The Spatial Distribution of

Post-blast Condensed Phase

Explosive Residues

Nadia Abdul -Karim

Submitted in partial fulfilment of the requirements for the degree

of Doctor of Philosophy at University College London

2015




Declaration

I, Nadia Allul-Karim, confirm that the work presented in this thesis is my own. Where
information has been derived from other sources, | confirm that this lrebeen indicated in

the thesis.

2015.



Abstract

During bomb scene investigationthe collection of trace exposive residue is a pincipal
forensic task which allows the cause of the explosion to béetermined. However the
optimum locations around a detonation fromwhere these undetonated trace residues
should be samplechasnot beendetermined scientifically. Cime scene investigatiorguides
describe severalmethods for collecting and analysing explosive redues, butliterature
regarding the most efficacious areago sample fromis relatively scarce.In this thesis,
analysis of the spatial distribution patterns of postblast explosive residues from
detonation and simulation experiments with0.5 kg, 1kg and 2 kgaluminised ammonium
nitrate and RDX composition charges arghe primary original contributions to the

literature.

Residue samples were collected by swalig sample sites positioned around the explosive
chargesand condensed phase particles were collected onto smaller sample sites in order
to ascertain the physical morphology of the residuedfoth organic and inorganic residues
ultimately decreasedn concentration nonlinearly with increasing distancefrom the charge
centre. However, the distribution trends between different explosive analytesvaried,
suggesting thedispersal mechanisns or factors which affected the distributionfor each
were different. The post-blast particles had varying morphologies at different distances
from the detonation and also exhibited different features based on the explosive type.
Camputational simulations of residue distributions compared well to the experimental
results; substantiating the capability of numerical methods to be used as a forensic

investigation aid.

The key findings from this thesis have provided empirical evidence which validatethe
current forensic practiceof concentrating trace evidence collection near the entral region

of a detonation areaduring bomb scene investigationThe findings also implythat surfaces
which are downwind of the detonation should béocused on forresidue samplingand that
microscopic examination of items in thevicinity of a detonation may allow identification of
the explosive used based on particle morphology, prior to any chemical analyses.
Furthermore, having demonstrated the reliability and capability of simulation techniques
to model explosive residue distribution, these can nowe developedand validated through
further tests which also assess the detonations of further explosives under different

conditions.
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Thesis outline

This thesis contains/ chapters:

Chapter 1: Introduction . The premise for the research is provided in the introduction as
well asfundamental background information on explosives andthe chemical and physical

aspects of explosion phenomenon pertinent to the research are detailed

Chapter 2: Literature Review. Literature regarding explosive residue formation
mechanisms and theoretical and experimental work conductedis reviewed. Forensic
practices at postblast crime scenesare outlined, as well as malytical techniques used in
this thesis with reference to theirforensic application. Asummary ofthe researchfield and
the researchrequired to develop it further, including the aims and objectives of this thesis,

is presented.

Chapter 3: Materials and Methods. Details of the explosive charges used in the project
and the experimental designsfor detonation and samplingprocedures for swabbing of
post-blast residues and collection of particulate material areexplained. The analytical
methods used for bothinorganic and organicanalysis methods aredetailed. The method

for the simulation experiments is provided.

Chapter 4: Experiments wi th Unconfined Charges. Results ofresidue concentrations
and distribution patterns from repeated firings of 0.5 kg AIANand PE4charges are
presented here.The residue results are compared against potential factors which could
affect distribution such as he blast overpressure, the fireball and the weather conditions.

The results from each explosive material are compared and discussed against each factor.

Chapter 5: Complementary Experiments . Results from experiments conducted with
unconfined larger chargemasses (1kg, 2 kg) of AIAN and PE7 are presented heedongside
experiments with results from chargesconfined in vehicles The results are discussed in

relation to factors which may affectresidue distribution.

Chapter 6: Particle Characterisation and Smulation Experiments. Results of the
morphology and composition of condensed phase particle®und around the detonation
centre are presented. Particle distribution plots from numerical simulation experiments

are compared to experimental dataand discussel.

Chapter 7: Summary and Conclusions. The results and discussion generated are
summarised; the limitations of the research are discussed and avenues for future research
in this area are outlined. The conclusions from thithesis are presented in this chapter.
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CHAPTER 1: INTRODUCTION

One of the main priorities at a posblast bomb scene is to establish the cause of the incident

as soon as possible and a principle method of doing so is via the collection and analysis of
explosive residues4d EA OAOE OAAQOBAVEAOAS uadktOnhteddibraBdopi® O1 C
particlest which remain following an explosion as opposed to the partially reacted or
decomposition products of the original explosive material.In forensic contexts the

products formed from an explosive are usually vapours and salts of limited diagnostic

value23 and therefore it is the undetonated material which provides invaluable chemical

signatures at postblast bomb scenes.

Trace explosive residues have high evidentiary value as they calenote the chemical
composition of the explosive material and thereby indicate whether it was commercially

available or homemade, domestic or foreign material, or associated with a particular

terrorist or criminal organisation4. The importance of locating explosive residue is

reflected in aurrent forensic texts and guidelines, with some stating it is the most important

task® asthese explosive particles are one of the first things to be analysed in the laboratéyry

AT A AOGAT 11 0ET ¢ OEAO OEA OEAU Oi OOAAAOGO 1 EA
OAAT A T £ Al A @astishiBetoming ifci@a3isgly prpaptéht to identify this

residual material in situ, from samples taken from fixed areas at the scene rather than that

adhered totransportable objects, in order toproffer evidence in court that the material was

found at the scene ad not placed there after the event

Experience has led to the practice of focusing the collection of explosive residues from
items based on their proximity to the explosioncentre, but no rigid rulesare in places.
Surfaces or objectssometimesdisplay visual signs of having been close tihe explosion
such as cratering or pitting damage, and these may vyield residul.no visible signs of
damage are presenhoweverthis does not negate the possibility of recovering residue from
a particular item as explosions can leavmvisible traces ofexplosive residue.10. The issue
therefore is to know where to lookfor it. Whilst residue sample collection and analysis
procedures have been widely researched in the open literatur@,scientific basis forwhere
to locate explosive resdues has not yet been established he focus of this research was to
provide an experimentally verified rationale of where to sample for explosive residuén
order to understand residue dispersal during detonation, firstly the background
information on explosives and explosions is providedwith a focus on RDX and ammonium

nitrate (explosivesto be used in the thesis)
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1.1 Background Information

1.1.1 Explosives

An explosive material containssufficient potential energy which can cause an explosion
when released rapidly The potential energy can be chemical (chemical explosives),
physical (pressurised gases) or nuclear (fissile materials). Chemical explosives require a
fuel and oxidising component, either within the molecular structure of the compounar
provided by two or more components mixed togetherand areusually solids or liquids in a
metastable state which are capable of undergoing a rapékothermic reaction yielding heat

and gasupon the application of heat or shockiz13,

Several criteria can be used to classify chemical explosivesor instance, by reference to
their rate of reaction, ow8explosives burn rapidly (deflagrate) at subsonic reaction speeds
(40 m/s to 1500 m/s) and require confinement to do useful work during explosiorwhilst
(ighdexplosives can undergo almost instantaneous reactions atipersonic rates (1500
m/s to 9000 m/s) when unconfined.12, Explosives can also beategorised intoprimary,
secondary and tertiay explosives primary explosives (e.g. lead azide and mercury
fulminate) are extremely sensitive to heat, shock and friction stimuli and small amounts of
them are used as the explosive components of detonagrsecondary explosives (e.g.
SEMTEX, dynamites) are relatively insensitive to external stimuli and detonate with the aid
of primary explosives in detonators and tertiary explosives (e.g. ammonium nitrate fuel
oil) are very insensitive and require an expbsive booster comprised of a secondary
explosive (such as a pentaerythritoketranitrate booster charge) which in turn is initiated

by aprimary explosive detonator in order to undergo detonatiori4.

Chemical explosives can ab be classified by their usage intmilitary, commercial or home-
made explosives. Military explosives are required to have an appropriate sensitiyitand
stability (so they can be handled safely)power (so they can do the work required) and
availability and cost(so they are accessible when required?¥. High, secondary explosives
such as RIX (1,3,5Trinitroperhydro -1,3,5triazine) (figure 1.1) are embedded into
polymer matrices to produce polymerbonded explosives (PBX) and are combined with
plasticisers to produce malleable plastic explosive compositions suitable for handlikg
RDX based explosive charges have beesed as military compositions since World War &,
and whilst primarily for military use, have also been used in terrorist attaks including
during the 2006 Mumbai train bombings, the 2008 Jaipur bombings and the 2011 Moscow
bombings.
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Figure 1.1: RDXmolecule(1,3,5Trinitroperhydro-1,3,5triazine: GHesNsOs). Both the oxidising (N&)
and fuel components (hydrocarbon fragmentsyeawithin the molecular structure of this nitramine

explosive.

Commercial explosives, such asmramonium nitrate fuel oil (ANFO),are used for blasting
purposes in the mining industries and are usually insensitive, requiring booster charges
and detonatorsto initiate them (thus detonated by a shockwavely. They have a weaker
shattering effect (brisance) compared to the military explosives as their reactions
propagate slowel?, hence their suitability for doing rock heaving work. Ammonium nitrate
(AN) (figure 1.2) has also been widely used in terrorist attacks, padularly by the Irish
Republican Army and more recently in aQaeda inspired attacks, due to its relative ease of

purchase as fertiliserand low costs.

|
Nu,,” .

Figure 1.2: The anmonium nitrate (NHsNGs) molecule is the oxiising component of the explosive

chargeand with the addition of a fuel and initiation by detonator will undergo explosion.

Improvised explosive devices (IEDs) can contain explosive components which are military,
commercial or homemade. Fbme-madeexplosives (HMESs) have no militaryor commercial
purpose. Recentlyperoxide basedmaterials have been used in terrorist incidents including
during the 2005 London bombings, however less sensitive compositions such a&stilizer
and fuelmixtures, e.g.ammonium nitrate/metal mixtures , have also been useds they are

safer (less sensitive)to handle than peroxide mixturegs.
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1.1.2 Chemical Aspects of Explosion

Chemical explosions are a result of rapid chemical reactions dewm by large exothermic and
positive entropy changes in going from reactants to products. Energy input to achemical
explosive by an external stimulus (friction, heat, shock, etccian initiate ignition by causng
the temperature of the explosive to rise as the stimulus energy is owerted to heat
producing localised regionsof heat called hotspots?. Mechanisms for hotspot formation
include adiabatic compression of small entrapped bubbles of gas in the explosive, friction
caused between slidig surfaces such as grit particles or explosive crystals, or cavity
collapse of the surrounding matrix material1.17.18 If there is sufficient energy increase in

the hotspots, heat will be transmitted and reactions wil develop?.

During the decomposition of the reactants the atoms of the explosive molecules separate
the exact specifics of the chemical reactions occurring during detonation of condensed
phase explosives are unknown due to the extreme pressurd20 GPa to40 GPa and
temperatures (3000 K to 5000 K) generated during their decompositiont®20, Ongoing
experimental work using spectroscopic techniques employing picosecond time resolution
aims to understand detonation chemistry in more detail?1z23, although elementary

theoretical constructs are recognised for some materials.

1.1.2.1 RDX (@,3,5zTrinitroperhydro z1,3,5ztriazine )

The decomposition mechanism for the RDX molecule depds on the physical state of the
material (gas or solid phase) and the temperatur.25, In the solid statethe most supported
mechanism fa the initial unimolecular step is thatdecomposition of RDXbegins with the
loss of a single N@molecule2s via homolytic cleavage ofan NZNO, bondz26.27, which is

followed by the rupture of the chan into intermediate products.

The final gaseous products formed through these decompositions aenergetically stable
and form strongly bonded species such as carbon monoxide, carbon dioxide and di
nitrogen gag8. The products formed depend on the quantity of oxidising atoms present in
the original moleculett.13 and therefore the oxygen balance (OB) of the explosiv®xygen
deficient, or fuel rich, explosives such as RDX (OE21.6 %) will not combust fully; there
is not enough oxygen within the molecle for the fuel to be fully oxidised and the primary
reactions progress too quickly for atmospheric oxygen to be used for full combustigh

hence the resulting carbon monoxide (equatior..1).
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G:HeNsOs A 3CO + 3HO + 3N (1.1)

Some of he energy produced during the detonation is released as heat and ligktte fireball
consists of the hot incandescent gases, typically fugth for oxygen negative explosives
such as RDX which results in afterburning of the detoniain by-products with atmospheric
oxygen facilitated by turbulentmixing within the fireball 30. Upon decay & the fireball, the
subsequent smoke plume produced will also likely contain carbon residues and therefore

exhibit a black/grey colour.

1.1.2.2 Ammonium Nitrate (AN)

The decomposition of ANhas been studiedoroadly3132 and whilst thermal decomposition
mechanisms have been theorised, a clear und#anding of thedetonation decomposition
mechanism is unknown. Studies investigating the effect of he shock stimulus @
ammonium nitrate decomposition haveindicated the break-up of the NH* ion occurs
initially , possibly followed by decomposition of the NGs- ion33. Ultimately, the gaseous
products formed through these decompositions are energetically stable species such as di
nitrogen gas oxygen and wate¥. Oxygen positive, or fuel lean, explosives such as AN (OB

= +20%) combust fully2® as seen in reactior.2.
NH:NOs A Nz + 2H0 +1/2 O, (1.2)

AN has a lower decomposition rate compared to the unimolecular explosive RBX. The
addition of high energy combustibleight metals (e.g. aluminium) to norideal bimolecular
explosives such as AN improves their energetic efficiency by increasing the reaction
velocity and temperaturetl, In the case of aluminised ammonium nitrate (AIAN), the high
temperature AN decomposition products heat the aluminiunparticles which evaporate
upon reaching their ignition temperature and subsequently react in the gaseous phase;
either aerobically with oxygen in shock compressed air or anaerobically with oxidants in
the detonation products®s:36. Reactions occur behind therinciple reaction front during the
exparsion of the gase¥z40, with the main combustion product being aluminium oxidés.
The burning of aluminium releases energy which further enhances the blast effects by
increasing the overpressue impulse produced!29, and theenergy releasetherefore occurs
over a longer timeperiod due to the afterburning of the aluminium Upon decay of the
fireball the smoke plumes are a light grey/white colour, indicating an oxygen positive

explosive composition.
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1.1.3 Physical Aspects of Explosion

The above reactions propagate supersonically and so thexplosions are termed
detonations; they are @w-orderddetonations if the reaction rate is below the maximum
detonation velocity possible fa the explosive andO E Eo@iét8detonations if the rate is at
the explosives highest possibledetonation velocitylt. The decomposition of the explosive
during detonation occurs due to a shockwavehte pressures generated within the primary
reaction zone increase the speed of the reaion, thus increasing the pressure in the
reacting material which in turn producesthe shockwavell.12.28 Theshockwave has regions
of compression and rarefaction, and is led by a shock front progressing at a constant
velocity into the unreacted material and is sustained by the decomposition of the explosive

material behind it28.41z43,

The velocity of detonation (VOD) is the speed at which the shock front travels through the
explosive and is affected byhe type of explosve material; the VOD of RDX 58440 m/ s,
higher than that of AN,which is ~5000 m/s2.11, Generally, as the density of the material
increases so does the VOD, patrticularly for homogenous explosives, and the material has to
be at or above a critical diameter (characteristiof each explosive) for the wave front to be

sustained and move through the explosive char@g143.44

On reaching the periphery & the explosive the shockwave passes into the surrounding
medium and exerts a sudden and intense pressure upon it, forming craters on the ground,
bubbles in water, and blast waves in at44 The brisance,or shattering effect, of the
explosive is determined by this detonationoverpressure produced. The velocity of the

initial blast wave in air is high, but the shock decays with distance to the speed of sound in

air and the blast wave undergoes systematichanges in amplitude, duration and profile

After a rapid rise in pressurefollowed by decay, there is a negative duration where the
pressure is below atmospheric level due to the inertial effect caused by the initial outward
movement of airs48 | EO OEAT OOOEAO AtdeMiessutd retutns to OE E O
ambient leveb4. A typicalpressure-time history profile (the Friedlander waveformz28.45) is

shown in figure 1.3.
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Figure 1.3: Friedlander waveform profilefor blast-wave showing the initial positive overpressure

impulse followed by the negative pressure phase of longer duration.

As the principle shockwave moves through the expsive, a rarefaction wave propagates
inward simultaneouslyss46, The movement of the rarefaction wave back into the centre
causes an oveexpansion of the gas flow, causing a weaker secondary shock to form which
is pushed out and strengthened by the etonation gaseg846. The outward propagation of
the secondaryshock generates instabilities in the gas flow due to misaligned pressure and
density gradients®547. The growth of these instabilities at the surface between the fireball

and shocked air is caused by muklilimensional perturbations35.4&50,

1.1.3.1 Fireball Morphology

Instabilities grow with time 51 and occur if the explosive charge hasrough surface, but also
occur on the molecular scale for explosive charges which are smogthroducing turbulent
mixing layers between detonation products and the shoclcompressed air Instabilities
also occur in the particle cloud during explosivedetonations which contain metal
particles4752, The growth of the perturbations enhances the mixing with the surrounding
air and the afterburning of the combustion product47.52 (oxidation of aluminium in the case
of aluminised chargeg. Metal particles can also form filamentary jets which protrude
outward from the product gases and subsequently igné; resulting in fireballs with ®pikyd
appearances due to the remnants of particle jets Additionally, if the buoyant gases rise,
further instabili ties are produced and air is drawn up into theolume centre, whilst at the
edge of the fireball a vortex ring iSormed as turbulent vortices curl downwards and draw
further air up into the centres3. Therefore gherical charges do not always produce
spherical fireballs. As the temperature in the fireball decreases, the remaining mass of

airborne particulates then forms the smoke plumewnhich contains both solid and gaseous

28



particles including the decomposition products of the reaction and the surrounding
entrained airt. The size of the smoke plumaitially depends on the volume of product

gases formedwith the movement of the smoke plume determined by the wind field.

1.1.3.2 Confinement

Confinement ofthe explosive charge in a encasement(e.g. a pipe) or confinement of a
bomb in an enclosed area (e.g. a room within a building) can increasiee pressures
produced during detonation, compared to those produced dung open-air or free-field
detonations28. At higher levels of confinement the final presure and temperature during
the explosion can be higher, resulting in more vaporization, better mixing of reaction
products, and stronger dispersion of products in the surrounding atmospher&. The
strength of the holding confinement affects thesengssuresz stronger confinement(e.qg. in

dense metals)cancause higher pressures$o be produceds4.,

Given the chemical and physical aspects of detonation outlined above it would seem
counter-intuitive to expectunreacted particles of the original explosiveto survive during
such high pressurehigh temperature reactions andyet this is often the casdor both RDX
and ammonium nitrate based composition&.5556, The review in the following chapter
outlines potential mechanisms as to how this may occur andiscusses theliterature
regarding the subsequent distibution of undetonated residues, from which the aims and

objectives of this thesis are drawn.
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CHAPTER 2: LITERATRE REVIEW

2.1 Introduction

The literature review starts with the initial formation of undetonated residues, highlighting
the potential factors which may affect their formation during highorder detonations. This
is followed by a discussion of the theoratal constructs which govern their subsequent
dispersal and a synthesis and critique of the experimental work conducted to date in this
field. Subsequently the postblast crime scene procedures informed by the literature are
detailed; including information regarding the analytical techniques used in forensic
practice which will be used in this research. Finally, a summary of the literature review

precedes the aim and objectives of this thesis.

2.2 Explosive Residue Formation

The most recognisable undetoated explosive material at a posblast scene is that which

OAT AET O A 111 xEI QAAODAAAEAT ADDI Dhi xEEAE AT Ol
the booster or detonator or some inhomogeneity in the main chargé Low-order
detonations leave undetonated residues inhte form of large deposits that are easier to

identify. Nevertheless, even when a complete or higbrder detonation has occurred,

undetonated explosive residues are still foungl

No experimental results have been published in the open literature which assess the
mechanism(s) by which undetonated explosive reidues can remain from highkorder
detonations, however some theoretical concepts are described. It has been posited that the
width of the reaction zone in a detonating explosive charge affords an explanation as to
how this may occuf’. Thinner reaction zones move quickly though the unreacted material,
releasing chemical energy at a faster rate than that needed to sustain the shockw&and
therefore result in a greater consumption or decomposition of the explosive molecul&s
Wider reaction zones are less likely to release chemical energy at a rate needed to exceed
that which can sustain the wavé® and therefore move through unreacted material slower
and would not decompose material as efficiently. If undetonated molecules do persist
because of reaction zone sizes, even infinitesimally thin reaction zones would produce
undetonated molecules. Based on this theory, the factor affecting the amount of
undetonated material generated would be the velocity of detonation (VOD) of an explosive

charge.
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Another potential mechanism for the formation of undetonated residues ibasedon the
reflection of the shockwave at the boundary of the charge. It has been suggedteat as the

shock front passes from the periphery of the explosive into the surrounding medium the
shock wave can be partially reflected at this discontinuit# and the surface layers of the
charge may not react completelgy P AOOEAT AO | AU OOOOOEOASThee AOA
exact details of how a shockwave reflection at the surface inteice could limit the
decomposition of explosive molecules are not fully explained, nonetheless, this would
suggest the amount of undetonated material remaining following a detonation would vary
depending on factors including the charge mass, charge diametand the number of

interfaces within the charge?.

2.2.1 Factors Affecting Undetonated Residue Formation
Both theories described above lack comprehensive explanations, however if either is the
cause of undetonated explosive residue remaining from higbrder detonation events then

the following factors would affect the amount of material generated:

Velocity of Detonation: Based on the width of the reaction zone, explosives which
decomposefaster (have a higher VOD) would produce fewer undetonated residues than
those whichreact slower and have a relatively lower VO. For example, RDX (VOD ~8440
m/ s) would be expected to produce less undetonated residue than drpives such as AN
(VOD ~5000 m/s)1t,

Charge Mass:Based on the theory of shockwas reflection at boundary layersthe amount

of undetonated residues produced would be proportional to the surface area of the charge.
The ratio of surface area to volume is inversely proportional to size. Therefore larger
charge masses would produce fewer undetonated residues relative to their mass and

volume compaed to smaller charge masses’.

Charge Diameter: Asthe charge diameter increaseshe velocity of detonation increases
up to a limiting point42 thereby decreasing the size of the reaction zone and narrowing the
interaction zone at the explosiveair boundary layer where unreacted material may

survives7.60 potentially producing fewer residues.

Number of Interfaces : If the undetonated residue is formed at the boundary layer between
the charge surface and the surrounding medium, it follows then that more interfaces

between these two surfaces would produce more undetonated material to remain. A charge
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comprised of multiple stacked cartridges (such as bags of AN fertilizer) would therefore

generate more residue than if the explosive was encased only oAte

Despite the aforementioned theories and factors regarding undetonated residue formation,
no verified reason for the presence of undetonatk material following high-order
detonation reactions is evidenced in the literature. The mechanisms for residue dispersal

nonetheless are also theorised.

2.3 Explosive Residue Distribution

Two distinct mechanisms for the distribution of explosive residus are posited in the
literature; those which are adhered to fragments of the explosive device such as the casing
and those which move freely, i.e. unattached to any other material. The focus of this thesis
is residues which move unattached to fragmented sings; therefore the movement of

fragments will be covered briefly with more emphasis applied to freenoving residues.

2.3.1 Theoretical Studies

2.3.1.1 Fragment Based Residue Dispersion Theory

When the forces acting on any material used to contain arxgosive exceed the holding
strength of that confining material, the stress and resulting strain upon it will cause it to
fragment and these fragments will be ejected. Assuming any undetonated residues ejected
from the charge surface adhere to this confimaent, their subsequent distribution depends
on the fragment movement. The dispersal of the fragments is governed by the initial

velocity and energy imparted to them as well as their mass, shape and trajectéry

The initial velocity of metal fragments has been related to both the mass of the explosive
charge and metal casing 63 and has been found to be specific to explosive materials;
derived by modelling the energy distribution between metal shells and detonation gases of
different explosives*1.6364 From this work, a series of equations@urney equation h x EE A E
are reported fully in the cited text$3.64) were generated for the dispersal of solid casing
fragments with simple geometries. With the development of these equations, it has been
suggested that the distribution of fragments (which may harbour explosive residues)

would be based on the inverse square la, i.e. the quantity of fragmented material found

would be inversely proportional to the square of the distance from their origin.
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The maximum distances (Rax) moved by fragments have been predied for different
metals®é, wherethe relationship between distance and fragment was determined to be only

a function of fragment density and maximum fragment masgs Based on the results of this

(@]

work, equation 2.1 was stated in anothereport5” to relate the fragment density; A Alrd A A
and measured inthe cited text ing/cm3), and the maimum fragment massj AAIwWB AAT @
measured inthe cited text inkg), to the maximumfragment range, Rax In contrast to the
Gurney equations, the relationship does not take into account the effect of the explosive
type or mass.

Rmax= 190 r-0-112\y + 52 10858 (2.1)
Equation 2.1 fits well with results from computed model§’ of fragment distribution with
fragment densities of 0.8mg m-3 to 1.2 mgm-3(common density range for explosives),
however these computations were based on the detonations of gas, liquid and vapour
clouds rather than solid explosives and so may not be wholly applickbto condensed
explosive charges. Nonetheless, the equation may be able to indicate the movement of-free
moving undetonated residues (those which are not adhered to any casing fragments). From
equation 2.1, if the mass of the fragment decreasestoaimésE1 h A 1 El E®®E ¢ OA]
remains; based on this the approximate maximum radius within which fagments with

densities of ~1.2 mgm-2 could be found would be ~60 metre§’. This could hypothetically

be applied ocAOOEI AOA OEA AEOOAT AA 11 GAKCA AAOGOBAXGIE
equation 2.1 is said to fit the computational experiment® and is based on data from the
fragment range experimentssh E O8O AAOEOAOEI T AOIT I OEA AAO(

report in which it is presented” and the terms cannot therefore be theoretically justified

here.

Whilst the inverse square law theory of fragment distribution and the hypothetical radius
of 60 metres within which fragments may be found provide a basis for fragmentation
distribution, little experimental work has been produced to fully validate either.
Furthermore, not all fragments of an encasing material may contain undetonated explosive
particles, and it is necessary to understand the method by which these particles move

independently during detonation.

(808p8¢i ORIOBA 0AOOEAI A $EOPAOOEIT 4EAI OU
The dispersal of particulate explosive residue is explained in the literature as being

potentially due to two of the detonation stages: the blastvave phases and the smoke
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plume. Each potential dispersal mechanism hasdtors which would affect the explosive

residue distribution patterns.

It is posited that residue particles are expelled and could be pushed outward from the
detonation centre due to the positive pressure impulses produced by the detonation and
subsequenty impeded or pulled back into the centre by the negative impulsé§’. If this
theory is correct the factors that would affect the residue distribution pattern around the
detonation centre would be the concentration of the original explosive material and the

fireball dynamics.

Concentration : If the undetonaed residues are formed on the surface of the explosive
charge and subsequently dispersed due to the blast, approximations could be made that
residues are equally distributed and spread over the surface of a sphere (if the charge is
spherical)3. The amount,®§ of material (measuredin the cited tex® in grams) on 0.01 m2

of a surface is said to be determinetly equation 2.2 where@édenotesthe total mass of

distribution material (reported in grams) and ®dis the distance from the charge in metres.

¢ =(10-4W) (2.2)
(4nr2

The amountof residue expelled by the blastvave per any unit areaaround the detonation
would decrease proportionally to the reciprocal of the square of the distancef that unit
areafrom the charge(i.e. the inverse square law model which was also hypothesised for
fragment distribution patterns). Based on this, it has been suggested that the distance at
which residue concentrations will be lower than instrumental detection limits is relatively
short and so undetonated residues would be found close to the explosion seat or centre,
particularly if the negative phase of the blasivave causes particles to be pulled back in
towards the centre3. Whilst indicating a generic trend of residue distribution, equation 2.2
would apply only for perfectly soherical unconfined systems, where no other variables such
as a charge shape, confinement or surrounding environemtal conditions were

encountered, however in reality this is almost always not the case.

Conversely, the inverse square model has been devpld with the use of ballistics
equations to further explain the potential trajectory paths of residues and their distribution
if they are ejected initially due to the blastwaves’. By considering the movement of
residues within a hemisphere above the point of detonation andssumingthe particles are

of equal massmoving at equal speeds and projected at all angles above the horizontal, the
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angle of projection can be plotted against the range of the material If the trajectory of the
explosive residue terminates at this theoretical hemisphergthe residue distributed within

a particular segment would be equivalent to that which falls on the section of ground
covered between the two angles, i.e. the mass of material at longer range from the centre
would be concentrated in a smaller area compartkto closer to the centre (figure 2.1). This
indicates more residue by mass may actually be found further away from the centre
contrary to suggestions that most undetonated residue will be found near the detonation

centres.6s8,

—
Rmax Centre R

max

Figure 2.1: Distribution of residue based on dispersion angle: the same segments cover different sized
areas on the ground, furtheaway less area is covered and therefore more residues by mass is found

further compared to closer to the centre.

From both the inverse square model of distribution and the developed trajectory model,
contradictory indications of residue distribution patterns are deduced. However, neither
model takes into account potential factors which may affect distribution such as different
shapes of the original explosive charge, the morphology of the explosive residues being
dispersed, the residue trajectory angles (iher than above the horizontal), or directionally
biased particle movements due to the irregular expansion of the product gases for

exampleso.

Fireball: The inner zone consists of hot incandescent gases (the fireball). Any
undecomposed explosive which is ejected initially due to the positive blast overpressures
and adheres to a surface close to the detonation centre may subsequently be engulfed in
the fireball and decomposed in this later stage This & also reiterated elsewhere where it

is stated that the exposure of the flame front can impinge on close surfaces, depending on

their thermal inertia®. Equation 2.3 has been suggestedor estimating fireball radius
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measured in kgin the cited texts).

r=Wi73 (2.3)
Equation 2.3 does nohowever explain the relationship between charge mass and fireball
radius effectively, no terms which factor in the eplosive type or charge shape are included
and these may affect such calculationblonetheless if the blast is the mechanism by which
the residues disperse, and the fireball radius does affect the amount of residue on closer
surfaces, the distribution of undetonated residues would again vary from the inverse
square law and the highest concentrations may not be found at the closest or central

regions of the detonation where the temperatures are the highest.

The second residue dispersal mechanism is theogs as being due to the movement of the
smoke plumeso.70which forms upon the decay of the fireball, counteintuitively assuming
unreacted particles remain within it. The factor which would affect the residue distribution
if the smoke plume dispersed undetonated material would be the environmental

conditions, principally governed by the wind field.

Environmental conditions: The weather can have variable effects on different phases of
detonation. During the detonation, changes in relate humidity, heavy fog or rain have
been found to have insignificant effects on blast waves whereas severe wind has been found
to cause a focusing of the blast in the downwind directio. The smoke plume movement
is affected by the wind velocity and direction; the higher the wind velocity, the faster the
movement and dispersal of the smoke plume. The wind moves at a lower relative velocity
on the ground due to friction and turbulence that occurs as air moves over the@ind, and
structures such as buildings and trees produce localised effects which can increase or
decrease the wind velocity or alter its directiori2. If the movement of the smoke plume is
the predominant mechanism by which the undetonated explosive residues are dispersed,
attention during post-blast investigations should be focused to collection of residue

material downwind whilst takin g into account potential structural effects.

Whilst either stage of the detonation, the blastvave or smoke plume, could be the principal
dispersal mechanisms of undetonated explosive residues, it is not implausible that both
may have an effect on the paicle movement. Some empirical evidence to support these

theoretical constructs has been obtained through experimentaksearch
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2.3.2 Experimental Research

Experimental studies which discuss the distribution of explosive residues have been
conducted from both an environmental perspective, investigating the distribution of
residues on the ground, and also from a forensic perspective, investigating the dispersal of

chemical evidence during detonation.

2.3.2.1 Environmental Studies

The fate and distribuion of energetic material residues on military training grounds has
been investigated extensively in order to better maintain and ensure thorough
management and remediation of training ranges, and to control the leaching of toxic
residues into groundwater. Studies have been based on sampling in and around areas of
known detonations on firing ranges as well as immediately following the detonatianof
military explosives, including various sized mortar rounds and shells, and have focused o
ground sampling; incorporating techniques such as multincrement sampling’sz7s,
sampling on tarpaulin’e.77, snowrsz80, soil’3.75, and tray$1.82, Table 2.1 contains the key data

synthesised from aspects of this set of expenental research.

The residue concentrations reported in studies from which samples were not collected
immediately after detonations’3:75.83, but rather from areas known to have had detonations
occur in the past (indicated wth an asterisk in table 2.1), wee subject todegradation of
residues over time and also cannot be assigned to one particular detonation event due to
multiple firings occurring on such military ranges. In order to circumvent the issue of
knowing whether or not collected residues were from a particulardetonation or not,
studies have used snow as a sampling medium and focused sample collection on the darker
soot regions left on the snow around the detonation cent®, possibly introducing density

bias into the collection strategy.

In general, findings from the studies indicated loworder detonations produced
heterogeneous residue distributions around the detonation centré84 compared to high
order detonations from which the resdue distribution trends were principally of
decreasing concentration as a function of increasing dence from the detonation
centre’7.84, These experimental findings support theoretical constructs which state fewer

residues will be deposited further from the detonation than closer to &57.
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Sampling Method Key Results

Mortar Tarpaulin sweeping: 1 Larger rounds produced more residues

rounds collective amounts 1 Heterogeneous distribution of particles: no consistent relationship between masg

(low-order | reported within radii deposition and distance. No orientation bias could be reported.

firings) around centre § 18 m radius within which majority of residues from low-order firings were detected.

Mortar Tarpaulin: Sand from 1 total mass of residue recovered per firings < 100 mg, (bary charges produced more) | 77

rounds, C4, | tarp sweptfrom 3,9, 18|  limited mass within 5 m of the detonation centre for most mortar rounds

TNT & and 21 mincremental | § 105 mm rounds: mg quantities of RDX and TNT within crater and at 3 from it.

binary radii for residue 1 Peak residue mass between B and15 m, with maximum perimeter of 15 m

explosives. | analysis. 1 Forthe larger charges, RDX mass exhibited less of a distribution trend

Comp B Tarpaulin and trays: 1 Residue concentrations decreased with increasing distance from centre 84

rounds Particles counted at2 | § Residue mass per mconstant to 13 m distance, then decreased by 2 orders of magnitug

(low and m intervals in one at21lm

high-order | direction from centre 1 Low-order distributions asymmetrical compared to high order

firings) f Estimated mass of recovered residue increased with increasing charge size

NG Soil: incremental 1 Highest NG concentrations found near firing point and at target s
samples in 1 direction | § 4,200 mg/kg at firing point A 142 mg/kg at furthest sampled distance.

TNT Soil 1 High order = 0.02mg/kg to 7.5 mg/kg near firing point. No residue detected elsewhere.| 74 *

1 Low order = 6500mg/kg and 4400 mg/kg near firing point
RDX, TNT | Soll 1 0.004 pg/g detected 5 m from the kown firing point; No residue detected 10 mt&0m | °*
1 Average RDX concentration ~ 0.021 ug/g. Average TNT concentration ~ 0.004 ug/g.

Mortars, Snow: from 1n? 1 Only con@ntration ranges reported: RDX0.0052ng to17 mg, TNT: 0.0011 mg t@.2 mg | &°

grenade, C4 | blackened areas {1 Blow in place firings: RDX = 0.7Z 120 mg, TNT = 0.005% 100 000 mg

Landmines | Snow and plate 1 TNT: decreased with distance in all orientations, e.g. 199 ughg4 m) A 25.2 ug/m2(10 | 7°
sampling in 3 m) A 0.1 pg/m2(~24 m)
orientations 1 RDX: heterogeneous distbutions (non-linear decreases), e.g. 11.9 in centrd 0.27 A

0.20A 1.56A 1.00A 1.78A 0.13A 0.45 pg/m?
RDX, TNT,| Soil 1 Crater area concentrations below detection limits (1 pg/kg) and always below 10Qug/kg | 83 *
others 1 RDX had spatially heterogenasi distributions at training grounds

Table 2.1: Summary of methasland key results from environmental residue distributionesearchstudies. *Samples from these studies were not collected

immediately after firing but at areas of known firings in the past

38



When comparing different charge sizes, smaller munitions were found to depasiess
residues which were recovered closer to the detonation centre, compared to larger
munitions84; thus countering theories which state the larger the chargethe less likely it

will be to find undetonated materiak.

Limiting radii within which explosive residues could be sampled for were also inferred
from the data. A distribution radius of 18 metres within which residues could be found from
low-order detonations of artillery munitions rounds was suggested. A 15 metre radius
resulted from the corresponding highorder detonations’. The radii determined from
these studies may have been dependent on the limit of detection (LOD) of analytical
equipment used in the studieshowever these were not reported in either study. Whilst the
difference between the two radii was not great (3 metres), they implied lovorder
detonations distribute residues at greater distances than higlorder detonations. The
greater kinetic energy ofthe larger mass deposits produced from loworder detonations
would cause them to be deposited further away from the centre compared to the smaller
particles generated from highorder detonations’s. The findings also indicate that

theoretical limits of 60 metres may exceed distribution radii for smaller charge masses.

The findings from these environmental studies demonstrate that whilst the resdue
concentrations from high-order detonations is low (in the mg/L or pg/L range), it is
possible to detect them and define distribution patterns. As the primary goal of the research
was to assess contamination of training grounds, the results do not inade information
which would be pertinent to a forensic scenario such as perpendicular site sampling, which
has been noted as more lucrative for forensic sampling of explosive residgesHowever
they do highlight pertinent methodological requirements such as the use of muki
increment sampling in numerous orientations around the detonation centre in order to

optimise representative sampling techniques.

Most of the studies cited here form a set of experiments conducted by the US Army Corps
of Engneers, Engineer Research and Development Centre (ERDC), of which the final

reportsé contains further information.

2.3.2.2 Forensic Studies

A notable set of experimentswas conducted by the UK Forensic Explosives Laboratory
(FEL) and US Federal Bureau of Investigation (FBI) assessing the physical and chemical
evidence remaining after explosions of improvised bomb887.88 The studies utilised metal
road signs and cars as saniipg materials from which residue concentrations of mainly

ammonium nitrate/fuel mixtures were measured. Further to this collaborative set of
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experiments, studies designed to assess the application of analytical techniques to the
detection of residueg$® and those aiming to elucidate dynamite brands from posblast
residues’® have also commented on distribution trends. A summary of the pertinent
methodological aspects of the forensiocesearch as well as the key results synthesised from

it is provided in table 2.2.

The FEL/FBI collaborative investigations tested mainly large (454 kg and 2268 kg)
inorganic improvised charges. The sampling sites (mainly neporous) were generally
positioned at various incremental distances and four orientations around the charge centre
for most experiments, similarly to the environmental studies. Overall, these collaborative
studies found residue concentrations decreased as a function of increasing distancent
the charge centre in the majority of cases; figures 2.2 and 2.3 show some of the reported

residue recoveries from this series of papers.

As with the environmental studies, the concentration levels detected following these high
order detonations were bw; the nitrate concentration range detected (Ongto 11 mg) was
higher overall than the ammonium (0pg to 330 pg)7. No consistent stoichiometric
relationship was determined between the two ions and this was explained as being due to
the potential oxidation of ammonium to nitrogen and nitrogen oxides which would have
reduced the ammonium content within sanples. However it is more likely that the lower
ammonium concentration range was due to the nonlinear response of the ion
chromatography detector usedduring the experiments, which as the authors stated would
have caused the ammonium to be underestimatéelt’. Furthermore, the calibration used
for analyte quantification in this study was based on a singkpoint curve and therefore the

accuracy of the ammonium quantification was unknown.

No fuels from the inorganic charges (sucrose or glucos&ere detected in the residues,
however some analysis was noted to have occurred weekgefsampling and the time lag
may have contributed to the nondetection of the fuel component§’, thus highlighting the
importance of sampling and analysing posblast residues as quickly as possible. TNT and
RDXdetected from organic charges weg in the nano-gram massrange. The variations
between residuemassfrom the inorganic and organic charges were not discussed in the
reports, but the findings support theoretical constructs that improvised mixed charges
(such as ANFO) would generate more wetonated material than military explosive
compositionsdue to their respective VODs. The general distribution trend between the

analytes was similar.
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Charges & Sample | Distances Key results
Analytes
mass, / kg sites /'m

Concentration ranges: N@- 12 pugto 5 mg from vehicles, 3ug to 5.5 mg from roadsigns; NH*:
?:lp/Sa(t)é)S metal 2.1, 4.6, 7.6, 26 ugto 161 pg from vehicles, 3ug to 366 ug from signs; no sugar detected
NHs*, NGs- signs & | 15.2,22.9, | § Distribution trend: signposts = residue concentrations decreased withincreasing distance; car| 8’
455 cars 30.5 doors =residue increased with increasing distance
1 lowest concentrations detected at 60 m.
1 More nitrate than ammonium, (not stoichiometric). No sucrose or glucose detected from large
CAN/S (x3 etal char.ges. Recoverigs from roagigns Ipwgr than from_cars.
repeats) NHz*, NQ:, signs & 5,8,15,23, | 1 Residue concentrations decreased with increasing distance from roagigns. 70
glucose cars 30,46,60 | 1 From vehicles facing the charge residues increased with increasing distance
454, 2268 1 Quantities recovered at equal distance but different orientations not comparable
I Higher residue concentrations on back of signs than on front in some cases
ANFO (x1), T No NH+or NG from 2268 kg ANFO charge apart from 1jdg of NOGs-30 m away in one orientation
LAN/S (x3) | NHs*, NO- metal i Lowgr organic conceqtratipns thap inorganic: RDX (Bgto76 ng)., TNT (Ong to\l?OAO r]g)A -
TNT (x1) Ca, Mg, signs & 5,8,15,23, | 1 Residue decreased with distanceif some cases increasedout orientations weOAT 8§ O Al o8
glucose, cars 30,46,60 | 1 organic residues detected on front and back of roadigns (higher concentrations on the front)
2425§'é fructose f fructose (18 ug) and glucose (19ug) recovered 30 m from 454 kg inorganic charge. No sucrog
detected from vehicles.
TNT, TNT. DNT stone i u_nre_act(_ad parti_cles at all site_s, irregularly dispersed on the 1 ?rs_urfaces
Dynamite EéDN "| surfaces 1 dlstr_lbutlon varied b_etween different charge masses and explos_|ve_ types._ _
(x3 repeats) NH* NCi- & 1nv 0,1,2 1 Residue concentrations found to both increase and decrease with increasing distance, e.g. 6.4{ %
0.2/ Naw | metal m) A 48.46 (1 m)A 23.96 (2 m) mg/L TNT (from 400 g charge)
0.4/0.6 plates 6 mg/L to 50 mg/l concentration range for TNT
Dynamite: 6 1 damage to plates positioned 1 m from centre; residue (gy coatings) at 2.5 m, visible residug
brands EGDN, |1 osteel| 1,25 5, particles at 5 m and few residue particles at 7.5 and 10 m. X
(162223 DNL’GTNT’ plates 75,10 I 2.5m to5 m distances were optimal for obtaining highest residue concentrations: 185.62 | %
05 EGDN, 143.21 pg TNT, 50.03 pg NG, 32.97 ug DNT

Table 2.2: Methodological aspects of forensiesearchand key results to date. *Not primarily testing for residue distribution.

Danubit = industrial plastic explosive dynamite; S = sugar; AN = ammonium nitrate; CAN = calcium ammonium nitrate; LANtetimammonium nitrate; ANFO = ammonium

nitrate fuel oil; TNT = trinitrotoluene; DNT = 2;Dinitrotoluene; EGDN = ethylene glycol dinitrate; NG = nitroglycerine
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Figures 2.2 and 2.3 show that whilst the residue concentrations decreased with distance
overall, the trend was not linear in all cases, wht higher concentrations being detected from
some of the midsampled distances (23n and 30 m from the centre) compared to the closer

sampled distances (15 m from centre).
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Figure 2.2: Recovery of nitrate (ug) from sites positioned at increasing distanfresn detonations of

inorganic charges from ref&70.87.88,
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Figure 2.3: Recovery of ammonium (pg) from sites positioned at increasing distances from detonations

of inorganic charges fronrefs’.70.87.88
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in the reports, but may becaused by thedegradation of residues on closer sapling sites

due to higher temperatures closer to the detonation centt&9 creating an apparent increase

in the amountdetected further away. With no use of visual recording equipment during the

firings however this could not be confirmed. Furthermore, not all residue distributions
decreased with increasing distance; residue concentrations from vehicles sampled around

the detonations in these studies increased with increasing distané&8’. This finding

indicates that the height of the sampling site relative to theinitial explosive charge
placement may be an important consideration when sampling for residues and establishing
distribution trends, potentially due to the varying wind currents at dfferent heights which

may affect theresidue dispersal.

Additionally, from most firings, concentrations from similar distances at different
orientations around the centre were not comparable. The variations in residue amounts
were explained as indicatingresidue deposition occurred primarily due to the dust or
smoke cloud and not the initial shock wave (the blast overpressures from which were
measured during the firings), thus contradicting theories which discuss the effects of the
positive and negative bast pressures on the pushing and impedance of particles.
However, whilst blast overpressures from the firings were recorded, the results between
pressure and residue concentration were not compared, furthermorthe details of the wind

speed and direction were also absent in the reports.

A drop in residueconcentration was detected 60 m from the charge centre following most
firings, thus supporting the theoretical radius within which residues may be foun®,

however no sites further than 60 m sampled so the trend beyond this point is unknown.

Further to this set of studiesfigure 2.4 displays the data gathered from experimental work
assessing the application of analytical techniques to the recovery of dynamite and TNT
residues®®, and illustrates both the trend of decreasing residue concentration with
increasing distance as well as those of higher concentrations detected at the rsampled
distances (as exhibited in the FEL/FBtesearch). The recovered amounts of the diéirent
analytes would have been dependent on the chemical nature of the analytes themselves and
the sensitivity of the analytical technigue. The authors reported limits of detection of 0.05
mg/L for TNT, 0.1 mgL for DNT (2,4dinitrotoluene), 2.5 pg/L for EGDN (ethylene glycol
dinitrate) and 5 pg/L for NG (nitroglycerine) (all in hexane) using gas chromatography

coupled to an electron capture detectc®.
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Figure 2.4: Recovery of dynamite explosive residues from detonation centres andahd 2 m from

them,data from Varga & Ulbric, figure adaptel from’.

The data presented in figure 2.4 however requires verification as only one firing of each
charge was conducted and only two distances from the detonation centre (fh and 2 m)
were assessed. Momver, with only one direction from the charge placement tested, any
findings regarding distribution have assumel homogeneous residue depositiorabout the
centre which, as found from the environmentalresearctyt.7?, wasnot always the case. The
distribution pattern, or limiting radius around the charge centre within which the residues
could be detected from these firingswas therefore unknown. Residue movementhowever
was explained as being due to the acceleration of particles due to the expansion of gases
with the final phase of movement determined by the wind. The authors suggested the
particles became heated by the shockawe, as in some cases they had the form of droplets,
which appeared to have subsequently condensed and solidified on cooler adjacent surfaces

of the surrounding environmentso.

Conversely, the authors of a study aiming to elucidate different dynamite brands from pest
blast residues described the finding of particles from a 0.5 kg charge at 10 m from the centre
to be due to their ejection and dispersaby the shockwave when it reached the boundary
between the explosive charge and air. Because of the higher mass of residues compared to
micro-droplets in the explosion gases, these particles would have had a higher kinetic
energy and moved further to be depsited at ten metress8. The findings from this
experimentwere however based on firings that were initiated in a manner which biased the
directional expansion of the gaseous products towards the sampling sites, and therefore
potentially influenced residue deposition.
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One method of clearly ¢sting the distribution patterns of postblast explosive residue
would be with the use of taggants (such as particulate, isotopic and biologiéahdditives)
incorporated into the charges. Taggants which can be used to identify explosives both pre
and postblast has been investigated extensive#zo! and identification taggants which can
survive an explosion have been used in Switzerland taid postblast investigations2.93,
Whilst taggant use is technically feasible, due to cost and safety concerns it has not been
widely implemented®4.95, Lanthanide taggants have however recently been used to assess
the spatial distribution of post-blast explosive residues following detonations of homemade
explosive mixtures and were collected from uniformly posibned collection media on the
ground surrounding the charge and subsequently analysed with inductively coupled plasma
mass spectrometry (ICPMSY6. Despite attempts at establishing the spatial distribution of
the explosive residue, itwas the distribution of the lanthanide taggant which was actually
reportable and as the correlation between the two remaiad unverified, the taggantwas not

a valid representation of the explosive residue distribution.This highlights an important
point to consider when using taggant material for identifying spatial residue trendg the
taggant must be incorporated as a part of, or bound to, the explosive molecule in order to
conclude the distribution of the explosive itself rather than that of the taggantNo other
studies which have examined the spatial distribution trends of posblast residues using

taggants were found at the time of writing.

In sum, the experimental studies detailed thus far are an important foundation for residue
distribution research as they demonstrate generic distribution patterns of decreasing
concentrations as a function of distance from the centre and also provide a good basis for
methodological considerations for experimental work, such as the use of incremental
sampling of nonporous sites, consideration of sampling height position and the
measurement of blast overpressures during firing. The findings from these experiments
were however limited to either very large inorganic charges or smaller dynamite charges
and the applicabilty of the distribution trends to further materials of varying charge mass

is unknown. The studies also dichot conclusively identify the dispersal mechanisms for
post-blast residue, with only indications of mechanisms provided with no evidence to
support these. The use of imaging technologies capable of recording the detonations (in
order to observe the potential movenent of particles for example) wee not considered,
furthermore the recording of environmental conditions at the time of filng was suggeste
but detailed results of this wae not included in the reports. Additionally, no attempt was
made to characterise the condensed residues whictvere detected on the sample site
surfaces in terms of their morphology and composition which could potentially imply the

mechanism by which they wee formed.
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Whilst further experimental studies are fundamental to the development of a data set
establishing the spatial distribution of postblast residues, the expense of the investigations
and firing trial requirements such as access to explosive ranges, explosive material and
personnel authorised to handle and detonate the charges are understandably difficult
necessities to overcome. Furthermore, the need to replicate experiments in order to
produce verifiable findings and therefore generate significant conclusions is hampered by
these constraints. Computer aided simulation techniques have been applied to model
various explosion phenomena and offer a useful tool for investigating multiple scenarios

and allow for numerousrepeat measurements to be obtained.

2.3.2.3 Simulation Studies

Detonation and shock modelling capabilities have been developed over decades to produce
models that can improve knowledge and understanding of the processes occurring during
detonation, in both chemical and physical terms. Models for various detonation modelling
purposes, for example evolved from research into effects of blast on buildirfgs have
predominantly focused on calculating peak pressures from the leading shock wave. Despite
the wealth of detonation modelling literature and knowledge, relatively little research has

been caried out in the area of condensed phase residue particle distribution.

The distribution of solid particles from the point of detonation to postblast movement in
the smoke plume and wind field is a complex problem to solve computationally, requiring
extensive computing power, an understanding of the quantity of material which could
become airborne®.99, and expressions which consider factors such as the explosive strength
andtotal mass of other materials present?0. Computationd fluid dynamic (CFD) tetiniques

have however been used to simulate the dispersion of solid particles.

Atmospheric dispersion models initially developed to predict the downwind concentration
of air pollutants emitted from sources such as industrial plantshave beenapplied to
explosive releases. An dispersion modelling system named Qmitume, developed at
Lawrence Livermore National Laboratories, is capable of simulating the distributiorof
gaseso! and has potential application for modelling postblast explosive residues as aerosol.
Quicplume consists of a code which uses multiple terms to address the movement of
particles in a built environment by tracking each partick® trajectory in an instantaneous
wind field whilst incorporating codes for turbulence modellingtol. Whilst Quicplume has
been evaluated experimentally02.103 the empirical work has been based on sulphur releases
and their subsequent sampling in a built environmeri®2 and the release of airborne

contaminantsto3 rather than actual explosive releases. The full equations and theory behind
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the Quicplume model are beyond the scope of this review but are provided in the theory

guidetol of the code.

Models which haveassessedthe dispersal of solid particles during the detonation of a
spherical explosive charge have discussed the movement of these patrticles, in particular the
way in which during the reactions they can overtake not only the detonation products but
also the shock wav&r4.105, These experiments haever have been based on a packed bed of
inert solid particles moulded around a splerical explosive charge and it wa the velocities
of these whichwas reported rather than the unreacted particles of the explosive material

itself.

Relevant work in modelling particle distribution following a detonation also includes
OAOAAOAE ET OI OEA AEOPAOOAI 1 /£ 100 hdudling theCE A AT
velocity of explosive products®” and estimations of dispersal based on the smoke cloud
volume and height, however they do not directly or fully address the distribution of
undetonated explosive residues upon and following detonation. Recently, aerosol
dispersion models developed from the dispesal around biological treatment plant$8, have

been applied to model explosive residue particle releases, in particular the deposition of

post-blast residue following the 2011 Oslo bombings hasden simulateds.

These simulations included the movement of the particle cloud following the detonation
focusing on the wind as the dominant transport mechanism and were based on spherical
residue particle sizes smaller than 20 um with a high dasity (1000 kg/m3)85. Simulation
results indicated perpendicular areas which the cloud had passed over to have the highest
residue depositions (15%), with only 5 % of the total residue particles emitted being
deposited on the grounds. This trend was consistent with the experimental finding of low
concentrations of residue on the ground from some of the environmental studies. The
deposition of particles has been concluded to depend more on the source location (for
example high on a roof or low on the ground) and the dispersal mechanism to be based
more on the wind direction and velocity?5.109, Figure 2.5 shows an example output from the

computation, showing the particle distribution amongst the builtup area.
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Figure 2.5: Bomb residue particles deposited in built environmegenerated with simulation

technique$®. Reprint permission provided by the Norwegian Defence Research Establishment (FFI).

This work constitutes the only known research which directly models the dispersal of
explosive particles and attempts tcestablish their distribution patterns. However, with no
direct comparisons of the numerical simulations with experimental data, the models have

not yet been validated.

The theoretical and experimental work discussed thus far somewhat informs current
forensic practice at postblast crime scenes with regard to locating explosive residues,

which are summarised in the next section.

2.4 Forensic Crime Scene Procedures

General forensic crime scene investigation procedures include conducting preliminary
safetyand security assessments of the scene alongside initial surveys during which notes of
the time, date and location of the incident are made as well as any particular resources
which may be required to support the investigation&:119, The scene investigation then
involves photography, documentation of initial observéions, and evidence identification,
packaging and collection. Logs of all activities within the crime scene (including entry/exit
to the scene, photography and evidence logs) are maintained throughout the
investigation44.111.112 Prigritisation of evidence collection depends principally on the nature
of the scene and the evidence item in particular; for example, the collection of potential
biological evidence located outdoors where prevailingenvironmental conditions could

compromise the evidence wouldyive the item priority 55113,

2.4.1 Post-blast Investigations

The identification of potential evidence items at any crime scene can be a challjgng task,
one which is further complicated by the inherently complex nature of a podblast scene

where debris, structural and thermal damage can dominate the scene. Evidence
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identification is achieved through organised searches using grid, line or spiraearch
techniques®. As well as identifying componets of the explosive device such as the power
supply (e.g. batteries), initiator (e.g. switch) and container (e.g. fragments of a pipe), residue

of the explosive material itself is also sough#55.114,

2.4.2 Explosive Residue Evidence

The morphological apparances of trace posblast explosive residues from highkorder
detonation events are not detailed extensively in the literature. Microscopic observations
from one study assessing high order detonations of Composition B (RDX and TNT based
explosive compositon) found melted metal spheres, fragments of wood and soil in the
residuest4 but no further morphological or chamical information was provided. Research
from related fields may however provide insight into the appearance of podilast residues.
Both pyrotechnic and gunshot residues (GSR) have been found to produce spherical and
spheroidal particles, the sizes of whih have varied depending on the material and level of
confinement. GSR particles have been found to be Ofn to 5 um in diameterts,
pyrotechnic residues have ber found to <1ums54 or between 5um and 20 um?115117, The

elemental compositions of each have been characteristi¢ the unburnt material15.116.118

The altered morphology of particles from their giginal form has been explained as being
due to the initial melting of the particles and their subsequent solidification during
dispersiont15.116, |[ncreased confinement of pyrotechnics was found tproduce smaller
residue particles4 which was explained as being due to th@ressure and temperature
during explosion being higher and therefore resulting in increased vaporizatidi. These
findings indicated that the appearance of undetonateghost-blast residues from highorder
detonations may vary from that of the undetonated material. Nonetheless, given the particle
sizes, they would not be obviously apparent at a podtlast scene, raising the question of

where they should be sought.

2.4.2.1 Locating Explosive Residues

Due to the multivariate nature of explosion scenes no definitive guide to locating explosive
residue has been determined as each scene is generally considered unique. Current forensic
practices focus residue collection effortstowards the crater or central region of the
explosion as it is thought to be a typically forensically rich argas.119. Multiple samples are
collected of the ground material in the central region of the detonation and of areas close
around it, including nearby vertical surfaces such as signs and oniloggs if present. This
practice contradicts theory that the temperatures evolved in the central area would

decompose residues® and sites further from the centre should be sampled.
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for residues of the explosive materiaf. Sometimes surfaces or objects can display visual
signs of having been close to the explosion such as crategior pitting, but these do not
always yield explosive residués. Additionally, if there are no visible signs of damage, this
does not negate the possibility of recovering evidence on a particular item as explosions
also leave invisible traces of residu®. The issue therefore is to know where to look for this
residue. A scientificallysound way to locate items or surfaces which are thought to harbour

explosive residues has not yet been establishéd

2.4.2.2. Sampling Techniques

No surfaces within the zone in which detectable residuesd traces may be expected should
be neglected and if the item thought to potentially harbour explosive residues can be
removed from the scene, it will be packaged appropriately in a labelled metal container and
nylon bag to be transported away for microscopic inspection and chemical analysis at a
laboratory10.114, |f this is not possible sampling can be conducted at the scena. situ
sampling of porous materials can be conducted by vacuum sampli¥gl2! and non-porous
materials, such as car doors or street signs, can be swabbgd2. Numerous swabbing
materials have been investigated in the literatur&3, including, wipes24125 and cotton
swabs!26.127, the latter of which are often used to collect trace explosive residues due to their
low cost, ease of use and aitability 124. However, thechoice of sampling medium at a crime
scenewould inevitably depend on the availability of material and the nature of the sampling

site encountered.

Research conducted to optimise swabbing techniques has fadisolvent moistened swabs
can collect more explosive residue than dry swah& 127 as some explosives are readily
dissolved!?s. The suitability of various solventshas also been invesgated!?8, and deionised
water was found most appropriate for inorganic explosives such as ammonium nitrate
(solubility of approximately 0.2 kg in 1 m3 of water at 20 °C)and acetone for organic
explosives:56 such as RDX (solubility ofipproximately 0.008 kg in 1 m3 of acetone at 25
°Q210, Ultimately, thechoice of solvent depends on the type of explosive used, and as this is
usually undetermined at a crime scene, solvents which are suitable for both organic and
inorganic explosives, (nixtures of water and an organic solvent) are often useéb 129, The
manner of swabbing, and the optimum swabbing procedure, has also been commented on
swabbing repeatedly over a surface with considerable pressure has been found to be a more

efficient collection procedure than lightly brushing swabs over surfacetss.
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The amount of explosive esidue ultimately recovered from a particular surfaces governed

by the efficiency of the sampling technique used. If no prior knowledge of the explosive
material usedis available, sampling procedures must be able to collect residues from a wide
range of potential explosives, which in turn can potentially raise the detection limit.
Swabbing capability studies based on the use of different surfaces, multiple target explosive
analytes, and various swab supports and solvents have found that the efficiencydés can
vary very greatly (¢ = ~10 % to > 90 %)123124.127.13x132, This further highlights the
importance of understanding where explosive residues are likely to have deposited in order

to ensure sampling in, and from, optimumocations.

2.4.2.3 Trace Explosive Residue Analysis

Following residue collection, the samples are extracted from their support®ostexplosion
analysis usually consists of both an agueous and organic extraction as the explosive type is
usually unknown, and therefore in order to ensure recovery of either material, both are
carried out256prior to instrumental analysis. A vast amount of literature is available on the
various methods used to analyse pogblast trace explosive residues, both qualitatively and
quantitatively. They vary in their sensiivity, selectivity, resolution, cost, timeliness and
availability. Some require extensive preparation procedures, whilst others need additional
cleanrup and extraction procedures to remove impurities. Comprehensive reviewwg33.134
encapsulate the key analytial techniques in this area and their applicability, advantages
and disadvantages to explosive analysis. A brief outline of the analytical techniques used in
this thesis (both during firing experiments and laboratory analysis)is included in the

following section with reference to their use in relevant literature.

2.5 Technical Information

2.5.1 Diagnostic Techniques during Firing

High Speed Imaging

High speed photography technology allows the motion of transient phenomenon to be
studied at slower rates with high spatial resolution, and high speed imaging (HSI) has been
used to capture detonation phenomeno#s. The technique allows observation of the
shockwave as well as the growth of the fireball and smoke plume to be meavied over small
time scaleg3s. The high speed cameras can be operated in either colour or monochromatic
mode; the latter requiring less light during exposure and ultimately producing better

resolution.
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Blast Pressure Measurements

Measurement of the blast overpressures prodwsd during detonation is possible with
pressure gauges which offer the capability of measuring a wide range of frequencies and
amplitudes adequate for recording fast transient phenomenon and have been used in
previous blast researcli®88, The numerical outputs can be converted into presse-time
plots which allow assessment of blast profile characteristics such as the peak overpressure,

impulse and time of arrivaps.

2.5.2 Laboratory Analysis Technigues

Inorganic Analysis

lon chromatography (IC)

Inorganic ions from postblast explosive residue samples have been detected with 1@ i
multiple studies!37z142; the technique has high sensitivity and selectivity to the residues and
a review of the use of IC to pogblast analysis is provided elsewher&?3144, In particular, IC
is a rohust and reliable tool which has been used to successfully detect ammonium and
nitrate ions from the detonations of slurriesi45.146, pipe bombg47z149 and otherexplosive
devices40.149.150, For ammonium nitrate based residues, @tion exchange chromatography
involves the retention of the ammonium ion on the negatively charged functional groups of
a stationary phase; whilst anion exchange echmatography involves retention of the nitrate
ion on positively charged functional groupg44. The ions are eluted from the column by
displacement with similarly charged species of lgher concentrations to be detected by

Ultraviolet /Visible light based or conductivity detectors.

Inductively Coupled Plasma z Atomic Emission Spectroscopy (ICP -AES)

Trace elemental analysis of metals, such as aluminium, can be conducted with-IEES; the
technique has been used to analyse the metallic content of pesiast residues in order to
differentiate between similar samplesst. Samples are required to be in a solution, and an
acid digestion (for example with nitric acid) stabilises any metals dissolved ithe samplels2,
Aerosolised sample particles are heated, and following electron excitationmit specific

energy wavelengths characteristic of the elemental composition of the sampté.

Organic Analysis

High Performance Liquid Chromatography zMass Spectrometry (HPLC-MS)

Liquid chromatography is a weltestablished technique for the analysis of trace organic

explosives and has been used extensively; standardised methédsfor the analysis of

nitramine analytes such as RDX in complex matrices state the requirement of a sample

sonication and fitration step prior to HPLC analysig133.154 Sample component separation

is then based on the retention of target analytes on stationary phase columns; RDX
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column (usually aG-18 column)ts4 is hydrophobic, to which the RDX molecules adsorb, and

are then eluted with a polar mobile phaseé.

The coupling of the chromatographic equipment to a detector allows peak purity to be
ascertained and mass spectrometry (MS) detectors offer precise molecular identification

and high sensitivity2155, Samples are ionised prior to detection using, for exgute,
electrospray ionisation (ESI) techniques.%3) E O-EIAl EG@AIOESG 1 6 OAAET E
fragmentation occurs during the process, which allows a pseudwmolecular ion to be
observed, however it provides little structural information to be gainedsé. Tandem MS
overcomes this ly allowing structural determination of analytes to be achieved; two
spectrometers are positioned in line with each other with a collision cell between themhé

precursor ions from the first MS (MS1) analyses collide with a high pressure gas (such as

helium) in the cell and fragment; the fragmented ions are then analysed again (MS2)

HPLCMS of RDX can be problematic due to the thermally labile nature of the RDX
moleculez15?. RDXadduct formation, via the addition of chloride ions for example, has

proven a successful technique in overcoming this by producing characteristic ions during
ionisations57. With the addition of chloride nto eluents or samples matrices, the resulting

major ionic species havenassto-charge (n/z) values of 257 and 259 corresponding to the

[M+3s# 1 Y. A#AY ¢ -ET T Oh xEEAE OECI EAZEAAT OI U EI BC

molecular ion, RDX, with a massf 222 Da}58z162,

Particle Analysis

Scanning Electron Microscopy z Energy Dispersive X-ray Analysis (SEM-EDS)

The combined use of SEM anaDS is a welkestablished technique in the forensic sciences,
particularly in the application to gunshot residue (GSR) analysi&® and whilst literature
regarding the application of SEMEDS to the analysis of explosives residues is comparatively
sparse, it hasthe potential to be efiective. SEM usually requires an electrically conductive
sample which promotes the conduction of electrons away from the sample surface to
prevent charge buildup and degradation of the image. Nowonductive forensic samples,
such as postblast explosive residues which may require further analyses, can be analysed
under variable pressure (as opposed to a vacuum). The inclusion of air into the sample
chamber neutralises negative charge on surfaceand therefore samples can be analysed

without a metal coatingwhich could otherwise compromise the analysi&4.
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Raman Spectroscopy

Raman spectroscopy provides information about molecular vibrations which allow sample
identification and quantification; the intensity of the Raman spectral features are
proportional to the concentration of material analysed.RDX and AN each produce
characteristic Raman spectra which provide a chemical fingerprint of the molecules and

both materials have been analysed with a 785 nm laser at low power successfiihg167,

Particle Induced X -ray Emission (PIXE)

PIXE technigues have been successfully applied in the forensic analysis of PE4 (plastic
explosive containing RDXI¥8. PIXE is a nomestructive elemental andysis technique which

has a higher sensitivity to trace elements than EDS and can also be operated at atmospheric
pressure. Analysis of a number of spots on neideal samples (those which are not flat or

homogeneous) followed by averaging can provide a sémuantitative analysisto.

Megagzelectronv olt z Secondary lon Mass Spectrometry (MeV SIMS)

Secondary ion mass spectrometry (SIMS) is a sensitive analytical technique capable of
detecting trace elements in the surface layer at <rhg/kg concentration. The application of
SIMS analysis to the identi€ation and differentiation of explosive samples has been
successfully determined through experiment&0.171, The technique is based on the ejection
of secondary ions (both positive and negative) from a sample surface when bombarded with

primary ions from a source.

2.5.3 Computational Simulation

#1 1 DOOAOGET T Al &1 OEA BOAMAAEAOAE; #ROGAEOAAEAT E
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AopAOEI AT OAIT AP®CHTAA ERRIOCBDATEOEAT OAAOAOQEIT T O EI
AAOAET ET OEA OAOOI OO AT A OEA AAEI EOU O1 bpoOIi
AA O ZEAAGEAT A OI AOOAOGO AOA O PDPEUOEAAI EITt
POl AADOEEAAAET O OEDDOAABOLNEACGE OOACBDEA O1 1 OA
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2.6 Summary

Whilst the reason for why undetonated explosive particles remain following higtorder
detonation events is only partially theorised in the literature, it is generally accepted that
they can be found in the vicinity of a detonation. Explosive residue distribution is
theoretically attributed to two distinct mechanisms; residue movement due to blastvave
effects and movement due to the smoke cloud directed by the wind. The distribution trends
are suggested to decrease from the centre based on an inverse square law of particle
distribution or increase from the centre based on residue trajectory models or the thermal

effects of the fireball (decomposing residues) on closer sampling sites.

The empirical evidence to support either notion is limited to a set of environmental and
forensic studies, from which the varying results principally demonstrate distribution trends

of decreasing residue concentrations with increasing distance from the detonain centre

(not always linearly) with potential directional influences attributed to the wind. The data

set to date is based on a small range of tested explosive charges and masses and few
sampling points around the detonation centre. Furthermore, the amounof explosive
residue in each case has been dependent on the analytical technique employed; the
resulting values reported are therefore not reliably comparable across datasets from

different studies.

The theoretical and experimental research loosely infons forensic practice at postblast
crime scenes which focuses sample collection on the central and surrounding areas of
detonation with no rigid or empirical evidence based rules in place. In order to develop the
knowledge base in this area and thereforbetter inform, or support, forensic practices the
residue distribution trends should be tested via repeated experiments with further
explosives, of different masses in varying confinements. Experiments which incorporate
measurement of and account for botimeteorological conditions and blast overpressure at
the time of firing are necessary to allow the mechanism of residue distribution to be
determined. A morphological and chemical assessment of the condensed phase particulate
material sampled for would al® enhance this field by generating knowledge regarding the

appearance of the condensed phase particles which can be found at pbkist scenes.
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2.7 Aim and Objectives

The aim of this research wasto develop the empirical data-set regarding the spatial

distribution of post-blast explosive residues in order to better inform forensic sampling

procedures for residues at postblast crime scenes. The relationship between detected

residue concentration trends and potential influential factors such as the blaavave,

fireball

and wind direction were investigated. The morphological and chemical

characteristics of the condensed phase residuegere assessed.

In order to do so, the following objectiveavere defined:

1

Detonation experiments were conducted using RDX bagk military explosive
compositions and improvised explosive mixtures of aluminized ammonium nitrate.
These explosives were chosen as they allowed variation in VOD to be tested.
Unconfined spherical charges (0.5 kgjvere tested initially; complementary tests
involving unconfined larger masses (1kg and 2 kg) and 1 kg charges confined in

vehicleswere alsoconducted.

Diagnostic toolswere used to measure the blast overpressures produced (using
piezoelectric pressure gauges), fireball size (using high-speed maging) and

environmental conditions during the firing s.

Residue sampleswere collected by swabbing sampling sites from around the
detonation centre at incremental distances from it. Samplesvere chemically
analysed (with HPLGMS, IC and ICIAES) to geneate a relative concentration of

residue pereach sampledarea.

The data setavere synthesised to establish if correlation points existd betweenthe
detected residue concentrations and theoretical distribution trends othe potential

factors thought to influence distribution.

The morphology and chemical composition of condensed phase residue particles
were assessed by collecting particulate matter onto smaller stub surfaces positioned
around the detonations. Particles were analysed with SEMEDX, Raman

spedroscopy and MeV SIMS.

The potential to couple experimental data with simulations of residue deposition
was evaluated by comparing data sets from field trials with numerical simulatios
of particle distribution generated using computational fluid dynamics(carried out

by researchers at the Norwegian Defence Research Establishment (FFI))
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CHAPTER 3MATERIALS AND METHODS

This chapter contains details of all explosive materials used in this thesis followed by the
methods in which they were positioned and dwnated. The experimental design for
collecting explosive residue samples from around the detonations is explained as well as
the techniques for collecting and processing diagnostic measurements during firing. The
analytical methods used in the laboratoryanalysis of all samples are detailed. Finally, the
simulation parameters inputted into numerical calculations of particle distribution are
outlined. Experiments with 0.5 kg unconfined charges were conducted at the explosives
range and demonstration area (RDA) at the UK Defence Academy. Experiments withkd
and 2 kg charges were conducted at an explosive test range facility at Porton Down.
Confined firings were conducted at the Defence Explosive Ordnance Disposal, Munitions
and Search School (DEMSS) regimen Kineton.

3.1 Explosive Charges

Two different explosives were tested in this thesisprganic military compositions of RDX
and improvised inorganic compositions of aluminised ammonium nitrate. These explosives
were chosen as both have been used in prieus terrorist attacks and so are forensically

applicable, and because the detonation chemistry and physics for each varies.
Aluminised Ammonium Nitrate (AIAN) Charges

Fertilizer grade ammonium nitrate (AN) prills (33.5% mass fraction of nitrogen Hydro Agri
Ltd., UK) were ground to less than 1 mm in diameter (average particle size; 0.8 mm) using
electric processors. Aluminium powder (flake particle size range; 1@m to 150 pm
diameter, provided by DSTL, UKWwas mixed into the AN in a 10:90rhass fractin) Al:AN
ratio to produce the composition for the 0.5 kg aluminised AN (AIAN) charges. The charges
were moulded into spheres; six charges were made in total and the mass of each was

weighed using an analytical balancé 0.0001 kg).

The composition of thel kg and 2 kg charges consisted of atomised aluminium powder
(spherical particle size range; 2Qum to 63 pmin diameter, provided by DSTL, UKixed to
produce a 30:70 (nass fraction) Al:AN ratio. All mixing was performed remotely using a
rolling steel drum. The variation in the type of aluminium powder for each composition was
due to differences in available materials at the different sites where the charges were
produced. The lkgand 2 kg charges were moulded into cylindrical charges with a near 1:1
aspect ratio, producing almost spherical charges. One of each of the larger charge masses
was fired; more firings were not possible due to restrictions on the availability of explosive

material during the Porton Down experiments.
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RDX Composition Charges

Plagic Explosive Number 4 (PE4), consisting of RDXh@ss fraction of88 %) as the explosive
ingredient and hydroxylzterminated polybutadiene (HTPB) (nass fraction of~12 %) as the
binder, (provided by Cranfield Defence Academy) was moulded from its cylindricéorms

into six 0.5 kg spherical charges at the ERDA facility. Plastic Explosive Number 7 (PE7), also
consisting of RDX ifhass fraction of88 %), (provided by DSTL, UK) was moulded into near
spherical 1kgand 2 kg chargeg one of each was made. Charge s&es were weighed using

analytical balances ( 0.0001 kg).

RDX Composition Charges for Confined Firings

A charge demolition device commonly known as MAXCANDLE (Charge Demolition EOD
HE L6A1, supplied by Kineton DEMSS) was used for the confined vehigiads. The MAX}
CANDLES contained two explosive pellets, each consisting of 86 g RDX/waggs fractions
of 88:12) and a 26 g DEBRIX 18AS booster chargm(sisting 0f95 % RDX mass an® %
wax binder masg. The MAXICANDLES functioad as charge demolitiom devices and
therefore also contained fire suppressant powder (Centrimax ABC Plus, consisting of 86

ammonium phosphateby massand 15% moisture inhibitors).

The outer body of the cartridges consisted of a single polythene moulding with a detonator
chamber designed to hold the detonator. The outer body was sealed with an end cap which
enclosed the fire suppressant powder and inner container. The inner polythene container
housed the explosive charge (figure 3.1). In order to fire a charge mass consistavith
previous experiments, six MAXICANDLE cartridges were used per firing, equating to the
detonation of approximately 1.06 kg of explosive mass. The cartridges were held together

with cord to form a cylindrical charge (near spherical).

Lifting cord ——m ™
Detonator
chamber T
Fire suppressant / 2
powder 5 T
Booster pellet A
DEBRIX 18AS —
Quter body =
Inner
container
/;,/ ™
-
Explosive
pellets
,//'
T
End cap {/" .
S .

Figure 3.1: Inner build of charge demolition EOD HE L6A1 (MAXI CANDLE)
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Booster Charges and Detonators

All unconfined charges were detonated with SX2 booster chargeséss fractions 0f88 %
RDX andl2 % non-explosive plasticiser)and detonators. The 0.5 kg charges firegt ERDA
were detonated with No. 8 Instant Electric detonators¢ontaining 0.720 g Pentaerythrito}
tetranitrate (PETN)). The 1kg and 2 kg charges fired at Porton Down were detonated with
RP83 high voltage detonatorsdontaining 0.08 g PETN and.03 g RDX) The confined MAXI
CANDLE charges were detonated with L2A2 electric detonatorsdntaining 1.40 g PETN).
The variation in detonator types used was due to the availability of materials at each firing

range.

The booster charges and detonators in all casegere positioned directly underneath the
charge centre; the initiation was therefore directed vertically upward in order to avoid

directional bias of the expansion gases in any horizontal orientations.

3.2 Experimental Designs
3.2.1 Charge Positioning

Unconfined charges

All of the 0.5kg, 1kg and 2 kg charges fired at both ERDA and Porton Down were positioned
2 m above the ground on wooden firing poles placed in the centre of the firing area;
measurements were made with measuring tape from the ground tthe charge centre. All
charges were required to be no less than 2 m from the ground surface of the firing pads in
order to ensure the prevention of crater formation and therefore comply with each of the
explosive range operating procedures. New firing poke were used per detonation. The
charges were secured in place upon the firing poles for the time between positioning and

initiation by wrapping adhesive tape around the base of the charge and the top of the pole.

O.

Firing pole ——

Charge

Ground

Figure 3.2: Schematic of spherical expliog charge positioning 2 m above ground
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Confined Charges

The MAXI CANDLE charges were positioned within the centre of cars prior to detonation
Cars were used for the confined firings as they represented a forensically valid scenario
which could be testd outdoors. The charges were tied to 3 m wooden firing poles which
were placed horizontally through the front car door windows (figure 3.3). The height of the
charge for each was measured at approximately 1.5 m (x 0.2 m) from the ground. Slight
variations in charge height placement were due to different models and makes of vehicles

used per firing. Six experiments were conducted in total.

Figure 3.3: MAXICANDLE charges (red, attached to wooden firing pole) positioned within car. Six
MAXICANDLES (equatp to ~1.06 kg RDX) were positioned and fired at the same time in each car.

3.2.2 Residue Sampling Sites

Sampling Positions

Sampling poles (2.4 m steel scaffold poles) were positioned around the central firing pole

at various orientations around the cente and at incremental distances (In, 2m, 3m, 4m,

5m, 6m, 7m, and 10 m) from it. These distances around the 0.5 kg charge were chosen as
OEAU Al 11T xAA OEA OAOCGEAGA O1 AA Aii11 AAOAA OAI
from it whilst re flecting the practice of using incremental sampling conducted in previous

trials 173175, Distances were meased with measuring tape along the ground from the firing

centre. Figure 3.4llustrates the orientations, positions and distances of the sampling poles

for the 0.5 kg AIAN and PE4 charges fired at the ERDA range.
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MNorth

Figure 3.4: Aerial view of sampling pe& placement around 0.5 kg charges at ERDA. Each black ring
marks a 1 m increment from the centre. Poles (blwegre positioned offset with each other at North,
East, Suth and West orientations, 1 m td0 m from the charge centre (red). *The diagram istrto

scale andherefore does not show that eagilate front wascompletely unobstructed by others

The same pole orientations were arranged around the kg and 2 kg charges at the Porton
Down Range and the confined 1 kg charges placed in vehicles on theeton range. The
sampling pole distances for these larger charges were at3, 4m, 5m, 6m, 7m, 10m, 15

m, 20m, 25m and 30 m. The placement of poles closer than 3 m was not possible around
the 1 kg and 2 kg charges at Porton or the confined chargest Kineton due to their
destruction at these closer distances to the centre, whilst due to the larger firing ranges it
was possible to extend the sampling distances up to 30 m for these larger charge masses

and therefore assess the movement of residues thtese further distances.

All sampling poles were positioned offset with each other (i.e. not directly in front or behind

each other) to avoid obstruction of the furthest sampling sites by those closer to the centre.
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Morth

Site orientations
North
East
South
West

South-west

Figure 3.5: Aerial view of sampling site positiorfisaround detonation centreThe sites were positioned
at 1 m to 10 m distances and are marked according to their orientation around the centre. Additional
sample sites were positioned in line with the west/northesterly wind direction. Residue was collected
at the points at the graind level and 2 nmaboveit. *The diagram is not to scale and therefore does not

show that each plate front was completely unobstructed by others.

Swabbing Sites

yl T OAAO O1 OAIBPIA £ O Agbi i OEOA OAOGEAOAO
plates (mild sheet steel: 3® mm x 200 mm x 080 mm; Metalstore, UK)were placed upon
each of the sampling poles. Prior to positioning, each plate was cleaned thoroughly by
washing and wiping the surface with deionised water (Sigma Aldrich, UK) followedyb
acetone (>99.5 %, Sigma Aldrich, UK) before arrival at the firing range. Once dried, the
plates were sealed into new nylon bags (provided by DSTL, UK) in order to ensure the
surfaces were free from explosive residue contamination prior to the firings. |IRtes were
positioned onto poles immediately prior to the detonator being placed within the charges

in order to minimise the amount of time sampling surfaces were exposed; the exposure time

was between 10 and 45 minutes.

Sampling plates were placed on thpoles at 2 m from the ground and therefore in line with
the position of the explosive charges; each 2 m point was measured from the ground to the
centre of each plate with measuring tape. Each plate was secured in place with heavy duty
cable ties, pulledthrough two 120 mm holes drilled (using a Roland CNC MBX0A milling

machine) into the centre of each plate (figure 3.6).
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Figure 3.6: Schematic of steel sampling plate affixed to sampling pole with cable tie pulled through

drilled holes in plate front ad tied at the back; view from the front (left) and view from the side (right).

For the experiments with the 1kg and 2 kg charges at Porton Down, further steel sampling
materials were available and plates were also positioned 0.75 m from the ground onl al
sampling poles. For the experiments conducted to directly comparmexperimental residue

datato numerical simulations, sampling plates were also positioned at ground level.

Particles

Postblast particulate material was collected onto the surfaces of atninium SEM specimen
stubs (12.5 mm diameter and 3.2 mm diameter pin with groove; Taab Laboratories, UK).
This novel technique of postblast particle collection afforded a sampling medium upon
which particulates could be collected but also subsequently ahesed without the need for
transfer or removal of particles from their surface. The stubs were positioned onto the
sampling poles which surrounded the detonation centre; each stub was placed above the
residue collection steel plate (figure 3.7). The stub as affixed in place using an adhesive
Bluztack mount. Double sided adhesive carbon discs .(B mm thick, 12.5 mm diameter,
Taab Laboratories, UK) were applied to each stub in order to provide a surface for
particulate matter to adhere to. Prior to placingstubs on sampling poles, each was
individually stored in a sample tube holder withalid (single SEM pin stub storage tube, 25

mm diameter, 55 mm height; Taab Laboratories, UK) (figure 3.7).
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Figure 3.7: Left: SEM stub with carbon disc and individual sthblder. Right: SEM stub positioning on

sampling pole; positioned above steel plates from which residues were swabbed.

3.2.3 Blast Pressure Measurements

Quartz piezoelectric pressure gauges (Piezotréntype 211B, Kistler, USA) were mounted
on 2 m high suports and positioned in the southeast orientation around the 0.5 kg charges
at ERDA (figure 3.8). The distance of each gaugenfl2m, 3m and 4 m) was measured with

a laser distance measurer (Leica Disto D210) and each was aligned directly behind thiaant

in order to accurately record the blast wave profile produced.

Not to scale

Figure 3.8: Mounted pressug gauges (purple) aligned at 1 m # m southwest from the charge centre
(red).

Data was collected for a duration of 20 ms and was processed with a 25.0 Métigital
oscilloscope (Nicolet Technologies Sigma 9@) and based on the waveforms from each
firing the peak positive pressures and integrated impulses were calculated. It was not
possible to obtain the blast pressure data from the kg and 2 kg charges fied at Porton
Down or the confined firings at Kineton due to the unavailability of blast pressure recording

facilities.
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3.2.4 High Speed Imaging

Each firing was recorded using a high speed imaging (HSI) camera in order to estimate sizes
of the fireballs ard smoke plumes produced during detonations. On the ERDA range, the 0.5
kg AIAN and PE4 detonations were captured with a Phantom V12.1 camera (Vision
Research, UK), operating in monochromatic modat 1280 x 800 full widescreen resolution
and 6000 frames pe second (fps). The camera was situated 75 m south from the firing area,
facing north for each of these firings. GoPro camera footage was also acquired for the firings
at ERDA,; the GoPro camera was positioned 2 m (norast) from the charge on a 2 m high

mount and protected with a blast screen.

The HSI technology available at Porton Down during theKg and 2 kg firings was operated

in polychromatic mode, 800 x 600 resolution and 4000 fps. The camera was situated 130 m
south-west of the firing area, facig east. All data obtained from HSI footage was analysed

using Cine Viewer 2.5 software (Ametek, USA) capable of assessing individual frames. The
OOAAT OEI A6 OOADPO xAOA AAIOA @i Aodpddikdhdwd® qOA OE
growth of the fireball and the subsequent smoke cloud, the volumes of which were then

estimated.

No HSI recording equipment was available at Kineton DEMSS firing range. Firings were
OAAT OAAA xEOE A AECEGQAEI Adi BIOAE ORAIwWedAfoh ¢ &1 I
the firing centre. Stills of the smoke cloud allowed its approximate size and movement

following detonation to be estimated.

3.2.5 Meteorological Conditions

The temperature, wind speed and direction, humidity and barometric pressure were
measured and ecorded in the centre of the firing area at 2 m from the ground prior to each
firing using a Kestrel 3500 weather meter. The data was evaluated against the residue
distribution results in order to assess the effect of environmental conditions on the

dispersal of postblast residues.

3.3 Sample Collection

3.3.1 Residue Collection from Unconfined and Confined Firings

As solvent moistened swabbing has been found to be an effective method for recovering
trace explosive residue$?4127; sterile cotton balls (0 mm diameter, Medline Industries
USA), were used to swab the entire plate surface facing the detonation. Swabs were
moistened with 5 cn? deionised (DI) water (Sigma Aldrich, UK), for the inorganic AIAN
firings and moistened with 5 cn$ of acetone (> 99.8%; SigmaAldrich, UK) for the RDX

composition firings. The swabs and solvents were within 10.5 cfrglass squat vials with
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snhap on plastic caps (Scientific Glass Laboratories, UK). For swabbing, each swab was held
with sterile polystyrene disposable tweezers (VWR, PA, USA) which were indivally
packed and opened only prior to sampling. The surfaces were swabbed with the same
consistent procedure for 30 seconds; the swab was applied with pressure horizontally back
and forth across the plate and then vertically ensuring the whole plate swa€e had been
sampled and therefore in accordance with procedures considered to collect the most
residuestoss, Following sampling, individual swabs were replaced into the vials containing

solvent.

Prior to conducting firings, control samples were taken of each of the steel sample plates in
order to assess whether any@antaminants were present before detonation. Control samples

were collected on benchguard covered laboratory benches. Samples of the blank swabs
(directly from the packaging) and samples of the DI water and acetone used were also

collected into labelled ghss vials for control purposes.

Samples collected following the detonations were labelled with the position of the plate
relative to the central firing area and the firing number. Once swabbed, plates were removed
from the support poles by cutting the cale ties. Samples were transported back to the
laboratory where all samples were stored at-4 °C. All sampling was conducted within 45

minutes of each detonation.

Following the confined vehicle firings, samples (control and test) were also collected from
the vehicles prior to and following each detonation. The cars were sampled on the outer
areas of the bonnet and boot and the inner areas near the dashboard, centre of the car (near
to the charge placement) and the roof of each car. Five samples were colsectfrom each

car to compare residue concentrations detected on the cars to those from the surrounding
sample plates. These points were chosen on each car as they presented both inner and outer

areas of each car which remained intact and from which samplirgpuld be conducted.

3.3.2 Patrticle Collection

Following detonations the stubs were collected by removing the base pin of each stub from
the adhesive mount using stainless steel tweezers specifically designed to grip SEM stubs
(Agar Scientific, UK). Usinghe tweezers, each stub was replaced into its holder, which was
then labelled with the position around the detonation from which the sample had been

collected. Care was taken not to touch the stub surface during the procedure.
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3.4 Residue Analysis

3.4.1 Swab Extraction Procedure

The extraction procedure employed was based on established techniques known to remove
explosive residues from sampling support&3.154, The vials containing the swab samples and
solvent were sonicated(Grant MXB22 Ultrasonic bath at 25 °C for 30 minutes. Following
sonication, the vials were removed and each one individually opened and the swab inside
further agitated using a new glass Pasteur pipette; each swab was pounded with a pipette
for 2 minutes in order to further promote the removal of explosive residue from the swab
support into the solvent. The extract was then drawn, through the swab, into the pipette
and deposited into a 10cm?3 disposable polypropylene syringe (Sigma Aldrich, UK) fitted
with a 0.2um nylon filter, 30 mm in diameter (Chromacol, UK). Each filtrate was deposited
into new, clean 10.5cm3 rolled rim glass vials (Scientific Glass Laboratories, UK) and
labelled with the sample number. The same technique was applied to the controlghblank

swab samples.

To samples from the inorganic AIAN firings, DI water (£m3) was added to each vial
containing a swab from which extract had been removed. Vials were recapped and the
agitation via sonication and pipette was repeated for each swabsgle. This second extract
was also removed through the swab until it was dry and filtered into the labelled glass vial
containing filtrate. The total volume of the filtrate in each glass vial was 163 (+ 0.1 cm?).

A 1.5cm3aliquot of the aqueous samplesvas pipetted from the glass vials into new 1.8m3
chromatography vials (Chromacol, UK) labelled with the sample number for analysis of
NHs*and NQ via lon Chromatography. The remaining aqueous samples in the glass vials, at

a volume of 8.5cm3 (x 0.1 cm3), were recapped and all samples were refrigerated at4C.

The residue samples collected following the organic explosive firings were extracted in a
similar manner, with acetone in place of DI water. Following agitation and filtration, the
vials were positioned uncapped within a fumehood in a clean area and upon new beneh

guard; the acetone in each vial (~1@m?3) was evaporated.

When dry, 1.5cm3 of HPLC grade acetonitrile (ACN)99.8 %, Sigma Aldrich, UKwas
pipetted into each vial to dissolve any esidues. The side and bottom of each vial was
scraped with the Pipette tip in order to remove any undissolved residues which may have
adhered to the glass vials. Samples were then transferred into labelled 1@m3

chromatography vials (Chromacol, UK) andafrigerated at 4°C.
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3.4.2 lon Chromatography: NH 4* and NGs™ lons

Analysis of NO; and NH4* content from extracted postblast samples was performed using
lon Chromatography (IC). A DIONEX IC2000 reagent free IC system with eluent
generation (Thermo Scientific, USA) coupled to an SR80 auto-suppression device and
conductivity detector was used for these analyses. Table 3.1 displays the system conditions
for both the anion and cation analysis. All data was analysed using Chromeleon 6.8

chromatography data system software.

Instrument aspect Anion ( NOs") settings \ Cation (NH4*) settings

Column lonPac AS19; 4.0 mm x 250 mm| lonPac CS165 mm x 250 mm
Mobile phase Isochratic 22 mM KOH Isochratic 30 mM MSA

Flow rate 1 ml/min 1 ml/min

Injection volume 100 ul 100 ul

Cell heater 35°C 40°C

Pump (backpressure) | 2344 psi 2300 psi

Detector Suppressed conductivity (ECD) | Suppressed conductivity
Suppressor type ASR34 mm) at 112 mA CSRSJLTRA (4 mm) at1l00 mA
Sample run time 20 minutes 30 minutes

Table 3.1: System conditions for isochratic analysis of N@nd NHs*ions by lon Chromatogphy

In order to quantify any postblast residues detected in the test samples, a range of
calibration standards were produced. N® and NH;* IC standards (1000 mg/L; Fisher
Chemical, UK), were used to make calibration standards (0.5, 1, 10, 25, 50, 75, 100, 250, 500,
750 and 1000 mg/L) by serial dilution of 1000 mg/L stock solutions into clean 1@&m3and

25 cmBvolumetric flasks, mace up to volume with 18 M DI water. Calibration lines were
constructed by plotting the peak area against the concentration of each ion injected onto
the column and linearity was evaluatedvia the R regression coefficient of determination.
Quality assurane (QA) samples of each ion (9thg/L and 650 mg/L) were also produced

in order to assess the accuracy of the calibration. Calibration standards weamalysedat

the beginning and end of each sequence and QA samplesalysed at multiple points

throughout. All calibration and QA standards were injected in triplicate.

Calibration: Ammonium

The retention time of the NH* ion was ~8.44 minutes.Figure 3.9 shows a calibration graph
for the 12 ammonium standards (between 0.5 mg/L and 1000 mg/L) injectedl he accuacy
of the calibration was tsted by injecting QA standardswhich as seen in figure 3.9dlid not
accurately fit the calibrant plot, which wasslightly curved at higher concentrations due to

the suppressed mode settings used on the IC (discussed furtherdnapter 4, section 4.5).
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Figure 3.9: Calibration graph of ammonium standards.2Ralue is inset. Calibrants were made up at
concentrations of 0.5, 1, 10, 25, 50, 75, 100, 250, 500, 750 and 1000 mg/L. Calibrants marked in red

were QA standards (9fhg/L and 650 mg/L) injected to assess the accuracy of the calibration.

The lower ammonium concentrationsalone (0.5 mg/L to 50 mg/L) produced a linear
calibration fit (R2 of 0.9973; figure 3.10) The mass of a NH+ in the mgority of

experimentally generatedsamples was calculated using thisalibration fit.

R?=0.9973

Area of peak correspondingto NH,*

D T T T T T
o 10 20 30 40 50
Amount of NH,* on column / (mg/L)

Figure 3.10: Calibration graph of 0.5to 50 mg/L ammonium standards. Rvalue is inset. The

calibration fit at lower concentrations was lineacompared tothat including higher concentrations.

The higherrange of ammonium concentrations (200 mg/L to 1000 mg/L) produced a linear
calibration (R2 of 0.9869; figure 3.11). The mass within eperimental samples which

produced greater peak areas were calculated using théeparatecalibration fit.
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Figure 3.11: Calibration graph of 200 to 1000 mg/L ammonium standards? Ralue is inset. The

calibration fit at higher concentrations was linear compared to that including lower concentrations.

The precision of the technique was validated by injecting all samples imigtlicate and at
different times throughout a sequence the responses were reproducible with similar peak
areas produced for each of the repeated injections (indicated by themall error bars on
figures 3.9, 3.10 and 3.1). The standard deviations of repated injections of calibration and
QA samples ranged between 0.0&g/L and 3.5 mg/L, indication high level of precision for
each of the detected concentrations from the sample vial§he limit of detection (LOD) for
NHs* was within the range of 0.1mg/L and 0.5 mg/L of NH+; test samples therefore
containing less than 0.5 mg/L would not have produced peak resolution sufficient for

quantification of ammonium.

Calibration: Nitrate

The retention time of the NGz ion detected in samples was ~5.8 minutesThe R value
(0.9819) for the nitrate indicated a high degree of linearity in the response of the detector

between 0.1mg/L and 1000 mg/L of NQlloaded onto the column (figure 3.2).
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Figure 3.12: Calibration graph of nitrate standards. Rvalues are inset. Calibrants were made up at
concentrations of 0.1, 1, 10, 25, 50, 75, 100, 250, 500, 750 and 1000 mg/L. Calibrants marked in red are
the QAstandards (90mg/L and 650 mg/L) injected to assess the accuracy of the calibration.

The accuracy of the calibration, which was tested by injecting QA standar(®0 mg/L and
650 mg/L, marked in red on figure 3.2), was not reliable for the nitrate ions; ndicated by
the varying fit of the QA data points to the calibration line. The 650 mg/L QA standard fit
the calibration line well, however the lower concentration QA standard did not (figure 32).
The lower concentration regionalone (0.1 mg/L to 50 mg/L) showed that whilst the data
points did not fit the calibration line exactly, the linearity of the standards was still high with
an Rvalue of 0.%25 (figure 3.13). A linear calibration was therefore used for quantification

of test samples.

R%=0.9525
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Figure 3.13: Calibration graph of 0.Ing/L to 50 mg/L nitrate standards. Rvalueinset.
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Responses for all triplicate injections of standards at different times were reproducible with
little deviation observed in the measured peak areas (indicated by the small erroralss on
data points in figures 3.12 and 3.13. The limit of detection for NQ- was determined to be
0.1 mg/L of NQ; nitrate concentrations lower than thisin test sampleswould not have been

detected.

Blank deionised water samples were run irbetween ead test sample in order to minimise
sample carry over. All test, control and blank samples were analysed in triplicate. Theass
of each ion in test samples was calculated by interpolating results from the calibration
curves. The average residuemass of the triplicate injections were plotted against the

distance from the centre at which the sample was collected.

3.4.3 Inductively Coupled Plasma zAtomic Emission Spectroscopy: Aluminium

Of the remaining 8.5cm3 aqueous residue samples in the glass vials, 4.@¢53 aliquots of
each were pipetted into 10cm3conical polypropylene autesampler tubes with snap cap lids
(PerkinElmer, UK). Samples were made up todgn3with the addition of 0.05cm3nitric acid
(ACS reagent, >906, Sigma Aldrich, UK). Samples were agaed for aluminium content
using ICPZAES (Varian 72QES with SPS3 autosampler) against matrix matched standards
of 1 % (volume fraction) nitric acid, which was added to each sample to stabilise any
aluminium present. Readings were2 second integrations rgpeated 4 times with a 1 minute
wash between samples with 9% nitric acid in 18 M DI water to minimise carry-over. All

sample data was analysed using Bruker Expert software (version 2.3).

3.4.4 High Performance Liquid Chromatography z Mass Spectrometry: RDX

Analysis of postblast residues was performed using HPL®IS with electrospray ionisation
(ESI).

3.4.4.1 Direct Infusion ESI Mass Spectrometry Analysis of RDX

The ionisation, fragmentation and selectivity for RDX detection was established with direct
infusion methods. ESMS analyses were performed on an LTQ lon Trap instrument
(Thermo Finnigan, San Jose, CA, USA) fitted with an ESI source. RDX standamg(ll, 5
mg/L, 10mg/L and 100 mg/L made in ACN) were spiked with 0.% hydrochloric acid (HCI)
in order to form [M+35Cl] and [M+37Cl] adducts amenable to ESI and injected using a 250
pl Hamilton syringe. For direct infusion and fragmentation tests the LTQ mass spectrometer
was operated as detailed in table 3.2. A full scan was initially conductedlwed by manual
collection of M3 (fragmentation) spectra of the [M+5Cl] ion, corresponding tom/z 257, in

order to verify the molecule as RDX.
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Instrument Aspect Setting

Scan mode Full (for MS experiments)

lon mode Negative

ESI spray voltage ~5 kV

Capillary temperature 275°C

Sheath gas flow rate N/A

Auxiliary gas flow rate N/A

m/z range scanned 100 to 1000 (then 100 to700)
Data collection mode Centroid

Number of scans o AOGAOACAAADDE)
Injection time 200 ms

Collision energy 35.0

Isolation widths 2.00

Number of scans c AOAOACAAADDE)
Injection time 200 ms

Table 3.2: Direct Infusion and fragmentation test settings, other conditions of the LTQ were tuned
automatically using the autetune function for m/z 257 of the [M+#5CI] precursor ion in order to

increase sensitivity for RDX.

An automated program was then setip based on these acquisitions. The data system of the

, 41 OOAA A AAOA POT AAOGOGET ¢ AT A ET OO0O0I &1 O Al
instrument set-up, acquisition and data processing. All data files generated were reviewed

with the qualitative browser. The fragmentation results from the direct infusion tests can

be found in Appendix A (section A.1).

3.4.4.2 HPL&ZMS Analysis of Post-Blast RDX Samples

Chromatographic separation was performedvith a Dionex UltiMate 3000 single capillary
LC system (Camberley, Surrey, UK). The LC system consisted of-S&ID solvent rack with

on-line vacuum degasser, LPG600 low pressure dual gradient nicro-pumping 76 system,

WPS3000 auto-sampler and FLM3100 thermostated flow manager.

LC was conducted using an Acquity BEHECy AT 1 O 1T j¢8p 11 @ ovm 111
130 A, Waters, Ireland). Thenobile phases were 0.1% HCI in DI water (mobile phase?)

and 0.1% HCI in acetonitrile (mobile phase B); the flow rate was 20Ql/min. A gradient

program is shown in figure 3.4 and table 3.3. The total sample run time was 10 minutes.
Samples were held in an autsampler tray kept at 4 °C and 1Ql injections were loaded

onto the column via a partial sample loop mechanisnBetween sample injections, the

injector and needle were flushed and washed with methanol to minimise carrgver of RDX

between injections. Blank acetone and acetonitrile samples were alsorrdhroughout the

sample sequence to ensure minimal carry over.
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Figure 3.14 (left), Table 3.3 (right): Gradient profile used for the separation of RDX using HPLC.

The reconstructed ion chromatogramof a 10 mg/L injection of RDX showd the retention
time (RT) was ~2.39 minutes (figure3.15) using the mobile phase progren detailed above
(table 3.3).
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Figure 3.15: RIC for m/z 256.91 (RT: 2.39 minutes, signal intensity: 5<74)"6). Separation achieved

iT A ¢o8uv Il jE8B8A8QqQ @ wt Iih #vo6 juv8d tih vxt BQ
was DI HO, 0.1% HCland B was ACN, 0.1% HGbtal sample run time was 10 minutes.

For the analysis of test samples, adducts were generated by spiking each sample with HCI

(0.1 % volume fraction). The samples were loaded via a sample loop by means of agott

valve, andthe column eluent was continuously directed into the electrospray source of the

LTQ mass spectrometer. For MS analyses coupled to the chromatography instrumentation

the LTQ mass spectrometer was operated as detailed in table 3.4.
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Instrument Aspect Setting |

Scan mode Selected ion monitoring (SIM)
SIM settings For m/z 257 andm/z 259

lon mode Negative

ESI spray voltage 5.00kV

Spray current 30 pA

Capillary temperature 275°C

Sheath gas flow rate 30.0

Auxiliary gas flow rate 10.0

Collision enemgy 35.0

Isolation widths 2.00

Number of scans v AOAOACAAADDE
Injection time 200 ms

Table 3.4: LTQ instrument settings for HPL-MSanalyses of RDX samples otlee 10 minute HPLC time
period; the SIM mode was set for m/z 257 and m/z 259 capending to the [M#CI] and [M+7Cl]
precursor ions, respectively. Scans were obtained over 200 ms to ensure enough data points were

obtained across the chromatographic peaks. Scans (typically 30) were averaged for each spectra.

Using this method, the mass spectrum (figure 3.8) at RT 2.39 minutes corresponding to
the peak in the above RIC (figure 35), displayed a high signal intensity (1.0% 108) for ions
of m/z 257 and 259 confirming its origin as RDX.

100 #457 RT: 241 AV:1 NL: 1.07E6
T: ITMS - ¢ ESISIM ms [256.00-258.00, 258.00-
100 256.94

90
80
70
60
50
40
30 258.95
20

10

257.78 259.76
o ;

B et e e et e s e e e T e e e e e e e e e et Mt s e
256.0 256.5 257.0 2575 258.258.0 2585 259.0 259.5 260.0
m/z m/z

Figure 3.16: Mass spectrum of peak at RT o892 (from figure 3.14). SIM scan collision energy was 35,
spray voltage 5 kV, spray current 30 pA, sheath and auxiliary gases had flow rates of 30 and 10, capillary
temperature 275K #8 ) O1 1 AOET 1T xEAOQOEO xAOA ¢81 wscdAO@ BAAT OA £

event, each with a maximum injection time of 200 ms

3.4.4.3 Validation of HPLC-MS method

Calibration standards (0.1, 0.5, 1, 2.5, 5, 10, 25, 50, 75, 100, 250, 500, 750 and 1000 mg/L)
and quality control (8 mg/L, 125mg/L and 300 mg/L) samples of RDX were made in ACN
by serial dilution of a primary stock solution of 1000 mg/L of RDX in ACN. Each calibration
standard was analysed at the start, middle and end of each sequence, and quality control

samples were injected throughout the sequence itmiplicate. Quantification was performed
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using the ion chromatograms generated for the [MBeCI] and [M+7CI] parent ions.
Triplicate analyses were performed on the same dayll generated data files were analysed

using XCalibufM software.

Calibration lines were constructed by plotting the peak area against the concentration of
RDX injected onto the column and calculated using linear regression. Figure Bghows a
calibration graph of the RDX standards, th&2 value (0.9971) indicated a high degree of
linearity in the response of the detector between 0.Ing/L and 500 mg/L of RDX loaded
onto the column.

25,000,000.00

R*=0.9971

20,000,00000 -

15,000,00000

10,000,00000

5,000,000.00 -

Area of peak correspondingto RDX

o 100 200 200 400 500
Amount of RDX on column / (mg/L)

Figure 3.17: Calibration graph of RDX standards.2Ralue is inset. Calibrants were made up at
concentrations of 0.1, 0.5, 1, 5, 10, 25, 50, 75, 180,ehd 500 mg/L. Calibrants marked in red are the
QA standards (8ng/L, 125mg/L and 300 mg/L) injected to assess the accuracy of the calibration.

The 0.1mg/L to 50 mg/L lower RDX concentration region, depicted in figure 3&for clarity,
showed the respnse of most calibrants, including the 8 mg/L QA standard, was close to the
calibration line. The error bars represent the standard deviation othe mean average of the

measurementsfrom triplicate injections.
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Figure 3.18: Calibration graph of 0.1mg/L to 50 mg/L RDX standards. Rralue is inset. Calibrant

marked in red is the QA standards (8 mg/L) injected to assess the accuracy of the calibration.

The QA standards (8ng/L, 125mg/L and 300mg/L, marked in red points on figure 3.T)
fitted the calibration well demonstrating a moreaccurate calibration, particularly at lower
concentrations (< 150 mg/L) than from that of the nitrate or ammonium ions. Responses
for repeated injections of all standards were reproducible with similar peak areagroduced
indicating suitable precision of the calibration.The LOD for RDX was determined to be
within the range of 0.1mg/L and 0.5 mg/L of RDXsee Appendix A, section A.2, for further

details).

All post-blast RDX samples collected following the unconfined 0.kg, 1 kg and 2 kg
composition firings, as well as the confined vehicle firings were analysed with HPLUEIS. A
typical analytical sample also consisted of triplicate injections of RDX calibration standards,
quality control standards run throughout the sequence, andlank samples of deionised
water and acetonitrile injected twice between test samplesAll test samples results are
reported in the absolute mass of RDX within each sample, calculatéhsed on the
concentration of residue compared to the calibrationand the amount (2 cn¥) of total

samplecollected from each sampling plate.

3.4.4.4 Recovery of RDX: Method efficiency

The efficiency of recovering RDX throughout various aspects of the sampling and extraction
procedure was assessed by conducting tests with knawamounts of RDX(this was not
possible to do with the AIAN explosive compositions)Here, the steps that were evaluated
and the corresponding average percentage of RDX recovered are provided (table 3.5). Full

method details and results for the recovery tets are presented in Appendix A (section A.3).
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The results indicated the efficiency of the procedures in recovering RCFom a sampling
plate were not 100%, with the majority of sample loss occurring during the swabbinghase
itself, and losses occurringsubsequently throughout the extraction procedure. Reported
values of RDXamounts detected inpost-blast samples wouldtherefore not be an accurate
indication of the actual mass of residue material deposited upon the sampling plate but
rather a relative value due to loss of analyte during sampling and analysi§he estimated
error of the residue measurements based on the average lossesurred (table 3.5 was

approximately 25 %overall.

Efficiency test Percentage of RDX
recovered
Swabbing efficiency (fran spiked plates) 40%to 70 %
Extraction procedure (from spiked swabs) 44 % to 73%
Filtering process (from spiked solvent) 66 % to 85%
Evaporation process (from spiked solvent) 80 % to 93%

Table 3.5: Recovery tests of RDX per efficiency test. Test wanelucted by spiking known amounts of

RDX at different stages of the sampling and extraction procedure and analysed by NF.C

3.5 Particle Analysis

The SEM stubs collected from the sampling poles around each of the detonation centres
were analysed toassess the deposition of any particulate matter upon them and ascertain
the morphology, elemental composition and chemical composition of any deposited

material.

3.5.1 Morphology and Elemental Composition (SEM -EDX)

The stub surfaces were scanned for padulate residues with a scanning electron
microscope. A Hitachi S3400N Variable Pressure SEM with Energy Dispersive-rdy
Spectrometer (EDS) was used for this analysis and allowed the study of the roonductive
samples without a metal or carbon coating. ie SEM was operated with a beam current of
10 nA; spot size of 3Qum; chamber pressure of 20Pa t030 Pa (air); and working distance
of 10 mm with accelerating potential voltage of &V to 15 kV to minimise charging. Imaging
was conducted in secondary eldoon imaging (SEI) mode and magnifications required to
identify particles rangedbetween50 to >4500. The DS spectrometer consisted of ailgon
detector. All data was processed using Oxford Instruments Microanalysis System user

interface.

Stubs were remaed from holders using tweezers and placed onto the stage. The
morphology of the postblast particles was compared to that of the explosive prior to
AROTTAOQGET TN OPAAEI AT O T &£/ OEA OOAx8 1 AOAOEAI N

mounted onto aluminium SEM stubs upon which double sided adhesive carbon discs were
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attached. The elemental composition of detected particles via EDS analysis walso

compared to that of the raw material.

3.5.2 Chemical Identity

Raman Sectroscopy

Raman spectroscopyvas used to obtain chemical composition information for the particles
observed with SEM. Analyses were conducted on a Renishaw InVia Raman microscope with
a 785 nm near infrared laser operated at 0.% to 10 % intensity. Five accumulations were
collected over 10 second exposures. Stubs were not removed from their individual holders;
the caps were removed and the stub kept within the bottom of the holder which itself was
placed onto the Raman microscope stage. Both the raw materials (undetonated samples of

the PE4 and AIAN) and podblast samples collected after the firings were analysed.

SEMZz Structural Chemical Analyser

Particles which could not be seen with the resolution of the Raman microscope, but were
apparent on the stubs when assessed with SEM (pcipally those retrieved following the
RDX based detonations), were analysed with a combined SEMman system using a
Structural and Chemical Analyser for scanning electron microscopes (SEMCA)
(Renishaw). The operating conditions for the SEM componenthd the Raman system were

as the conditions described for each above.

Particle Induced X -Ray Emission (PIXE)

PIXE was used to map the elements present in particles on the stub surfaces. PIXE
measurements were collected with a 2.5 MeV proton beam and an 8tm2 Si(Li) detector
with a 12.5 mm Be window installed at an angle of 45° at a distance of between @& and

70 mm from the sample. Multiple points on the SEM stub surfaces were measured and three

accumulations of each spot were obtained.

MeV Secondary lon Mass Spectrometry (MeV SIMS)

Further compositional analyses were attempted on the particles recovered following the
RDX based detonations with ambient pressure MeSIMS at the University of Surrey lon
Beam Centre using a 2 MV Tandetron (High Voltage Emgering, Europe). As a primary ion
source a 8.8 MeV @ beam, focused to 4 mm resolution, was used; the focusing system was
a quadrupole triplet system (Oxford Microbeams Ltd.). The MeV ion beam exited the
vacuum system through a SNs window (100 nm thick) and was scanned electrostatically
over an area of 2 mra. Secondary ions generated at atmospheric pressure were transferred
through the capillary (50 cm length, 700 mm and 2 mm distance from spot size) carried by

Helium flow into Q-TOF orthogonal mass spctrometer. The detection interval was from
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m/z 50 to m/z 1000. The working current was <50 pA and spectra were collected for=5

min.

3.6 Simulation
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3.6.2.1 Pre-processing
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3.6.2.2 Solving
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3.6.2.3 Post-processing
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CHAPTER 4STUDIES WITH 0.5 KG ALAN AND PE4 CHARGES

4.1 Introduction

The results from repeated unconfined firings of spherical 0.5 kg AIAN and PE4 (RbXsed)
explosive compositions are presented here. Residues were collected from sampling sites
positioned 2 m high from the ground (and therefore at the charge height) in four dérent
orientations around the charge centre and multincrement distances up to 10 m from it.
Sampling plates were swabbed for residues, and samples collected following the AIAN
firings were analysed with IC for nitrate and ammonium analytes and with ICRES for
aluminium content. HPLGMS was used to analyse RDX content from samples collected
following the PE4 firings.

Results of the AIAN charges are presented first (section 4.2) followed by those of the RDX
composition (section 4.3). Within each set of asults, the residue concentrations are
compared to the physical aspects of the detonation in order of their occurrence; the blast
overpressures produced, the fireball volume and the subsequent movement of the smoke
plume. The results are then summarised €ction 4.4) and discussed in comparison to

relevant theory and studies in the literature (section 4.5).

4.2 Results from 0.5 kg AIAN Firings

4.2.1 Inorganic Post -blast Residue Results

No nitrate, ammonium or aluminium were detected in the control sample®f blank DI
water, blank swab samples, blank steel plate samples or in DI water injected between test
samples. Therefore any target analytes detected in paebtast samples were attributed to
the explosive residue in that sampleAll results regarding resdue amount are reported in
absolute mass (i.e. either mg omg) recovered from each sampled plate around the

detonations.

The total residue amounts (i.e. the summed nitrate, ammonium and aluminiumassesrom
all four measured orientations around the chage centre andaveraged across all six
repeated firings) are presented in comparison to the theoretically proposed inverse square

law distribution in figure 4.1.

84



—a— Residue
—&— |nverse square law distribution
4 |
o 3
E
@
S
@
o
14
0 T T T T T T T T =
0 2 4 B 8 10

Distance from centre / m

Figure 4.1: Averaged inorganic residue concentrations (summedsN®H:* and Al) from all 05 kg AIAN
firings (in black) compared to the theoretical inverse square distribution pattern (in red). Values for
each distance were the totals from four sampled orientations. Both trends were similar, however

experimental values at 2 m, 3 m, 4 m and 5were higher than the theoretical values.

The theoretical trend was calculated using the experimental value from 1 m around the
charge centre (3.82 £ 0.63 mg). Clearly, the experimental results (based on theummed
initial residue amount atthe 1 m point) followed the same trend as the theoretical data
(decreasing with increasing distance), however the absolute values are the relevant
parameter and based on these, the experimental measurements did not appear to follow an
inverse square distribution. The summed and averaged gperimental values were higher at
the 2 m, 3 m, 4 m and B measured points (2.00+ 0.5mg, 1.11+ 0.46mg, 0.54+ 0.20mg,
0.36 £ 0.13 mg) than the theoretical ones (0.96mg, 0.42 mg, 0.24 mg, 0.15 mg). The
measured and theoretical valus further from the charge centre (at 6 m, 7 m and 10 m) were

similar.

However, by comparing the experimental results without the value obtained from the
closest measured point (at 1 m from the charge centre), against the inverse square law
(1/d~2; where d is the distance from the charge centre), the theoretical and experimental

datasets showed a strongly positive correlation with an Rvalue 0f0.9838 (figure 4.2).

Having compared the totalled residue values, the individual trends from each inorganic
anayte were plotted to assess each distribution when compared against the theoretically

proposed trend.
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Figure 4.2: The (averaged) experimental data fit to the theoretical model (1/d"2) generated ahoR

0.9838 (plotted without the experimental measurenme obtained at 1m from the charge

Nitrate

The nitrate mass range detected from posgblast samples was betwee® mg and14 mg;the
limit of detection for the nitrate anion was establishedas 0.2 ug, nhosamples containing
lower nitrate amounts were quantfied. The nitrate amounts between 1 m and 10 m,
(summed from all four sampled orientations around the charge centre and averaged across
the repeated firings), decreasd with increasing distance from the centre, similarly to the

theoretical trend of nitrate distribution (figure 4.3).
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Figure 4.3: Averaged nitrateamountsfrom 0.5 kg AIAN firings (in black) compared to the theoretical
inverse square law distribution pattern (in red). Values for each distance were totals from all four
sampled orientationsBoth trends were similar, however the experimental values at 2 m to 4 m were
higher than the theoretical values. The error bars represent standard deviations based omiten

average measurement of the mass recovefean six repeated firings
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