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Abstract

When an explosive detonates, whether a high explosive, or a flammable gas or vapour, a high pressure

shock wave is produced that expands rapidly away from the initiation point. For anything caught in the

path of this shock wave, the initial peak pressure and the impulse loading can cause severe damage to

occur. In order to facilitate a safer built environment, modern architectural design requires an accurate

and complete understanding of the response of structures to shock waves caused by a variety of explosives

and explosive fuels.

When modelling the range of possible explosives, a TNT equivalence factor is usually considered. This

equivalence factor relates the amount of energy released of any explosive or fuel directly to the equivalent

energy of TNT. To be able to accurately assess and effectively utilise this equivalence, it is imperative that

the parameters are not only measured and calculated using accurate and reliable methods, but that the

shortcomings and caveats of the TNT equivalence model is well understood. Effective modelling requires

an understanding of how the different parameters measured with a pressure wave can vary relative to each

other depending on factors such as the unique behaviour of different types of explosives; conditions such

as the size or casing of the explosive; or the positioning of the explosive relative to the structure under

consideration.

To enable this thesis to examine the behaviour of explosions in a significantly more thorough and

scientific approach than previously possible, the author has conducted in excess of ninety explosive tests

using ANFO, PE4 Nitromethane and Hydrogen, resulting in approximately 950 data points. The data

produced from these trials permits an in depth examination of the sensitivities involved with measuring

blast parameters during experimental trials, allowing an evaluation of the factors to be considered in order

to produce accurate and reliable data.

Key findings of this research identifies the superiority of using pencil gauges for freefield pressure

measurement; ensuring reflected gauges are installed within targets that are either appropriate for the trial

or as large as possible to reduce clearing effects; and reducing interactions between targets in a single arena.

This thesis also demonstrates the value of applying a Friedlander curve-fit to experimental pressure data

as a way to produce a repeatable and reliable way to identify key parameters from the data.

Applying these recommendations, further trials were conducted, producing a second data set, shown

through assessment of the uncertainty factors and coefficient of variation to be both highly repeatable

and accurate. This data set was then used to validate Air3D and ConWep as computer models for use in

predicting blast parameters, finding excellent agreement between the experimental data and the outputs

from the models. This work stands as the largest experimental comparison seen in literature.

The expansive experimental data set was then used to validate the Hopkinson-Cranz scaling law, proving

its use for a range of charge sizes and scaled distances for PE4 and ANFO. It was also used to validate the
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calculation of energy flux using the Grisaro method for PE4, ANFO, Nitromethane and Hydrogen. This

method had only previously been investigated by Swisdak and Grisaro using very limited data and for

neither commercial explosives nor gas. Using the calculated energy flux, the author compared these values

to that from TNT to allow calculation of TNT equivalences. This produced values found to be independent

of charge size and stand-off, and in good agreement with current literature: 1.2 for PE4, 0.81 for ANFO

and 25 for Hydrogen.

In summary, this thesis explores how the sensitivities of blast parameters can vary within experimental

trials and makes recommendations for producing reliable data. It also suggests a new method for producing

a value for TNT Equivalence. While there remain a great number of complexities which offer potential

for further investigation, it is believed that the work presented here will both enhance the reliability and

accuracy of explosive testing, and will act as a springboard for further research.
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1 INTRODUCTION

1 Introduction

Explosive use has long been a keen interest of the military community and, with the onset of global terrorism,

the understanding of the complexities of explosives has never been more important. Since 2007, despite many

counter-measures, neither the number of countries affected, nor the number of deaths associated with terrorism,

show little signs of slowing down or reducing, as seen in the Global Terrorism Index 2022 (Figure 1.1). Due to

that trend, the ongoing need for the analysis of explosive effects for different explosive types, charge sizes and

stand-offs is important for numerous purposes, such as designing protective measures for buildings and public

spaces and the investigations of terrorist attacks.

Figure 1.1: Distribution of deaths from terrorism 2007- 2021 [82]

Arguably one of the best methods for understanding explosive effects is full scale replica trials. However, full

scale trials can be expensive, time consuming and often impractical to carry out. Alternatively, understanding

can be found either by being able to model and calculate with reasonable accuracy how a target may react

to an explosive charge or by carrying out a scaled down version of a trial. Even when a full scale trial is

required, the scenario may well be modelled or calculated prior to the trial in order to determine the charge

size and stand-off required to impose the required pressure and impulse upon a target based upon a known

threat (e.g. personnel bomb or car bomb). As so much relies on both the ability to scale and the confidence in

the calculations, it is important that the parameters, including the TNT equivalence of an explosive, that are

to be used are appropriate; and that the model will closely reflect the actual experimental trial and real-world

scenario. The TNT equivalence of an explosive is a standard way of expressing the effects released by an

explosive in relation to that of TNT. Explosive attacks rarely use commercially available, well documented
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1.1 Why Do We Conduct Experimental Blast Tests? 1 INTRODUCTION

and understood explosives, instead often relying on home-made concoctions. Therefore it is important to

be able to approximate an equivalent amount of a known quantity of explosive such as TNT to estimate a

value of explosive charge size that is relevant to the size of the effects from the blast. This is relevant not

just for terrorist attacks, but also for accidental industrial incidents such as the Beirut explosion in 2020 and

Buncefield in 2005.

As many of the current principles and knowledge are based upon poor quality and subjective experimental

trials, improving this this forms the motivation for this thesis. The output of this thesis will produce one of

the largest datasets of experimental trials to allow for a more prescriptive method for the execution of blast

trials, using a relevant and updated methodology that is appropriate for the objectives of the trial. This thesis

will also use this data to newly validate current computational models for estimating both free-air blasts and

TNT equivalences to allow the models to be used appropriately for modelling trials. This aim of this thesis

is to provide a new opportunity for the critical analysis, advancement and understanding of the fundamentals

of free-air blast tests, identifying issues with the current methods of calculating TNT equivalence factors

and provide a new methodology utilising energy flux calculations to produce a single factor for equivalence

independent of scale.

1.1 Why Do We Conduct Experimental Blast Tests?

The requirement for a blast test usually results from the assessment of a threat on a new product, on an existing

product in a new scenario or a new threat. If a malicious or accidental blast has occurred, blast tests may be

conducted with the intent of producing comparable damage in order to prove incident theories, aid in future

incident investigation or for emergency services and forensics training [redacted][86]. If possible, a desktop

assessment is made prior to blast testing to determine if a full scale or scaled down test is required. In many

cases, computer modelling or previous results may be used to assess and sometimes certify a product. When

all these other methodologies have been considered and decided to be impractical, inaccurate or not sufficient

for certification, a blast test of some sort is usually the answer. This could be due to the complex nature of the

target being tested, e.g. something new and novel like a large curved glass facade or a lightweight armoured

car. Although there are many advanced computer modelling programmes such as VIPER and LS-DYNA, they

may not be considered sufficient to predict real world effects [33]. Organisations with new products may also

want to produce high quality marketing materials showing their products undergoing a blast test as a key

selling point. Although a blast test is often conducted as the last resort, it is important that the blast test

conducted is as appropriate and scientific as possible to ensure requirements are met and performance proved
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or disproved.

1.2 What Can Impact Upon the Sensitivities of an Experimental Blast Test?

Once it has been determined that a blast test has to be carried out, there is usually a set of requirements that

need to be met. These may include testing to a standard such as ISO 16933:2007 [1] which details the peak

pressures and impulses that must be met. Alternatively, it could be a specific threat of x explosive charge at

y metres with z fragmentation. Key requirements will almost always include:

• Mass and type of explosive used and the value of TNT equivalence used

• Geometry of the charge including any fragmentation

• Stand-off distances

• Atmospheric conditions including temperature and humidity requirements or limits of conditions within

which the trial should be conducted

• Measurement and recording system including type of pressure transducers to be used and how they are

mounted

• Assessment of output data

1.3 Why Do Sensitivities Matter?

If all of the above elements of a blast test are not understood or carefully considered, it is possible to produce

a poor-quality trial which may have further serious ramifications if, for example, a poorly tested target ends

up in commercial use. Likewise, if data produced from a blast test is subsequently used for calculations or

model validation, they are required to be relevant and accurate to the scenario in which they are being used.

This highlights the importance of accuracy over precision, where accuracy is how close data and measurements

are to the true or accepted value while precision is simply a measure of the frequency or number of significant

figures recorded of the measurements. In order to know what a true or accepted value is, there must be

validation and confirmed precision of the sensitive blast test elements along with a thorough understanding

of how the blast test has been conducted. Attempts to statistically quantify variability on model predictions

when compared to experimental data have been attempted by Netherton and Stewart [108, 109]. Bogosian et

al. [21] compared an extensive database of experimental blast data with the Kingery-Bulmash experimental

database [44] and used the comparisons to assess the variability in experimental data. The Kingery-Bulmash

database has been extensively cited both directly and through model comparisons with ConWep and Autodyn.

There is a clear need to better understand the inherent variability and sensitivity of blast parameters that

3



1.4 Thesis Aim and Objectives 1 INTRODUCTION

are produced in experimental trials. Smith et al. in 1999 [143] suggested that, due to the inherent variability in

experimental trials, repeats should always be conducted, although this has been disputed by other test facilities

that state a high level of repeatability of like-for-like testing [121, 155]. The DNV Spadeadam Research and

Testing has been conducting repeat tests with identical set ups for more than 15 years - this thesis will produce

new understanding in the repeatability shown for the data produced in trials conducted by the author during

their period of study for this PhD by analysing for the first time the uncertainty and coefficient of variation of

the collected data. Borenstein showed in their thesis [22] that some blast parameter’s uncertainties can have

greater effects than others when considering a blast load on a target. Understanding the uncertainties of the

different parameters in a blast can assist in measurement processes but mostly offers value in aiding the choice

of parameters when using the data for further studies [61].

These sensitivities need to be relevant for the application too. For example, when building a computer

program to model a scenario, stand-off and charge positioning may be accurate to ±1 mm. When trying to

position a 100 kg spherical charge within a 100 metre by 100 metre arena outdoors, one may struggle to achieve

an accuracy of even ± 10 cm, especially when heavy machinery is being used to position targets such as gauge

blocks. This lack of accuracy can reflect directly upon the pressure loading experienced by the targets. Blast

test standards usually take into account sensitivities in a broad sense, such as ISO 16933 [1] which provide

values of pressure loading and require that the actual values are not less than 15% of required values. However,

the better understood the sensitivities, the more they can be taken into account and, as such, allow test houses

to produce an increased level of accuracy, reliability and therefore re-usability of experimental measurements

and data.

1.4 Thesis Aim and Objectives

This aim of this thesis is to produce a substantial experimental data sat that will allow for the critical analysis

and understanding of the fundamentals of free-air experimental blast tests. Using the experimental data, the

energy flux will be calculated and a new methodology utilising the energy flux calculations used to produce a

single factor for equivalence independent of scale. This will be done through the following objectives:

1. To review current literature with regards to blast test parameters, TNT equivalence and incident invest-

igation.

2. To critically assess the way in which experimental tests are designed and conducted and suggest improve-

ments through analysis of variation and uncertainty in experimental trials conducted by the author, as

well as from application of existing literature.
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3. To newly validate computational models against experimental data.

4. To determine whether sensitivities change with scale and scaled distance using experimental data.

5. To calculate energy flux for TNT and other explosives using computational data and experimental data.

6. Utilise the calculated energy flux to determine if a single TNT equivalence factor can be used for explos-

ives and also hydrogen

1.5 Thesis Structure

This thesis is broken down into seven further chapters. Section 2 is a literature review that summarises previous

research and knowledge on the parameters produced or calculated in a blast test. The literature review also

includes considerations for designing and conducting blast tests including values of TNT equivalence and blast

scaling. The chapter considers computer models for use as both a validation and prediction tool for blast

parameters. The literature review includes examples of common problems when blast sensitivities are not

considered or are misinterpreted. Finally the chapter concludes with consideration of blast parameters in the

investigation of incidents including Buncefield and the Beirut explosions.

Section 3 involves an in-depth review of historical data that has been collected over four years at DNV

Spadeadam from forty-eight 100 kg TNT equivalent tests. The review includes statistical analysis of pressure

and impulse data taken from pressure-time histories. The data is compared with those from the blast prediction

models ConWep and Air3D.

Section 4 discusses complex blast test issues that should be considered to improve test data and take into

account the sensitivities that were discussed in Section 2 and displayed in Section 3 historical data. This

includes considerations for experimental set-up, clearing and explosive choice and design.

Section 5 displays data produced from twenty nine further 100 kg TNT equivalent explosive tests that used

the considerations from Section 4. Similar analysis to that in Section 3 is conducted and comparisons drawn

showing that, when sensitivities are considered, a more accurate data set can be produced. A review between

the historical data and the more recent data is conducted including reviewing the coefficient of variability for

the data.

Section 6 and Section 7 discusses what further analyses and investigations can be done with a reliable set

of data. This includes validation of the Hopkinson-Cranz scaling law and evaluation of TNT equivalence using

the energy flux method including a consideration for vapour cloud explosions.

The discussions and observations from the thesis are all drawn together in Section 8 where the sensitivities
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and variability of blast parameters are discussed and conclusions drawn as to the importance of the basis of

reliable and accurate data for onward use from experimental trials. This chapter also provides suggestions for

future research.
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2 Literature Review

2.1 Introduction

When an explosive material is ignited, the energy is released in one of two ways - through burning or by

detonation - with the majority of explosives capable of both under certain conditions. Most low explosives

and secondary high explosives will burn when ignited in a dry and unconfined state. Due to their chemical

make-up, these explosives do not require an external supply of oxygen or air for their combustion, unlike a

fuel such as coal, wood, hydrogen or natural gas [92]. When the material burns, the chemical reactions take

place either on the surface or just above the surface of the explosive. Layer by layer, the solid material is

converted into hot gases as the material burns. If a material is confined, the gases from the combustion have

nowhere to go and can build up creating a higher pressure, causing an increased burning rate [69]. When the

combustion of a low explosive or propellant is self-sustaining and is subsonic, the material can be classified as

a deflagrating explosive. Deflagration is when a small amount of explosive ignites suddenly due to a flame,

spark, shock, friction or high explosive. Deflagrating explosives burn quickly and in a more violent manner

than ordinary combustible materials. The propagation of the deflagration reaction is dependent upon thermal

reactions and, as such, is based on external conditions such as ambient pressure and temperature. The speed

of this process is subsonic, as opposed to a detonation which is supersonic.

When an explosive material detonates upon ignition, the reaction is through a passage of a shock wave. The

velocity at which this shock wave can move through the explosive material is between 1500 and 9000 ms−1.

This is an order of magnitude higher than the burning velocity of the deflagration process. Detonation can

be achieved either through an initial shock to detonation, such as that provided by a detonator, or through

burning to detonation. Burning to detonation is when the gases generated from the deflagration reaction

become trapped, resulting in an increased pressure at the burning surface and therefore an increased burning

rate. This rate can increase to a point where the burning rate exceeds the velocity of sound, resulting in a

detonation [3].

As air is a compressible fluid, when an explosive is detonated, the explosive gases formed cause an incan-

descent zone that expands rapidly, producing a shock front travelling outwards from the initiation point [12].

At any fixed distance from the explosive, the shock wave is be characterised by an instantaneous pressure rise

p(so,max) above ambient pressure followed by a decay back to ambient pressure p0. The time at which the

pressure front arrives at a designated point is known as the time of arrival ta. The duration in which the

pressure decays to ambient is known as the positive phase duration td. Following this positive phase duration,
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a period of negative pressure is formed due to the over expansion of air that follows the shock front. This

has a peak negative pressure p(so,min) and a negative phase duration td−. The impulse i is the integral of the

positive pressure with respect to time. An ideal pressure time curve is shown in Figure 2.7. This is also known

as the Friedlander Curve [64].

Figure 2.1: Friedlander curve

Traditionally, the positive phase of the blast was described as a simple triangle using

p (t) = pmax

(
1− t

td,lin

)
(2.1)

where td,lindenotes a linear positive phase decay [12]. However, this positive phase decay is more commonly

described as an exponential decay, often referred to as the modified Friedlander curve using b, a waveform

parameter to control the decay of the pressure-time history. Equation (2.2) displays the Modified Friedlander

Equation [64]:

p (t) = pmax

(
1− t

td

)
e
−b t

td (2.2)

The reflected pressure of a shock wave refers to the pressure that is received by a rigid target such as a solid

wall. The effect of reflecting the pressure wave from the target is to significantly increase the pressure, density

and temperature of the shock wave above that of the incident shock wave. The incident, side-on or free field

pressure is the shock wave pressure when there is no interaction with a target. Figure 2.2 displays the difference

between the reflected and the incident pressure measurements with regards to the direction of the shock wave.

Pressure-time curves can be further affected by interactions between many targets such as street scenarios or
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irregularly shaped targets causing complex reflections as the shock wave reflects off target surfaces [42] [54].

Figure 2.2: Incident pressure versus reflected pressure

2.2 Shock wave Equations

There are many equations in the literature for the determination of the shock wave parameters in a blast.

The paper by Goel et al. [68] provides an abridged review of these different empirical methods. In this thesis,

the author has chosen to review the response of a target or a material to a shock wave as described by the

Rankine-Hugoniot relationship in which a shock wave changes the physical variables of density ρ, pressure

p and velocity u of the fluid it is passing through [152]. Due to conservation laws, mass and energy can be

balanced either side of the shock wave to give the density and particle velocity directly behind the shock wave.

p0 + ρ0u
2
0 = pso + ρsou

2
so (2.3)

Where quantities with suffix 0 are for pre-shock and those with suffix so are for the side on (or incident)

post shock quantities. In air, the product of the density and the particle velocity (ρu) is a function of the

ratio of the specific heats, γ or gamma, of the air and the shock wave. This is often called the characteristic

impedance with units kg· s−1m−2. Gamma is a function of the strength of the shock. The variation of gamma

with shock strength is plotted in Figure 2.3 by Sadwin [136] from data of Gilmore [67].
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Figure 2.3: Gamma variation with shock strength (1 bar = 100kPa) [136]

The characteristic impedance (ρu) for side on targets is derived as a function of γ by combining the following

two equations for density immediately behind the shock front and the particle velocity behind the shock front

for incident targets:

ρso = ρ0
(γ + 1)pso + 2γp0
(γ − 1)pso + 2γp0

(2.4)

uso = psoc0

√
2

γρ0[(γ + 1)pso + 2γp0]
(2.5)

to give:

ρsouso = ρ0c0

[
2γ + (γ + 1)(pso

p0
)

2γ + (γ − 1)(pso

p0
)

]
�

√
1 +

(
γ + 1

2γ

)(
pso
p0

)
(2.6)

This is only valid for incident pressures. The values ρ0 and c0 are both dependent upon ambient temperature

at time of the detonation. For reflected pressures, this can be expressed and substituted in to produce the

following equation:

pr = 2pso + (γ + 1)qs (2.7)
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where qs is the dynamic pressure, calculated from:

qs =
1

2
ρsou

2
so (2.8)

Substituting Equation (2.8) into Equation (2.7) gives the following equation for calculating reflected over-

pressure:

she

pr = 2pso
7p0 + 4pso
7p0 + pso

(2.9)

This allows a value of reflected overpressure to be calculated from measurement of a side-on (or incident

or freefield) pressure and vice versa as long as atmospheric pressure is known.

When the value of overpressure is known, the characteristic impedance at ambient temperature and pressure

can be plotted in a graph. This assumes a constant value of the ratio of specific heats (γ) of 1.4. Using the

graph shown in Figure 2.3, it can be shown that gamma only varies from 1.37 to 1.40 up to 10 bar (or

1000kPa); Sadwin [136] stated that based on this 2% variation, the value of gamma does not need adjusting

for over pressures less than 20 bar (or 2000 kPa), above which the value of Gamma decreases (Figure 2.3).

Using a value for gamma of 1.40, the Characteristic Impedance for incident and reflected pressures have been

calculated and are shown in Figure 2.4 and Figure 2.5. The values for atmospheric temperature, pressure and

humidity have been taken as the average temperature and air pressure for Spadeadam Research and Testing

Site in Cumbria where much of the data from this thesis has been collected. This used an ambient temperature

of 13 °C, air pressure 993.31 hPa and a humidity of 74.5 %, to calculate a value for air density of 1.204 kgm−3

and an acoustic velocity of 337.85 m/s.

11



2.2 Shock wave Equations 2 LITERATURE REVIEW

Figure 2.4: Incident characteristic impedance

Figure 2.5: Reflected characteristic impedance

Both curves produced are complex curves and, as such, Sadwin [136] split this up into three curve fits for

different regions of overpressure:

pso ⩽ 600kPa : ρsouso = 421.43 exp0.918pso (2.10)

600kPa < psp < 1200kPa : ρsouso = 504.47 exp0.6pso (2.11)
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pso ≥ 1200kPa : ρsouso = 868.86p0.763so (2.12)

With these equations in place, the characteristic impedance can be calculated when a value of overpressure

is produced in a blast test. This allows for calculation of energy flux which will be further explained in Section

5.7. The equations mentioned in this section are to be used later in this thesis for further calculation and

analysis of the shock wave parameters.

2.3 Explosive Geometries

The location, shape, orientation, and even point of initiation of an explosive can have an impact on:

• Shock wave shape

• Shock wave velocity

• Peak pressures

• Impulse

• Time of arrival

Historically, the shape and set-up of an explosive charge in a bare charge trial is rarely mentioned but, instead,

assumed to be a spherical or hemispherical free-air blast. If a spherical explosive charge detonates at a

sufficient distance above the ground, such that the shock wave does not interact with the ground surface, it

can be considered an ideal free-air burst. If a spherical charge detonates on or near the ground surface, and

the shock wave interacts with the ground surface prior to arrival at point of interest it can be considered as a

hemispherical surface burst [44]. If a very large explosive charge is to be used, it cannot necessarily be located

on the ground as a hemispherical ground burst due to the risk of energy being lost due to the cratering, not

to mention potential damage of the ground that may not be acceptable to the test range. To counteract this

issue, explosive charges can be located above ground level and spherical charges used. However, this can lead

to other characteristics not experienced when a hemispherical ground based charge is used such as the impact

of Mach Stem [26]. This occurs when the shock wave reaches the flat ground surface and is reflected back,

travelling through the atmosphere at a higher velocity than the initial incident shock wave due to the reflected

overpressure exceeding the pressure in the incident wave. When this higher velocity wave meets the incident

wave, at what is known as the triple point, the shock waves merge to form a single outward travelling front

known as the Mach Stem. Figure 2.6 depicts this effect. This can lead to much higher pressures than expected

from a hemispherical ground burst, particularly when measured at smaller scaled distances close in to the
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charge. This effect of this Mach Stem reflection has been shown to be particularly important for the response

of, and damage experienced by, tall structures whether in experimental or numerical blasts [48].

Figure 2.6: Mach stem [26]

For a spherical or hemispherical with a central initiation point, this produces an evenly spreading out

detonation wave. If, however, the charge is not spherical, or is not initiated from the centre, the way in which

the detonation wave behaves from these two cases can be very different. Yan et al. [165] showed in their paper

on cylindrical charges through finite element analysis how the incident pressure varies in the axial or radial

directions in a cylindrical blast. It can be seen in Figure 2.7 that in a spherical blast the incident pressure is

identical in both the x and y direction. For a cylindrical charge, in the axial direction, the shock wave not only

has an earlier time of arrival, it also has a much higher incident pressure compared to the radial direction. As

stated by Simeons [139], the point of initiation may enhance this effect further if ignition is at one end of the

cylinder rather than centrally. Further studies on how the shape of an explosive charge can influence the blast

parameters can be found by Langran Wheeler et al. [98], Knock [96], Wu [162] and Ofengeim [110].
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Figure 2.7: Modelled shock wave showing incident pressures in axial vs radial directions of cylindrical charges
compared to spherical charges [165]

On top of the variations seen through the choice of shape, if a charge is contained in a case, the blast

parameters can vary significantly. The parameters can be affected by case material, thickness and mass.

Through extensive experimental work based on many weapon and cased charges trials, TM5-855-1 [44] provides

equations to determine an equivalent bare explosive weight based solely on the case mass:

W ′ =

[
0.2 +

0.8

(1 + mc

W )

]
W (2.13)

where: W ′= equivalent bare charge mass in kg, W= charge mass in kg and mc= casing mass.

This is not a totally foolproof method as the values actually measured experimentally depend very much

on the geometry and construction of the cased charge which influence how it detonates as well as where it is

initiated from. There is debate on both how much energy is lost due to the case break up, but also whether

energy is gained due to the mechanical efficiency between explosion gases and casing material. TM5-855-1 [44]

provides further equations to take into account some of the different geometries of cased charges.

In summary, unless an experimental trial has an ideal set up, predictions using equations will generally

be estimates that are useful for conservatively predicting effects but, when accurate values are needed, only

complex computer models or experimental trials are capable of providing measurements to required standards.
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2.4 TNT Equivalence

2.4.1 Introduction

As stated previously, the TNT equivalence of an explosive is a standard way of expressing the energy released

by an arbitrary explosive in relation to that released by TNT. The TNT equivalence of an explosive charge is

given as an equivalent mass of TNT required to produce a chosen characteristic, such as blast pressure, impulse

or fireball size, of equal magnitude to that of the explosive charge. It allows for comparison of different types

of explosives, both conventional and unconventional (for example home-made explosives or cased charges

and munitions). TNT equivalence is widely used for regulatory issues including manufacture of explosives

and munitions, explosive storage facilities limitations and for transportation. In their critical review of TNT

equivalence, Fuchs et al. [65] also include TNT equivalence investigations for materials not necessarily designed

for detonation such as propellants and pyrotechnics which, although they may have low TNT equivalences in

terms of detonation, may actually cause larger lethal structural debris which is capable of travelling further

than for similar quantities of detonating explosives.

Due to availability, the type of explosive used for trials may not be consistent, not just in the UK but

in the wider world, due to considerations of availability, practicability and cost. To ensure a consistent blast

trial, the required explosive charge size is usually given in TNT equivalence, with the choice of explosive

to use left up to the testing facility. TNT equivalence is important for blast scaling calculations, damage

predictions, theoretical modelling, and is usually the baseline explosive used for computational models, so

being able to produce accurate TNT equivalences is key. However, there is no definitive method or procedure

for calculating consistent and reliable values for TNT equivalence. It should be noted that in order to enable

valid comparisons, like with blast scaling, the explosive in question and the original base explosive should

have the same geometries and be tested under the same conditions, as variations in these properties can

cause the properties of the blast to vary [148]. It is also possible to back calculate a TNT equivalence based

on experimental data, or even from real-world incident data, which is then compared to TNT experimental

data. Examples of this can be seen by Rigby et al. [128], Bogosian [20] and Xiao [163] who either performed

experimental trials, or used existing experimental data to produce or validate values of TNT equivalence.

Table 2.1 displays the values given for TNT equivalence from the ISO Standard 16933 [1] for a range of

standard explosives. These values were gathered for the ISO Standard from a number of different sources but

predominantly from TM-5-855-1 [44]. It gives equivalence factors based upon pressure equivalence (kp) and

impulse equivalence (ki). It should be noted that these are often quite different. For example, if the desired

outcome was 100 kg TNT Equivalent PE4 charge, if you were to base it on pressure 81.96 kg of PE4 would
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be required; if the value was to be matched on impulse, 92.59 kg of PE4 would be required. If you were to

take the average (ka) equivalence, 86.95 kg of PE4 would be required, but then the measured target pressure

would be expected to be high, and the target impulse to be low.

Table 2.1: TNT equivalence values taken from ISO 16933:2007 [1]

2.4.2 Current Methods

As previously mentioned, there is no single definitive, commonly-used method for determining the TNT equi-

valence of an explosive. There are both experimental and theoretical methodologies for TNT equivalence, each

with different pros and cons. In-depth studies on these methodologies have already been conducted and can

be found by numerous researchers: [39, 102, 65]. Below is a list of practical methodologies that can be used

to determine the equivalency of an explosive [39]:

• Ballistic Mortar - This process determines the amount of explosive sample that is required to raise a
ballistic mortar to the same height to which it is raised by 10 grams of TNT.
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• Sand Crush - This process crushes a 0.4 gram of explosive in 200 grams of sand pressed at 3000 psi

into a No. 6 cap as a sand test bomb using a primary explosive. The amount of primary explosive that

is required to ensure that the explosive sample crushes the maximum net weight of sand is designated as

its ‘Sensitivity to Initiation’ and the net weight of sand crushed finer than a certain size mesh is termed

the ‘Sand Crush Value’. Since the the amount of sand crushed is dependent upon the shock provided by

the explosive, it is expected that the Sand Crush Value is related to the peak pressure of the explosive.

• Trauzl (Lead Block) - In this test, a sample of explosive is exploded in a 25mm diameter, 125mm

deep borehole in a lead block. A blasting cap is used to initiate an explosive in a glass container inside

the borehole. The mass of sample explosive is varied to give a total expansion of 250 to 300 cubic

centimetres. The expansions for equivalent weights of TNT were calculated and the test value expressed

in percent of the expansion of an equivalent weight of TNT.

• Plate Dent - The preferred plate dent test (also known as Method B) involves firing an uncased charge

on a 1 3
4 inch thick, 5 square inch cold rolled steel plate with one or more plates as backing. The depth of

the dent formed in the plate is measured and then given either as just a depth or as a relative brisance

which is defined as 100 times the ratio of the depth of dent for the sample divided by that produced by

a TNT charge.

• Cylinder - This method uses high speed photography to measure the radial shock wave velocity of an

explosive filled metal cylinder and then compares it with that of the same mass of TNT.

• Air Blast - This process uses charges fired in an open arena with pressure gauges deployed at various

locations that record the pressure and impulse vs time data. The data is then compared to that of an

equivalent TNT charge at the same distance and then an equivalence is determined based on one of the

peak blast pressure, the peak impulse, time of arrival or other blast parameters.

On top of this, there are also theoretical methods that can be used to calculate the TNT equivalence:

• UFC-3-340-2 [158] - The document from the US Department of Defence acknowledges that only a

limited amount of experimental work has been conducted on explosives and suggests that the below

equation is suitable for use in calculating a TNT equivalence. The document claims this is also suitable for

confined explosives if there is no better alternative. It is acknowledged that shape, quantity, confinement

and pressure range considered may affect the values and therefore is far from an ideal method.

WE =
Hd

EXP

Hd
TNT

WEXP (2.14)
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where WE =effective charge weight, WExp =weight of explosion in question, Hd
EXP =heat of detonation

of explosive in question and Hd
TNT =heat of detonation of TNT.

• Berthelot Method [16] - Berthelot determined an equation based on the chemical composition of the

explosive:

TNTequivalence = 840 ·∆n · (−∆Ho
R)/Molwt2exp (2.15)

where ∆n= number of moles of gas released/number of moles of the explosive, ∆Ho
R= heat of detonation

and Molwtexp= Molecular weight of the explosive.

• Cooper Method [40]- This theoretical method is based upon the ratio of squares of the detonation

velocities of explosives:

TNTequivalence = D2
exp/D

2
TNT (2.16)

where D= detonation velocity in m/s.

Regardless of this list of both practical and theoretical methodologies, many will return to the TM5-855-1

data (table 2.1) and use these values regardless of the purpose of the test being conducted.

• Computational Simulations - Computer models can be used to simulate any of the experimental

methods mentioned above and the data produced from the simulation can be compared to reference

values. An example of this is Ackland et al [2] who used Ansys AUTODYN (a high-fidelity, physics

based solver) to simulate the air blast method mentioned above. Ansys AUTODYN uses a Lagrangian

finite element solver to model structural components subjected to shock loading [6]. The values for

pressure and impulse numerically simulated were then compared to values presented in the Handbook

for Blast Resistant Design of Buildings [54].

• Numerical Simulations - There are numerous examples of papers producing equations for blast para-

meters and comparing these to equivalent values of TNT from literature [25, 9]. Bajic et al. [10, 84]

propose an equation that is claimed to compare well to experimental data based on the calculated

detonation pressure of an explosive calculated through the Sadovskiy equations [135] modified and in

conjunction with the Kingery Bulmash equations [44].

2.4.3 Variations with Existing Methods

As put by Locking [102] in his “Trouble with TNT equivalence” paper in 2011, “there are no definitive methods”

and “variability is found to be so significant that errors can be up to 50%, with 20% and 30% being typical”.
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Cheesman [32] collated TNT equivalence values from numerous sources for RDX, HMX and TATB and plotted

them together (reproduced by Locking [102] and shown in Figure 2.8). This suggested values varying for TATB

between 0.8 and 1.2, for HMX between 1.1 and 1.8, and for RDX between 1 and 1.8.

Figure 2.8: TNT Equivalences from various sources [102]

This inherent variability is clearly a problem when it comes to choosing an explosive type and charge size

as, depending on the chosen value of TNT equivalence, the chosen explosive charge could end up nearly twice

as large or half as large as necessary or required, meaning that when testing a structure to a set requirement,

the pressure and impulses produced may be significantly over or under the expected values, producing an

invalid test with both practical and cost implications through the requirement for re-tests and new structures.

If attempting to back calculate the size of an explosion after it has occurred based on pressure, impulse, time

of arrival or damage, the variation in TNT equivalence used could produce a significant spread of predicted

values of explosive charge. This spread was explored by Chang and Yong [31] in a study of probability of

protection from a terrorist threat for ‘home-made’ ANFO. Chang and Yong stated that, due to nature of the

explosive, the TNT equivalence could vary significantly from factors such as the amount of absorbed water

in the mixture, the lack of uniformity in the mixing, differences in the specific gravity and also the type of

oxidiser and fuel oil used. The paper took values of equivalence for the home-made ANFO from literature of

between 0.3 and 1.6.
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2.4.4 Scaled Distances and TNT Equivalence

Scaling of shock wave properties is a common practice that is used to generalise blast data from different

sized high explosives. One large barrier to experimental testing is the complexities and cost that comes with

a large trial. Kleine et al. [95] in their paper on laboratory scale blast wave phenomena describe how, driven

by the need to reduce time and cost during an explosive testing campaign on PPE, that the ability to reduce

the charge size down to milligram size would remove the majority of difficulties associated with large-scale

experiments. This illustrated the extent to which small scale trials can produce appropriately scaled results

that would replicate a large or even full scale explosive trial.

After World War 1, Hopkinson (1915) and Cranz (1926) [92] independently produced what has now become

the most commonly used scaling law (also known as the “cube root“ scaling law). This law states that the shock

waves produced when two explosives of similar geometry and of the same explosive material, but of different

size, are detonated in the atmosphere, will produce the same peak pressures when measured at equivalent

scaled distances [12]. The scaled distance Z, in mkg−
1
3 , is given by 2.17:

Z =
R

W
1
3

(2.17)

Where R is the distance from the detonation point of the explosive and W is the explosive charge weight.

This can be explained by the example in Figure 2.9 where a target at distance R from the centre of an explosive

charge W is subjected to a shock wave with peak overpressure P , duration td and impulse i. The Hopkinson-

Cranz scaling law states that a target positioned at distance kR from an explosive charge with mass k3W will

be exposed to the same peak overpressure P and then duration ktd and impulse ki.
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Figure 2.9: Hopkinson-Cranz shock wave scaling [12]

The ability to accurately scale the blast characteristics allows smaller, and therefore usually cheaper and

easier to conduct, trials to be carried out instead of full-scale trials for every scenario, although it is important

to note that the scaling laws are only applicable for identical conditions with regards to ambient temperature

and charge shape [148]. This rule assumes that, if the same explosive and shape is used and only the mass

changes, than the TNT equivalence also is identical. Many studies have been conducted to prove the scaling

law through both numerical [9, 37, 104] and experimental studies [34, 35, 49, 138] and [5]. The Hopkinson -

Cranz law is also investigated further in this thesis.

Despite this scaling law, it has been theorised by many, including Swisdak, that the equivalent weight of

an explosive for any given blast parameter may vary as a function of distance from the charge. This would

suggest that the TNT equivalence would vary over distance, therefore, a single value would not be suitable

for TNT equivalence when targeting two different distances for a particular parameter. Cooper [39] from the

data provided by Swisdak [148] plotted out how the TNT equivalence of five explosive types varies with scaled

distance in Figure 2.10. He showed that when the initial expansion wave of an explosive has an expansion wave

that is not identical to that of TNT, the peak pressure of the shock wave will decay at a different rate to that
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of TNT. However Cooper [39] noted that there were large errors in the experimental determination of the TNT

equivalence for this graph, suggesting further work was needed. This work used the Hopkinson-Cranz scaling

law quoted previously and relies on the assumption that this law is valid for all distances and all explosive

types used. Cooper along with Locking and many others claim that for the purposes of predicting blast effects

on structures, TNT equivalence is usable as the only common tool available. It should however be noted that

the purpose of the test and the target outcome, should assist in determining which method of TNT equivalence

identification is used.

Figure 2.10: Variation of TNT equivalence with scaled distance for overpressure 5 explosive types [39]

Plotting the same data for C4 for pressure and impulse from Swisdak that was used to produce Figure 2.10,

produces Figure 2.11 which shows how extreme some of the variation in values can be as the scaled distance

changes. For example, for C4, producing an overpressure of 120 kPa, a TNT equivalence of 1.3 should be

used, yet the corresponding impulse produced at this pressure is at a TNT equivalence of 1.5. At 275 kPa,

the values are quite opposite with the overpressure TNT equivalence at a value of approximately 1.35 and the

corresponding impulse at 0.96 TNT equivalence.

23



2.5 Blast Test Parameters Measurable from Pressure-Time Curves 2 LITERATURE REVIEW

Figure 2.11: Variation of TNT equivalence with overpressure for C4 [148]

Figure 2.11 highlights how important it is to take into account the TNT equivalence based upon the scaled

distance being targeted in an experimental blast test, especially if a specific pressure and/or impulse is required

to be met. This could be difficult if there are multiple targets at varying distances in a blast test. It also

suggests that, without a full set of data of TNT equivalences for the explosive being used, it may not be

possible to chose an exact TNT equivalent to use satisfying both pressure and/or impulse and as such an

average value should instead be used. Where an average value is used, it should be expected to see variation

in the blast parameters measured at different stand-offs.

2.5 Blast Test Parameters Measurable from Pressure-Time Curves

Aside from analysing how a target responds to a blast, it is important to analyse the blast itself to ensure

firstly that the explosive itself detonated fully; and secondly that the desired loads exerted upon the target

were achieved. The majority of analysis of the blast can be achieved from pressure-time curves (Figure 2.1)

from a pressure gauge, but high-speed video may also be used. Properties of the shock wave that can be

analysed from pressure-time curves and from video footage include:

• Peak overpressure

• Positive phase impulse
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• Negative phase impulse

• Time of arrival

• Positive phase duration,

• Negative phase duration

As shown in Figure 2.1, the production of a pressure-time curve from a blast test allows measurement of many

of the parameters mentioned above.

Figure 2.12 gives an example of a pressure-time curve from a detonated explosive charge.

Figure 2.12: Example pressure-time curve

Pressure-time curves produced from blast tests can be very noisy (especially those close to the explosive

charge) and can be affected by ground shock, external noise (for example generators running equipment) and

heat effects. There are numerous studies that describe in detail difficulties faced when they were measuring

pressure loadings from experimental trials, particularly in the near field where pressures can exceed 1000 MPa,

including noise, poor signals and damaged gauges [53], [56], [57]. The experimental trials covered in this thesis

are in the far field, with scaled distances greater than 2 mkg−
1
3 and, as such, near field measurements are not

covered further in this thesis. Even once a pressure-time curve is produced, in either the near or far-field, it

can be difficult to determine the true values for the previous mentioned properties of a shock wave, especially

to provide consistency when analysing hundreds of pressure-time curves. For this reason, to aid analysis of

the pressure-time curve, the modified Friedlander curve equation is fitted to the pressure/time histories using
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DPlot [81] based on the time of arrival and positive phase duration which can be accurately interpreted from

the plots. Farrimond et al. [61] proposed another method for curve fitting the Friedlander curve to pressure-

time curves through identification of reliable parameters of the time of arrival and the positive duration using

the positive impulse - a step by step method and example can be found in the reference. Figure 2.13 shows

the pressure-time curve with the modified Friedlander curve overlaid on top using the DPlot function.

Figure 2.13: Example pressure-time curve with fitted modified Friedlander curve

From the fitted modified Friedlander curve graph and the integral we can deduce the following properties:

• Peak pressure = 27.50 kPa

• Positive phase impulse = 187.09 kPa.ms

• Negative phase impulse = -160 kPa.ms

• Time of arrival = 54.28 ms

• Positive phase duration = 15.49 ms

• Negative phase duration = 73.95 ms

As seen from the above curve fit, the modified Friedlander curve does not account for the secondary shock

evident in the raw pressure-time curve. When an explosive is detonated, the expansion of the detonation

products results in an additional shock wave that moves back towards the detonation point and subsequently
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reflects outwards following the primary shock wave [107]. Rigby [125] stated that the secondary shock delay

parameter could be used to estimate explosive properties based on the delay between the arrival of the primary

shock wave and the arrival of the secondary shock wave, although this was not yet easily predictable by

numerical analysis. Most computer models and empirical equations do not account for the secondary shock.

Pressure-time curves can be affected by external factors as well as a result of the explosive geometries.

Interactions with structures is discussed in Section 2.10 with the results of multiple reflections of the shock

wave off structures causing peaks and troughs in pressure-time curves making identifying key blast parameters

difficult. The atmosphere in which the explosive has detonated can also affect the pressure-time curve. Weather

conditions that may involve particularly warm, cold or damp air can affect the air density, resulting in small

adjustments in the shock wave velocity, although this has been shown to be negligible unless considering

explosions at altitudes such as 30,000 metres above sea level [148]. The larger effect of atmosphere conditions

involve the amount of available oxygen. Many explosives have a negative oxygen balance in their composition,

meaning there is not enough oxygen in their chemical make up to fully react [55]. This is particularly the

case with TNT which is 74% oxygen negative. In their paper about effects of afterburn, Tyas et al. [157]

demonstrated lower reflected pressure and impulse from PE4 detonated in Nitrogen when compared to an air

atmosphere, suggesting that pressure loading is enhanced when explosives detonate in air due to the rapid

afterburn. To take this to the extreme, explosives that detonate underwater have, as expected, a different

shaped pressure-loading curve to that of free-air blasts that typically include a instantaneous rise of pressure

with a very rapidly decaying pressure, much faster than that in air [149].

The angle at which the measurement target is positioned with respect to the explosive charge can also

affect the pressure-time curve. This is displayed in graphs in the US Army Handbook [51]. There have since

been have been several studies [94, 141, 142, 124] investigating angles of incidence on shock wave parameters

and how sensitive the parameters can be when the angle of the target moves from a truly freefield position

towards a reflected position. Rigby et al. [124] state in their study that the pressure can be seen to decrease

gradually relative to the normal reflected pressure for increasing angles of incidence.

2.6 Blast Test Parameters Measurable from Video Footage

High speed video cameras have been used since at least 1957 when Deal [43] used them to measure plate

velocity and air shock velocity in a blast. Since then, camera technology has advanced substantially and

has been used in many experimental trials [45, 59]. From the test that produced the pressure-time curve in

figure 2.12, high speed video footage was also recorded. Figure 2.14 shows a still taken from the high speed
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video showing the fireball at its largest expansion. When it is at its largest, an approximate measurement can

be made. This is aided through the use of distance markers set out at 1 metre intervals from the location of

the charge. From these stills the estimated fireball radius is 6.5 metres. This is a very inaccurate parameter to

measure due to the irregular shape of a fire ball and the blurring of the edge making it difficult to accurately

determine diameters.

Figure 2.14: Diameter measurement of fireball

In their 2020 paper on near-field blast pressure using high speed video, Rigby et al. [126] used computation

algorithms with high speed video to define the outer edge of the fireball, which was then used to calculate

the velocity-radius of the shock wave using the Rankine-Hugoniot jump conditions. This was shown to be

an accurate way to calculate blast parameters in the near to mid field of a blast where it is often difficult to

measure blast pressures due to the proximity to the explosive charge and the high pressures instruments can

be exposed to. Fireball analysis was also used by Díaz [50] for estimate of blast sizes in accidental explosions,

this is discussed further in Section section 2.12.

Using thermal high speed video of tests, it is possible to measure the temperature of fireballs from explosive

tests. Xiao et al. [164] used a thermal camera to investigate if any degradation had occurred within an explosive

due to storage. This was done by examining the temperature distribution between four tests (Figure 2.15)

eventually determining that the storage conditions could reduce fireball temperature by more than 6% in this

particular case.
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Figure 2.15: Comparison of fireball temperatures using high speed thermal camera [164]

2.7 Blast Test Parameters - Calculable

2.7.1 Energy Flux

Approximately one third of the total chemical energy available in a high explosive material is released in the

detonation process [158]; some of this energy will be given off as sound and light as well as the pressure wave.

The remaining two thirds is released more slowly as the detonation products mix with air and burn and has

limited effect upon the shock wave.

Generally the energy in a shock wave is not a calculated or reported property in an explosive, except

perhaps in underwater explosives. In an underwater explosion this is simpler as the particle velocities in water

are typically very constant except close to the explosion point [137]. For explosions in free air, the particle

velocity can have a larger impact upon the energy flux measured. In literature, the energy flux in air has

been calculated in different ways by both Swisdak [137] and Grisaro [70]. Swisdak calculated it using the

characteristic impedance and a pressure-time curve as defined in the following equation [137]:

Ef =

∫
ta+td+
ta (

1

ρsouso
) [p(t)− p0]

2
dt (2.18)

Where psouso is the varying characteristic impedance along the pressure-time curve. The integral of the

characteristic impedance multiplied by the pressure-time history of the measurement gives the energy flux at

that particular distance. Calculating this value allows the total shock wave energy in a blast to be calculated

by multiplying it by the surface area of the shock wave [137]. Figure 2.16 shows how Sadwin [136] used the
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energy flux to calculate the total air blast energy in a surface burst of 42 grams of PETN detonating cord.

Sadwin states that the shape of the curve is due to the initial energy build up and its subsequent decay with

range.

Figure 2.16: Total air blast energy vs range for surface burst of 42 grams PETN det cord [137]

By dividing the total air blast energy per the charge mass, an energy by kilogram value can be determined.

If this is divided by the value of total available energy of one kilogram of explosive, it provides the relative

efficiency of the explosive. Sadwin did this for PETN and produced a value of between 8.9 % and 18.9 %

depending on the stand-off.

Grisaro used a similar methodology but based on the particle velocity instead of the characteristic imped-

ance using the below equation:

Ef =

∫ ta+td+

ta

[p(t) · up(t)] dt (2.19)

The particle velocity was shown by the Rankine-Hugoniot equations to be a function of the peak overpres-

sure as below:

up =
pso
γpa

·

√√√√ γpa

ρ0

1 + γ+1
2γ · pso

pa

(2.20)

Grisaro [70] used this method to perform calculations on numerical data for TNT, C4 and ANFO and

compared the values to determine a TNT equivalence. The two methods will be considered in this thesis as

methodologies for the calculation of TNT equivalence using experimental data.

There have been only a small number of studies calculating energy flux, mostly using just numerical data

in the case of Grisaro [70] or a couple of pressure-time curves from small experimental trials in the case of
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Sadwin and Swisdak ([136, 137, 147]. There are questionable limitations with the experimental trials carried

out for the studies as some are are based upon lengths of PETN based Detonating Cord [136]. Detonating cord

(also known as det cord) is a flexible plastic wrapped tubing usually filled with PETN. It is frequently used for

joining explosive charges together in demolitions and quarrying. Due to the det cord make up, it is difficult to

determine the shape of the shock wave that would be produced from the detonation of the det cord. Borgers

and Vantomme [23] examines methods and computer models for analysing the shock wave from a length of

detonating cord with the eventual aim of creating a parametric model of planar blast waves that would be

suitable for the prediction of blast parameters from det cord. Section 2.3 discusses further the pressure-time

curve differences that can occur from none spherical explosive charges. No information is provided in the

study on the set up of this explosive trial. Likewise another experimental trial from the same authors utilises

a two kilogram cast TNT explosive charge with a measurement at 7 metres from the charge [136]. This trial

produced the pressure-time curve shown in Figure 2.17.

Figure 2.17: Pressure-time curve produced at 7 m from a 2 kg cast TNT explosive charge [136].

Similar to the PETN based Det Cord trial, no information is provided on explosive charge and instrument

measurement set-up. When a 2 kilogram TNT explosive charge is modelled in quick-to-run computer model

ConWep (Section 2.8.1) at a 7 metre stand-off ConWep produces the values for peak pressure, impulse, time of

arrival and positive duration. The table below compares the ConWep estimations (based upon a hemispherical
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surface burst) with the measurements estimated from the graph in Figure 2.17.

Blast Parameter Experimental Data ConWep model
Pressure (kPa) 58 36.05

Impulse (kPa.ms) 96.5 67.90
Time of Arrival (s) 0.0116 0.0122

Positive Duration (s) 0.0045 0.0049

Table 2.2: Experimental values [136] versus ConWep values

There is significant variation between the experimental values and the computer predicted models with

higher values for pressure and impulse. It is difficult to make further comments on why this may be due to

the lack of information provided on the experimental setup, measurement processes or explosive charge build.

It is likely that the blast sensitivities discussed in this thesis have an effect upon these parameters measured

in Figure 2.17. Energy flux and calculations from experimental data will be considered further in this thesis

along with comparisons of experimental data with computer models.

2.8 Blast Prediction Models

Computer programs can be used for both the prediction of shock waves from different sizes and types of ex-

plosives and also for the validation of data post-trial. Modelling approaches can vary from highly sophisticated

programs such as LS Dyna [103] or Viper Blast [146] to the simpler quick-to-run semi-empirical codes such as

ConWep. It is imperative that reliable and repeatable experimental data is used for the setup of these models

to ensure that when they are used to model trials and blast scenarios to ensure that these are appropriate when

they accurately predict the characteristics expected. In this thesis, ConWep and Air3D will be investigated

further for their use as validation tools for experimental data.

2.8.1 ConWep

ConWep is a simple to use software developed by the US Army Corps that uses weapons effects calculations

based on the empirical equations in TM5-855 (Now UFC3-340-01) ‘Design and analysis of Hardened Structures

to Conventional Weapons Effects’ originally Kingery and Bulmash [44]. This database was derived from a large

database of existing experimental trials. ConWep is a semi-empirical software that involves look-up tables and

is therefore quick to run providing instant estimates for reflected and incident pressures for specified distances

and charge type and sizes. The lookup tables were formed by Kingery and Bulmash using a curve fit to a mix

of data from both computer analysis and measurements on medium to large scale experimental blast tests.

They are valid for scaled distances between 0.067 and 39.67 mkg−
1
3 . Figure 2.18 displays two of the screens on
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the basic run through of the ConWep programme when determining a peak pressure and impulse from a chosen

explosive at a set distance. The data produced from ConWep can be exported to produce full pressure-time

curves. ConWep has a number of inputs and scenarios and is suitable for predefined weapons as well as bare

charges. It can also take in to account structures and internal explosions. ConWep has since been renewed by

the Energetics Materials Blast Information Group (EMBIG) [144] to package the legacy software in to a new

product now named EMBlast, available by becoming a contributing member of EMBIG.

Figure 2.18: ConWep Screenshot

2.8.2 Air3D

Air3D is a hydro-code that models the propagation of a shock wave and its interaction with structures. Air3D

was developed at Cranfield University [131] and is a more complex programme than ConWep which, depending
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on the complexity of the problem and the cell size used, can take a significant run time. The code solves

differential Euler equations of fluid mechanics in space and time for 1-dimensional, then 2-dimensional and

finally 3-dimensional models using fundamental physical principles as opposed to empirical formulae derived

from experiments. Air3D is relatively easy to set-up and run using a text file, and generates solutions that

generally compare well with ConWep and test data, particularly for incident pressure. Figure 2.19 gives an

example of an input file for Air3D. The Spherical Input involves specifying the explosive input, including

shape, size, density and detonation velocity. The Main Input is the arena in which obstacles and target points

are plotted for recording the pressures. Figure 2.20 shows a screenshot during an active run of an Air3D,

showing the shock wave moving across the plotted arena - any target points that have been specified within

the arena will record pressure readings as the wave moves over them. Air3D can be used for free air models

such as shown in this thesis, but is also extensively used for more complex scenarios such as by Ballantyne et

al. [13] who modelled blast loadings on structural components. Air3D has since been repackaged and is now

sold by Cranfield University as ProSAir with both academic and commercial licenses available [41, 101].

Figure 2.19: Air3D example input file
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Figure 2.20: Active Air3D run

2.9 Complex Computer Models

There are many commercial software packages available for prediction of blast effects on top of the quick-

to-run model ConWep and Air3D that have already been discussed. One of the most important aspects of

all computational models (excluding those like ConWep that use empirical look-up tables), is the mesh size,

also called cell size. A smaller or finer mesh size will give more accurate results, but causes the computing

time to increase significantly [140]. A larger or coarser mesh size will provide less accurate results, but the

computing time is reduced. Figure 2.21 shows the difference between a cell size of 0.05 and a cell size of 0.5

in Air3D for a 0.35 kg explosive charge. The pressure-time curve produced by the smaller cell size shows a

definitive time of arrival and peak pressure but took in excess of 14 hours to run. The larger cell size used

to produce the pressure-time curve, modelling completed in just under 5 minutes, results in the omission of

the peak of the curve leading to inaccurate predictions for peak pressure and impulse. Many studies can be

found on the influence of mesh size in blast modelling including from Chester [33] and Powell [116]. Powell

proposed guidelines for selecting the appropriate mesh size for modelling of explosive detonations on LS Dyna

(discussed in the later in this section) that theoretically could be carried across to other blast modelling

software including recommendations of scaled element sizes as a function of scaled stand-off and accuracy.

Later in this thesis, Air3D is used as a validation tool for experimental data, with the mesh size adjusted

based on these recommendations, i.e. smaller mesh size for the smaller scaled stand-offs.
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Figure 2.21: Comparison of mesh size in Air3D

Although not being investigated further in this thesis, this section provides a brief overview of four solver

packages: Autodyn, LS-Dyna, blastFoam and Abaqus/Explicit. Further information on each programme can

be found on the associated websites and in the references quoted.

Ansys Inc. Autodyn is a model designed for the response of materials to mechanical loadings, high pressures

and explosive events and the interactions between liquids, solids and gases in these events [7]. There are studies

that describe in depth the mathematical and computation principles behind Autodyn and then compare its

effectiveness to experimental data [60, 120, 138, 23]. Figure 2.22 shows an example of the model produced by

Autodyn from a paper produced by the Global Technology Development where Autodyn was used to optimise

timing of delayed detonations [117].
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Figure 2.22: Example of Autodyn model showing shock wave and pressure distributions in a blast field [117]

Also produced by Ansys Inc. in collaboration with Livermore Software Technology is LS Dyna. This is

quoted on their website as a ‘general purpose finite element program capable of simulating ‘real world problems’

[103]. The program allows for changing boundary conditions, deformations, non linear materials and includes

explosives: both bare and cased charges along with a number of pre-determined weapons such as mines and

shaped charges [73]. It is heavily used in the blast industry and is well respected for it’s accuracy in predicting

blast parameters [99, 90, 108, 77].

blastFoam [19] is a relatively new solver for multi-component compressible flow predominantly designed

for use for high explosive detonations. It is an open-source programme that uses OpenFoam technology.

The blastFoam website provides extensive detail and guidance as to how it can be used. There is very little

published literature comparing the modelling of blastFoam to experimental data for validation, although the

blastFoam website does provide examples - but these are obviously not independent studies [19, 18]. Chester

[33] has presented a comparison of available software and included blastFoam in their analysis of a single 100

kg TNT equivalence explosive blast at 25 metres - the model can be seen in Figure 2.23.
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Figure 2.23: blastFoam model of the response of concrete structure to explosive blast [33]

Abaqus/Explicit is a finite element analysis product that can be used for simulations of quasi-static events

and is widely used in the blast industry. It has been used to replicate experimental data and has proved a

suitable and appropriate tool for model validation [128, 62, 97]. Figure 2.24 shows an example from Langdon

et al. [97] where Abaqus/Explicit was used to model blast loading on stiffened plates. The Abaqus/Explicit

model showed favourable comparisons to the experimental results.

Figure 2.24: Example of Abaqus/Explicit model compared to experimental results [97]

2.10 When Sensitivities Are Not Considered

If the sensitivities of blast parameters are not considered, it can result in a poor quality trial which may

have further serious ramifications if, for example, a poorly tested target ends up in commercial use; or if

data produced from a blast test is subsequently used for further calculations or model validation. As already

discussed in Section 2.7.1, when experimental trials are conducted with no details provided about experimental
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setup including charge shape, instrument and measurement details, it can be difficult to accept the data as

true and valid without taking the paper’s author’s word that the data has been gathered using an accurate

and reliable method.

In other trials, details are given of the setup that can give rise to concerns about the data quality. An

example of this is a trial that was conducted by the Health and Safety Executive in 1995 [63] at Spadeadam

when it was part of British Gas. During these trials, gauges were positioned flush with the ground at 25, 50,

75, 100 and 150 metres from the charge location. The concern arises because some of the gauges were not in a

direct line of sight, or at the same ground height as the charge with embankments in the way and a fall of land

to one side as seen in Figure 2.25. Formby and Wharton state in the paper that the pressure time recordings

from the gauges did not exhibit the typical shock wave characteristics as expected from the explosives. Formby

attributes this non ideal nature of the profiles to the topography of the site. Despite this, the data from these

trials has been cited in excess of fifty times in further studies.

Figure 2.25: HSE trials site layout [63]

This study only hints at issues of interaction of structures or influence of the area in a blast. As a shock

wave passes through complex scenarios such as streets, congested areas (process areas or even wooded areas)

or even just areas with changes in the lay of the land, reflections can occur causing unexpected and noisy

pressure peaks when measurements are taken. Due to the cost and effort of conducting these complex trials,

the number of experimental tests that replicate these scenarios are limited and, fairly obviously, done at a

small scale. An example of this is the study by Benselama et al. [15] in which explosive trials were conducted
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and then matched to a computer simulation. Figure 2.26 presents one of the pressure-time curves from the

experimental test with the overlaid model. This shows excellent fit of the model to the experimental data, but

highlights the difficulties if the parameters were to be used in anything other than the exact same built-up

scenario. Further studies on the interactions of shock wave propagation between buildings, structures and

shapes for both experimental and numerical models can be found from Li [100], Ofengeim [110], Riedel [122],

Rose [134, 133], Smith [141, 142] and Thompson [151],

Figure 2.26: Example of complex scenario overpressure-time curve [15]

In the aforementioned trial by Formby, it was stated that there was significant difficulty in the building

of the explosive charges [63]. Formby experienced cracking in built explosive charges during movement which

then required additional pressure to remove air pockets. This additional pressure produced distortion of

the container, which was not sufficient to prevent movement, suggesting that the explosive charges were not

homogeneous charges of uniform density. The type of explosive used can hinder or help with the build of

explosive charge. ANFO comes in prills, and much like the liquid Nitromethane, as long as the container used

is spherical, it is simple to build a uniformly dense and appropriately shaped explosive charge. Where solid

explosives are used such as PE4, Semtex or flaked TNT, it is much more difficult to ensure that the desired

shape is met and that the density of the explosive is uniform. It depends on the person who is building the

charge, the tools they are using and the explosive type in question, which may be affected by atmospheric

conditions. From the author’s experience, Semtex in warm weather is much stickier and pliable than when it is

cold, in which it is very rigid and tears easily instead of stretching or moulding. Likewise, PE4 is a very crumbly
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material and when shaping from its raw storage in 50 kg drums into a spherical charge by hand, particularly

at larger charge sizes, there is risk of variation in how tightly the explosive is packed and how spherical it is

possible to make the charge. If packing a cased charge with explosives, air gaps between explosives or between

the casing wall and the explosives can result in irregular casing breakup, resulting in larger, often heavier

fragments that may impact differently upon a target. This has been found from the author’s experience. Even

if a cased charge is well packed, the complexities involved with case expansion, case fragmentation, blast wave

diffraction through the case and fragment impact on the air blast all influence the parameters that may be

measured in a blast [14].

A trial conducted to investigate response of glass panels to an explosive blast measured blast overpressures

from charge sizes between 600 gram and 1600 gram [66]. The images below have been lifted direct from the

paper and show two of the pressure-time curves produced. As discussed in 2.5, it can be difficult to determine

blast parameters from noisy pressure-time curves. The examples in Figure 2.17 display how difficult it can be

to determine values for peak overpressure, impulse and positive duration.

Figure 2.27: Pressure-time curves from experimental glazing trial [66]

The only clear and definitive parameter shown from these pressure-time curves is the time of arrival. In

this set of trials, the focus was not on the overpressure produced in the blast, instead relating the projection

velocity of glazing directly to the charge size, regardless of the overpressure measurement. The issue of poor

quality pressure-time curves is a similar issue faced by Hudson [79] when identifying blast parameters from

the Coyote Canyon trial [78]. Here he states that individual pressure-time curves were ‘difficult to interpret’.

Hudson put this down to evidence of circuitry malfunction, arrival of the flame front at the same time as the

shock front, and the complex nature of the target causing local disturbances. Instead of individual readings

which independently were not usable, the data were then used collectively to provide average values for the
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blast parameters. Later in this thesis, the difficulties in producing usable pressure-time curves are discussed

further.

In trials carried out on an explosive to determine TNT equivalence [Reference Redacted], a value was

produced and issued to test houses for use in UK government trials. When investigations to confirm this

value were carried out at Spadeadam in 2001, the value of TNT equivalence was found to be wildly different

[Reference Redacted]. On further investigation, it was found that the original trials had been carried out in

sand and had not accounted for the energy lost to cratering, compared with the Spadeadam trials which were

carried out on a flat concrete 100m x 100m pad with a 75mm thick steel blast mat directly under the charge.

If the background of a trial is not known, values may be incorrectly used or cited if the conditions do not

match up.

The paper by Gruss in the Journal of Trauma [71] details what Gruss refers to as a ‘significant systematic

error’ in accepted primary blast injury criteria in literature produced by the use of low-quality experimental

data, particularly to do with the impulse values. As described in the paper, the implication of the use of poor

quality or inappropriate impulse values that were used by Bowen et al. [24] to produce time curves for lethality

for an number of scenarios is significant. These lethality curves based upon this data lead to the prediction of

a more severe blast injury than may occur in reality. The Bowen criteria is still the standard for many primary

blast injury criteria [71].

Inconsistencies can occur not just from the setup of an explosive test, but also in the data analysis of any

measurements gathered. In TM5-855-1 [44], it is stated that there were issues with the Conventional High

Explosive Blast and Shock (CHEBS) test series. These tests were used as the main source of data for peak

free-field pressure and impulse models. The measurements were obtained from 16 general purpose 500 and

1000 lb bombs tests with air blast data. Where the bomb size was different this was scaled based on their TNT

equivalence. Many of the gauge readings were discounted due to peak pressures and impulses decreasing when

at angles closer to the nose or tail of the cylindrical cased explosives. Other values were discounted when there

was excessive noise in the pressure plot, or if the pressure region was unusually wide or narrow compared to

the other readings, likewise if it was too smooth compared to the others it was also discounted. The document

does not state how many pressure and impulses were discounted and how many were used. Much of this data

was used to feed into computer models such as ConWep [44] and have been cited hundreds of times in further

research.

When the data from multiple sources in multiple set ups are viewed together, the variations become obvious.

Karlos et al. [91] plotted various blast wave parameters versus scaled distance for spherical blast waves from
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up to 10 different data sources some of which have already been discussed in this thesis. Figure 2.28 displays

the peak incident overpressure from 10 sources. There is a clear split on the data below a scaled distance of 1

mkg−
1
3 and, although above this distance there appears good agreement in values, the log scale still suggests

a significant spread of data. Later in the same paper, Karlos et al. [91] notes that from literature, the peak

overpressure can differ by more than 40% from the proposed values by Kingery and Bulmash. If one was

to validate a model or predict blast parameters using data from literature, the choice of data source could

significantly skew the predictions or model validity.

Figure 2.28: Karlos et al. [91] review of incident pressure values versus scaled distance from literature

2.11 Understanding Blast Parameters for Incident Investigation

In incident investigations and terrorist attacks, one of the key tasks is to identify and characterise the cause of

the blast. This includes establishing the size of the blast in TNT equivalence in order to provide a quantification

for the size and effects of the blast and for comparison of between incidents. Figure 2.29 below from Baker

[11] is one such method that can be used to estimate overpressure based on distance in an incident by the

damage seen, although this is considered a very rough guide. As mentioned in the previous sections, in a real

life scenario blast pressures will be influenced by interactions between structures, reflections, absorption of

energy due to collapsing and distorting structures all of which can increase or decrease the pressure exerted

upon targets [93].
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Figure 2.29: Damage and injury consequences from overpressure based on scaled distance [11]

Overpressure damage can also occur from events that do not involve explosives, but instead pyrotechnics

or even flammable vapours or gases, such as the Buncefield Incident in 2005 in which 300 tonnes of petrol was

released, forming a flammable cloud that was subsequently ignited and, due to congestion within the vapour

cloud, the flame accelerated to detonation [86]. Difficulty comes when assessing the TNT equivalence of gases

and vapours using comparisons that involve parameters that are usually only produced in a detonation, as

fuel-air mixtures may only detonate if the cloud is partially confined, congested, obstructed or has a sufficiently

energetic initiator [159]. These complex sensitivities are augmented by the concentration of fuel in air, which

will affect the ability of the mixture to detonate, as well as the blast parameters.

The TNO Multi-Energy method is traditionally used for estimating gas explosion sizes. This model is based

on curves which display relationships between overpressure and distance based on the estimated congestion

and confinement of a vapour cloud where 10 is very heavily congestion or confined and 1 is almost open air

(Figure 2.30) [106]. Once the overpressure and the stand-off is known, an estimation of charge size and an

TNT equivalence can be calculated using blast overpressures of TNT at the same distance and stand-off. The

paper by Mercx et al. [106] describes in detail how this method is used in estimating vapour cloud explosion

blasts.
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Figure 2.30: Overpressure estimation curves for the Multi-Energy Method [106]

In an incident, estimation of the overpressure can be reliant on evidence gathering such as window breakage

distance and vehicle damage. Experimental trials can be used to collect empirical data for assessment of

damage under overpressure loading. Following the Buncefield incident, as part of a much larger joint industry

programme of investigation into explosion characteristics of large vapour clouds [28], tests were conducted

placing vehicles, oil drums, ISO containers and instrument enclosures at various distances from vapour cloud

explosions and recording the damage (Figure 2.31) [4]. Direct comparisons were made between the damaged

items from the Buncefield Incident, as well as from a similarly occurring incident at Jaipur in 2009 [85]. This

enabled an estimation of the pressure loadings on the items in the incidents to be estimated. In the same

report, Allason and Johnson investigated whether far field pressure-time curves could be used to estimate

the pressure loadings and therefore TNT equivalence of the vapour cloud, finding some success using both

the Multi-Energy method and the method proposed by the Center for Chemical Process Safety [30], which

involves assuming an efficiency of 40 % in terms of energy conversion to the shock wave and multiplying by

the ratio of heat of detonations of the fuel and TNT [4].
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Figure 2.31: Comparison of damage of 50% oil drums from experimental trials (left) to those seen at Jaipur
(right) [4]

A similar methodology of comparing incident damage to that observed in trials was used to estimate the

mass of explosives used in the vehicle bourne explosive charge that was detonated in the 2011 attack on

Oslo. Christensen [36] assessed window breakage in the buildings around the detonation point to estimate the

pressure exerted upon the glass. Since the distance to the vehicle was known, a charge size could be estimated.

This correlated well with the actual amount quoted by the person responsible for the bombing.

2.12 Estimating Blast Parameters from the 2020 Beirut Explosion

On the 4th August 2020, a large explosion occurred from Ammonium Nitrate stored at a warehouse at the

Port of Beirut in Lebanon. There were at least 218 fatalities and 7,000 injuries, as well as extensive property

damage. Due to the sheer size of the explosion, it naturally made headlines around the world. As such there

was a flurry of activity to predict the amount of explosives detonated in the explosion. This section discusses

some of the techniques used to estimate the blast parameters in the incident.

Prior to the explosion at the Port of Beirut, there was a large fire. Due to the nature of accidents and

incidents, there was significant public interest in the large fire, meaning that many videos were taken capturing

the moment of detonation on camera. Johnson and Cronin [87] conducted analysis of video recordings to

predict a TNT equivalence of the Ammonium Nitrate stored. They were able to do this as when a shock

wave is generated in a humid atmosphere, the rarefaction can result in the water vapour condensing out of the

atmosphere to cause a mist. As the detonation occurred at the port, in very close proximity to the surface of
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the sea, the shock wave was clearly visible as it moved across the water, along with the rarefaction following

it (Figure 2.32[87]). Using buildings in the foreground of the explosion as a method to calculate scale, it was

possible to calculate the velocity of the shock wave and the leading edge of the mist. The speed of the shock

wave and the rarefaction was plotted against time using the video footage to produce an average speed of 335

m/s. The distance between the rarefaction and the shock wave from this graph can be used to produce the

positive phase of the pressure wave as rarefaction occurs when the air pressure drops below ambient and the air

temperature drops. When temperature drops to below the dew point, condensation will occur and a mist form.

Using weather data available from the day, Johnson calculated an 80 mbar drop would be required to cause

the rarefaction to occur. Using the positive phase duration and shock wave speed, Johnson determined that

the Ammonium Nitrate detonated with a TNT efficiency of between 30 and 42%, equalling a TNT equivalent

charge weight of between 825 and 1150 tonnes.

Figure 2.32: Stills from video footage showing the shock wave and rarefaction moments after the detonation
[87]

Rigby et al. also used video footage in the determination of blast parameters to estimate the yield of the

explosion [127]. As previously mentioned, many residents of Beirut were filming the fire at the time that it

detonated and those recordings were very quickly uploaded on to public available social media. Rigby et al.

[127] used 16 videos and quantified the time of arrival of the blast at 38 locations across the city. The time of

arrival was determined by measuring the delay between the moment of detonation, seen as bright flash, and

the visual disturbances or audio spike of the shock wave arriving at the locations. Using Kingery and Bulmash

semi-empirical predictions, they best estimated the explosive yield to be 500 tonnes TNT Equivalent, with

an upper limit of 1120 tonnes. Stennett et al. [145] used the same method using public videos and Google

Street View to determine the position of the observer’s camera to produce values for the time of arrival from

6 videos. This produced a best estimate of 637 tonnes TNT Equivalent with an upper limit of 960 tonnes -

comparable with that calculated by Rigby.
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Aouad et al. [8] also utilised video footage of the blast, but concentrated on the fireball evolution, tracking

the shock from in the first 170 milliseconds of the explosion. This produced a much lower value for TNT

Equivalent charge than Johnson and Rigby of approximately 200 ± 80 tonnes. This was however in agreement

with the lower limit of Dewey’s predictions, whom, using the data from Rigby et al. [127], calculated shock

Mach number and peak hydrostatic overpressure behind the shock front to produce a TNT Equivalent charge

of between 150 and 700 tonnes [46]. Pasman et al. [111] utilises three different methods of estimating the

TNT equivalence of the blast: crater size, damage to nearby structures and, like previous papers, the time of

arrival. The results of these three analyses provide a best estimate of 650 tonnes with an uncertainty range

of 300 to 700 tonnes. Díaz [50] conducted fireball analysis from four videos to estimate the radius size of the

fireball to produce a best estimate of 600 tonnes with an uncertainty of ± 300 tonnes.

This section has shown that there are many methods available to provide estimations for TNT equivalence

from a blast, which, post-incident, is one of the key questions to be answered. The results have shown that

there is no one single methodology that is best suited for estimating the equivalence, showing that even when

working from the same data (such as with Rigby and Dewey), differing values can be produced based upon the

methodology utilised and the parameters compared to, highlighting the importance of accurate experimental

data where the constants are known and well tested and validated models.

2.13 Summary

This chapter has reviewed the basis of experimental blast trials and the outputs produced. It has considered

the way in which blast measurements are produced and reviewed literature and equations for the basis of these

measurements. This chapter also discussed the influences in a blast test such as geometries, explosive choice

and TNT equivalence.

The deficiencies in blast testing have also been discussed and ways to avoid or mitigate these have been

the basis of this thesis. Whilst studies of experimental data are numerous, many are based on a single or a

small number of experimental trials and often produce data values that are presented without the necessary

detail as to the data gathering process or the setup. The consequence of using poorly gathered or unsuitable

data can lead to inaccurate conclusions for both blast mechanics assessments and, more critically, for real-life

threat assessments. For example, Benselama et al. [15] used experimental data from a small scale experiment

conducted by the UK HSE [29] to validate a numerical simulation of a PE4 explosive charge detonating in a

real world full size congested site.

This chapter also discussed how understanding of blast parameters can be used to calculate TNT Equival-
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ence in incidents such as Buncefield, Beirut and the Oslo terrorist attack. Using known parameters against

computer models and trusted equations allow for assumptions to be made on charge size and type in an

incident.

This literature review highlights a few important assumptions: validation of the scaling law, validation of

the numerical simulation and assumption of valid experimental data. As emphasised by Bowles et al. [25],

computer models predicting blast loads used to design buildings, develop blast mitigation, restrict traffic and

plan for evacuations require ‘voluminous, high-quality, experimental data’ which if not accurate and reliable,

can result in poor quality studies that may have disastrous consequences.
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3 Spadeadam Historical Data Review

The author has been conducting explosive trials since 2015 and collecting pressure and impulse data from a

variety of target distances (or stand-offs). These tests have ranged in purpose and size from small 1 kg tests to

640 kg tests with a variety of explosive types and set-up. By far the most common charge size for an explosive

test is a 100 kg TNT equivalence blast and, as such, the author has chosen to review the data from these tests

as part of a historical data review.

3.1 Test Setup

The trials considered in this data review all consisted of the same basic setup. This involved a single 100 kg

TNT Equivalent charge at the centre of an arena. The explosive type, mass and geometry remained identical

for each test. The charge was initiated with a non-electric detonator initiated by shocktube. The value of TNT

equivalence used for all these explosives was the same, based upon tests carried out in 2001 at Spadeadam

[Reference redacted]. The centre of the charge was located at 1.2 metres above ground by supporting it on top

of styrofoam blocks. The styrofoam blocks were placed on a 75 mm thick steel charge plate (also called a blast

mat) on top of a 100 m × 100 m concrete test pad. The blast mat aims to reduce energy loss through crater

prevention, this also assists with preventing damage to the test pad. This test setup matches the requirements

of ISO 16933 [1] and the Protected Spaces Test Standard [redacted] and can be seen in Figure 3.1. Test Pad

C, where these tests were conducted, is located at DNV Spadeadam Research and Development in Cumbria,

UK at an altitude of 258 metres above sea level.
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Figure 3.1: Typical explosive setup of a 100 kg TNT equivalent arena trial

The pressure-time curves were produced through reflected and incident gauges fielded in the blast arena.

These were typically alongside targets under test for specific purposes such as those mentioned in Section 1.1.

Reflected gauges were mounted in nylon discs fixed to the front face of reinforced concrete blocks that could

be stacked to produce a large reflected surface. The gauge block final size varied for these trials between 2

m × 2.5 m and 3 m × 3.5 m depending on whether the ‘large’ gauge block or the ‘medium’ gauge block was

used. In trials where it was necessary to measure reflected pressure at more than one distance, both gauge

blocks were fielded. In trials requiring just one reflected stand-off distance, just the large gauge block was

used. Gauge blocks are instrumented with a minimum of 3 pressure gauges to a maximum of 9. These are

installed in nylon mounts as per Figure 3.2. Nylon mounts are used to prevent movement of the gauge when

subjected to the shock wave. The desired position for the gauge block is measured from the centre of the

charge plate using a long tape, with the blocks then positioned using a telehandler.
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Figure 3.2: Gauge setup of the ‘medium’ gauge block

Incident measurements are recorded in the same format as reflected pressures but, instead of a gauge

installed in the gauge block, the gauge is installed into a nylon mount on a large streamlined disc. These are

known as pancake gauges. The streamlined ‘pancake’ is to produce a laminar flow of the shock wave as it

passes the gauge, producing a smooth pressure-time curve. These large discs are housed on heavy metal stands

that can be positioned around the test arena. Guidance on setting up gauges can be found directly from the

gauge manufacturer PCB [160, 161]. The distance from the centre of the charge plate to the required incident

gauge stand-off is measured using a long tape and marked on the ground. The gauge at the centre of the disc

is lined up with this mark, with the face of the disc side-on to the direction of blast propagation. Where there

are multiple measurements to be made, gauge stands are lined up facing the blast radially around the charge

as seen in Figure 3.3.
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Figure 3.3: Incident pressure gauges fielded radially for an arena blast

Both the gauges installed in the pancake stands and those installed in the gauge block are PCB 113B26

gauges. These gauges are specifically designed for use in blast wave measurements. Further specific information

on the gauge can be found in the product specification and user manuals supplied by PCB [160, 161]. These

are connected with microdots and the signals fed back to amplifiers through coaxial cable. Amplifiers are kept

as close as possible to the gauges, usually in protected sangars where they will be unaffected by the blast.

The amplifiers connect back to HBM high-speed loggers, connected via Ethernet links to a laptop running the

logging software Perception. The loggers were either triggered manually upon exit of the area prior to the

blast or by remote desk-top from a remote control room and triggered prior to ignition of the charge. Also

fed back to the loggers is a trigger cable, which is a length of coaxial cable connected to a 24 volt trigger

box. The cable is twisted and the ends separated and taped directly onto the explosive charge. When the

charge detonates, it melts the insulation surround causing the cable to make a circuit and presenting a 24 volt

signal on the logger. This produces a very accurate time at which the detonation wave reaches the edge of the

explosive charge, against which the data from the pressure gauges can be zeroed during processing. This may

produce very small delays in the true time zero due to the time taken for the shock wave to pass through the

explosive charge.

There are other methodologies for collecting pressure data that are not currently utilised at Spadeadam,
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many of which are reviewed in depth by Draganic et al. in his overview of methods for pressure measurement

in blast loading for field tests as well as laboratory style tests such as use of a Shocktube [52]:

• Hopkinson Pressures Bars - this was a technique originally developed by Hopkinson and presented in

1913 [76]. It has since seen a resurgence in use, particularly for the measurement of near field pressure

measurements [153, 56]. Tyas presents a comprehensive study of the use of Hopkinson Pressure Bars

in work conducted on the University of Sheffield Characterisation of Blast Loading (COBL) test facility

[153, 154].

• Optical fibre based sensor - MacPherson et al. [105] utilised the hydrophone optical fibre based pressure

sensor that operates from the change in optical path length caused by pressure via the strain optical effect

and the dimensional changes in the optical fibre sensing element. The initial test programme showed a

‘high degree of correspondence’ between tests but stated that there were still some technical issues that

remain to be addressed.

• Held [75] describes a set up of momentum rods to measure the blast impulse. This is similar to the

ballistic pendulums (also described in Held’s paper and also by Dragnaic [52]) which have been used

since the mid 1700s as way to measure the velocity of bullets from a gun [130]. The pendulum system

measures the momentum from a blast by how far the shock wave moves the pendulum and can be used

to determine the impulse loading upon a structure. This system has also been used by Cloete and Nurick

[38] in conjunction with a centrally mounted Hopkinson Bar.

3.2 2015-2018 Data Review

Between October 2015 and October 2018, forty-eight 100 kg TNT Equivalent experimental tests of the ar-

rangement described in Section 3.1 were carried out at DNV Spadeadam. Pressure and impulse values were

recorded from a variety of different gauge types at varying distances equating to 333 reflected pressure readings

from reflected gauge blocks and 277 incident pressure readings.

Figure 3.4 to Figure 3.7 display the reflected and incident pressures and impulses collected during these

forty-eight trials.
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Figure 3.4: 2015-2018 reflected pressure values

Figure 3.5: 2015-2018 reflected impulse values
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Figure 3.6: 2015-2018 incident pressure values

Figure 3.7: 2015-2018 incident impulse values

3.3 Statistical Variations

To allow assessment of the data, the tables below give the Mean and Standard Deviation at stepped distances

from the experimental data. The distance 33 m has been chosen instead of 35 m as this is a distance commonly

used for compatibility with the Explosion Resistance of Curtain Walling Test Standard [redacted].
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Distance from
Explosive

Charge (m)
15 20 25 30 33 40 45 50 65 70

Pressure
(kPa)

Mean 306.32 167.33 99.99 54.38 57.75 40.05 32.57 28.04 21.40 20.07
Standard
Deviation 24.15 1.70 10.62 6.36 0.35 1.51 1.24 0.88 0.51 1.53

Impulse
(kPa.ms)

Mean 991.48 604.33 447.91 354.92 227.45 199.71 180.60 170.53 120.07 104.70
Standard
Deviation 80.38 27.01 57.01 159.07 5.05 8.24 7.15 24.74 18.85 3.48

Table 3.1: Mean and standard deviation from historical reflected pressure and impulse

Distance from
Explosive

Charge (m)
15 20 25 30 33 40 45 50

Pressure
(kPa)

Mean 108.73 60.38 40.48 29.18 26.23 19.44 15.63 13.33
Standard
Deviation

12.47 12.11 6.67 4.00 3.82 1.36 0.09 0.42

Impulse
(kPa.ms)

Mean 428.79 252.83 239.25 189.26 192.19 159.57 127.67 119.99
Standard
Deviation

90.91 43.48 34.73 45.56 29.90 29.63 18.98 13.50

Table 3.2: Mean and standard deviation from historical incident pressure and impulse

Table 3.1 and Table 3.2 both suggest similar findings in that as the stand-off distance approaches the near

field with a scaled distance of less than 4 mkg
1
3 , the standard deviation increases significantly compared with

the far field where the standard deviation is much lower.

The impulse for both reflected and incident data show a greater spread than that of the pressure data. The

reflected data are marginally better than the incident data. This could be due to the difficulties in recording

the incident pressure data, this is covered further in Section 4.1. Due to the nature of standard deviation,

where the value of the standard deviation scales with the values themselves, the Coefficient of Variation has

been calculated in Table 3.3 and shown graphically in Figure 3.8. The Coefficient of Variation (or CoV) is

calculated as the standard deviation divided by the mean [58]. The values are dimensionless and therefore can

be used to compare between the pressure and impulse.

Distance from Explosive Charge (m) 15 20 25 30 33 40 45 50 65 70
Reflected Pressure 0.08 0.01 0.11 0.12 0.01 0.04 0.04 0.03 0.02 0.08
Incident Pressure 0.11 0.20 0.16 0.14 0.15 0.07 0.01 0.03 - -
Reflected Impulse 0.05 0.04 0.13 0.45 0.02 0.04 0.04 0.15 0.16 0.03
Incident Impulse 0.21 0.17 0.15 0.24 0.15 0.18 0.15 0.11 - -

Table 3.3: Coefficient of Variation for historical pressure and impulse data
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Figure 3.8: Graph of Coefficient of Variation for historical pressure and impulse data

The Coefficient of Variations show a great deal of spread for all the measured parameters, but a consistently

high Coefficient of Variation for the incident impulse. Further critical review of this data can be found in Section

5.7 where it is compared to recent data and conclusions drawn.

3.4 Comparison with ConWep

It has already been mentioned in Section 2.8 that ConWep is a commonly used tool in blast parameter

assessment and predictions. ConWep was used to produce pressure and impulse values from a stand-off

distance of 10 metres up to 80 and 70 metres respectively for reflected and incident scenarios. The results

were plotted against the historical data and can be seen in Figure 3.9 and Figure 3.10.
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Figure 3.9: Comparison of historical reflected data with ConWep

Figure 3.10: Comparison of historical incident data with ConWep

These graphs show that in general ConWep is a suitable tool for the prediction of pressure data for both

reflected and incident data. A large variation of real data was shown at some of the common measurement,

distances falling both above and below the ConWep values, but most frequently below the calculated prediction.

For the reflected impulse data, the experimental values were consistently below the calculated ConWep value.
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This is very likely due to the clearing effect that was not considered during the measurement of the pressure

data, nor during the ConWep model, which involves an infinite reflected surface compared to the limited

reflected surface in the experimental trials. This is discussed further in Section 4.2. Another reason for the

lower impulse values may be due to the explosive type used. The explosive type used in this trial is not present

in ConWep data, which instead uses values of TNT for predicting the values. It has been shown in studies

[Redacted] that the impulse for this explosive is often up to 10% lower than predicted when the pressure value

is matched with that of TNT in ConWep.

3.5 Comparisons with Air3D

As discussed in Section 2.8, Air3D is one of the simpler computational methods for predicting blast parameters.

The trial set up was modelled in Air3D at stand-off distances matching those of the data set and equivalent

values produced. Unlike the ConWep method used in the previous section which modelled a fully reflected

face for the reflected measurements, the model created in Air3D included a 3 metre wide by 3.5 metre high

gauge block that replicated that used in the trial, and as such it is expected that the reflected impulse data

may show a better fit than that of ConWep. The results of the models have been plotted against the historical

data and can be seen in Figure 3.11 and Figure 3.12.

Figure 3.11: Comparison of historical reflected data with Air3D
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Figure 3.12: Comparison of historical incident data with Air3D

Much like ConWep, Air3D can be seen to be a suitable tool for the prediction of both reflected and incident

data. As expected, the impulse values that were below the ConWep prediction for reflected pressures fit more

closely with the Air3D prediction, almost certainly due to the model within Air3D that takes in to account

the effect of clearing around the gauge block. From the review of both of these models, it can be suggested

that both tools are adequate for simple predictions, with Air3D providing a more relevant prediction based

upon building the arena set up within the model that more closely matches the experimental setup, although

with the counter issue that the model can take a significant amount of time to produce results, especially if a

small cell size is used.

3.6 Conclusion

This chapter has identified significant variation in the blast test data that has been measured. In particular,

the poor accuracy of measurements taken close to the explosive charge have been discussed with the standard

deviation reducing for both pressure and impulse as the distance from the charge increases. The data review

has found a good comparison on blast pressure with that of ConWep for both reflected and incident data;

however the values for impulse were found to be under estimated for reflected impulse although this may be an

effect of the explosive used. The statistical variation seen in this chapter fits with the study from Bogosian et al.

[21] in which data from 11 experimental trials is discussed and compared to the significant data set gathered by
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Ohrt and Dailey from over 180 explosive trials consisting of both bare and cased explosive charges performed

at the Air Force Research Laboratory. In their analysis, Bogosian provided findings of higher uncertainty for

peak pressure over impulse, comparable uncertainty for reflected and incident measurements and decreased

uncertainty with increased stand-off. Much like the data seen in this chapter, Bogosian also noted that even

gauges placed very close together or at the same stand-offs did not produce true repeat measurements. No

detail has been provided by Bogosian for reasons for the uncertainties seen in their study.

Farrimond et al. in a review of variability of blast wave parameters [61] described findings by Tyas [154],

Rae and McAfree [119] and Rigby et al [126]. These findings described three ranges of scaled distances where

the shock wave front behaved differently. The data reviewed in this chapter all falls within what they classified

as the far field: a scaled distance of more than 2 mkg−
1
3 . The researchers hypothesise that in this area,

the instabilities at the shock front experience large growths giving rise to more chaotic behaviour which in

itself can lead to variability in measurements. Farrimond explains that these instabilities occur when the

detonation products expand and compress the surrounding medium until the medium’s pressure exceeds that

in the fireball, but where the air density is still significantly lower [150].

The following chapter considers many of the factors that can impact the blast loadings and makes recom-

mendations for adjustments that can be made to provide more accurate and reliable data.
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4 Complex Considerations

In the historical data review in Section 3, it is suggested that there are many blast parameter sensitivities that

need to be considered with the aim of reducing the variability and improving the accuracy of the data produced

in an experimental trial. In this chapter, topics are discussed that strongly impact upon these parameters with

the aim of improving best practice for data gathering in experimental tests. This includes gathering pressure

data to assess the type of gauge and position that is used to measure incident pressure data and the way in

which the reflected pressure can be affected by target size. Through understanding of the sensitivities, it is

hoped to mitigate the variation of the blast parameters in measurements taken in arena blast trials seen in

Section 3.

4.1 Incident Gauge Type Analysis

Historically at Spadeadam, incident pressure loading has been measured using pancake gauges as seen in

Figure 4.1. In the late 2000s, a commercial client requested the use of bullnose gauges (Figure 4.2) for trials.

More recently pencil gauges (Figure 4.3) have become common place in test arenas. The pancake gauge and

bullnose gauges are positioned perpendicular to the shock wave so that the streamlined housing lines up with

the direction of travel of the shock wave with the aim to measure a distortion free pressure. The pencil gauges

are aligned with the direction of the shock wave propagation. Description of how the gauges are set up and

measurements taken can be found in Section 3.1, used in conjunction with information on the gauges direct

from PCB [114, 113].

Figure 4.1: Pancake gauge
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Figure 4.2: Bullnose gauge Figure 4.3: Pencil gauge

A single 100 kg trial was carried out to compare the responses of these three gauges at up to four different

stand-offs from the trial. The charge was set-up at 1.2 m above ground level on a polystyrene block resting

on a steel plate to prevent damage to the concrete pad. The pad is a stable consistent base to ensure minimal

loss due to absorption of the shock wave from the ground. Nine pancake gauges, three pencil gauges and three

bullnose gauges were laid out radially at distances of 10, 15, 20 and 25 metres from the charge centre as seen

in Figure 4.4.
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Figure 4.4: Arena layout for gauge type assessment

A single trial was carried out to ensure that the data collected had identical atmospheric, logging and

cabling conditions in order to minimise variables that may affect the data recorded. The data was logged at

a sampling frequency of 200 kHz. Each gauge was calibrated prior to the trial. Table 4.1 displays the gauges

that were positioned in the trial, the type of gauge and the distance placed from the charge in metres.

Gauge Number Gauge Type Distance from Charge (m)
1 Pancake 10
2 Pancake 15
3 Pancake 20
4 Pancake 25
5 Pencil 15
6 Pencil 20
7 Pencil 25
8 Bullnose 15
9 Bullnose 20
10 Bullnose 25
11 Pancake 15
12 Pancake 20
13 Pancake 25
14 Pancake 10

Table 4.1: Gauge type and distances for trial

Figure 4.5 displays the results from the trial. Apart from an outlier (P3 at 20m) from one of the pancake

gauges, the different gauge type did not produce significantly different peak pressures when the exponential

curve fitting method was used to determine the peak pressure. However, when studying the individual curves
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(Figure 4.6 - Figure 4.8), the bullnose gauges tend to produce much noisier curves and the pancake gauges

appear to overshoot the initial peak. It is for both of these reasons that the exponential curve fit method is

used to find the peak overpressure from the blast.

Figure 4.5: Gauge type overpressure vs distance

Figure 4.6: Pencil gauge pressure-time curve from P7 at 25m
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Figure 4.7: Bullnose gauge pressure-time curve from P10 at 25m

Figure 4.8: Pancake gauge pressure-time curve from P13 at 25m

Overall, it was concluded that the pencil gauges produced slightly better pressure curves and because of

this will be predominantly used in the future trials at Spadeadam. Bullnose gauges will not be used in future

trials. What is noticeable on all of these curves is the presence of an initial sharp peak at the time of arrival,

before the trace settles down in to a curve.

67



4.1 Incident Gauge Type Analysis 4 COMPLEX CONSIDERATIONS

The shock wave from an explosive charge can result in a temperature rise which has been shown by PCB,

the makers of the piezoelectric pencil gauges, to cause false negative pressure drift even when the temperature

rise is only approximately 10ºC [161] as seen in Figure 4.9 where the pressure does not return to ambient.

Figure 4.9: Negative pressure drift on a pressure-time curve [160]

Walter [160] noted that through the use of a tight wrap of black electrical tape around the sensor, the

heat transfer into the sensor is delayed until the shock wave passage is complete, which helps to reduce this

false negative drift. This was investigated further by DNV [80] after there was evidence of issues with gauges

measuring high magnitude shock waves. This study of work compared the ability of PCB transducers and

Kulite transducers mounted in close proximity to measure the shock wave produced from a 0.5 kg PE4 explosive

charge. Since these gauges were frequently used for longer duration gas explosions as well as high explosive

tests, further thermal protection was investigated using silicon grease and aluminium foil over the gauge face.

It was concluded from the thirteen tests carried out that the Kulite gauges are not necessarily suitable for the

short duration high explosive tests due to their response time. It was also found that the noise levels were

excessive compared to the pressure magnitudes being measured and that, although this could be filtered out,

this would further affect the response time. From the data, the author concludes that for short duration high

explosive tests, the use of silicon grease and foil is unnecessary if the gauge was outside the fireball region,

but tightly wrapped black tape has the potential to aid the effectiveness of the reading through reducing

thermal load onto the gauge and preventing the negative pressure drift seen by Walter [160] in Figure 4.9.
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This conclusion was also carried over onto the reflected pressure gauges.

4.2 Reflected Pressure Loading and Shock wave Clearing

For reflected pressure predictions, Kingery and Bulmash [44] assumes an infinite reflecting surface perpen-

dicular to the shock wave. In an experimental blast test, it is clearly impossible for an infinite structure to

exist and, as such, shock wave clearing will occur. Clearing occurs when a shock wave reaches the edges of a

structure and rarefaction waves are moved along its free edges and propagate back towards the centre of the

front face, with the effect of reducing the overpressure loading and thereby reducing the total positive phase

impulse on the structure. The closer the edge of the structure to the point of measurement, the larger the

impact is of clearing [123].

Figure 4.10: Diffraction of a shock wave around a finite structure [123]

The impact of this reduced impulse can be seen in Figure 4.11 where the cleared pressure drops away after

matching the initial peak reflected pressure while duration remains the same.
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Figure 4.11: Example pressure-time curve for a cleared structure [123]

Figure 4.12 shows the peak pressure to be the same as the ConWep prediction, but the impulse is drastically

below the prediction. This result was produced from a pressure gauge mounted at the centre of a 3 metre

wide by 3.5 metre high concrete block structure (Figure 4.13) exposed at a set distance from a 100 kg TNT

equivalent blast; with the ConWep prediction calculated from the same charge size and stand-off, but upon an

infinitely reflecting structure. It can be seen that, although the time of arrival and peak pressure are consistent

with the ConWep prediction, and that the pressure-time trace follows the prediction for approximately the

first 3 ms, after this time the clearing wave arrives causing the pressure to drop off, resulting in the impulse

almost half that of the prediction due to the effect shown in Figure 4.10. This estimate of the magnitude

of the impact relies on the assumption that ConWep is accurately predicting the blast pressure and impulse

correctly.
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Figure 4.12: Effect of shock wave clearing on a finite structure compared to ConWep predictions

In full scale arena trials, the clearing effect is usually mitigated by enlarging the reflected target (Figure 4.14)

so that the shock wave behaves more as though it is interacting with an infinite target.

Figure 4.13: Gauge block with no clearing mitigation
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Figure 4.14: Enlarged gauge block to mitigate the clearing effect

The time to clearing (tc) is given in UFC-3-340-2 [158] as:

tc =
4S

(1 +R)Cr
(4.1)

where S = clearing distance, equal to H or W/2, which ever is the smallest, H = height of the structure, W

= width of the structure, R = ratio of S/G where G is equal to H or W/2 which ever is larger and Cr = sound

velocity in the reflected region. This equation produces an average clearing time by modelling the clearing

across the whole target face. This is just one possible equation for clearing, an extensive study of clearing can

be found by Rigby [123] and includes experimental studies conducted by the University of Sheffield on clearing

effects [155, 156]. Further discussions can be found by Smith et al. [143, 132] and Johnson [89]. Based on 4.1,

where possible the gauge block was installed and built to be of a size that matched the target size or, if the

target was too large, constructed as large as was practical to build.

4.3 Positioning of Targets in an Arena

When deciding to conduct a blast test, cost is a huge factor, leading to the temptation to place as many targets

as possible around a single explosive blast in order to produce as much data as possible. This itself can have a

detrimental effect upon the testing that is conducted as interactions between targets can affect blast loading
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so that the results may not be realistic or relevant. A study conducted over a number of trials at Spadeadam

by Payne et al. [112] on behalf of what was at the time the Home Office for Centre of Applied Science and

Technology (now part of DSTL) involved both experimental measurements and comparable computer models

to identify the effects on blast pressure and impulse of targets that may be placed too close together, whether

at the same distance from the charge or a staggered distances from the charge. The output of this study was a

series of tables showing recommended angular separation distances for between targets in an arena blast at 0%

(Figure 4.15), 2% or 5% interference between targets, along with the conclusion that, as a general estimation,

a 45° separation angle corresponds well to the limit of interference between targets. For any further testing

conducted at Spadeadam, this rule was taken in to account to ensure that pressure gauges (both free field and

reflected installed in a gauge block) and targets were placed at an appropriate distance from each other to

ensure no interference on pressure and impulse.

Figure 4.15: 0% Threshold - Recommended separation distances from Payne [112]

4.4 Weather Impacts

UFC 3-340-02 states that ‘the pressure varies as a function of sound velocity with altitude above the ground

surface’ [158]. Although it does emphasise that this is more of an issue with significantly larger scaled distances

upwards of 60mkg−
1
3 , Swisdak [148] noted that air blast pressures should be corrected based upon altitude

above sea level, but these calculations generally consider altitudes of up to 100,000 feet (30,480 metres).
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Spadeadam is located at approximately 258 metres above sea level and therefore it has been decided not to

adjust the data measured based on the UFC or Swisdak suggestions as they would generally be considered

more appropriate for free air explosions at high altitude. If comparison is needed between data from multiple

tests performed in significantly different environments such as sea level or altitude, tropical or arctic style

conditions, this may become more relevant and further investigations should be conducted.

When conducting blast testing at Spadeadam, the author recorded the weather conditions at the time of

firing. Particularly for commercial testing, and when testing to a standard, it is part of the requirement to

record altitude and the weather conditions at the time of firing. It is also important to consider the weather

conditions effect upon the target under test, especially in the case of glass, where for example even the same

pane of glass may respond differently depending on the air temperature due to the PVB interlayers, to ensure

that it is being tested in the appropriate operating conditions and not conducted in unrealistic conditions.

When calculating Energy Flux (Section 2.7.1), this involves calculating the characteristic impedance or particle

velocity (Section 2.7.1), both of which take in to account the air temperature, humidity and pressure at the

time of firing and as such accounts for the variations in firing conditions. Generally these are calculated using

equations as shown in the previous section, although there have been recent research in experimental methods

of determining particle velocity. Jenkins et al. [83] used Particle Image Velocimetry to obtain high resolution

images of particles in explosive trials, although noted it was of more use for identifying particle phenomena

rather than determining fluid velocities in the surrounding gas.

4.5 Conclusion

This section has investigated the sensitivities that impact the outputs of explosive blast testing. A gauge

type analysis was conducted using three different types of incident pressure gauges - pancake, bullnose and

pencil. The recommendation from this analysis is to use blast pencils where possible as they were easier to

position and provided less noisy curves that fitted well with the predicted Friedlander Curve. A study was

also conducted to investigate how best to protect gauges from the temperature rise caused by the blast and

recommendations made to provide heat insulation on both reflected and incident pressure gauges in arena

trials.

The impact of the clearing effect on reflected pressure gauge readings was investigated further through the

use of an enlarged gauge block, after the smaller, previously used, gauge block was showing obvious impact

from the clearing wave. Recommendations for reflected pressure measurements going forward are to use the

largest gauge block possible unless the gauge block is mirroring a specific target for matching pressure gauges.
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Where this is the case, it should be anticipated that the impulse measurement will be affected by clearing

effects.

The arrangement of an arena was discussed to note that the positioning of targets in an arena can have an

effect on the pressures exerted upon them. It was noted from trials conducted at Spadeadam that, as a general

rule, a 45° separation angle corresponds well to the limit of interference between targets. This recommendation

will be implemented for all arena blast testing at Spadeadam.

Through understanding of these blast sensitivities, these investigations will help to mitigate the variation

of the blast parameters in measurements taken in arena blast trials. The next sections investigate the impact

of implementing these considerations for limiting the sensitivities of blast parameters.
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5 Recent Data Review

Section 4 discussed some of the issues that impact the sensitivities of blast loading measurement. To assess if

the sensitivities can be reduced by improved practices, this chapter reviews more recent data obtained where

the practices suggested in Section 4 have been implemented.

5.1 Adjusted Setup

To account for the clearing wave for the reflected pressure targets, larger structures were provided. This

involved additional concrete culverts placed alongside the gauge blocks with the effect of enlarging the reflected

targets, resulting in the pressure-time curves being unaffected by the clearing wave. Further care was taken in

the placement of targets to ensure that there was no interaction between targets that may affect the pressure

wave. For incident pressure measurements, PCB Pencil gauges were used where possible and backed up with

pancake gauges if there were insufficient numbers of pencil gauges available. On top of this, the stand-off

distances have been further reviewed. Traditionally the distances at which targets were set at were based

upon test standards and set distances e.g. a C25 protected spaces test equated to 100 kg at 25 metres, which

can fail to meet the specific pressure and impulse required by the standards. To ensure more accuracy, the

targets were modelled in Air3D to provide more accurate target stand-off distances for explosive tests resulting

in a greater spread of distances.

5.2 2019 - 2021 Data Review

From 2019 to 2021, a further 29 100 kg TNT equivalent tests were conducted at DNV Spadeadam. These all

used the same explosive set-up in terms of explosive type, explosive mass and explosive geometry. Pressure,

impulse, time of arrival and positive duration values were recorded from a variety of different gauge types

at varying distances equating to 102 reflected pressure readings from reflected gauge blocks and 151 incident

pressure readings. The explosive charges were all spherical and placed at a height of 1.2 metres from ground

level on polystyrene foam blocks resting on a 75mm steel blast mat to prevent energy loss due to cratering.

The distances were usually determined using Air3D to meet specific pressures and or impulses and as such are

not always round numbers. Additionally, other tests have been conducted using ANFO and PE4, but these

are not displayed in this data review and will be considered in Sections 6 and 7.

Figure 5.1 to Figure 5.8 display the reflected and incident pressures, impulses, time of arrivals and positive

durations collected during these twenty-nine trials.
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Figure 5.1: 2019 - 2021 reflected pressure values

Figure 5.2: 2019 - 2021 reflected impulse values
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Figure 5.3: 2019 - 2021 reflected time of arrival values

Figure 5.4: 2019 - 2021 reflected positive duration values
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Figure 5.5: 2019 - 2021 incident pressure values

Figure 5.6: 2019 - 2021 incident impulse values
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Figure 5.7: 2019 - 2021 incident time of arrival values

Figure 5.8: 2019 - 2021 incident positive duration values

5.3 Statistical Variations

The tables below give the mean and standard deviation at stepped distances from the experimental data. The

distances chosen for these tables are based on the most commonly occurring stand-off distances from the trials.
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Distance from
Explosive Charge (m) 15 20 24 30.5 33.5

Pressure
(kPa)

Mean 309.36 133.21 94.93 60.55 54.37
Standard
Deviation 14.97 3.58 2.81 1.19 0.21

Impulse
(kPa.ms)

Mean 992.38 675.88 556.92 455.15 421.72
Standard
Deviation 19.85 24.77 12.16 4.58 5.25

Time of
Arrival
(ms)

Mean 17.51 30.67 40.46 54.90 63.87
Standard
Deviation 0.48 0.03 0.16 0.01 0.11

Positive
Duration
(ms)

Mean 9.38 11.71 16.09 18.59 16.78
Standard
Deviation 0.97 0.30 0.78 1.12 0.49

Table 5.1: Mean and standard deviation from 2019 - 2021 reflected pressure, impulse, time of arrival and
positive duration

Distance from
Explosive Charge (m) 15 21 25 29 33.5 60 77.5

Pressure
(kPa)

Mean 108.33 50.13 42.87 30.40 26.13 10.35 9.14
Standard
Deviation 6.59 3.58 1.72 2.13 2.72 1.65 0.84

Impulse
(kPa.ms)

Mean 410.36 296.06 272.63 219.32 200.99 133.70 91.08
Standard
Deviation 18.36 8.76 13.81 13.53 14.21 17.20 3.03

Time of
Arrival
(ms)

Mean 17.61 33.03 40.99 53.66 67.12 131.60 178.54
Standard
Deviation 0.35 0.36 0.43 0.07 0.68 2.50 0.66

Positive
Duration
(ms)

Mean 11.02 14.62 14.51 17.42 19.05 23.40 21.76
Standard
Deviation 0.62 0.83 1.80 0.79 1.85 0.23 0.64

Table 5.2: Mean and standard deviation from 2019 - 2021 incident pressure, impulse, time of arrival and
positive duration

Much like the pre-2018 data, Table 5.1 and Table 5.2 show the spread of data for pressure and impulse is

larger closer to the explosive charge than further into the far field; this is as expected as the standard deviation

will naturally be larger, with larger values. For this reason the Coefficient of Variation is displayed in Table 5.3

and Table 5.4 to allow direct comparisons to be made. A comparison with the historic data can be found in

Section section 5.6. For both reflected and incident data, the time of arrival and positive durations standard

deviations are consistently low at all distances. The time of arrival is certainly shown to be more repeatable

compared to the other parameters as was also the case in the University of Sheffield data review [61]. Although

there is still a spread of data, this appears to correlate well with the analysis by Karlos et al. [91] that shows

a smaller spread and standard deviation for overpressure and time of arrival, and a much wider spread for
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positive duration. Karlos et al. put this down to the difficulty in calculating the positive duration from the

experimental data - stating it is hard to accurately define from a recorded pressure signal the point at which

the blast pressure becomes equal to the ambient value. From the data set in this chapter, this difficulty was

mitigated through the curve fitting of the modified Friedlander exponential decay curve which gives a definitive

value at which the curve returns to ambient.

The impulse data for both the reflected and the incident measurements still show a wide spread but,

utilising calculations of the Coefficient of Variation, the extent of variability in relation to the mean of the

population can be shown [58]. Table 5.3 and Table 5.4 display the values of CoV for the values calculated in

Table 5.1 and Table 5.2.

Distance from Explosive Charge (m) 15.0 20.0 24.0 30.5 33.5
Pressure 0.048 0.027 0.030 0.020 0.004
Impulse 0.020 0.037 0.022 0.010 0.012

Time of Arrival 0.027 0.001 0.004 0.000 0.002
Positive Duration 0.103 0.026 0.048 0.060 0.029

Table 5.3: Coefficient of Variation for reflected data

Distance from Explosive Charge (m) 15.0 21.0 25.0 29.0 33.5 60.0 77.5
Pressure 0.061 0.071 0.040 0.070 0.104 0.159 0.092
Impulse 0.045 0.030 0.051 0.062 0.071 0.129 0.033

Time of Arrival 0.020 0.011 0.010 0.001 0.010 0.019 0.004
Positive Duration 0.056 0.057 0.124 0.045 0.097 0.010 0.029

Table 5.4: Coefficient of Variation for incident data

These calculated Coefficient of Variations show that, although there was a larger spread of impulse data,

the variation is not dissimilar to that of pressure or positive duration. Time of arrival was shown to be the

least variable. There were no obvious trends between the values closer to the charge and those as the stand-off

increased, although there is less variation for reflected data than incident data.

5.4 Comparison with ConWep

As in Section 5.4, ConWep was used to model pressure, impulse, time of arrival and positive duration values

for a stand-off distance from 10 m up to 80 m for reflected and incident pressures of 100 kg TNT spherical

explosive charges. The reflected model in ConWep assumed an infinitely reflected surface. The results were

plotted against the experimental data and can be seen in Figure 5.9 and Figure 5.10.
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Figure 5.9: Comparison of 2019 - 2021 reflected data with ConWep

Figure 5.10: Comparison of 2019 - 2021 incident data with ConWep

From these graphs it can be seen that the majority of data is a good fit with the ConWep data. The

exception here is the positive duration which, for both reflected and incident data is consistently low at all

distances. The impulse is slightly lower closer to the explosive charge. Johnson and Claber [88] state in their

paper that for close-in explosions on targets, ConWep produces non-conservative predictions for free air as
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well as for near air blasts. It is likely that for the positive duration and the impulse that this is again due

to the explosive type. If the positive duration and the impulse are the main target factors, the author would

recommend to increase the charge size in order to closely match this explosive type to TNT, although this

would of course cause higher pressures and earlier times of arrival. This reaffirms the issue mentioned in

Section 2.4 where a single value of TNT equivalence may not be suitable for producing equivalent pressures

and impulses. The incident measurements in the far far-field (60 metres or a scaled distance of 12 mkg−
1
3 ),

have a wider variation than closer in. The author suspects this maybe due to experimental setup where the

accuracy of measurements is harder to control the larger the distances being measured. If the incident gauges

are not at the exact measurement position or are misaligned by more than a degree, this would impact the

pressure, impulse, time of arrival and positive duration measured. This is further confirmed in a study by

Rigby et al. [124].

5.5 Calculating Uncertainty Factors

In 2014, Bogosian et al. [21] published a paper analysing statistical variation of air blast parameters in a series

of experimental trials conducted in the USA. Bogosian developed a methodology for calculating an uncertainty

factor based on the assumption of a normal distribution of the data in logarithmic space. Bogosian developed

the following steps for calculating an uncertainty factor:

1. Calculate the natural logarithm of each data point

2. Calculate the mean m and the standard deviation σ of the logarithm data set

3. Calculate the mean as the exponential of the average value

4. Calculate the upper and lower bounds on the data as the exponential of (m± 2σ)

5. Calculate the uncertainty factor as a ratio of the upper bound to the average

This methodology was used and applied to the data set in this chapter for incident and reflected pressure,

impulse, time of arrival and positive duration. Where there were only one or two measurements at a specific

stand-off, these values have not been included in this uncertainty factor calculation.
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Figure 5.11: Uncertainty factors of reflected data

Figure 5.12: uncertainty factors of incident data

Much like the Coefficient of Variation values and the standard deviation, it can be seen that the time of

arrival shows very low uncertainty (1.01 for incident measurements and 1.007 for reflected measurements),

particularly when compared to other parameters, especially the positive duration (1.1 for incident and 1.07

for reflected). For both incident and reflected data, there is slight evidence that the uncertainty increases in
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all parameters closer to the explosive charge, but more data would be required at the smaller scaled distances

to be able to confirm this further. Bogosian stated from their historical data [21] that they had significantly

higher uncertainty factors for peak overpressure versus impulse data, but this is not evident in this current

data set, although it does agree that even closely spaced gauges do not produce truly repeat measurements.

5.6 Comparison with Historical Spadeadam Data

Conclusions from Section 4 were taken, particularly with regards to the gauge type for incident measurements

and the increased reflected surface size for the reflected measurements.

The same methodology used in Section 5.5 has been applied to the historical data to produce uncertainty

factors allowing direct comparison between data sets. Due to improved modelling that allowed for more

accurately planned distances for specific overpressures or impulses in the recent data set, there are a much

larger number of stand-off distances and therefore only values with corresponding stand-offs from the historical

data have been compared. Table 5.5 and Table 5.6 show the comparison in uncertainty factors for pressure

and impulse for reflected and incident data respectively. The number of data points for each stand-off has also

been included. Graphs showing the calculated historical and recent uncertainty factors have also been plotted

in figure 5.13 and figure 5.14 on the same scale to show the improvement of uncertainty.

Scaled Distance Pressure Impulse No. of Data Points
from Charge (m/kg

1
3 ) Pre 2019 Post 2019 Pre 2019 Post 2019 Pre 2019 Post 2019

3.23 1.17 1.10 1.17 1.04 54 7
4.31 1.02 1.05 1.09 1.08 3 3
4.74 1.04 1.03 1.17 1.02 9 3
5.39 1.26 1.02 1.30 1.00 59 5
6.46 1.24 1.04 2.27 1.02 13 3
6.89 1.31 1.06 1.26 1.08 6 6

Average 1.17 1.05 1.38 1.04 - -

Table 5.5: Uncertainty factors for reflected data
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Scaled Distance Pressure Impulse No. of Data Points
from Charge (m/kg

1
3 ) Pre 2019 Post 2019 Pre 2019 Post 2019 Pre 2019 Post 2019

3.23 3.93 1.13 1.54 1.09 16 12
4.31 3.01 1.05 1.42 1.04 24 3
4.52 1.51 1.07 1.03 1.06 3 9
4.74 2.04 1.20 1.03 1.08 3 5
4.96 1.21 1.09 1.02 1.04 3 3
5.39 2.51 1.08 1.38 1.11 76 5
5.82 1.23 1.04 1.25 1.08 3 3
6.46 1.95 1.11 1.74 1.23 41 3
7.11 1.86 1.08 1.36 1.07 27 6

Average 2.14 1.09 1.31 1.09 - -

Table 5.6: Uncertainty factors for incident data

Figure 5.13: Historical Uncertainty Factors
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Figure 5.14: Recent Uncertainty Factors

Table 5.5 shows that for both reflected pressure and impulse, there is clear improvement on the uncertainty

factors between the two data sets, especially at the further distances. This is also the case for the incident

data (Table 5.6) where the uncertainty factors are greatly reduced. However, it should be noted that within

the historical data set there are significantly more data points which would naturally be expected to produce

a greater variability and greater uncertainty. This can be seen for the incident data (Table 5.6) where there

are only a small number of data points at some of the scaled distances for pre-2019 data. When compared

with post 2019 data, the analysis shows an increased uncertainty factor for the impulse measurements in the

post 2019. The improvement is likely to be due to the increased gauge block size to mitigate the clearing effect

but also suggests that variation in gauge block size becomes less important once the gauge block is sufficiently

large to mitigate the clearing effect. There is also an improvement in the variation of incident data for both

pressure and impulse. This is likely due to the use of pencil gauges, instead of the pancake and bullnose

gauges, as they produce pressure-time curves which more closely match the actual curve. When compared

to the Bogosian conclusions [21], the average uncertainty for the recent data is significantly lower than those

calculated from the Bogosian data sets. The data set presented in this thesis also does not show the same

uncertainty difference between the peak pressure and the impulse presented in the Bogosian paper; Bogosian

found the peak pressure uncertainties were significantly higher than those for impulse, while in the author’s
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data both factors are very similar.

5.7 Conclusion of Data Review

The data comparison in Section 5.6 demonstrates that it is possible through the techniques discussed to signi-

ficantly improve the reliability and accuracy of the produced data through adjusted setups and measurements,

providing greater repeatability between trials regardless of stand-off. If a blast test can produce high quality

and repeatable data that takes into account the blast parameter sensitivities, it has the potential to be used

for different applications beyond validating the response of a target to an explosive charge. The following

chapters use experimental data that has been collected using the best practices mentioned in Section 4 for

further assessment of blast parameters. The improved accuracy of the data produced in the recent trials allows

for its further use in numerical and investigative studies as the data sets are more reliable, leading to more

credible studies. This analysis utilised 100 kg TNT equivalent charges only with identical charge geometries

which allows only limited conclusions to be drawn as the influence of the change in geometries can further

affect the sensitivities. The following chapter utilises the methodologies and practices reviewed to investigate

the change in charge size and whether the sensitivities are affected further.
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6 Do Sensitivities Change with Scale?

The previous sections dealt with 100 kg TNT equivalent explosive charges as the author had the largest quantity

of identical test set-ups with the same charge size and only varying the stand-off distances. As discussed in

Section 2.4.4, it is a common requirement to perform a scaled down version of a blast test, often due to cost

and feasibility. The Hopkinson-Cranz scaling law has long been used to calculate scaled up or down explosives

and distances. This section investigates if the most common and usable targeted blast parameter sensitivities

change with scale. This investigation of sensitivities changing with scale considers scaled distances of 2.43

to 12.93 mkg−
1
3 and investigates the changes in pressure, impulse, time of arrival and positive duration over

these scaled distances.

6.1 Experimental Study

Using data from trials carried out on the smaller scale by Blastech by the University of Sheffield and at the

larger scale by the author at DNV Spadeadam (utilising the good practice techniques referred to in Section 5)

to consider and validate the Hopkinson-Cranz scaling law. These trials covered a range of charge sizes from

0.22 kg up to 500 kg of PE4. A consistent explosive type was used to remove any inconsistencies that may

exist from comparing between Nitromethane, ANFO and PE4. Measurements were taken for reflected and

incident pressures at set distances. These measurements were then converted to their scaled equivalents using

the Hopkinson-Cranz scaling law and compared in order to validate the scaling law.

Table 6.1 gives the charge sizes and scaled distances that were recorded in the trials. The data for explosive

charges less than 1 kg was collected by Sheffield and only reflected measurements were taken. These were

hemispherical explosive charges located on a flat plate on the ground (Figure 6.1). Trials for explosive charges

greater than 1 kg were conducted at Spadeadam using spherical charges placed at 1.2 metres above ground,

except for the 640 kg charge which was placed 2 metres above ground. Explosive charges between 2.5 kg

and 15 kg were shaped in black plastic bags with electrical tape used to secure their shape (Figure 6.2). For

explosive charges larger than 15 kg, ABS plastic spheres were vacuum moulded to the correct size for holding

the appropriate amount of explosive; PE4 was then packed by hand into the lower hemisphere of the plastic

sphere before the top half was then attached and the rest packed in with the aid of a wooden baton (Figure 6.3).

Reflected and incident gauges were positioned at set distances from the centre of the explosive charge. Due to

their size and short distance from the ground, the shock wave can be considered hemispherical and so directly

comparable with the hemispherical explosive results from Blastech.
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Figure 6.1: Experimental setup at Blastech by the University of Sheffield [128]

Figure 6.2: Experimental setup at Spadeadam by the author and DNV
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Figure 6.3: The author packing the 640 kg PE4 explosive charge into a plastic sphere

Table 6.1 displays the charge sizes, stand-off distances (in metres and as the scaled distance based on the

Hopkinson-Cranz scaling law) and type of measurement (incident or reflected) used in this scaling analysis.
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TNT Equivalent Charge Size (kg) Distance from
Charge (m)

Measurement
Type

Scaled
Distance

0.22 4 Reflected 6.63

0.3 4 Reflected 5.98
6 Reflected 8.96

0.35 6 Reflected 8.51

0.42 4 Reflected 5.34
6 Reflected 8.01

2.5

6 Incident 4.42
9 Incident 6.63
9 Reflected 6.63
12 Incident 8.84
15 Reflected 11.05
15 Incident 11.05
18 Incident 13.26

10

6 Incident 2.78
9 Incident 4.18
9 Reflected 4.18
12 Incident 5.57
15 Incident 6.96
15 Reflected 6.96

15

17.5 Incident 7.10
6 Incident 2.43
10 Incident 4.05
15 Incident 6.08

100

15 Incident 3.23
15 Reflected 3.23
21 Incident 4.52
24 Incident 5.17

25.9 Reflected 5.58
30 Incident 6.46

30.5 Reflected 6.57
33 Incident 7.11

33.5 Reflected 7.22
60 Incident 12.93

640

22 Incident 2.55
30 Incident 3.48
30 Reflected 3.48
40 Incident 4.64

Table 6.1: Hopkinson-Cranz validation data measurements

The figures below show the results of the trials, plotting scaled distance against the incident and reflected

pressure using the Hopkinson-Cranz scaling law.
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Figure 6.4: Reflected pressure vs scaled distance

Figure 6.5: Incident pressure vs scaled distance

From this set of trials, the data demonstrates a clear relationship between the scaled distance and the

overpressure, regardless of charge size. There is good correlation between the smaller charge; less than a

kilogram and the larger charge sizes, with no obvious outliers. This suggests that the Hopkinson-Cranz scaling
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law is valid at least for these charge sizes and scaled distances.

When considering the impulse (i) and time of arrival (t), unlike the scaled pressure vs actual pressure, the

length factor k (W
1
3 ) needs to be included [12] where:

Pactual = Pscaled (6.1)

tactual = tscaledW
1
3 (6.2)

iactual = iscaledW
1
3 (6.3)

Using these equations, Figure 6.6 to Figure 6.9 plot scaled impulse and scaled time of arrival against scaled

distance.

Figure 6.6: Scaled reflected impulse vs scaled distance
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Figure 6.7: Scaled incident impulse vs scaled distance

Figure 6.8: Scaled reflected time of arrival vs scaled distance
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Figure 6.9: Scaled incident time of arrival vs scaled distance

As with the overpressure results, the above figures demonstrate a clear relationship between the scaled

distance, the scaled impulse and the scaled time of arrival, regardless of charge size. There is particularly good

correlation for the time of arrival versus scaled distance, with a slightly wider spread of impulse. This wider

spread is expected based on the standard deviation results shown in Section 5. These results again suggest that

the Hopkinson-Cranz scaling law is valid at least for these charge sizes and scaled distances. There is a lack

of reflected data at the smaller scaled distances for larger charge sizes which makes it difficult to definitively

conclude that the scaling law is valid for reflected pressure, impulse and time of arrival. Likewise, with the

absence of incident data for smaller charge sizes, conclusions cannot be drawn to include these values.

6.2 Comparison with ConWep

Since Section 5.4 suggested that ConWep is a suitable tool for the validation of experimental data, it is inform-

ative to investigate the validity of ConWep for pressure and impulse and the repeatability of the experimental

data, regardless of charge size and stand-off. In order to perform this investigation, the data collected for this

analysis were divided by the respective ConWep values and plotted against the scaled distance. For the Con-

Wep values, the charge size and stand-off were modelled for each set of trials using the TNT equivalent values.

Figure 6.10 to Figure 6.13 display the results of this analysis for reflected and incident data respectively. A

solid line at 1 has been plotted to show the variation around the ConWep values.
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Figure 6.10: Reflected pressure divided by ConWep values

Figure 6.11: Incident pressure divided by ConWep values
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Figure 6.12: Reflected impulse divided by ConWep values

Figure 6.13: Incident impulse divided by ConWep values

Analysis of these graphs along with those produced in the next section with Air3D will be discussed in

Section 6.4.
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6.3 Comparison with Air3D

Analogous with ConWep in the previous section, Air3D was used to model each individual test set up, matching

the charge size and stand-off to those in the experimental trials. The overpressure and impulse were recorded

and the experimental values divided by the predicted values and then plotted in Figure 6.14 to Figure 6.17 to

show the accuracy of the Air3D in predicting the parameters.

Figure 6.14: Reflected pressure divided by Air3D values
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Figure 6.15: Incident pressure divided by Air3D values

Figure 6.16: Reflected impulse divided by Air3D values
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Figure 6.17: Incident impulse divided by Air3D values

Analysis of these graphs along with the graphs produced with ConWep data is discussed in section 6.4.

6.4 Model Comparisons

From the data in Sections 6.2 and 6.3, the mean, standard deviation and coefficient of variation for both the

reflected and incident pressure and impulse data divided by their equivalent ConWep and Air3D predictions

have been calculated. To allow an assessment of small scale setups versus larger scale setups to be compared,

which gives the ability to compare the data that was collected at Spadeadam with the data collected at

Blastech, Sheffield, the values below have also been calculated for smaller than 1 kg and larger than 1 kg.

The split between mid-field scaled distances of less than 4.5 mkg−
1
3 and the far-field scaled distance of 4.5

mkg−
1
3 have also been calculated to allow comparisons between the smaller and larger scaled distances to

determine if this has an impact upon the data sensitivities. The following three graphs display the mean

(Figure 6.18), standard deviation (Figure 6.19) and the coefficient of variation (Figure 6.20). Analysis has

been drawn for each graph.
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Figure 6.18: Mean of normalised data when compared to ConWep and Air3D

This graphs shows generally good agreement between Air3D and ConWep when the normalised mean

experimental values are compared to the predicted values. It can be seen that the smaller charge sizes of

less than one kilogram are more closely matched to the ConWep predictions for reflected data. There was no

incident data for the small charge sizes, so conclusions on this cannot be drawn. When considering scaled

distance, Air3D appears to overpredict both the incident impulse and overpressure when compared to ConWep

in the far field, however this is not the case for reflected data or closer to the explosive charge. There is no

evidence of any better or worse agreement for ConWep and Air3D between reflected or incident data.

Figure 6.19: Standard deviation of data when compared with ConWep and Air3D

Immediately evident from this graph is the small standard deviation seen in the data for less than 1 kg

collected from Blastech. This suggests a small spread of data, regardless of comparisons between pressure and

impulse and between ConWep and Air3D. This is most likely due to the level of control that is possible for
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smaller scaled tests, allowing for a setup that more effectively matches the idealised geometric assumptions,

such as hemispherical charge shape and surface denotations to an extent which is not possible in large-scale

arena trials. This low standard deviation seen in the Blastech results compared with other experimental

measurements may also be due to differences in setup between different test houses, stemming from the lack

of standard or best practice method for trial and instrument setup.

Figure 6.19 shows that observations of a wider spread of incident data than in the reflected data. This could

be primarily due to the difficulty in recording pressure data which was covered in Section 4.1, particularly

when considering the increased difficulty with accuracy in instrument placement for the far field. Many of

the issues found with the recording of the incident pressure data are not found in the recording of reflected

pressure data, which can explain the improved repeatability of the reflected data versus the incident data, as

shown by the increased standard deviation at larger scale.

Figure 6.20: Coefficient of variation of data when compared with ConWep and Air3D

The coefficient of variability has been calculated for the data and shows very similar conclusions to the

Figure 6.19. This is explained as the mean values show good correlation with the data, and therefore the

values of the coefficient of variation would not be expected to vary considerably from the standard deviation.

The reviews in this section show that, in principle, smaller scale tests can give more consistent and repeat-

able results than the larger scale tests, particularly if only considering reflected pressure. As discussed, there

are inherent difficulties in measuring incident data, which become increasingly difficult as the scaled distance

increases. Further investigation in this area would require additional trials measuring incident pressure on

smaller charge sizes to determine if the same sensitivities are seen as equivalent scaled distances to those

observed with the larger charge sizes.
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6.5 Literature Comparison

UFC-3-340-02 has comprehensive plots of overpressure, impulse and time of arrival for both reflected and

incident data for hemispherical charges [158] over a very wide range of scaled distances. This data has been

compiled through both experimental trials and computer models. In Section 6.1, the data from the trials has

been plotted in the same units and scale as the data produced in UFC-3-340-02 and a line of best fit plotted for

direct comparison. In Figure 6.22, the experimental data points are overlaid on the data from the literature.

It can be seen from this overlay that the experimental data matches exceptionally well for pressure, but the

experimental data provides slightly higher values than the literature data for impulse and time of arrival,

although still with the same trends. This is true regardless of whether considering the reflected or incident

measurements and also regardless of scale.

Figure 6.21: Comparison of blast parameters with scaled distance with literature [158]
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Figure 6.22: Direct overlay of experimental data points over UFC data

6.6 Conclusions

From the data collected in Section 6.1 and the analysis that followed, it can be concluded that for the scales

considered in this set of trials, the Hopkinson-Cranz Scaling Law can be considered valid. The experimental

data showed good fit with ConWep, Air3D and also the data provided in UFC-3-340-02. This allows for scaled

down trials to replicate larger trials where possible. However, care should be taken when assessing targets,

particularly large targets or complex arrangements, such as multiple targets or varied shapes, as this study

considered only incident pressures and reflections over a large flat reflected surface; omitting investigation of

complex shapes, complex charge sizes, arena set-up or interactions between charges and/or targets. It should

also be noted, and is evident from Figure 6.21, that the experimental data considered in this study covers

only a very small area of scaled distances especially when compared to the full scales of the UFC graphs. To

further confirm that the full curves in UFC-3-340-02 are valid, further investigations are needed to cover the

near field and far far-field, and also with a more varied charge size than in the restricted data set investigated

in this chapter.
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7 Energy Flux

7.1 Calculating Energy Flux

As previously mentioned in Section 2.7.1, the energy flux in air can be calculated in different ways such as

those shown in both Swisdak [137] and Grisaro [70]. Swisdak calculated it using the characteristic impedance

and a pressure-time curve as defined below and in Section 2.7.1 using the following equation:

Ef =

∫
ta+td+
ta (

1

ρsouso
) [p(t)− p0]

2
dt (7.1)

Grisaro used a similar methodology but based on the particle velocity instead of the characteristic imped-

ance using equation:

Ef =

∫ ta+td+

ta

[p(t) · up(t)] dt (7.2)

For this energy flux study, both methodologies will be considered.

7.2 Total Available Energy and Relative Energy

If the explosive charge is spherical or hemispherical (depending on the set-up) it can be assumed to produce

a spherical or hemispherical shock wave. The total energy output of the shock wave can be calculated by

multiplying the measured energy flux at a known distance by the surface area of the shock wave at that

distance. This gives a total value of energy emitted in the shock wave of the explosive. If this value is then

divided by the mass of explosive used, it will give a value for energy per kilogram. This allows a comparison

to be made as to whether the charge size has an impact on the energy available - i.e. does a larger charge size

convert a greater or lesser proportion of energy to the shock wave than a smaller charge size?

As well as using the shock wave energy to analyse the variance of efficiency from differing charge sizes, the

value for energy per kilogram can also be divided by the calorific value for one kilogram of the explosive. This

will give a value for relative energy for a particular explosive - the amount of energy in that explosive which

is converted to the pressure wave.

7.3 Energy Flux Calculations for TNT Based on the Swisdak Method

Initially, the energy flux methodology proposed by Sadwin and Swisdak [137] will be used to calculate the

energy flux, total available energy, energy per kilogram of explosive and relative energy for TNT. Using the
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quick-to-run computer programme ConWep (2.8), full pressure-time curves from TNT blasts can be produced

which can be used to calculate the energy flux of TNT at a set distance. The method calculates the charac-

teristic impedance based on the equations given in Section 2.2. The below set of graphs show the steps (1 to

8) used to calculate the energy flux and, from there, the total shock energy, energy per kg and the relative

energy.

This example uses a pressure-time curve for a 100 kg TNT charge at a stand-off of 40 metres. The calorific

value for TNT is 4560 kilojoules per kilogram [129].

Figure 7.1: ConWep incident pressure-time curve for 100 kg at 40m

1. Using the equations in Section 2.2, the characteristic impedance (ρµ) at each time step is calculated:
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Figure 7.2: Characteristic impedance for incident pressure-time curve for 100 kg at 40m

2. Next the squares of the pressure values are multiplied by the characteristic impedance at each time step:

Figure 7.3: p2so multiplied by ρµ for 100 kg at 40m

3. Next the integral of the above curve is produced. This was calculated using the trapezoidal method.
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Figure 7.4: Integral of p2so multiplied by ρµ for 100 kg at 40m

4. The peak of this integral gives the value for energy flux as 3900.11J/m2.

5. The surface area for a 40 metre radius hemisphere is given by = 2πr2 = 2 · π · 402 = 10, 053.1m2

6. The total shock energy is the energy flux multiplied by the surface area.= 3900.11 ·10053.1 = 39208.18kJ

7. The energy per kilogram of TNT is given by the total shock energy divided by the mass of explosives

= 39208.18/100 = 392.08kJ/kg

8. The relative energy is calculated by dividing the energy per kilogram measured from the energy flux in

the blast, divided by the amount of available energy in one kilogram of TNT = 392.08/4560 = 8.59%

The above steps to calculate total shock energy, energy per kilogram and relative energy were conducted on

42 different pressure-time curves with varying charge size of 25 kg to 200 kg and scaled distances between 2

and 18 mkg−
1
3 . The output was used to produce graphs showing how the energy per kilogram and relative

energy of TNT vary with scaled distance.

110



7.3 Energy Flux Calculations for TNT Based on the Swisdak Method 7 ENERGY FLUX

Figure 7.5: Total shock energy calculated at each distance divided by the mass of explosives to give energy
per kilogram of TNT with scaled distance from Swisdak Method

Figure 7.6: Relative energy of TNT at each scaled distance calculated from the energy per kilogram of TNT
from the measured pressure data divided by the total energy available in TNT from Swisdak Method

Figure 7.5 and Figure 7.6 suggest that between a scaled distance of 2 and 4 mkg−
1
3 , the energy transmitted

within the shock wave (and therefore relative energy) increases, before then decreasing again almost linearly

with scaled distance. A scaled distance of 2 mkg−
1
3 is outside of the fireball zone where the shock wave has
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separated from the fireball and so the shock wave would generally be assumed to be constant at this point,

rather than being expected to shown an increase and then decrease of energy over a short scaled distance. It

should also be noted that there are some discrepancies between the papers produced by Sadwin and Swisdak in

the energy flux equation with the characteristic impedance being excluded outside of the integral in some cases

([136] and [147] but inside the integral in others [137]). The author trialled the characteristic impedance outside

of the integral but this gave unrealistic results that did not take into account how the characteristic impedance

would change with overpressure, and therefore considers including it inside the integral to be correct.

7.4 Energy Flux Calculations for TNT Based on Grisaro Method

Grisaro used a different methodology for calculating the energy flux. Using the same pressure-time curves

used in Section 7.3, the method will be applied and values calculated.

Figure 7.7: ConWep incident pressure-time curve for 100 kg at 40m

1. Using the equations in Section 2.2, the particle velocity at each time step is calculated:
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Figure 7.8: Characteristic impedance for incident pressure-time curve for 100 kg at 40m

2. Next the square of the pressure values are multiplied by the particle velocities at each time step:

Figure 7.9: p2so multiplied by ρµ for 100 kg at 40m

3. Next the integral of the above curve is produced. This was calculated using the trapezoidal method.
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Figure 7.10: Integral of p2so multiplied by ρµ for 100 kg at 40m

4. The peak of this integral gives the value for energy flux as 4251.14J/m2.

5. The surface area for a 40 metre radius hemisphere is given by = 2πr2 = 2 · π · 402 = 10, 053.1m2

6. The total shock energy is the energy flux multiplied by the surface area.= 4251.14·10053.1 = 42, 737.16kJ

7. The energy per kilogram of TNT is given by the total shock energy divided by the mass of explosives

= 42, 737.16/100 = 427.37kJ/kg

8. The relative energy is calculated by dividing the energy per kilogram measured in the blast from the

energy flux, divided by the amount of available energy in one kilogram of TNT = 427.37/4560 = 9.37%

The above steps to calculate total shock energy, energy per kilogram and relative energy were conducted on

42 pressure-time curves from varying charge sizes of 25 kg to 200 kg and scaled distances between 2 and 18

mkg−
1
3 . The output was used to produce graphs of how the energy per kg of TNT and relative energy vary

with scaled distance.
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Figure 7.11: Total shock energy calculated at each distance divided by the mass of explosives to give energy
per kilogram of TNT with scaled distance from Grisaro Method

This graph suggests very clearly that the energy carried in the shock wave that is measured at a set

stand-off varies considerably with scaled distance regardless of charge size; larger values of total energy flux

are measured at smaller scaled distances. As the distance from the charge increases, the energy per kilogram

calculated decreases as the energy is dissipated over a wider area. No measurements have been taken at the

smaller scaled distances due to the difficulties in producing usable pressure-time curves, but if it were possible

to do so, it would be expected that the total energy flux at a very small distance would approach the total

energy released in the detonation.

By comparing the amount of energy per kg with the amount of energy available in a single kilogram of

TNT, the relative energy can be calculated and assessed as to how it varies over scaled distance.
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Figure 7.12: Relative energy of TNT at each scaled distance calculated from the energy per kilogram of TNT
from the measured pressure data divided by the total energy available in TNT from Grisaro Method

This graph, and the previous one, show that, despite the same amount of energy being available in the

explosive, the further away the target, the lower the amount of energy that is converted to blast pressure.

This is as expected as the shock wave loses velocity and therefore energy as it travels over distance, potentially

due to the heating up of a greater volume of air. This method produces a more reliable and scientifically

sound result compared to the Swisdak method and will therefore be used for calculations of energy flux in the

remainder of this chapter.

7.5 Sensitivities of Energy Flux Calculations

Calculating the energy flux relies on the full pressure-time curve of each measurement. If the pressure-time

curve is not complete due to instrument damage or faults, or is a particularly noisy curve due to external

impacts (as discussed in Section 4.1) then, when it is squared and multiplied by the particle velocity, this

noise is amplified significantly producing an unreliable, potentially artificially high or low value for the energy

flux. For these studies, pressure-time curves for each pressure measurement were loaded in to the graphing

programme DPlot and a Modified Friedlander Curve fitted, based on the time of arrival as shown in Figure 2.13.

This takes into account every data point but fits a smooth curve to noisy pressure-time data that can be used

for the energy flux calculations. Where there was an incomplete pressure-time curve, although it may have

been acceptable for determining a time of arrival and peak pressure, since the trace was incomplete these have
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been omitted from the data set.

All data collected in the trials assessed in this thesis have involved spherical charges placed a small distance

above a large flat concrete pad and so the shock wave can be considered a uniform hemispherical shape. If a

charge is shaped, the energy flux can still be calculated at any given distance from the charge, but the shape

of the shock wave from the charge will not be uniform across the hemisphere or sphere. This means that it

would not be possible to calculate a total energy flux or energy per kg based on pressure curves from a set

distance.

If a charge is cased in any way, for example in metal casings, energy is lost in the detonation process

through the break up of the casing and the fragmentation throw. The energy flux would still be able to be

calculated and the total energy released calculated. However the relative energy would be expected to be

significantly lower than that of a bare charge, depending on wall thickness of the casing.

As would be expected, the energy flux is dependent upon the charge size and the stand-off, showing a

positive correlation with charge size, and an inverse correlation to the stand-off distance. To test if the

Hopkinson-Cranz scaling law (Figure 2.9) is valid for energy flux as well as pressure, impulse and time of

arrival, the measured energy flux for TNT at various stand-off distances and charge sizes has been compared

with the scaled energy flux calculated according to the Hopkinson-Cranz law as the energy flux divided by

the charge size to the power of -1/3. This has been plotted in Figure 7.13 which clearly shows that, once the

scaling law has been applied, there is a clear relationship between the energy flux and distance.

Figure 7.13: Scaled energy flux vs scaled distance for TNT
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To investigate the validity of this method of calculating TNT equivalence using energy flux, this method

will be applied to Nitromethane, PE4 and ANFO in the next sections.

7.6 TNT Equivalence of Nitromethane using the Energy Flux Method

Using the process described in Section 7.4 it is possible to calculate a TNT equivalence based upon energy flux

by comparing the energy per kg of another explosive with that of TNT. The energy flux, total available energy,

energy per kilogram and relative energy were calculated for Nitromethane using 147 pressure-time curves from

the data from Section 5. Each pressure-time curve was smoothed with a smoothing window of 20 points and

had an exponential curve fitted as described in Figure 2.13. It was this exponential curve that was used to

calculate the energy flux. Where there were repeats of distance from charge, the average of the calculated

values were taken. The same charge size was used in every measurement. Figure 7.14 shows the energy flux

against scaled distance. Figure 7.15 shows the energy per kilogram of Nitromethane, calculated from the total

available energy divided by the charge mass. The values on the y-axis have all been redacted.

Figure 7.14: Energy flux vs scaled distance for Nitromethane (values redacted)
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Figure 7.15: Energy per kg vs scaled distance for Nitromethane (values redacted)

By dividing the energy per kg of Nitromethane, by that of TNT calculated in Section 7.3, it is possible

to determine a TNT equivalence based on energy flux, taking into account how this may change over scaled

distance. Where there was more than one value per scaled distance, the average value was taken and used to

calculate the equivalence factor. As previous, the y-axis has been redacted.

Figure 7.16: TNT equivalence vs scaled distance for Nitromethane (values redacted)

Despite the difficulties in displaying this data redacted, it can be seen that, although there is no definitive

single value for TNT equivalence with variation even at very similar scaled distances, the spread is quite min-
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imal. To assist in understanding the variation, the standard deviation has been calculated as 0.042 equivalence

factor variation. This is actually surprisingly small, and therefore suggests that taking an average value across

all the scaled distances shown in this data set for the TNT equivalence would give a valid and constant equi-

valence factor regardless of stand-off. To investigate this method further, other explosive types with known

and publishable TNT equivalence factors will be compared.

7.7 TNT Equivalence of ANFO using the Energy Flux Method

The process displayed in Section 7.6 has been repeated for ANFO (Ammonium Nitrate Fuel Oil) using 37

pressure-time curves collected over five tests. The explosive set up for this was very similar to that of the

Nitromethane tests, with a spherical charge located 1.2 metres above a steel plate located on a flat 100 m

x 100 m concrete pad. The ANFO was commercial grade and initiated using a 450 gram Pentolite ANFO

booster. This 450 g booster has been included in the overall explosive weight for each test. The tests were

conducted using charge sizes of between 31.25 kg and 250 kg of ANFO with scaled distances between 3.3 and

10.9 mkg−
1
3 . The considerations from Section 4 were also taken into account for these tests. The individual

pressure-time curves were smoothed with a smoothing window of 20 points and then a exponential curve

fitted, which was then used for the calculation of the energy flux. Whereas the previous Nitromethane tests

considered only one charge size, to enable investigation as to whether the charge size has an effect upon the

energy flux and the TNT equivalence, each charge size has been plotted separately on the graphs, allowing

identification of any differences that may occur between the different charge sizes. Since Figure 7.13 concluded

that the Hopkinson-Cranz Scaling Law was reliable for energy flux, the law has been applied to this data.

Figure 7.17 shows scaled energy flux versus scaled distance for the five different charge sizes.
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Figure 7.17: Scaled energy flux vs scaled distance for ANFO

The energy per kilogram was next calculated by dividing the energy flux values by the mass of explosive

used.

Figure 7.18: Energy per kg vs scaled distance for ANFO

By dividing the energy per kg of ANFO by that of TNT as calculated in Section 7.3, the TNT equivalence

of ANFO can be calculated based upon the energy flux, taking into account the possibility of this changing
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over scaled distances. Where there were multiple values for a single scaled distance, an average for energy per

kilogram was calculated.

Figure 7.19: TNT equivalence vs scaled distance for ANFO

Figure 7.19 suggests an average TNT equivalence factor of 0.81, meaning that 1.23 kilograms of ANFO

would be required to produce the same energy flux as 1 kilogram of TNT. This aligns closely with the TNT

equivalence factor 0.82 given in Figure 2.8 [1]. The standard deviation over the 37 measurements is 0.028.

This is not a statistically significant variation and does not appear to change over scaled distance, implying

that a single value of TNT equivalence for ANFO is valid between the scaled distances of 3.3 and 10.9 mkg−
1
3

for charge sizes in the range of 31.25 kg to 250 kg.

7.8 TNT Equivalence of PE4 using the Energy Flux Method

The process displayed in Section 7.6 has again been repeated for PE4 using 46 pressure-time curves collected

over six tests. The blast pressures were measured using charge sizes of between 2.5 kg and 128 kg of PE4 with

scaled distances between 2.43 and 13.26 mkg−
1
3 . The setup for the PE4 explosive charges was similar to that

of the Nitromethane and ANFO trials, comprising a spherical charge positioned 1.2 metres above a steel plate

located on a flat 100 m × 100 m concrete pad. The shock wave has been assumed to be hemispherical. To

investigate if the charge size has an effect upon the energy flux and the TNT equivalence, each charge size

has been plotted separately on a graph to identify any differences that may occur. Figure 7.20 shows scaled

energy flux versus scaled distance for the five different charge sizes.
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Figure 7.20: Scaled energy flux vs scaled distance for PE4

The values of energy flux were divided by the mass of the explosive in order to calculate the energy per

kilogram of PE4. This has been plotted in Figure 7.21.

Figure 7.21: Energy per kg vs scaled distance for PE4

By dividing the energy per kg of PE4 by that of TNT as calculated in Section 7.3, a TNT equivalence for

PE4 has been calculated based on energy flux, taking in to account the scaled distances. Where there were

multiple values for a single scaled distance, an average for energy per kilogram was taken.
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Figure 7.22: TNT equivalence vs scaled distance for PE4

When all the values of TNT equivalence for each measurement are considered, Figure 7.22 provides an

average TNT equivalence Factor of 1.2 with an upper value of 1.25 and a lower value of 1.14, implying that

0.83 kilograms of PE4 would be required to produce the same energy flux as 1 kilogram of TNT. Figure 2.8

[1] provides TNT equivalence factors for pressure of 1.2 and for impulse of 1.08. The value calculated here

aligns with the higher of these suggesting that the TNT equivalence factor calculated from energy flux more

closely aligns with that of the equivalence factor based upon pressure. This also matches the results from

Rigby and Sielicki, in which they calculated a TNT equivalence of 1.2 for positive phase parameters [128].

The standard deviation over the 46 measurements in the above data set is 0.024. This is minimal variation

and does not appear to change over scaled distance, implying a single value of TNT equivalence for PE4 is

valid over scaled distances of 2.43 to 13.26 mkg−
1
3 for charge sizes between 2.5 kg and 100 kg. There is a

suggestion from the data that for scaled distances below 4 the equivalence factor reduces to 1.18 - this is based

upon 12 measurements from 3 charge sizes at 4 different scaled distances. It would be recommended that more

measurements are undertaken to confirm it.

7.9 Energy Flux for Calculating TNT Equivalence in Vapour Cloud Explosions

Although this thesis concentrates on the effects and parameters produced from high explosives, vapour cloud

explosions as a result of gas releases of hydrocarbons or hydrogen can produce comparable devastating effects,

particularly if the detonation of the vapour cloud produces significant overpressures, and more often longer

durations and therefore high loading [17]. This has been seen on multiple scales, ranging from domestic
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gas explosions up to large detonations such as those seen at Buncefield [27] and Jaipur [85]. As part of

a commitment to decarbonisation within the global energy transition, there is a large push to introduce

hydrogen both domestically and commercially as a commonplace fuel to replace natural gas. When considering

this transition, it is vital to consider the effects on public safety which could be considerable due to properties

of hydrogen including wide flammability limits, very low minimum ignition and very high burning velocities.

7.9.1 Hydrogen Detonation Setup

Consistent with the arena trial setup for high explosive charges, the setup for the hydrogen cube involved

locating pencil pressure gauges at set distances from the hydrogen detonation. To produce the detonation, a

polythene sheet cube with dimensions 2.5 × 2.5 × 2.5 m, producing a volume of 15.6m3 was clamped to a

concrete pad. A feed of air and hydrogen was supplied to the side of the cube, initially at 7 bar, but controlled

through a rotameter to enable the target concentration to be met. As the fuel-air mixture enters the polythene

cube it inflates as seen in Figure 7.23. Two oxygen sensors were located inside the polythene cube: one at

the inlet point; the other centrally at the base adjacent to the initiation point allowing accurate measurement

of the concentration of hydrogen in the cube. In order to initiate a detonation of the hydrogen-air mixture,

a 30 gram Semtex booster charge was moulded around a non-el detonator and initiated using shocktube.

The booster and detonator were located centrally at the base of the cube. The concentration at the time of

ignition was 33.2 % gas in air, equating to 0.434 kg of Hydrogen which, when combined with the 30 grams

of high explosive gives a the total mass of 0.464 kg. Dewey in his 2014 paper [47] discussed the difficulties in

identifying parameters in experimental trials of vapour cloud explosions; despite the difficulties he agreed that

over the scaled distances considered in this study the Friedlander curve was a good fit for detonation waves

from a vapour cloud explosion.
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Figure 7.23: Setup of Hydrogen cube with fuel-air feed input bottom left

7.9.2 Results

Figure 7.24 shows four stills from a video of the detonation of the hydrogen-air mixture from a 3000 f.p.s high

speed Photron Fastcam [115]. The pressure-time curves from one of these trials can be seen in Figure 7.25.
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Figure 7.24: High speed video frames of detonation of the Hydrogen cube

Figure 7.25: Pressure-time curves from Test 1
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7.9.3 Energy Flux and TNT Equivalence Calculations

Using the same methodology as for high explosives earlier in the chapter, the curves were smoothed and a

modified Friedlander Curve fitted. This curve was then used to calculate the energy flux using the Grisaro

method. Once the energy flux was calculated, the total air blast energy and energy per kilogram of Hydrogen

(plus booster) was calculated. The energy per kilogram of Hydrogen was then compared to that of TNT to

produce a TNT equivalence with scaled distance. These steps can be seen in Figure 7.26 to Figure 7.30.

Figure 7.26: Scaled energy flux vs scaled distance

The energy flux at each distance was multiplied by the surface area of the shock wave hemisphere to provide

a total air blast energy at each distance.
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Figure 7.27: Total air blast energy vs scaled distance

The total air blast energy at each distance was then divided by the total mass of Hydrogen (plus booster)

to provide an energy per kilogram value.

Figure 7.28: Energy per kilogram of Hydrogen vs scaled distance

Based upon the calorific value of Hydrogen of 141,900kJ [30], the relative efficiency of the blast can be

calculated based upon the amount of energy measured at the set distance divided by the total energy available.
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Figure 7.29: Relative energy of Hydrogen vs scaled distance

The energy per kilogram value of Hydrogen at each distance was compared directly to the equivalent energy

per kilogram of TNT of the same mass at the same distance to provide a TNT equivalence for Hydrogen.

Figure 7.30: TNT equivalence of Hydrogen vs scaled distance

The method given in CCPS Guidelines for Vapour Cloud Explosions, Pressure Vessel Burst, BLEVE and

Flash Fire Hazards [30] provides a methodology for calculating the TNT equivalence of a vapour cloud explosion

utilising the below equation:
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WTNT = αe
WfHf

HTNT
= αmWf (7.3)

where Wf =mass of fuel involved, WTNT =equivalent mass of TNT, Hf =heat of combustion of the fuel,

HTNT =TNT heat of combustion, αe =TNT equivalency based on energy and αm =TNT equivalency based on

mass. A theoretical maximum efficiency coefficient of 40 % is generally used for calculated the equivalency for

vapour cloud detonations under atmospheric conditions with a value of 20% used for vapour cloud deflagrations

[74]. However, most real-life incidents do not involve the full amount of available fuel, so the practical values

for the TNT equivalence may be much lower than the theoretical upper limit. Gugan [72] and Pritchard [118]

state that for historical incidents, this is typically between 1 and 10 %, based on the heat of combustion of

the full quantity of fuel released. This is evident in figure 7.29 which suggests that between 5 % and 7 % of

the available energy in the Hydrogen is converted to air blast energy.

Using Equation 7.3, a mass of fuel of 0.437 kg of Hydrogen, a heat of combustion of Hydrogen of

141.9MJ/kg, a heat of combustion for TNT of 4.6MJ/kg and a maximum theoretical efficiency of 40%,

a TNT equivalence charge size of 5.5 kg is calculated, and therefore a general TNT equivalence factor of

12.5. Using the average of the values calculated in figure 7.30, this gives a TNT equivalence of 24.06, and an

equivalent explosive charge size of 10.5 kg, significantly higher than that calculated using the method in the

CCPS guidelines.

However, both these methods are potentially flawed for calculating TNT equivalence in a detonating volume

of gas. Once a detonation wave has been triggered in a vapour cloud, as long as the fuel-air mixture is within

the detonation limits (generally considered to be very close to the flammability limits of a fuel - for hydrogen in

air the exceedingly wide range of between approximately 8 and 85 %), then the detonation wave will propagate,

producing the same burning velocities and overpressure regardless of the mass of fuel within the cloud [30].

Therefore, in an incident, if the extents of the vapour cloud size is known, and it is known that the vapour

cloud detonated, the actual value for mass and therefore concentration of fuel in the vapour cloud could vary

significantly whilst still producing the same overpressures and impulses. The author theorises that, through

assessment of damage in an incident to produce estimations on overpressure and impulse, a TNT equivalence

can be produced for the vapour cloud based upon the upper and lower masses of fuel in the detonating cloud.

Based on the detonation limits, a 15.6 m3 fuel-air cloud as used in the setup described in Section 7.9.1 could

contain between 0.104 kg (8 % fuel in air) and 1.11 kg (85 % fuel in air) of Hydrogen to produce the same

overpressure and impulse loadings.
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7.10 Energy Flux Conclusions

Both the Grisaro and Swisdak methods of calculating energy flux were used to produce energy flux values

from the pressure-time curves calculated using ConWep. These are smooth and reliable curves and the most

appropriate for testing two separate methods. The results showed the Grisaro method to be more reliable and

in keeping with expected behaviour of a shock wave, particularly as the Swisdak method showed the energy

flux increasing in the early scaled distances before then decreasing. If this increase was seen at scaled distances

where measurements would have been taken inside the fireball region, it might be expected that the energy

flux measured may increase due to other influences. However, as this is not the case in these calculations one

would not expect the energy flux to be impacted and therefore the rise shown by the Swisdak method does

not have an explanation as to why this may occur. Outside of the fireball region, the energy flux per kilogram

is expected to decrease with the square of the scaled distance as the energy in the shock wave is spread over

the increasing hemispherical shell as the wave progresses away from the charge location. Since the Grisaro

method aligned more closely with expected principles, this method was used to calculate the energy flux and

the energy per kilogram of TNT from ConWep curves.

The Grisaro method for calculating energy flux was then utilised for Nitromethane, ANFO and PE4 to

calculate energy flux, energy per kilogram and then a TNT equivalence. The values for Nitromethane were

redacted but showed good consistency between scaled distances. For ANFO and PE4, the TNT equivalence

factors were calculated and shown to align closely with values from literature such as that produced in ISO16933

[1]. The Grisaro method was then applied to a detonation of a cloud of Hydrogen to investigate the effectiveness

of using the energy flux in determining the TNT equivalence of a vapour cloud detonation. The method was

successfully applied producing a consistent value for the TNT equivalence of a 15.6m3, 33.2% fuel in air vapour

cloud. However, it was discussed that due to the nature of detonations of vapour clouds, that once a detonation

wave has been initiated, the burning velocity and therefore overpressure is a function of the extents of the

vapour cloud, and not of the fuel concentration. Therefore, the method of using energy flux to produce a TNT

equivalence can be used but it would be more appropriate to use it to produce upper and lower masses of fuel

to produce a detonable vapour cloud. The values for TNT equivalence calculated using this method can be

seen in Table 7.1.
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Explosive/Fuel Energy Flux Method
Nitromethane redacted

ANFO 0.81
PE4 1.2

Hydrogen (detonation with explosive initiation) 25

Table 7.1: TNT equivalences calculated from the energy flux method

It should be noted that when using either method of calculating the energy flux, the eventual values are

very sensitive to the quality of pressure-time curves. A variation in time of arrival could be the difference

of a centimetre stand-off, will produce two different values of energy flux. This highlights the sensitivities of

the blast parameters to setup and analysis of the experimental data when it comes to further calculations.

It was for this reason that only data gathered with the revised methodologies were used, and when used, an

exponential curve fit used to smooth the data. Despite this, there was still a wide variation of values at the

same scaled distances. Regardless of the sensitivities, this method of producing energy flux has shown using

this data to produce a single value of TNT equivalence for each explosive type, regardless of stand-off and

charge size. It also takes in to account the atmospheric conditions at the time of firing, allowing for predictions

of blast parameters based upon weather conditions for planning of trials.
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8 Conclusions and Further Work

This chapter summarises and discusses the research presented in this thesis and makes recommendations for

future work.

8.1 Summary

The TNT equivalence of an explosive is a standard way of expressing the energy released by an explosive in

relation to that of TNT. There are many methods available to predict this value. However, no single definitive

method exists, with methodologies usually chosen depending on the scenario in which the explosive is to be

used. This thesis considered the way in which TNT equivalence can be calculated using experimental data,

and contrasts the relative equivalence factors they produce, aiding an appropriate choice of methodology for

future trials. Outside of controlled experimental trials, if an incident happens, whether a terrorist attack or

accidental explosion, it is possible to use known parameters such as blast damage or time of arrival from

CCTV and camera footage to calculate estimates for explosive charge size and/or equivalent TNT charge size

using proven methodologies of calculating TNT equivalence. This thesis reviewed different methodologies of

predicting explosive size for the Beirut Ammonium Nitrate incident in 2020.

This thesis has also shown the importance of fully understanding and considering the sensitivities of blast

parameters when conducting experimental small and large scale trials for the production of reliable and accurate

experimental data that can be used for further studies. When a trial is conducted and the blast pressure

measured by gauges, this produces a curve that can be best described by the modified Friedlander pressure-

time curve. This curve can be used to identify blast parameters such as the peak overpressure, time of arrival,

impulse loading and positive phase duration. These parameters are sensitive to many factors that include

explosive charge size, charge geometry, gauge type and interactions with structures. If the setup is fully and

accurately known, it is possible to predict blast parameters using computer models such as ConWep and Air3d.

This thesis has shown the output of these programmes to fit well with experimental data for predicting blast

parameters, particularly time of arrival.

Using data collected at Spadeadam Research and Development over the past few years, analysis has been

conducted on blast parameters for assessing the reliability and accuracy of the trials in one of the largest exper-

imental comparisons seen in literature. This has involved comparing the data with prediction models, as well

as assessing validity of the Hopkinson-Cranz Scaling Law. This law was shown to be valid for Nitromethane,

PE4 and ANFO of charge sizes from 150 grams up to 640 kilograms with scaled distances between 2 and 14

kgm− 1
3 . Understanding the validity of this scaling law allows conclusions to be drawn across variable charge
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sizes and distances.

Energy flux is a relatively new idea investigated by both Grisaro [70] and Swisdak [147]. Two methodologies

were considered for the calculation of energy flux, with the Grisaro method deemed to be more appropriate.

Energy flux was then calculated for variable charge sizes and charge stand-offs for Nitromethane, PE4 and

ANFO. The energy flux was shown to scale according to the Hopkinson-Cranz scaling law. The values of energy

flux from these explosives were compared to those calculated for TNT based on pressure-time curves produced

by ConWep. Not previously investigated, the author compared the energy flux of TNT with that of other

explosives, a TNT equivalence value was produced. For Nitromethane, PE4 and ANFO, this produced a TNT

equivalence factor was shown to be constant regardless of charge size and stand-off for the ranges considered in

this study, a key and new takeaway from this thesis. The values also provided a good fit with those produced

in the literature. The same method was used to calculate the energy flux from a Hydrogen detonation, showing

the same methodology can be applied to vapour cloud explosions.There are few and far between methodologies

for calculating TNT equivalences for hydrogen and so this thesis provides a new methodology that could be

further used for gases and high explosives alike.

Findings from this thesis have highlighted the importance of reliable measurements in experimental trials

especially when the data is further used for model validation, incident investigation and methodology analysis.

This thesis has considered only limited charge size, type and stand-offs, but shown that at least for the

parameters considered, a good understanding of blast sensitivities can contribute to reliable and accurate data

sets that can be used for further studies.

8.2 Conclusions

Conclusions of this thesis have been summarised below. They are listed in the order in which they appear in

the thesis:

• Blast parameters measured in a blast test can be sensitive to the setup, explosive type and way in which

they are measured. Confidence in the way blast parameters are produced allows for further use in the

assessment of real-life incidents, model validation and further study.

• If the parameters are not understood, data can be produced that are not wholly reliable or suitable for

further use. Although not a direct conclusion from this work, it is clear that if poor quality data is cited

and used in studies to validate models or create predictions, there is a risk that inaccurate outputs could

have serious ramifications if used to predict injury or blast protection.
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• Improving the way measurements are taken and then analysed can produce a more accurate and reliable

data set that can be used for further analysis studies. Small improvements in the way blast arenas are

set out and measurements are taken have the ability to greatly improve the quality of the recorded data.

• Air3D and ConWep predictions for peak pressure, impulse, time of arrival and positive duration have

excellent agreement with the data produced in experimental trials for Nitromethane and PE4 when the

blast parameter sensitivities have been considered in the largest comparison of experimental data with

these computer models seen in literature.

• Using the Coefficient of Variation is a good tool for analysis of variation of experimental data as it allows

comparison across different parameters and scales. Calculating the Uncertainty Factor of data also allows

for further comparison across experimental trials.

• Hopkinson-Cranz scaling law is valid for PE4, ANFO and Nitromethane charge sizes from 150 grams

to 640 kilograms with scaled distances between 2 and 14 kgm− 1
3 . The law was shown to be valid for

overpressure, impulse, time of arrival, positive duration and even energy flux which had previously not

been investigated prior to this thesis.

• The energy flux was calculated for TNT using values produced from ConWep. The energy flux was

shown to decay over distance with the relative energy decreasing from 16% at smaller scaled distances

to 8% at larger scaled distances. Energy flux has not been considered for TNT previously - this thesis

provides a data set for TNT alongside other explosives for energy flux. The method was shown to be

sensitive to the quality of pressure-time curves.

• Energy flux was calculated for PE4, Nitromethane and ANFO, and compared to that of TNT to producing

a new way of calculating providing a TNT equivalence factor of 1.2 for PE4 and 0.81 for ANFO. It was

shown that the value of TNT equivalence remained constant in the far-field. A preliminary study of

the energy flux measured from a hydrogen vapour cloud detonation at 33.2% gas in air was conducted,

producing a TNT equivalence factor of 25, showing that the energy flux method is also suitable for

vapour cloud detonations. By proving this method for hydrogen as well as high explosives, it shows that

this energy flux method could be used to study relative rates of energy release for non-ideal explosives,

and can be linked directly to its TNT equivalence. This new methodology could be further used to

determine TNT equivalence for cased charges and non-spherical explosive charges.

• This thesis has considered mostly hemispherical bare explosive charges with measurements taken in the

far field in one of the largest experimental data sets from one author of its kind. There are many complex
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considerations that should be further investigated to enable the findings to be extended to real-world

scenarios including cased charges and the effects of interactions of structures on the shock wave.

8.3 Future Work

This work has investigated parameters and TNT equivalence based upon specific geometries and test setups,

often relating directly to test standards. These are standard and very repeatable, producing data sets that

can be meaningfully directly compared. This final section discusses some of the complex scenarios that would

be of interest for the conduct of further research into the impact of the blast parameters.

The effect of explosive casing has not been investigated in depth within this thesis. Multiple mechanisms

can affect the detonation of a cased charge; for example the energy required to break up the case will be in

turn mitigated by the additional energy build-up caused by the case. This would directly impact the energy

flux measured at a set stand-off, causing a different relative energy and also TNT equivalence compared to a

bare charge. The influence of case thickness and material will have a direct effect upon this and would be of

interest to investigate further.

As discussed in the literature review, data is often produced from trials that may not be of the highest

quality. Flaws in these trials can include poorly packed explosive charges, perhaps with non-uniform density

or variable charge size. A study to investigate the effect of charge size versus density and the energy output

would allow conclusions to be drawn as to whether it is is the mass or the diameter of the explosive that is the

leading effect of the energy measured. Likewise, if the charge is not spherical or hemispherical, and therefore

does not produce a spherical or hemispherical shock wave, can the measured energy flux be used to estimate

a total available energy in the explosive charge by considering the different shapes and surface areas of the

shock wave produced?

Predominantly at Spadeadam, charge sizes are rarely below 5 kg. By including some PE4 data produced

by the University of Sheffield at Blastech in this thesis, this has extended the range of charge sizes investigated

to 150 grams, but this was restricted only to the single explosive type. With this smaller charge size, smaller

stand-off distances were also possible to measure. It would be beneficial to extend the studies conducted in

this thesis to include a greater range of scaled distances for more explosive types, including Nitromethane and

ANFO, particularly at the smaller scaled distances. Figure 6.22 showed the very small spread of data that

had been considered in the PE4 study compared to that of literature, demonstrating the need to cover a wider

range of scaled distances in order to investigate the validity further. It would be of interest to use the results of

trials over a wide range of charge sizes to investigate whether the efficiency of an explosive varies with charge
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size.

Consideration has been made during this thesis to vapour cloud explosions. Historically, incidents involving

vapour cloud detonations have been devastating, including Flixborough, Buncefield and Jaipur. With the

ongoing energy transition, moving from a natural gas distribution system to one based on hydrogen, incidents

may become more frequent. Hydrogen has a high burning velocity with a severe risk of transition to detonation

if ignited. Further studies for understanding the energy produced from an ignited hydrogen vapour cloud are

key for industry as hydrogen moves to a domestic fuel. The effect of confinement and congestion, while

understood with natural gas, may have significant impact upon Hydrogen.

The conclusions from this thesis can be used as a basis for further investigations for future research studies,

building upon the work already conducted.
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