The goal is to provide methodology for users to use a variety tools to assess the 

safety of acceptable defects found in explosive for applications.  
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