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Series Editor’s Note

International Forensic
Science Series

The modern forensic world is shrinking. Forensic colleagues are no longer just within a lab-
oratory but across the world. E-mails come in from London, Ohio, and London, England.
Forensic journal articles are read in Peoria, Illinois, and Pretoria, South Africa. Mass disas-
ters bring forensic experts together from all over the world.

The modern forensic world is expanding. Forensic scientists travel around the world
to attend international meetings. Students graduate from forensic science educational pro-
grams in record numbers. Forensic literature—articles, books, and reports—grows in size,
complexity, and depth.

Forensic science is a unique mix of science, law, and management. It faces challenges
like no other discipline. Legal decisions and new laws force forensic science to adapt meth-
ods, change protocols, and develop new sciences. The rigors of research and the vagaries
of the nature of evidence create vexing problems with complex answers. Greater demand
for forensic services pressures managers to do more with resources that are either inad-
equate or overwhelming. Forensic science is an exciting, multidisciplinary profession with
a nearly unlimited set of challenges to be embraced. The profession is also global in scope—
whether a forensic scientist works in Chicago or Shanghai, the same challenges are often
encountered.

The International Forensic Science Series is intended to embrace those challenges
through innovative books that provide reference, learning, and methods. If forensic sci-
ence is to stand next to biology, chemistry, physics, geology, and the other natural sci-
ences, its practitioners must be able to articulate the fundamental principles and theories
of forensic science and not simply follow procedural steps in manuals. Each book broadens
forensic knowledge while deepening our understanding of the application of that knowl-
edge. It is an honor to be the editor of the Taylor & Francis International Forensic Science
series of books. I hope you find the series useful and informative.

Max M. Houck, PhD

Director, Forensic Science Initiative, Research Oﬁ‘ice

Director, Forensic Business Research and Development, College of Business and Economics
West Virginia University
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Preface

In common with the first edition of Forensic Investigation of Explosions, my objective in the
second edition has been to provide pertinent, up-to-date and multidisciplinary informa-
tion in one volume broadly covering explosives, explosions, detection of hidden explosives,
processing scenes of explosion, case management, quality assurance, science, engineering,
medicine and the law.

In the thirteen years since the first edition was published, significant advances in sci-
ence and technology have been applied to detection of explosives, investigation of scenes of
explosion and analysis of explosives and their residues. There has been on-going advance-
ment in standards for quality assurance and training. This era has also seen increased
world-wide use of improvised explosives and devices. The second edition addresses these
and related issues both in updated content from the first edition and expanded content
from new authors. New chapter topics are improvised explosives, vehicle-borne impro-
vised explosive devices, casework management and portable explosive detection instru-
ments. Courts of law remain the ultimate arbiters of what is acceptable forensic practice.
Therefore, pertinent legislation underlying explosives case investigations is included in
this edition.

The authors of this book are internationally recognized experts in their fields and it
was a pleasure working with such talented people. I sincerely thank them for their time
and dedication in sharing their expertise. I appreciate them producing their chapters in
the face of the often grueling time demands of their professions. I also thank my commis-
sioning editor, Becky Masterman, and my wife for their support and understanding as my
own timelines stretched.

Alexander (Sandy) Beveridge
Vancouver
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1.1 Introduction
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The history of explosives and propellants, also known generally as “energetic materials,”
begins with the material known as gunpowder or black powder, whether the intended use
was for civil applications such as rock blasting, military uses in demolition, shell filling
(bursting charges) and construction projects, or military and civilian propellant charges for
shotguns, pistols, rifles, or artillery. The individual inventor of black powder will undoubt-
edly forever remain unknown, but numerous writers, such as Drinker (1878), Munroe
(1888), Marshall (1915), and Davis (1941, 1943), have described what is known about its



2 Forensic Investigation of Explosions

development and evolution; therefore, there will be no such discussion here. Suffice to
say that until the discovery of nitrated explosive compounds such as nitrocellulose by
Schonbein and Béttger (independently of one another) and nitroglycerin by Sobrero (all
occurring in 1846), the only explosive available for any purpose was black powder.

For purposes of this discussion, the subject will be divided into three categories:

« Solid (particulate) propellants
« Military explosives
o Commercial explosives

Explosives are further classified into high and low explosives, which are differentiated on
the basis of their means of propagation of the explosive reaction through the material. High
explosive reactions progress by a shock wave, and their velocity is defined as progressing
at higher than the speed of sound in the undetonated material. Low explosive reactions
progress by grain burning, and the reaction speed is at less than the speed of sound in the
explosive medium. Other classifications designated by government agencies for storage,
transportation, or other activities, such as “high explosive” and “blasting agent,” which
have to do with the magnitude of the impetus necessary for their initiation, do not change
the fact that they are both high explosives.

Also, in the attempt not to make this discussion overly broad, this chapter stresses U.S.
practices, explosive history, and developments.

1.2 Propellants

Propellants may be granular, solid, or liquid. The primary focus is on granular (particu-
late) material since they are the most commonly encountered by the forensic chemist. A
solid propellant is a deflagrating material designed to accelerate a projectile from its posi-
tion of rest at the breech of a weapon to its full velocity as it exits the tube or barrel.

In the ideal (and designed-for) case the complete consumption of the propellant and the
exit of the projectile will occur at the same instant. Propellant grains are thus chemically
formulated and physically designed to achieve this end. The grains burn particle-to-particle
at speeds below the speed of sound in the material: this defines the word “deflagrating.”
Historically, such materials have been called “progressive” powders. In addition to burning
particle-to-particle, each particle burns from its free surface inward, or, in the case of perfo-
rated grains, also from the free surface outward. This characteristic enables the propellant
designer to size and configure the grains or particles to be totally consumed at the optimum
instant. Propellant grains may be found in a multitude of shapes and sizes, as might be
expected given the varieties of weapons and desired pressures and projectile velocities.

1.2.1 Black Powder

Black powder is a mixture of three components, generally (and originally) charcoal, sulfur,
and potassium nitrate. These are typically in the mass ratio of 15:10:75. Many variations to
that ratio have been used; Cundill (1889) lists over 20 varieties, many with sub-varieties.
Most of the differences, however, are insignificant. The one major development in the past
100 years is the use of sodium nitrate in some black powder grades.
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Black powder has an inherent drawback as a military propellant due to the fact that it
produces a solid reaction product. Because of this, a dense black cloud is produced upon
firing a weapon. This has two adverse results: the position of a firing weapon is readily
apparent, and after a number of rounds are fired the volume of battlefield smoke leads to
confusion and general chaos. For this reason the development of a “smokeless” propellant
charge was the objective of every government’s weapons laboratory. Upon the discovery of
the nitration reaction, this research intensified.

1.2.2 Smokeless Powder

The early history of the nitrated carbohydrates, which includes the 1833 discovery of nitro-
starch (called xyloidine by its discoverer, Braconnot) and guncotton, called pyroxyline or
pyroxyle by the chemist Pelouze, is thoroughly covered by Davis (1941, 1943).

Guncotton, nitrocellulose of high nitrogen content (13.35%-13.45%), was the first
nitrated material to be tried as a replacement for black powder, but it was too prone to
accidents. However, its military use continued after it was found that the newly invented
mercury fulminate blasting cap would cause compressed guncotton to detonate, leading
to its application as a demolition charge and shell filling. Its use was rather short-lived,
however, due to the introduction of picric acid.

Research continued on nitrocellulose of lower nitrogen content as a propellant
material, and the first good smokeless rifle powder was produced by Vieille in 1886, for
the French government. This was nitrocellulose with ether alcohol, kneaded in a bread-
making type machine, rolled out into thin sheets, and then cut into small squares and
dried (Military Explosives 1924). This was a “single-base” smokeless powder (nitrocel-
lulose only).

In 1888, Nobel invented a powder he called ballistite, which was a low-nitrated nitro-
cotton gelatinized with nitroglycerin; this became known as “double-base” powder. In
the same year cordite (given that name because it was extruded in the form of a cord or
ribbon), a mixture of high-nitrated guncotton, nitroglycerin, and Vaseline, gelatinized by
means of acetone, was developed by an English committee (Marshall 1915).

Later, “triple-base” smokeless powders were developed, containing nitroguanidine in
addition to the nitrocotton and nitroglycerin of typical double-base powders. Triple-base
powders were cooler-burning than the single- or double-base materials and use was mainly
restricted to large-caliber weapons.

Developments in smokeless powder since those early days have been primarily to
improve stability, decrease the erosion of the barrel of the weapon, control pressures,
decrease smoke output (“smokeless” powders are smokeless in comparison to black pow-
der, but still produce visible smoke), and decrease the muzzle flash from a firing weapon.
The geometry of powders may include flakes, tubes, cylinders, sticks, flattened balls, or
spheres (see Chapter 11, Figures 11.20 and 11.21).

The reader desiring a detailed background in the field of smokeless powders and other
propellant materials should refer to the 10-volume Encyclopedia of Explosives and Related
Items (referred to below as Encyclopedia), and to the publication Propellant Profiles (Wolfe
1991).

Table 1.1 illustrates typical formulations of the three general classes of smokeless
powders. Some formulations may contain dye ingredients for the identification of particu-
lar brands, especially in commercial products.
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Table 1.1 Smokeless Powder Composition

M6 M5 M15 Function®
Nitrocellulose (13.15% N) 87 20.00 e
Nitrocellulose (13.25% N) 81.95 e
Nitroguanidine 54.70 ce
Nitroglycerin 15.00 19.00 e
Potassium nitrate 2.15 f
Ethyl centralite 0.60 6.00 d, gk
Graphite 0.30 a,h
Diphenylamine 1° k
Dinitrotoluene 10 e, 81j
Dibutyl phthalate 3 £ h
Sodium aluminum fluoride 0.30 b
Total 100 100.00 100.00

Sources: Encyclopedia of Explosives and Related Items, 1960-1975. Vol. 1-7. Dover, NJ: Picatinny
Arsenal. Encyclopedia of Explosives and Related Items, 1978-1983. Vol. 8-10. Dover,
NJ: U.S. Army Research and Development Command. With permission.
2 Added to mix.
b a, antistatic; b, cooling rate modifier; ¢, coolant; d, deterrent; e, energizer; f, flash suppressant;
g, gelatinizer; h, hygroscopicity reducer, i, inhibitor; j, plasticizer; k, stabilizer.

1.3 Military Explosives

Just as black powder was the first propellant, so too was it the first military explosive. It
was used for shell fillings, demolition, and military construction projects from the earliest
times up until the invention of nitroglycerin.

Military explosives as discussed here are those used as the shell filling or “bursting
charge” in artillery rounds and those used for demolition charges. Military construction
projects typically use commercial-type explosives, except in field-expedient situations. The
brief use of guncotton as a military explosive was noted above.

1.3.1 Picric Acid

By the early 1900s picric acid (2,4,6-trinitrophenol) had become the shell filling of choice
of most of the world’s military forces. The Russians were the first to work out methods
of production and use it as a shell filling, in 1894 (Encyclopedia, Vol. 8, 286). Picric acid
went under many names; lyddit in England; mélinite in France; sprengkorper in Germany;
and shimoza in Japan, to name but a few. Other picrates, especially ammonium picrate
(“Explosive D,” C¢H,(NO,); - NH,), have been widely used in fillings for armor-piercing
shells, due to their extreme insensitivity to shock. In World War I this material was used in
large-caliber shells. In World War II a mixture of ammonium picrate and trinitrotoluene
(TNT) was widely used in the press-loading of armor-piercing shells.

Picric acid is part of the most important family of military explosives, all based on
trinitrobenzene. The structural formulae of picric acid and some of its derivatives are
shown in Figure 1.1 from Cooper and Kurowski (1996). This figure is one of the best illus-
trations of the relationship of these aromatic nitrate explosives to one another.
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H /N02 —H Trinitrobenzene (TNB)
\
C—C — CH, Trinitrotoluene (TNT)
/N
O,N —C C— P
\ _ 7 —C Trinitrobenzoic acid (TNBA)
c=C ~OH
/ \
H NO, — NH, Trinitroaniline, Picramide (TNA)
CH
— N7 § Tetryl
~NO,
C,H
— N7 2 Ethyl Tetryl
~
NO,
— OH Picric acid, Trinitrophenol
— OCH;3 Trinitroanisol
— OC,H; Ethyl picrate
— ONH, Ammonium picrate
— Picryl chloride

Figure 1.1 A family of explosives based on various monosubstitutions of a single hydrogen in
1,3,5 trinitrobenzene. (From Cooper, P. W. and S. R. Kurowski. Introduction to the Technology
of Explosives, New York: Wiley-VCH Publishers, Inc., 1996. With permission.)

1.3.2 Trinitrotoluene

During and after World War I the explosive trinitrotoluene (TNT; C,H;N,0O;) became the
dominant shell-filling and demolition-charge material. TNT has the advantage of being
very easy to cast, since it has a wide spread between its melting and decomposition tem-
peratures. One disadvantage is its extreme insensitivity in the cast form; where necessary;,
this is overcome in practice by adding a core of tetryl (C,H;N;O;). In order to conserve
TNT for small caliber shells in World War I, a mixture of TNT and ammonium nitrate
(“amatol”) was developed. It was specified for use only in shells of 4.7-inch to 9.2-inch
diameter (Crowell 1919) but in actual practice it was used in all sizes.

For the same reason of conserving TNT, nitrostarch explosives were used very suc-
cessfully in that war for hand grenades and trench mortar shells (Williams 1920). The
structural formula of TNT is shown in Figure 1.2.

1.3.3 Tetryl

Tetryl (2,4,6-trinitrophenylmethylnitramine, N-2,4,6-tetra-nitro-N-methyl aniline, or
picryl-methyl nitramine) (see Figure 1.1) was used in military boosters, but has generally
been replaced by materials such as research development explosive (RDX) and high melt-
ing explosive (HMX).

The tetrytols are mixtures of tetryl and TNT, which were utilized in boosters, demoli-
tion charges, shells, and shaped charges. The TNT generally made up 20%-35% of the mix-
ture. An advantage of tetrytol is that it allows the casting of the explosive into munitions
rather than requiring pressing. It is also more powerful than TNT, but not as sensitive as
tetryl alone (Encyclopedia, Vol. 9, T165).

1.3.4 Pentaerythritol Tetranitrate

PETN (pentaerythritol tetranitrate, C(CH,ONO,),), first prepared in 1891, became com-
mercially available in the 1930s in detonating cord and blasting caps. It is a component in
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Figure 1.2 Structural formula of TNT.

CH,ONO,

0,NOH,C — C — CH,ONO,

CH,ONO,

Figure 1.3 Structural formula of PETN.

many military explosives, most notably pentolite, where it may comprise 10%-60% of a
mixture with TNT. Figure 1.3 shows the structural formula of this nitrate ester explosive.

1.3.5 Research Department Explosive and High Melting Explosive

Between the World Wars a number of explosives were developed, and after the start of the
second war a vast amount of explosives research took place. One of the most important and
useful military explosives is RDX, which was discovered in 1899 but not used until World
War II It is also called cyclonite, hexagen, and cyclo-trimethylenetrinitramine. HMX is
another explosive used for military applications during and after World War II. The initials
are said to stand for “high melting explosive,” although other sources for the acronym are
sometimes cited. It is also called cyclo-tetramethylenetetranitramine or octogen. Figures 1.4
and 1.5 show the structural formulae for these nitramine explosives.

A vast number of explosives consisting of mixtures of various explosive compounds
were developed by the combatants in World War II. Many of these combinations may
include materials such as HMX, RDX, TNT, aluminum powder, wax, and plasticizers,
with or without other ingredients for special properties. A few worth mentioning are
Composition B (60% RDX/40% TNT/plus wax), Cyclotol (60%-75% RDX/25%-40% TNT),
Torpex 2 (42% RDX/40% TNT/18% Al), and Composition C-4 (91% RDX/9% plasticizer).

1.3.6 Plastic Explosives

Plastic-bonded explosive, or PBX, explosives are a fairly recent development in the military
arena. They are characterized by high mechanical strength, high detonation velocity, excel-
lent stability, and insensitivity to shock and high temperatures. They cover a wide range
of formulations, usually containing some ingredients from the list of RDX; PETN; HMX;
aluminum; binders such as nylon, polyurethane, rubber, or similar material; and a plasti-
cizer. Two of the best known are C-4 (see above) and SEMTEX (RDX/PETN), an explosive
manufactured in the Czech Republic, which has been widely used in terrorist bombings.
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Figure 1.5 Structural formula of HMX.

1.3.7 General Overview

It is apparent that a great number of varieties of military explosives are available, each hav-
ing unique features of detonation velocity, stability, brisance, and resistance to initiation by
rifle bullet impact or shock. Some specialized explosives developed by the nuclear research
laboratories even have the ability to withstand extremely high temperatures, such as those
experienced upon reentry into the atmosphere by a ballistic missile.

Due to this great range of materials, this section is necessarily only a very brief over-
view of the field. The reader is referred to the references cited for further information. The
Encyclopedia volumes from 1960 to 1983 and Williams (1920), both published by the U.S.
Army, should be referred to for details of military explosive materials. For general explo-
sives chemistry, the 4-volume series by Urbanski (1964) is an excellent reference.

Table 1.2 shows the density and detonation velocity for some of the explosives men-
tioned above. These are all from one reference (Research and Development of Materiel
1963) but sources frequently will disagree on some of these characteristics due to physical
form (e.g., grain size) or test methods. Thus, this table should only be used for a general
idea of characteristics.

1.4 Commercial Explosives

As noted above, military explosives, propellants, and commercial explosives all have the
same ancestor: black powder. It is interesting to note that although black powder was noted
as being used in warfare in very early times, its use in mining was not recorded until 1627.
After that date there is a multitude of references to its use, but not before. The reason is
probably that for its use in mining, someone had to devise a way to initiate the powder
after the person was out of the area. In using the powder in a cannon, the gunner stands
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Table 1.2 Military Explosives: Density and Velocity

Explosive Density (g/cm?) Velocity (m/s, 1"9)
Amatol (50/50) 1.55 6430
Composition C-4 1.59 8040
Composition B 1.68 7840
HMX 1.84 9124
Pentolite (50/50) 1.66 7465
PETN 1.70 8300
Picric acid

(Pressed) 1.64 5270

(Cast) 1.71 7350
RDX 1.65 8180
Tetratol (20% TNT) 1.60 7385
Tetryl 1.71 7850
TNT 1.56 6825
Torpex 1.81 7495

Source: Data from Research and Development of Materiel—Engineering
Design Handbook, Washington, DC: U.S. Army Materiel Com-
mand, 1963.

immediately beside the weapon in perfect safety—this is obviously not the situation with
powder in a borehole! Once a “delay” type of material was developed (a powder-filled straw,
for example), the breaking of rock became a great deal easier than it had been by hand or
with fire-setting methods. A codevelopment was probably a metal drill sufficiently hard to
bore a hole in the rock face for the powder.

1.4.1 Nitroglycerin

Alfred Nobel, noted previously for his invention of ballistite, took Sobrero’s discovery of
nitroglycerin (glyceryl trinitrate) and made it a useful explosive by inventing the detonat-
ing blasting cap. This replacement for the spit from burning safety fuse was necessary
because the detonating explosives need a shock wave for their reaction to start—the defla-
grating explosives needed only a spark or flame (Hopler 1992).

The first use of nitroglycerin in mining was in the liquid form, with it either poured into
downward-looking boreholes or encased in cans and slid into horizontal or “up” holes. In
any case it was hazardous to ship and use. After tests with absorbent materials in an effort
to make nitroglycerin easier to handle, Nobel settled upon diatomaceous earth (also known
as kieselguhr or diatomite) in 1866. He named his mixture (at first 75% nitroglycerin/25%
diatomaceous earth) dynamite. Figure 1.6 shows the structural formula for nitroglycerin, a
nitrate ester.

1.4.2 Dynamite

Over the years, formulas for dynamite have been developed to fit every type of rock blast-
ing. Varieties have been developed for severe water conditions, utilizing nitrocotton to gel
the nitroglycerin (the “gelatins” are one branch of the dynamite family); for cohesiveness
to enable loading into “up” holes in mines; for safe usage in underground coal mines (the
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Figure 1.6 Structural formula of nitroglycerin.

“permissibles” having salts of various types to cool the explosive reaction as part of the for-
mula) (Hopler 1996); and for economics by making formulas with very high ammonium
nitrate percentages (and thus no cohesiveness or water resistance), where severe field con-
ditions do not exist. Literally thousands of different formulas might be found, but for years
all had the basic commonality of having nitroglycerin as a component.

For all of its good explosive characteristics, nitroglycerin has the very undesirable
property of having a high freezing point, in the area of +50°F (+10°C). When dynamite
is totally frozen it is relatively safe, unless one tries to break a cartridge. The danger (and
the source of untold deaths in the first 50 years of dynamite) is when the miner tries to
thaw the stick to use it in a borehole. Unless thawed slowly, with controlled temperatures,
the material is very dangerous. Every explosives company catalog from the early days pic-
tures “thawing kettles” or other recommended devices for the thawing procedure. Many
approaches were taken to solving the problem. Nitrostarch was successfully introduced
by DuPont as the main explosive ingredient (sensitizer) for “nonfreezing” dynamites, and
that material later served as the basis for all the dynamite products of the Trojan Powder
Company. However, problems of low sensitivity and lack of water resistance prevented
nitrostarch dynamites from ever becoming more than a niche product. TNT and related
compounds are also found in various companies’ “low freezing” or “arctic” dynamites.

In the mid-1920s, the automobile industry was experiencing fast growth, and an anti-
freeze superior to alcohol was needed. Ethylene glycol was found to be excellent for this
application. That liquid had also been known for years as an excellent nitroglycerin substi-
tute when nitrated, and when co-nitrated with nitroglycerin (at a ratio of 60% ethylene gly-
col/40% glycerin) the mixture had a freezing point of about —40°F (-40°C). The resultant
mixture is ethylene glycol dinitrate/nitroglycerin (EGDN/NG). With this development, the
freezing hazards of dynamite became a thing of the past in most of North America. Other
proportions are also effective, and today economics (the relative prices of the two materials
at any given time) generally dictate what the ratio will be. A proportion used by one U.S.
company for many years has been 83:17.

Other than the change to the EGDN/NG mixture as a sensitizer, dynamite formula-
tions have changed relatively little since the 1880s when gelatins were invented by Nobel.
The notable advances have been in the area of underground coal mining explosives (per-
missibles) wherein the addition of cooling salts was found to decrease the potential of
igniting methane gas or coal dust, and in the introduction of a mixture of metriol trini-
trate (C;HyN;O,; IUPAC name: [2-methyl-3-nitrooxy-2-(nitrooxymethyl)propyl] nitrate)
and diethylene glycol dinitrate (MTN/DEGDN) as a non-headache sensitizer substituting
for EGDN/NG (Watson and Winston 1985). Dynamites with this new material as a sensi-
tizer found a substantial market in the last quarter of the twentieth century, but are no lon-
ger produced. EGDN/NG dynamites are still produced in the United States and elsewhere
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Table 1.3 Dynamite Formulations: Generalized (Percent by Weight)

Type?
Material 1 2 3 4 5
Nitroglycerin 40.0 15.8 91.0 26.0 9.5
Nitrocotton 0.1 0.1 6.0 0.4 0.1
Ammonium nitrate 30.0 63.1 39.0 72.2
Sodium nitrate 18.9 11.9 27.5
Wood pulp or nut meal 8.0 34 0.5 2.0 24
Balsa 2.0
Starch or wheat flour 3.9 1.5 3.8 4.0
Guar gum 1.3 1.3
Microballoons (phenolic) 0.3
Sodium chloride 10.0
Chalk 1.0 0.5 1.0 1.0 0.5
Total 100.0 100.0 100 100.0 100.0

@ 1, nitroglycerin dynamite (ditching dynamite); 2, 60% extra dynamite; 3, blasting
gelatin; 4, 60% extra gelatin; 5, permissible dynamite.

in the world, but in the United States it is produced at only one location (Dyno Nobel,
Carthage, Missouri), down from 34 in 1934. Dynamite production in the United States
was approximately 30 million pounds in 2006. Some typical formulations are shown in
Table 1.3.

1.4.3 Liquid Oxygen Explosives

Dynamite realized some minor competition beginning in the 1920s, when liquid oxygen
explosives (LOX) were introduced into the surface coal mines in the central United States.
This was a simple material: a cloth cartridge containing carbon black was soaked in a vat
of liquid oxygen until the material in the cartridge was totally saturated. The cartridges
were immediately lowered into the borehole, stemmed, and shot. A drawback was that only
a very limited number of holes could be loaded, since the evaporation of the oxygen was
rapid. Even with this limitation, LOX did a good job and were inexpensive. To enhance
the economics, mine-site plants were built by oxygen companies. This explosive reached
a maximum consumption in the United States of about 25 million pounds in 1953, soon
after which, due to developments discussed below, it disappeared from the scene.

1.4.4 Ammonium Nitrate

Ammonium nitrate had been an ingredient in explosives since the earliest days, primarily
as an oxidizer in nitroglycerin dynamite mixtures. There had been patents issued wherein
the ammonium nitrate was simply mixed with a fuel material, but no significant commer-
cial products resulted.

Since production of the material began, whether for explosives, munitions manufac-
ture, or fertilizer, the physical form of ammonium nitrate was granular: small crystalline
particles produced in graining kettles or by other means to slowly dry a highly concen-
trated liquor. In the mid-1940s, a new, much more economical production method began,
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called “prilling.” This method uses the old shot-tower concept used for ages to produce lead
shot. With this development, ammonium nitrate became available to the fertilizer trade as
a small porous sphere which was free-flowing, absorbent, easily handled and stored, and
economical. Ammonium nitrate used as a dynamite ingredient continued (and continues
to this day) to be of the granular variety for various reasons of formulation.

1.4.5 Ammonium Nitrate/Fuel Oil

In 1953 a large surface coal mine in Indiana began experimenting with prilled ammo-
nium nitrate and carbon black or ground coal for use as a dynamite or LOX substitute
(Hopler 1993a). The efforts were extremely successful and were disclosed to the world by
the company, Maumee Collieries, in May 1955. Other mining regions immediately picked
up on the benefits of the material, and soon found that fuel oil worked better than the solid
fuels. Thus, ammonium nitrate/fuel oil (ANFO) was born. The result was that the entire
explosives consuming and producing industries were converted almost overnight from
dynamite-based materials to simple fuel/oxidizer mixtures, or blasting agents.

A word should be mentioned here about the 1947 disaster at Texas City, Texas, since it
is commonly stated that this occurrence brought about the “ANFO revolution.” The disas-
ter involved the detonation of two ships loaded with bags of grained ammonium nitrate
fertilizer, with their destination as Europe (Kintz et al. 1948). The probable cause was a fire
from smoking by stevedores loading the ship. The ammonium nitrate was rosin-coated for
protection against moisture; thus, it was a fueled material, not pure ammonium nitrate.
The fact is that it was well known that mixtures of ammonium nitrate and fuel were good
explosives, and extensive research had been conducted in the 1930s by explosives com-
panies on such mixtures. They found that these mixtures were relatively insensitive, were
easily damaged by the slightest amount of moisture, and would only detonate in relatively
large-diameter boreholes.

In 1947, at the time of the Texas City disaster, ammonium nitrate was not yet avail-
able in the proper form (prills) for its application as a simple oxidizer/fuel blasting agent.
Basically, since it was already common knowledge that ammonium nitrate and fuel worked
as an explosive, when the material became available in the prilled form in the 1950s, the
mining companies tried it. To state it simply, “the rest is history.” In other words, the ANFO
revolution would have happened even if the Texas City disaster had never occurred.

ANFO dominates the commercial blasting industry today, but it is not the perfect
explosive. It has no water resistance, has a relatively low density (0.82-0.85 g/mL) and
detonation rate (13,000-15,000 f/s or 4000-6000 m/s, dependent on diameter and particle
size), and operates rather poorly in small-diameter boreholes unless emplaced in such a
way that the particle (prill) size is decreased.

The subject of sensitivity was noted above in relation to the tests with ammonium
nitrate—fuel formulations in the 1930s. Blasting agents, one definition of which is that
they must fail to detonate when tested with a no. 8 detonator (0.4 g of PETN), are fired
in the borehole with a booster explosive in the “explosive train” between the detonator
and the blasting agent. The size (weight) of the booster that must be used depends on the
blasting agent’s formulation, and can range up to 1 lb. or more of high explosive—usually
a cast TNT/PETN mix. In comparison, most “cap-sensitive” emulsion or slurry explosives
(Section 1.4.6) require only a no. 8 detonator. Emulsions and slurries can be cap-sensitive
or blasting agents, depending on the design. Dynamites, however, are almost universally
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cap-sensitive, and many of the more sensitive ones can be initiated with a “fractional”
detonator, containing a little as 0.05 g of PETN.

1.4.6 Slurry Explosives

ANFO’s limitations were recognized as soon as the material was introduced, and the first
products to evolve in an effort to solve these limitations were the slurry explosives. These
were invented in the late 1950s and consisted of ammonium nitrate (usually combined
with another oxidizer such as sodium nitrate), water, a gelling agent (usually guar gum),
and a high explosive or propellant material for sensitization. Aluminum, in powdered,
grained, or flaked forms, was often added for energy. All of the explosives companies were
producing slurry prior to 1960. Each company had its favorite sensitizer, usually dictated
by patent considerations, success in bidding on war surplus explosives, or the particular
in-house expertise of each individual company. The Encyclopedia has an excellent compila-
tion of patents in this field (Encyclopedia, Vol. 9, S139).

Although all water-based explosives products were called “slurry” in the 1950s and
early 1960s, as time passed this product type was subdivided into two distinct classes:

 “Slurry,” which was a thickened (usually by a guar gum, a polysaccharide) but not
cross-linked product.

» “Water gel,” which contained a cross-linking agent for the polysaccharide thick-
eners. The cross-linking agent forms a chemical bond. Early cross-linkers used
borate ions, but other materials may be used.

As the surplus sensitizers became more and more difficult to obtain (and more expensive,
if available at all), company scientists developed proprietary sensitizers. These included
MMAN (monomethylamine nitrate), EGM (ethyleneglycol mononitrate), HMTAN (hexa-
methylenetetramine nitrate), and MEAN (monoethanol amine nitrate). With these devel-
opments, and the frequent use of paint-grade aluminum powders, water gels were able
to be manufactured in small diameters to compete in the remaining dynamite markets.
However, cost and insensitivity when cold were continuing drawbacks to the water gels.
There were many water gels which used only powdered or flaked aluminum for their sensi-
tivity. In the case of flaked aluminum it was shown that the flakes carried air bubbles into
the water gel, which provided the sensitive “hot spots” for initiation.

Table 1.4 illustrates some very generalized water gel product formulations. It must be
pointed out that there are hundreds of varieties of these products. Even one company’s
products will vary greatly depending upon the application, whether packaged (small and
large formulas vary) or bulk.

1.4.7 Emulsion Explosives

Almost as soon as the water gels came into usage, another development was made in the
commercial explosives field. This new product was the emulsion explosive. Although first
conceived in 1961, commercialization was not really successful until the early 1980s.
Whereas water gels/slurries are thickened aqueous solutions of oxidizers and/or fuels
and sensitizers/energizers, emulsions are mixtures of two immiscible liquids with one
liquid phase dispersed uniformly throughout the second phase. Explosive emulsions are
generally “water-in-0il” types, wherein microscopic droplets of the oxidizer phase are
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Table 1.4 Water Gels: Examples of Formulations (Percent by Weight)

Formulation
Material 1 2 3 4 5 6
Ammonium nitrate 253 50.0 40.7 73.8 47.5 42.0
Water 22.5 17.7 13.6 8.9 18.0 15.0
Smokeless powder 25.0
Sodium nitrate 15.0 15.1 15.8 15.0
Calcium nitrate 20.0
Hexamine nitrate 14.2
MEAN 5.0
Sodium perchlorate 2.0
MMAN 25.9
Ethylene glycol 1.5 7.2 0.6 1.2
Diethylene glycol 2.0
Sugar 5.5
Aluminum 10.0 8.0 12.0 12.0
Gum 0.7 2.0 1.1 1.1 0.8 1.0
Microballoons 1.0
Miscellaneous 2.3 2.0
Total 100.0 100.0 100.0 100.0 100.0 100.0

surrounded by a continuous fuel phase. This provides almost perfect water resistance to
the product. Examples of this type of emulsion in the nonexplosive world are butter, mar-
garine, cold cream, and shoe polish.

Emulsion explosives are the ultimate result of the scientific refinement of compos-
ite explosives. Black powder, the first composite explosive, had particles that were rela-
tively large. The reaction of the powder, although rapid, was a burning phenomenon on
the surface of the particles. Dynamite was the next major composite, with a liquid sensi-
tizer, nitroglycerin, mixed with coarse particles of ammonium nitrate, sodium nitrate, and
various carbonaceous materials, examples of which are wood flour, pulp, nut hulls, and
sawdust. The chemical reaction of detonation was carried along by the nitroglycerin, but
also took place as a surface reaction on the solid materials, as did the burning reaction in
black powder, but at shock wave (detonation) velocity rather than at burning velocity. The
detonation velocity was adjustable through the choice of particle size of the ingredients.

ANFO, the ammonium nitrate/fuel oil mixture consisting of 94% ammonium nitrate
and 6% fuel oil, is probably the most used explosive material in the world today. ANFO
is a prime example of a composite explosive, consisting of large particles of ammonium
nitrate soaked with oil. Because of the particle size, all of the ammonium nitrate is not in
intimate contact with the oil, and thus all of the ammonium nitrate does not react within
the detonation reaction zone. This results in ANFO being a less efficient explosive than it
should be. An improvement in efficiency, and therefore detonation rate, can be made by
reducing the size of the prills. Doing this, however, changes other very important charac-
teristics, such as density, flowability, and certainly not least of all, economics.

In emulsion explosives, the oxidizer portion is drastically reduced in size, thus improv-
ing the efficiency of the detonation reaction. Rather than being dry prills, the emulsion
oxidizer is a highly concentrated solution of ammonium nitrate and/or other salts. By the
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use of emulsifiers and precise processing methods, the “particle size” of droplets of this
solution is reduced to microscopic proportions, typically in the range of about 2-10 pm in
diameter. Surrounding each droplet is a film of oil, wax, or other fuel material. The result
is still a “mixture” of fuel and oxidizer, similar to black powder, dynamite, and ANFO,
but the particle size comes as close as possible to mimicking the intimacy of combination
found in molecular explosives such as nitroglycerin or TNT.

Emulsions depend upon “hot spots” for their sensitivity. These may be air bubbles
resulting from the emulsification process, but they more generally are artificially created
by chemical gassing or by the addition of solid “density control” materials such as perlite
or microballoons. Microballoons may be of glass or phenolic in a wide range of crushing
strengths. A combination of economics and the purpose for which the emulsion will be
used dictates the density control type to be used. For example, a ditching application where
the explosive may be subjected to high hydrostatic shocks from nearby detonating holes
needs an emulsion with high-strength microballoons.

Emulsifier technology is the most important aspect of the competitive situation in
the manufacturing industry. The choice of material and the processes used in the emul-
sion manufacture (temperatures of manufacture, cooling rates, etc.) are important factors
in the final explosive, rheological, and shelf-life characteristics of the emulsion. Table 1.5
shows some very generalized emulsion formulas.

Formulation 4 in Table 1.5 was one proposed by the U.S. Bureau of Mines as a permis-
sible explosive (for use in underground coal mines), and is shown only as an example of
the diverse collection of materials that may be put into a formulation when economics is
not a factor. Commercial companies presently manufacture a great number of emulsions
for permissible applications, utilizing formulas closely resembling the others in the table.

The combining of emulsions and ammonium nitrate or ANFO is the latest develop-
ment in the commercial explosives field. These combinations generally are called “heavy

Table 1.5 Examples of Emulsion Formulas (Percent by Weight)

12 2b 3¢ 4d

Ammonium nitrate 78.0 70.7 58.0 47.0
Sodium nitrate 10.7 15.0 12.0
Water 13.5 7.3 17.0 8.5
Emulsifier 1.5 0.8 2.0 1.5
Oils/waxes 5.5 3.1 6.0 5.0
Aluminum 5.0
Microballoons 1.5 24 2.0 6.0
MMAN 15.0
Sodium perchlorate 5.0

100.0 100.0 100.0 100.0

Sources: Data from * Sudweeks, W., Industrial and Engineering Chemistry—
Product Research and Development, 24(3): 432-436, 1985;
¢Gehrig, N., In Konya, C.J., Proceedings of the Eighth Conference
on Explosives and Blasting Technique, pp. 221-228, Cleveland,
OH: Society of Explosives Engineers, 1982; ¢Ruhe, T. C. and M. S.
Wieland, Proceedings of the Eighth Conference on Explosives and
Blasting Research, p. 70, Cleveland, OH: Society of Explosives
Engineers, 1992.
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ANFO” or “blends.” The result of this has been to produce a “waterproof ANFO” by hav-
ing the emulsion material completely coat the dry ammonium nitrate prills or the ANFO.
This combination allows loading into wet holes, and in addition enables the explosives
engineer to tailor the detonation rate of the material to the rock in question. Emulsions,
with their extremely small “particle size” noted earlier, have an inherently high velocity,
frequently not suitable for some blasting jobs. The ANFO/emulsion mixtures, however,
may be entirely suitable for such situations.

A recent development in the formulation of these blasting agents is the addition of
by-product agricultural materials such as seeds or hulls, or other materials such as saw-
dust, styrofoam beads, coal chips, and so on to lower the density and detonation velocity
of the emulsion or emulsion blend (“heavy ANFO”). These bulking agents are of the same
types as many of the “dopes” used in dynamites for the past 100 years and more.

The relative insensitivity of ANFO, slurries, water gels, emulsions, and blends, gener-
ally requiring a substantial booster for initiation rather than a single detonator (blasting
cap), naturally led to their use as bulk-loaded explosives. Hopler (1993b) has written a thor-
ough history of the development of bulk loading.

1.5 Improvised or “Do-It-Yourselt” Explosives

In recent years the proliferation of various radical movements, some homegrown, some
state-sponsored, and others backed by radical fundamentalist movements, have brought
with them the illegal use of explosives in misguided efforts to advance their causes. In
most cases the explosives have not been those described above, but have been explosives
manufactured in clandestine laboratories. Examples of such explosives are urea nitrate,
triacetone triperoxide (TATP),and hexamethylenetriperoxidediamine (HMTD). Figures 1.7
and 1.8 show the structural formulae of TATP and HMTD, respectively.

Urea nitrate is prepared from nitric acid and urea. Urea is a widely used fertilizer,
and is readily available. Urea nitrate was never used as a commercial explosive because of
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its corrosive properties. TATP is a product of the combination of hydrogen peroxide and
acetone. In recent years it has become a favorite of terrorists worldwide. It was never a
practical commercial explosive. HMTD is a product of hydrogen peroxide and hexamine.
It was seriously considered as an initiating explosive at the time when mercury fulminate
was the standard base charge in detonators, but never entered serious commercial use.
These and other improvised explosives are further discussed in Chapter 12. The precursors
of the noted explosives are commercial products. The control of precursor chemicals has
been addressed by the National Research Council (1998).

1.6 Methods of Explosives Initiation

With the earliest explosive, black powder (gunpowder), the application of a flame or spark
was sufficient to bring about initiation. The insertion of a powder-filled straw sufficed for
many years, evolving into the “miner’s squib.” These were dangerous methods, frequently
causing the initiation of the main charge before the miner was in a safe position. In 1832
William Bickford invented the safety fuse, which was probably the most significant safety
advance in the entire history of explosives.

Upon the discovery of nitroglycerin, it was found that a detonating blasting cap was
necessary for successful initiation. This cap could be initiated by a safety fuse, or later,
by electrical means. The evolution of electric blasting included bridge-wire and spark
gap types, with the bridge-wire being the successful survivor. Delays were built into caps
beginning in the early part of the twentieth century, with constant improvement up to
the present day. In the twenty-first century, caps (properly called “detonators”) contain-
ing computer elements and called electronic detonators are becoming common, with the
advantage of extreme accuracy in their timing. Whereas a 1990 detonator was accurate to
about 5% of the labeled time at best, the electronic detonator will fire within about 1 milli-
second of the designed time.

Advances in the nonelectric detonator field have been spectacular as well. The first
nonelectric detonator was a blasting cap crimped onto safety fuse. The next development,
in 1903, was the use of a metal tube filled with TNT, which was placed in the borehole
along with the main charge. The product was named cordeau. Initiation of the tube set off
the explosives. Economy and handling were improved in the 1930s by substituting a fabric
cover for the metal, and substituting PETN for the TNT. This was called a detonating cord.
Next, in the 1960s, a delay detonator was attached to a very low-grain core-load detonating
cord. In the 1970s, two competing systems were invented, one based on delay detonators
attached to empty plastic tubing (hercudet), the other based on delay detonators attached
to plastic tubing internally coated with a very thin coating of aluminum powder and the
explosive HMX (nonel). To actuate the first system a mixture of natural gas, hydrogen, and
oxygen was introduced by a special blasting machine. When the system was fully charged, a
spark initiated a detonation throughout the system of tubes, igniting each detonator. In the
second type, a detonation or very strong shock imparted on the aluminum-HMX-coated
tubing initiated a dust explosion within the tubing circuit, initiating each detonator, much
in the same way as the gas did in the first method. Although both were good systems and
had their champions, the aluminum-HMX system prevailed, and the gas system became
obsolete. In the early twenty-first century the nonel and electronic detonators appear to be
the systems which will dominate commercial blasting for the foreseeable future.
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1.7 Summary

The development of emulsions and their applications with ammonium nitrate or ANFO
brought about profound changes in the commercial explosives industry. Dynamite is still
a viable product, but it is rapidly being displaced in most mining and construction applica-
tions. The number of dynamite manufacturing plants (called “works” in the industry) in
the United States has gone from 34 in 1934 to just 1 in 2011. In about the same period of
time, bulk loading of explosives into the borehole (as opposed to the use of cartridges) has
gone from nearly 0 to possibly representing 95% of all commercial explosives usage. This
short summary of the vast subject of propellants and explosives may be built upon by the
references cited.
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2.1 Introduction

The instantaneous release of energy from a relatively small volume of material can be
viewed as an explosive event. This is achieved by changes in the chemical composition
of the solid, liquid, or gas, and the release of chemical energy. Depending on initiation
conditions, charge geometry, and chemical composition, this reaction can accelerate until
a steady value (detonation) has been achieved, or decelerate (deflagration) and eventually
die out. The distinction between true detonation and deflagration is not crucial at this
stage, as both processes can lead to release of very large amounts of energy in a small
fraction of a second. Most incidents involving dust or vapor cloud explosions (flour, saw-
dust, gasoline vapors, natural gas, etc.) involve only rapid combustion and not detonation.
Most commercial explosives such as ammonium nitrate (AN)-fuel oil mixtures exhibit
nonideal behavior, in that their sensitivity and severity of explosion falls off rapidly with
decreasing diameter and lack of confinement. In this discussion, confined to condensed
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phase explosions, the words “detonation” and “explosion” are used synonymously and no
distinction is made between commercial and military explosives.

The whole subject of explosion hazard has gained great immediacy in recent years, partly
because of widespread terrorist activity employing explosives and the measures required to pro-
tect people and property against such actions, and partly due to increasing emphasis on social
and environmental concerns regarding their manufacture, transport, storage, and use, espe-
cially in urban areas. Since the basic reaction chemistry of an explosive compound is somewhat
straightforward, and some of the ingredients required to produce such products are often in
regular household use, it becomes increasingly difficult to control and track these supplies. This
applies particularly to regular use of improvised explosive devices among many trouble spots
around the world, where the makers of such devices do not need to worry about their long-term
stability, toxicity, or cost, all of which play a major role in the manufacture of explosive products
for strictly civilian and military use. It therefore becomes imperative that the explosion process
itself is fully understood and appropriate protective measures are implemented to prevent loss
of life and damage to structures, and to suitably address environmental issues.

The energy from an open-air explosion results in compression of the surrounding air, which
gives rise to a rapidly propagating shock wave or pressure wave. Except in the immediate vicin-
ity of the explosion, where the explosion fireball may pose a serious hazard, the major hazards
resulting from an accidental explosion are due to the shock wave and high-velocity fragments
expanding from the explosion site. The medium of transmission could be air, water, or soil and
rock. The main characteristic of the shock wave is an extremely sharp rise in pressure value in
the front, followed by a slow decay. The front part of the wave is entirely compressive and the
tail part of it is entirely tensile but of much lesser amplitude. The amplitude of the compressive
shock in the immediate vicinity of this explosion could be in excess of 10 GPa (or a hundred
thousand atmospheres); it decreases very rapidly, however, as it travels away from the source of
the explosion. The velocity of shock would depend on the stiffness of the medium in which it
travels, and it is normally a constant in each medium for relatively low-amplitude shock pres-
sures. However, its amplitude and duration (both of which contribute to its damage potential)
can be altered dramatically through multiple reflections caused by proximity of the explosion
to ground surface or other free or rigid structures. This can result in significant increase in the
amplitude of the “reflected” shock compared to the “incident” shock.

The additional hazards resulting from an explosion include the explosion fireball,
secondary fragments, cratering, perforation, and spalling. The effect of the shock wave
on personnel and structures has been studied extensively in recent years, and guidelines
established for its damage potential. There are currently several excellent monographs and
treatises available on the subject of science and technology of explosives. There are also
comprehensive design handbooks dealing with blast hazards and blast-resistant structures.
The purpose of this paper is not so much to summarize these available sources of informa-
tion but to provide an up-to-date review of the interrelated topics and elucidate the scope
and complexity of the subject.

2.2 Historical Developments

It is difficult to speak of modern explosives without referring to black powder. The discovery
of black powder probably precedes its actual use in a systematic fashion by several centu-
ries. Its essential ingredients (potassium nitrate, charcoal, and sulphur) have been available
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since ancient times, and chance or deliberate ignition of a mixture of these ingredients may
not have been so rare. However, the credit for its systematic use belongs to the Chinese, who
packed these mixtures into bamboo tubes and used them as rockets for display and signal-
ing purposes. It took several centuries before black powder became a standard military tool.
Even then, the early fourteenth century cannons consisted simply of wooden tubes filled
with black powder charge which expelled a stone projectile. The first use of the material in
mining took place in Hungary in the early seventeenth century. Its use accelerated with the
discovery of vast deposits of sodium nitrate in Chile in 1840.

Other related developments quickly followed. In 1846, strong nitric acid reacting
with glycerol, a by-product of soap manufacture, resulted in an oily product called glyc-
eryl trinitrate, which is more commonly known as nitroglycerin (NG). Practical use of
NG was pioneered by the Nobel family in the years following 1859. Alfred Nobel also
invented the blasting cap in 1863, which revolutionized the mining industry. But the
behavior of the NG-based explosives still remained highly unpredictable, resulting in
numerous accidents and fatalities. After many years of work, Nobel finally discovered
that kieselguhr, a diatomaceous earth, absorbed up to three times its own weight of NG
to form a relatively dry, leak-resistant paste, which came to be known as “dynamite”
(Meyers and Shanley 1990). The word was derived from “dynamos,” the Greek word for
“power”

Other momentous advances in the explosives technology include the development of
safety fuse (essentially a black powder core inside a tough yarn) by William Bickford in
1831, the invention of the detonating cord (a sensitive high explosive core inside a thin plas-
tic tube or textile yarn) in 1908 in France, the further refinement of the detonating cord by
Ensign-Bickford Corporation in the United States, and the chance discovery of AN as a
very powerful explosive in 1947, when the ship Grand Camp carrying fertilizer-grade AN
blew up at its dock in Texas City following a fire. The place of AN in explosives industry
has since been secure. The other significant developments in the explosive industry were
the introduction of the slurry explosives in the late 1950s and shock tube-based detonators
(“nonel”—a plastic tube with a wall coating of high melting explosive [HMX] and alumi-
num) in the early 1970s, water-in-oil emulsion explosives in the late 1970s, and accurate
electronic delay detonators in the 1990s.

2.3 Thermochemistry of Explosives

Explosive reactions can be slow or fast, the former characterized by low rates of reaction
(a few centimetres to a few m/s) and the latter by very high rates (up to several km/s). The
reactivity of a chemical depends on its chemical structure. All explosive chemicals such as
nitrate (-ONQO,), nitro (-NO,), chlorate (ClO;™), and perchlorate (ClO,™) are character-
ized by low thermodynamic stability.

The chemical compositions of typical molecular explosives are shown in Figure 2.1.
The oxygen attached to these structures breaks away easily to combine with other elements
such as carbon, hydrogen, sulphur, and so on to form more stable compounds. There are
also some explosive compounds which are either highly oxygen-deficient (e.g., trinitrotolu-
ene [TNT]) or totally devoid of it (e.g., lead azide [PbN,]). However, it can be said that in
general, most explosives contain carbon (C), hydrogen (H), nitrogen (N), and oxygen (O),
and are categorized as “C-H-N-O” explosives.
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Figure 2.1 Chemical composition of typical molecular explosives.

The major reactions in the explosion process are the following: C to carbon dioxide,
H to steam and water, N to nitrogen gas, aluminum (Al) to aluminum oxide, sulfur (S)
to gas or solid sulphates, AN to water, nitrogen, and oxygen, and so on. The following
rules of thumb can be applied to determine the reaction hierarchy: all nitrogen forms N,,
all hydrogen converts to H,O, any excess oxygen converts to CO, any further oxygen left
combines to form CO, and Al,O,, with balance remaining O,, and any excess C remains
solid carbon. On this basis, let us examine the reaction process in three classical explosives:
black powder, TNT, and NG.

8C+3S+10KNO, — 3K,SO, +2K,CO, +6CO, +5N,
(Black Powder)

2[CH,C{3(NO,)H, | - 7CO+5H,0+3N, +7C
(TNT)

4[C,H;(NO;),] = 12CO, +10H,0+6N, + O,
(Nitroglycerin)

In each case, the unstable union between nitrogen and oxygen is transformed into more
stable compounds; nitrogen reuniting with itself, oxygen combining with carbon, hydro-
gen, and sulphur. Actual reactions at the high temperatures and pressures prevailing in
the reaction zone are, of course, more complex, and the relative gas fractions continually
change as the temperature inside the explosion drops.

All explosive compounds can be considered to be composed of three components:
tuel, oxidizer, and sensitizer. Thus, any number of these ingredients in combination can
be combined to form an explosive mixture, the main difference among them being their
respective energy content, sensitivity, and stability. Carbon, hydrogen, sulphur, and so on
provide the essential fuel for the oxygen in the oxidizer. Incorporation of a chemical or
physical sensitizer enhances the ease with which the explosive can be made to react by
means of an initiator. The molecular explosive compositions already contain the necessary
ingredients within them, without the requirement for additional fuel additives. Most of
these molecular explosives, such as NG or TNT, do not require a sensitizer, whereas oth-
ers may require such components in order to attain a degree of sensitivity that is practical
from a blasting point of view. A partial list of sensitizers is given in Table 2.1.
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Table 2.1 Typical Sensitizers in Commercial Explosives

Chemical Physical
Composition BTNT Aluminum (fine)

RDX Monoethylamine Nitrate Air bubbles

Nitroglycerin Perchlorates Glass or plastic microballoons

Nitromethane Nitropropane

The bulk of the commercial explosives are not molecular explosives but are made of
mixtures of these three essential components. As a result, they are considerably less sensi-
tive (and therefore safer and cheaper) than the molecular explosives (e.g., PETN [penta-
erythritol tetranitrate], TNT, NG, etc.). Initiation of these explosives is therefore much
more difficult, and requires adequate boosting. The common form of initiators and boost-
ers are detonators (~1 g of PETN), detonating cords (4 g/m to 40 g/m of PETN), cast boost-
ers (20 g to 1 kg of pentolite [PETN/TNT 50/50]), and cartridged explosives (200 g to 500 g
of detonator-sensitive commercial explosives).

2.4 Types of Explosives

Explosion events could originate from several sources. These include dust explosions, igni-
tion of flammable gases and initiation of condensed phase chemicals such as propellants
and explosives, and finally, detonation of nuclear devices. Dust and vapor cloud explosions
are the most common form of accidental events and are discussed in Chapter 7. The basic
mechanics of damage is similar to that due to chemical explosives, so the present discus-
sion will deal only with the latter.

Chemical explosives can be roughly grouped under two categories: military explo-
sives and commercial explosives. There is, however, no sharp distinction except in their
applications and their relative sensitivity to initiation. Military explosives, as well as the
so-called primary explosives used in the manufacture of detonators, are normally com-
posed of molecular explosives which require no additional ingredients to make them
explode. Examples include lead azide, lead styphnate, TNT, PETN, RDX (research depart-
ment explosive), and various combinations of the latter three compositions such as sem-
tex (RDX/PETN). In general, the molecular explosives have higher sensitivity and higher
reaction rates than composite explosives. Despite their extensive military use and appar-
ent familiarity, most of these explosives were developed only during the early half of the
twentieth century.

The development of commercial explosives preceded military explosives by several
decades and continues to be an active area of research. Examples include NG-based explo-
sives (dynamites), explosives with alternate sensitizers such as TNT, RDX, and perchlorates,
slurry explosives, emulsions and dry blasting agents such as ANFO (ammonium nitrate
and fuel oil). All explosives other than NG-based ones may contain varying amount of alu-
minum for extra energy. Although NG-based and slurry explosives still have a significant
market share, dry blasting agents such as ANFO and emulsion explosives and their variants
have become the mainstay of most commercial blasting operations in all civil and mining
projects.
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The emulsion explosives have several outstanding advantages over other explosives
including their simplified composition (saturated AN liquor with fuel oil and an appro-
priate emulsifier), intimate mixing of fuel and oxidizer (droplet size ranging from 1 um
to 5 um), relative resistance to water, ease of manufacture, and high velocity of detona-
tion. Emulsion explosives can be sensitized, for small diameter applications, with either
chemical or physical sensitizers (air bubbles or glass or plastic microballoons), and can
incorporate varying amounts of aluminum to give them additional strength. They can
be manufactured in a wide range of densities—lower densities for small-diameter appli-
cation and higher densities for large-diameter application. The emulsion explosive can
be used by itself or mixed with ANFO or AN prills, or it can be used as a filler of inter-
granular spaces in ANFO. The bulk of the commercial explosives in use today are either
straight ANFO or its derivatives with emulsions, either in bulk form or in cartridge form.
However, commercial explosives can also be manufactured in a variety of other forms,
such as castings, pressings, putties, and rubberized and plastic bonded forms for special-
ized applications.

2.5 Explosion Process

Heating a reactive material results in its exothermic decomposition. The resulting heat may
further increase the rate of reaction and may eventually lead to a self-sustained reaction
known as “deflagration” A rapidly traveling shock wave also can provide the initial source
of heat in the material. Under certain conditions of initiation and confinement the defla-
grating reaction can transit to a supersonic but steady rate of reaction, otherwise known
as “detonation.” In deflagration mode, the reacted materials flow away from the unreacted
material, whereas in detonation mode, the detonation products flow with great velocity
toward the undetonated explosive.

In the detonation process, a shock front or shock zone propagates at a characteristic
velocity into the unreacted explosive at very high pressures and temperatures. Immediately
behind the shock front is the chemical reaction zone, where the original material is rap-
idly converted into reaction products. The width of the shock front and the reaction zone
could be as low as a few millimeters depending on the nature of the explosive material
and the boundary conditions. The chemical reaction zone is followed by a slower-moving
zone consisting of the detonation products. The mechanism is shown schematically in
Figure 2.2. The pressure and temperature in the detonation zone could exceed several hun-
dred thousand atmospheres and 3000°C.

2.5.1 Pressure of an Explosion

One can get some idea of the magnitude of the pressure associated with an explosion pro-
cess by treating the gaseous explosion products as ideal gases. The ideal gas law is given by

PV =nRT

where P is the pressure, V is the volume, 7 is the moles of gas, R is the gas constant, and T
is the absolute temperature.
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Figure 2.2 Simplified structure of detonation reaction in an explosive mixture.

Table 2.2 Pressure-Volume Relationship per Mole of Gas at 0°C

Hydrogen Oxygen Carbon Dioxide
Pressure (atm) \%4 PV 1% PV \%4 PV
1 22.428 22.43 22.393 22.39 22.262 22.26
100 0.2386 23.86 0.2075 20.75 0.04450 4.45
400 0.07163 28.65 0.05887 23.55 0.04051 16.21
800 0.04392 35.13 0.04207 33.66 0.03779 30.23
1000 0.03837 38.37 0.03886 38.86 0.03687 36.87

Source: Data from Manon, J. J., Engineering and Mining Journal, 177: 60-68, 1976.

Table 2.3 Some Equations of State to Relate Pressure-Volume-Temperature

Relationship

Name Relationship?

van der Waals (P+alV?*)(V-b)=2
Becker-Kistiakowsky-Wilson (BKW) PV =RT (1+xef )y =(k 3 X,k )/[VIT+6)*]
Beattie-Bridgman PV2=RT[V+B,(1-b/V)][1-¢c/VT?]- A,(1-a/V)

* BV, T, R X, and k denote pressure, volume, temperature, gas constant, species mole fractions, and
individual species volumes. As expected only R is a constant in the above equations, and the fitting
parameters a, b, ¢, A,, By, Cy and @, B, 0, and K must be determined from experimental data.

This pressure-volume-temperature relationship holds only at relatively low pressures
at which molecules of gas are relatively far apart. However, under explosion reaction condi-
tions this is far from so, as seen in Table 2.2 for three representative gases. Real gases are
seen to be much more compressible, as the varying values of PV indicate.

To account for the behavior of gases at temperatures and pressures characteristic of
the explosion process, several “equations of state” (EOS) have been proposed with varying
degrees of success. Some typical examples of these are shown in Table 2.3.

2.5.2 Energy Release in Explosions

In simple terms, the amount of heat released can be taken to be the equivalent of the energy
content in an explosive. In its simplest form, the heat released in a detonation reaction is
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the difference between the heat of formation of the original reactants and those of its reac-
tion products. By convention, the heat of formation of all elements in the standard state
(25°C and 1 atmosphere) is taken to be zero. Thus the known heat of formation of com-
pounds can be used to predict the heat of detonation. The detonation of NG can be taken
as an example:

H H

p(explosion) = Hp(products) — L p(explosive)

4[C,H,(NO,);]—>12CO, +10H,0 ) +6N, + O,
~ H, =12(94)+10(58) - 4(83)
=367 kcal/g-moleat 0°C

or 1620 cal/g

The energy released in ANFO can be similarly calculated. A simple calculation goes as
follows:

94.5% AN + 5.5% FO

3NH,NO; + CH, — CO, + 3N, + 7H,0 + 930 cal/g
For slightly different proportions of AN to fuel oil, the results would be as follows:

92% AN + 8% FO

2NH,NO, + CH, — CO + 2N, +5H,0 + 810 cal/g

and

96.6% + 3.4 FO
5NH,NO; + CH, — CO, + 4N, + 2NO +11H,0 + 600 cal/g

Clearly the maximum amount of energy is released with a 94.5:5.5 ratio of ANFO.

The energy calculations shown above apply to the “ideal” energy release; the actual
energy release and the associated detonation parameters (e.g., reaction temperature, deto-
nation pressure and its decay, detonation velocity, etc.) will depend on the density, confine-
ment, diameter, and initiation mode of the explosive in question.

2.5.2.1 Oxygen Balance
The role of oxygen is crucial in optimizing the reaction products for maximum release of
heat. As shown above, with few exceptions most molecular explosives are oxygen-deficient.
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To achieve full oxidation it is necessary to add oxygen-rich ingredients in making explo-
sive mixtures with these explosives. The ratio of oxygen present to the amount of oxygen
required to achieve full oxidation is a measure of the oxygen balance. As the above equa-
tions show, ANFO with 8% fuel oil is oxygen-negative or has a negative oxygen balance as
evidenced by the presence of CO in the reaction products. Similarly, lowering the fuel oil to
3.4% renders the ANFO oxygen-positive with extra oxygen being in the form of NO in the
reaction products. Most commercial explosive compositions are formulated ideally to have
a zero oxygen balance.

2.5.3 Detonation Properties

Conservation of momentum across the shock front results in rapid acceleration of the
reacted material in the direction of shock. This is termed the particle velocity. The density,
pressure, particle velocity, and temperature in the reaction zone must all obey conserva-
tion laws of physics. The Chapman-Jouget (C-]) postulate states that the sound velocity in
the reacted material plus the particle velocity must be at least the same as the shock wave
velocity, to ensure that the chemical reaction energy can be transported forward to sustain
the shock front. The C-J plane defines the limit beyond which no further energy release
can contribute to the propagation of the shock front. The corresponding pressure is known
as the C-J pressure. These characteristic pressures for some typical explosives are shown in
Table 2.4, along with their density and velocity of detonation.

Besides density, the other critical parameter controlling detonation properties is the
charge size or charge diameter. This applies particularly to the more insensitive commer-
cial explosives, where the velocity of detonation is not only a strong function of charge
diameter, but such explosives are not detonable below a certain critical diameter. For com-
mercial explosives, the critical diameter ranges from 20 mm to 200 mm depending on
the density and composition. The other distinguishing features of commercial explosives
are their generally lower density and lower velocity of detonation and pressure. However,
despite their somewhat reduced hazard potential in terms of damage to structures and
injury to personnel, detonation of commercial explosives, deliberate or otherwise, still rep-
resents an extremely serious hazard.

Table 2.4 Detonation Parameters of Some Typical Explosives

Detonation Velocity Detonation Pressure
Explosive Density (g/cm?) (m/s) (GPa)
ANFO 0.84 4500° 4.3
Slurry 1.25 4800° 7.2
Emulsion 1.20 5500° 9.1
Dynamite 1.45 5400° 10.6
TNT? 1.64 6930 21.0
PETN® 1.67 8000 30.0
RDX® 1.77 8700 33.8

@ Data from Dobratz, B. M. and P. C. Crawford, LLNL Explosives Handbook: Properties of
Chemical Explosives and Explosive Simulants, Livermore, CA: Lawrence Livermore National
Laboratory, University of California, 1985.

b Maximum value—actual figure will depend on diameter and confinement.
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2.6 Characteristics of Blast Waves

The original potential energy in the explosive upon detonation is distributed among a
number of distinct forms as a function of space and time. These consist of

o Wave energy

 Residual or waste energy

« Kinetic and potential energy of confining material or fragments
« Kinetic energy of source material

« Source potential energy

« Radiation

The energy distribution is shown schematically in Figure 2.3. The energy in a propagat-
ing wave system is both potential and kinetic, but excludes that contained in the volume
occupied by the explosion products or the quiescent medium between the blast wave and
the products (Strehlow and Baker 1976). Thus, at far field, the total wave energy—a char-
acteristic of each explosive type—should remain constant with time. The residual or waste
energy represents the heat generation in the intervening air due to passage of the shock
wave, which is irreversible.

The kinetic and the potential energy imparted to any confining medium or resulting
fragments due to the initial expansion of the shock wave can be a significant fraction of the
total energy. This is done through plastic deformation, heat transfer, and so on. Similarly,
some amount of energy is also transferred as kinetic energy to the explosive source mate-
rial. All kinetic energy components must eventually reduce to zero as the fragments or
the source materials come to rest. In a typical explosion process, a considerable amount of
energy is still retained by the explosion gases, which are still under relatively high pressures

100%

Radiation
N

Potential energy in wave

Kinetic energy in wave

A819ud oAem play-TB]

Total energy

Residual energy in air

Kinetic energy in products and fragments

Potential energy of fragments

Potential energy in products

0

Figure 2.3 Energy distribution (schematic) in an explosion event as a function of time.



Physics of Explosion Hazards 29

and temperatures. This is known as the potential energy of the product. Although this
energy is eventually dissipated through expansion and cooling, the time scale in which this
occurs is much larger than that associated with the propagation of the blast wave.

The final component of energy loss is represented by radiative heat losses. However,
this is rather a small fraction of the total heat energy in chemical explosions compared to
nuclear explosions. Figure 2.3 shows that only a fraction of the total available explosive
energy appears as wave energy. A larger fraction of the total energy, however, may be trans-
ferred to the blast wave in the case of a slower rate of release of explosive energy.

The characteristic propagation and decay of blast wave in air is shown schematically
in Figure 2.4a. With greater time (or larger distance travelled), the blast wave undergoes
systematic changes in amplitude, duration, and profile. In the far field, the pressure signa-
ture assumes a pronounced negative phase. Figure 2.4b shows the features of an ideal blast
pressure profile and its relevant features. This should be compared with an actual pressure
profile recorded from a 6.4 kg (14 Ib) near-surface ANFO charge at a distance of 2.1 m (7 ft),
as illustrated in Figure 2.4c.

The similarity between the ideal shock pressure profile and that from measurement is
remarkable. The leading part of the blast wave is compressive with an extremely rapid rise
in pressure level, which is followed by exponential decay of the pressure. Due to the inertial
effect, the pressure eventually falls below the atmospheric level and then returns more or
less to the ambient level after some time. The amplitude of the negative phase of the blast
wave is only a fraction of the positive phase, although in the far-field conditions its dura-
tion is larger than the positive or the compressive phase. Initially, the velocity of the blast
wave, due to the high pressures involved, could be several thousand m/s, but with distance
the shock decays to a regular sound wave in air with the characteristic velocity of ~330 m/s.
From this it is evident that the shock wave from a larger or more intense explosion will
arrive at a given site sooner than due to a weaker explosion.

A very important aspect of the shock wave in air is the high velocity wind associated
with the shock front. The pressure resulting from the latter is called the dynamic pressure
(Kinney 1962). It is proportional to the square of the wind velocity and to the density of the
air mass behind the shock front. It can be shown that the dynamic pressure becomes larger
than the peak overpressure when the latter reaches or exceeds 480 kPa (70 psi). The calcu-
lated peak dynamic pressure and the corresponding wind velocity are shown in Table 2.5.

Since the dynamic pressure denoted by g is proportional to the square of the wind
velocity (1) and the density (p) of the shocked air, it can be written as

q=12(pu*)

which is essentially the kinetic energy per unit volume of air immediately behind the shock
front. It can be further shown that

q=P/[2yPy+(y -1)P]

which, for y=1.4 (the ratio of the specific heats at constant pressure and at constant volume
for air) reduces to

q=512P*[(7P)+P,)

where P is the ambient pressure and P, the peak overpressure. The above expression will be
used in calculating the reflected overpressure to be discussed in the next section.
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Figure 2.4 (a) Idealized propagation and decay of the shock wave from an explosion at increas-
ing distances; (b) a typical shock pressure profile; (c) a measured shock profile from a small
near-surface ANFO charge 6.4 kg (14 1b) at a distance of 2.1 m (7 ft) from the source.
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Table 2.5 Peak Overpressure, Dynamic Pressure, and Maximum Wind Velocity
in Air at Sea Level for an Ideal Shock Front

Peak Incident Pressure kPa (psi) Peak Dynamic Pressure kPa (psi) Max. Wind Velocity km/h (mph)

345 (50) 283 (41) 1531 (934)
207 (30) 117 (17) 1097 (669)
69 (10) 152 (2.2) 482 (294)
34.5 (5) 3.7 (0.5) 253 (154)
20.7 (3) 1.4 (0.2) 162 (99)
13.8 (1) 0.7 (0.1) 115 (70)

Source: Adapted from Glasstone, S. and P. J. Dolan, The Effects of Nuclear Weapons, 3rd ed., Washington, DC:
U.S. Department of Defense, 1977.
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Figure 2.5 Shock pressure profile from a free-air explosion and the associated dynamic pres-
sure at a fixed distance from the explosion. (Adapted from Glasstone, S. and P. J. Dolan, The
Effects of Nuclear Weapons, 3rd ed., Washington, DC: U.S. Department of Defense, 1977.)

The peak dynamic pressure and its duration play a critical role in the development of
the drag force around a structure and the ensuing damage. The relationship between the
shock pressure and the dynamic pressure is illustrated more graphically in Figure 2.5.

As expected, there is a small time lag, due to inertial effects, between when the shock
and the dynamic pressure reach the atmospheric pressure. Also, unlike the shock, the
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dynamic pressure is never negative. Initially, the blast wind blows away from the explo-
sion, but when the shock pressure goes below ambient, the wind direction reverses and it
now flows, albeit at a much lower velocity toward the source of the explosion. Although
the dynamic pressure has a longer duration than the shock pressure, it is of relatively low
amplitude in the latter part and does not pose a significant hazard to a target. It can also be
shown that it decays faster than the direct shock pressure.

2.6.1 Reflection of Blast Waves

When a shock wave impinges on a “rigid” target, be it the ground surface or a building,
it undergoes reflection and possibly diffraction. Assumption of a rigid target makes the
analysis simpler at this stage, as it precludes any significant energy transfer through refrac-
tion or deformation of the target. Also for simplicity, only “grazing” or normal incidence at
right angles to the target is considered in this analysis. When a spherical explosive charge is
detonated sufficiently far away from the ground surface or any other reflecting surface, the
shock pressure expands spherically, and its characteristics such as peak, duration impulse,
and arrival time, at a certain location, are known as free-air explosion parameters. This is
in contrast to surface explosion parameters where the explosive charge is near or on the
ground surface.

The explosion parameters are very different for these two conditions. In the former
case, any point above the ground surface would experience two distinct shocks: one due
to the incident or direct shock from the explosion and the other a reflected shock from the
ground surface (or any other reflecting surface). The latter would be delayed with respect
to the direct shock because of the extra travel path involved. The explosion resting on the
ground would produce only a single shock, but it will have significantly different charac-
teristics than the free-air burst, especially in its peak amplitude.

A free-air spherical explosion upon reflection from the ground surface also gives rise
to an important modification to the shock profile. As the reflected shock has to travel in
preshocked air (caused by the direct shock), it travels at higher velocities than its own
amplitude would demand. This eventually leads the reflected shock to merge with the
direct shock, forming what is known as a triple point (Figure 2.6). The region between
ground surface and the triple point is called the Mach region, and the corresponding shock
front is known as the Mach stem. Both the height and the peak value of the Mach stem
have a critical bearing on blast loading of structures. For the surface burst, there will no
region of reflection, but the amplitude of the shock would be considerably higher than the

Incident wave
Incident wave

Incident wave

Reflected wave Reflected wave

~
~ o
Triple point
Reflected wave Mach stem |—
7
Ground or reflecting surface
Time, ¢, Time, t, Time, t3

Figure 2.6 Formation of the triple point and Mach stem upon reflection of a shock wave.
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free-air case. In fact, it would be the same as in the Mach stem, with the blast wind blowing
more or less horizontally close to the ground surface.

Regardless of whether the explosion is a free-air or a surface burst event, when the
shock wave impinges on a rigid target it undergoes reflection and diffraction, the extent
of the latter depending very much on the shape and size of the target. The pressure in the
shock wave impinging on a target is known as the “incident” or “side-on” pressure (P),
which upon reflection from a target is known as the “reflected” pressure (P,). There are
additional complications for oblique impacts, so only the case of normal incidence for a
plane shock (i.e., shock front parallel to a flat-faced target) is considered here. It can be
shown that for such a case, the instantaneous reflected pressure, P, is given by

P =2P +(y+1)q
Upon using the penultimate equation and assuming y= 1.4 for air, the above reduces to
P, =2P,(7R+4P)(7P, +P))

This shows that for very strong shocks (i.e., P,>> P,), the instantaneous “reflected” pressure
can be eight times that of the “incident” shock pressure at normal incidence. Conversely,
for weak shocks (i.e., P, = P,), the reflected pressure is only twice that of the incident pres-
sure, which is the simple acoustic case. Baker (1973), however, has suggested that the
relationship P, = 8 P, for strong shocks is an oversimplification since it is based on the
assumption that the air behaves like an ideal gas at such high temperatures and pressures.
The maximum value of the reflected shock in reality could be much higher than this. It is
evident however from the above equation that the reason for the reflected pressure being
greater than 2P, is due to the presence of the dynamic pressure associated with the blast
wind discussed earlier.

The free-air measurement of the blast wave parameters forms much of the basis
for estimation of explosion hazards. A very large number of tests have been performed
over decades involving mostly spherical TNT and pentolite explosive charges. By means
of the principles of scaling and equivalency, to be discussed in Section 2.6.2, the blast
parameters for other explosives can be calculated for various quantities and at various
distances.

Typical shock wave data for a free-air spherical TNT explosion are shown in Figure 2.7
as a function of “scaled distance.” The latter is defined as the ratio of distance over the
cube-root of the weight of explosive (x/w'?). The parameters shown are for the positive
phase only. These include the peak incident and reflected pressure (P, and P,), the cor-
responding impulses (i, and i,), the arrival times (¢,), the duration of the positive phase
(t,), and the wave length (L, ). Similar curves can be generated also for the negative phase
of the blast wave. The common practice is to represent them in scaled terms (i.e., scaled
with respect to the cube-root of the charge weight), so that shock wave parameters can be
obtained for any combination of charge weight and distance. It is clearly evident that the
reflected pressure is many times higher than the incident pressure even at relatively low
incident pressures (~10 psi). One has to be almost at a scaled distance of 50 away (i.e., 50 ft
from a 11b charge or 15 m from a 0.5 kg charge), or 500 ft from a 1000 Ib charge (i.e., 150 m
from a 455 kg charge) before the reflected pressure becomes sufficiently small and the blast
wave can be considered an ordinary acoustic wave.
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Figure 2.7 Shock wave parameters (positive phase only] for a free-air spherical TNT explosion
at sea level. (Adapted from Joint Departments of the Army, Navy, and Air Force, Structures
to Resist the Effects of Accidental Explosions, Washington, DC: U.S. Government Printing
Office, 1990.)

The shock parameters shown in Figure 2.7 change significantly for a surface or near-
surface burst. The same applies when the charge shape deviates from spherical symmetry.
Three such examples for hemispherical, spherical, and cylindrical charge of Composition B
(RDX/TNT/wax ratio of 56:40:4) are shown in Figure 2.8 for surface explosions. The varia-
tion of both incident pressure and impulse with shape is clearly evident at identical scaled
distances. Similar variations occur with more common shapes such as hoppers, bags, or
flat beds of explosives, but values for these can normally be extrapolated from the above
three cases.
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2.6.2 Scaling and TNT Equivalency

An accidental explosion can involve a variety of conditions, such as specific types of explo-
sives, charge geometry, height of burst, and atmospheric pressure conditions. Since the
source conditions in most accidents are not known very accurately, estimation of the size
of the explosion or the incident blast overpressure for assessing damage (or designing
against damage) would be a formidable task. To overcome this, the techniques of “scaling”
and “ITNT equivalency” are widely used to estimate the size of an accidental explosion or
design blast-resistant structures. This allows calculation of blast parameters from differ-
ent explosive-distance combinations from standard tables of such parameters available for
TNT and pentolite (see Figure 2.7).

2.6.2.1 Scaling

The self-similarity of air shock from detonation of a variety of explosive types was men-
tioned in Section 2.6.1. The most common practice of explosion scaling is based on “cube
root” scaling, otherwise known as Hopkinson’s law (Baker 1973). It states that for any pres-
sure generated at a distance R, from a reference explosion of W,, in weight, the same pres-
sure would be registered at a distance R, from a different explosive of W, in weight, provided

R,/R, = (W,/ W)
Similar relationships apply to time (f) and impulse (I):

t/t, = Ry/R, = (W,/W,)¥3
L/I, = Ry/R, = (W,/W, )3

The above equation means that two different weights of the same explosive would give the
same pressure at the same “scaled distance” (i.e., z = distance/(charge weight)"?). Similarly,
an observer stationed at a distance AR from the center of an explosive charge with char-
acteristic dimension Ad would experience a similar blast wave with amplitude P, duration
At, and impulse AL to a reference explosive having the characteristic dimension d and the
same pressure, P. Hopkinson’s law has been shown to hold true for a variety of explosives
and energy yields.

The conditions described above apply to similar types of explosives, spherical charge
geometry, and identical atmospheric conditions during detonation. Except for the latter,
these can be easily controlled or duplicated. Another scaling law, known as Sachs’s scaling
law, is applied to correct for changes in the atmospheric conditions. The corresponding
multipliers to pressure, distance, time, and impulse (Sp, S» Sy and S, respectively) based on
Sachs’s law are given below:

Sy, =(B/R)

Sa=(W,)"P1S)°

S, = (W,)/SY3 - (288/T, + 273)"?
S; = (W,)V2/S2 - (288/T, +273)"
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where, P, is the ambient pressure, P, the standard sea level atmospheric pressure (14.7 psi
or 101.3 kPa), and T, the ambient temperature in °C.

The equations and the conditions described above apply strictly to spherical or nearly
spherical charges, whereas most real explosions involve nonspherical charge geometrics.
With an asymmetrical explosive source, the azimuthal variation of shock wave parameters
becomes very significant. A considerable body of experimental and empirical data exists to
correct for the effect of asymmetry and generate equivalent spherical charges, which can
then be used with the standard TNT blast parameter charts (Baker et al. 1980). However,
caution must be exercised in any extrapolation of available data to a subject explosion
whose geometry and orientation are known only approximately. A good example of this
is represented by explosions in confined spaces such as tunnels, where both the peak pres-
sure and its duration can be affected significantly when compared to free-air detonations.
In carefully controlled experiments in a 3 m X 3 m mine tunnel, it has been shown that
the incident peak shock pressure from an unconfined explosive charge at a distance of 21
m inside the tunnel can be more than an order of magnitude larger than a similar detona-
tion in open air. The corresponding impulse could be more than two orders of magnitude
larger than measured for a free-air surface detonation (von Rosen and Guilbeault 2008).
The increased amplitude, especially the measured impulse is the result of multiple reflec-
tions along the walls of the tunnel. The measured values of shock will also differ depending
on the roughness of the tunnel wall, tunnel dimension, and the presence of any reflecting
surface behind the explosive charge.

2.6.2.2 TNT Equivalency

Since extensive experimental data exist for TNT explosions, it is customary to find a “TNT
equivalency” for a subject explosive, and then use only the TNT blast parameters to assess
or predict damage, design appropriate blast-resistant structures, or station personnel.
The two approaches for estimating TNT equivalence are: (1) by calculation, and (2) by
experiment.

The former is based on the calculated energy equivalence between TNT and the sub-
ject explosive. This is based on the calculated heats of explosion and assumes that the
detonation reaction is an ideal one and all the energy calculated is actually released. The
alternative method is to arrive at the equivalency from specific structural damage stud-
ies and relate it to known damage levels from specified overpressures. This approach can,
however, lead to large errors because the degree of damage, such as collapse of walls or
breakage of windows, cannot be accurately correlated with the levels of overpressure. The
best approach is through actual measurement of shock pressure parameters (pressure and
impulse) followed by comparison to standard charts of the equivalent weight of TNT,
which would yield the same pressure or impulse at the same distance. The equivalency can
be expressed as

N, = (Winy/W)=(Z/Zyyy )’ P, = constant
N, = (Wint/W) = (Z/Z 1 )i, = constant

where W is the weight of the subject explosive, z is the scaled distance (distance/weight!?),
and N, and N; represent equivalency based on the incident pressure and incident impulse
respectively.



38 Forensic Investigation of Explosions

Table 2.6 Comparison of TNT Equivalency by Different Methods for Selected Explosives

TNT Equivalency
Explosive Pressure Impulse Calculated Energy
TNT 1.0 1.0 1.00
Composition B 1.2 1.3 1.09
Pentolite 1.5 1.0 1.09
PBX-9404 1.7 2.0 1.11

Source: Adapted from Esparza, E. D., Proceedings of the 22nd Department Defense Safety Seminar, 26-28 August
1986. Alexandria, VA: Department of Defence, Explosives Safety Board, 1986.
Note: For incident pressure range of 100-1000 psig, corresponding to scaled distance range of 3.5 to 0.74 ft/1b'3
with spherical charges.

Unfortunately, the calculation method and the two experimental methods (pressure
and impulse) do not always yield the same TNT equivalency (Esparza 1986). A com-
parison among the three approaches is shown in Table 2.6. Note also that the standard
pressure and impulse curves for TNT are based on a spherical or hemispherical charge,
whereas any deviation from this geometry can give rise to very different shock pressure
profile and its duration (Held 1983, 1999). The same caution has to be exercised in obtain-
ing TNT equivalency for gas or vapor cloud explosions (Trelat et al. 2007).

As the data show there is considerable discrepancy among the three methods. On
the experimental side, there is usually much greater uncertainty in the measurement of
impulse than peak pressure. Equivalency based on the peak incident pressure is therefore
the preferred method, but structures designed to resist impulse load would require the use
of TNT equivalency based on impulse.

The calculation of equivalency based on standard TNT curves yields reliable results for
high explosives exhibiting ideal or near-ideal detonation behavior. It is much more difficult
to arrive at similar equivalency figures for the nonideal detonations characteristic of some
of the commercial explosives. These may exhibit relatively long run-up distances before
they achieve steady detonation velocity, or there may be significant reaction behind the
C-J plane due to granularity or inhomogeneity of the explosive matrix. The same applies to
other types of explosions such as pressurized bursting vessels, dust, and vapor cloud explo-
sions. The calculated energies from the latter types is normally much higher than actually
released because the calculations must assume optimum dispersion of oxidizer and fuel
elements in the dust or vapor cloud—a situation which rarely exists in practice. These types
of explosions usually have lower peak pressures of much longer duration, and their damage
potential is significantly different than those due to condensed phase explosives.

2.7 Types of Hazards

The severity of hazards from a deliberate or accidental explosion depends on a num-
ber of factors. The quantification of a hazard would depend on the target as well as the
medium of shock transmission. Increased environmental concerns now require protec-
tion of aquatic life against underwater shock from normal underwater blasting activi-
ties, for example seismic exploration, underwater demolition, and so on. The mitigative
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criteria in such cases are based on amplitude and duration of shock as well as the weight
and type of fish involved, as well as the target’s proximity to surface of water (Keevin and
Hempen 1997). Different considerations apply if one is seeking the protection of struc-
tures rather than people. Even here, one has to define the degree of protection sought; for
example, minor structural damage may be acceptable but not injury to people. The haz-
ard could result from any number of factors such as air shock, ground cratering, seismic
vibrations, collapse of buildings, fragments and missiles, ground ejecta, and explosion
fireballs and thermal radiation. Of these, cratering and fireballs do not pose a serious
hazard as they are confined to the immediate vicinity of the explosion. Thermal radia-
tion is not a major factor in chemical explosions. Seismic vibrations caused by ground
shock can result in some damage to structures located at a considerable distance from
the site of the explosion, but at these distances the damage is minor and does not pose a
threat to people.

It is nevertheless possible to estimate the crater dimensions from knowledge of the
ground conditions and the fireball dimensions from knowledge of the explosive composi-
tion and its detonation characteristics. Thus, in terms of severity, air shock and fragment
and missile hazards pose the most serious threat to both structures and personnel in an
explosion. The interaction of shock waves with structures and the nature of biological haz-
ards will be described in greater detail in Section 2.8.3. However, the pressure resistance
values shown in Table 2.7 for various structural elements, which were first published four
decades ago, provide a good starting point. Various national standards are currently in
force for protection against accidental explosions during manufacture, storage, and trans-
port of explosives. These Q-D (quantity-distance) regulations are based on extensive docu-
mented data from the world wars, as well as accidental explosions and some controlled
tests. These regulations essentially follow the NATO guidelines on the subject of protection

Table 2.7 Conditions of Failure of Peak Overpressure-Sensitive Elements

Approximate Incident Pressure

Structural Element Failure kPa (psi)
Glass windows, large and small Shattering, occasional frame failure 3.5-6.9 (0.5-1)
Corrugated asbestos siding Shattering 6.9-13.8 (1-2)
Corrugated steel or aluminum Connection failure followed by 6.9-13.8 (1-2)
paneling buckling
Wood siding panels, standard house ~ Usually failure occurs at the main 6.9-13.8 (1-2)
construction connections, allowing a whole
panel to be blown in
Concrete or cinder block wall panels  Shattering of the wall 13.8-20.7 (2-3)
8-12 in thick (unreinforced)
Self-framing steel panel building Collapse 20.7-27.6 (3-4)
Oil storage tanks Rupture 20.7-27.6 (3-4)
Wooden utility poles Snapping failure 34.5 (5)
Loaded rail cars Overturning 48.3 (7)
Brick wall panel 8-12 in thick Shearing and flexure failures 48.3-55.2 (7-8)
(unreinforced)

Source: Adapted from Brasie, W. C. and D. W. Simpson, Proceedings of the Symposium on Loss Prevention in the
Process Industries, 63rd National Meeting AIChE, St Louis, MO, New York: Association of Industrial
Chemical Engineers, 1968.
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from explosion effects, and the criterion employed is simply incident shock pressure versus
quantity of explosives (or its TNT equivalence) involved (NATO 2006; NRCAN 1995). The
calculated distance restrictions for a variety of structures and situations provide a very
large degree of protection against the effect of accidental explosions. However, these guide-
lines are not aimed at the design of specific structures for blast resistance.

As will be shown in Section 2.8, the response of a structure depends usually on a
combination of peak pressure and impulse (i.e., integral of pressure-time profile), and it is
quite likely that different structures at the same site would have to be designed to withstand
an impulse load rather than peak pressure load and vice versa. The figures in Table 2.7 do
show the easy fragility of even solid structures when exposed to relatively low-level blast
overpressures.

The fragment and missile hazards represent a different and very difficult problem in
terms of their quantification and prediction. These also include ground ejecta from surface
bursts, as well as spalling of material due to an intense shock impacting on the opposite
face of a structural member or machinery. A large amount of experimental data is avail-
able that tries to relate fragment characteristics (i.e., size, distribution, and velocity) with
the amount of explosive involved in the detonation. These studies have been carried out, of
necessity, with simple geometries with both contact and decoupled charges. The basis for
all predictions is tied to the Gurney energy constant, which is defined as a characteristic
fragment velocity specific to each explosive. It has been experimentally determined that, at
least for simple geometrical configurations in mild steel, the initial velocity (V) of a metal
fragment can be related to the weight of the explosive and the metal casing by

Vo =Q2E )" f(W,W,)

where V is the initial velocity, (2E")? is the Gurney energy constant, W is the weight of
explosive, and W. is the weight of steel casing. Examples of the Gurney energy constant (in
ft/s) for several explosives are shown in Table 2.8.

For a cylindrical container weighing W, (Ib) and filled with explosive weighing W, the
last equation takes the form

Vo = QE Y2 [(WIW, A+ WI2W,))]"

For a thin-walled cylinder and an explosive mass much larger than that of casing, the
maximum initial velocity becomes

Vi = 1L41(2E )2

Table 2.8 Gurney Energy Constant (2E’)'/? for Selected Explosives

Explosive Type Density (g/cm?) (2E")¥2(ft/s)
Composition B 1.72 9100
PBX-9404 1.84 9500
PETN 1.76 9600
RDX 1.77 9600
TNT 1.63 8000
Nitromethane 1.14 7900

Tritonal 1.72 7600




Physics of Explosion Hazards 41

Type Cross-sectional shape Initial fragment velocity v, Maximum v,
Ve w12
¢ W,
Cylinder NOY% ZE N2
1+ W
2W,
w L _
B w 1172
WC
Sphere N2E’ 1+3LV V2E J%
5W,
IW 1/2
5W,
Plate V2L | ———— V2E'V3
W 4w,
+—+—
5W, 5W

Figure 2.9 Gurney energy relations for calculation of fragment velocity for simple geometries.

The Gurney energy relations for other simple geometrics are summarized in Figure 2.9. The
velocity of a fragment will depend on its mass, its shape, and the distance traveled from the
explosive source. Initial velocities can be calculated for different combinations of container
geometry and explosive weight and type for specific fragment mass. The assumption of a
certain fragment shape and use of the appropriate drag coeflicient can also yield a velocity
profile over distance for specific fragment mass. Considerable analytical and experimen-
tal work has been carried out to estimate fragment size as well as mass distribution from
exploding steel casings (Joint Departments of the Army, Navy, and Air Force 1990; Cooper
1996; Koch et al. 2002), which can be combined with velocity information to arrive at criti-
cal impact parameters which a specific target must be designed to withstand.

Despite the wealth of information available, the calculation of fragment size and veloc-
ities is still extremely difficult except for the simplest geometrics and mild steel casings.
Although the more complex but common types of containers or parts of machinery can be
broken down to individual cylindrical or spherical components, the calculated values must
be used with a great deal of caution. The primary fragments issuing from an exploding ves-
sel or container can also give rise to secondary fragments upon impact against other struc-
tural elements or machinery parts. Prediction of the characteristics of these secondary
fragments or missiles is generally much more uncertain. However, once the missile charac-
teristics have been defined, the response of structural or biological targets to their impact
is more easily handled. The response of human targets will be discussed in a Section 2.8.3.
They are more vulnerable to both primary and secondary fragments.

2.7.1 Missile Impact on Concrete

A steel fragment impacting on a concrete target can simply bounce back with a reduced
velocity, or, with sufficient initial velocity, can cause perforation and spalling of the target.
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The rate of penetration of the missile depends on its mass and striking velocity. Initially the
only effect on the concrete target surface is the formation of a crater due to dislodgement of
material at the point of contact. As the velocity increases to 300 m/s (1000 ft/s) or more, the
fragment usually penetrates beyond the bottom of the crater. This may be accompanied by
spalling of concrete on the rear side of the target. The velocity of spalled fragments can be
high enough to cause injury or lead to sympathetic detonation of explosive material stored
beyond the concrete wall. With sufficient striking velocity the fragment can penetrate the
target and may eventually lead to perforation of the concrete wall. Empirical design equa-
tions have been obtained from experimental programs on concrete perforation, and these
can be used with reasonable accuracy, provided the velocity and mass of the striking frag-
ment are known. Based on these relations, it is predicted, for example, that a 4 in (10 cm)
diameter fragment travelling at 3000 ft/s (900 m/s) will easily perforate a 12 in (30 cm)
thick concrete wall.

2.8 Interaction of Blast Wave with Structures

The pressure exerted by the shock front on a target is known as the shock load, where
all the phenomena discussed earlier (reflection, diffraction, dynamic pressure, etc.) may
become operative. Except for explosions at great heights, all surface or near-surface events
have pronounced or exclusively horizontal forces. The three types of loading that occur in
this interaction with a target are compression loading, diffraction loading, and drag load-
ing. The relative significance of these various loading conditions depends on the amplitude
and duration of the shock wave, and also on the type of construction, the geometry of the
structure, and its orientation with respect to the shock front. When the explosion occurs
at considerable height above a relatively low-rise structure, the shock load initially is all
compressive and almost simultaneous on all parts of the structure. In contrast, the loading
characteristics from a surface or near-surface explosion are more complex.

When a steep shock front impacts on the face of a structure, it undergoes reflection
with the resulting pressure buildup on the face being at least twice that of the incident
pressure. However, for a structure of finite dimensions, the incident pressure wave con-
tinues on in the original direction of propagation and eventually engulfs the entire struc-
ture. This is known as diffraction loading. For a relatively small structure with little or no
openings, diffraction loading results in compression of the entire structure by about the
same pressure, as contained in the incident overpressure. However, for a larger structure
and a near-surface explosion, the diffraction effect would lead to differential loading of
the front section of a structural member (e.g., roof or side-wall) compared to its rear sec-
tion. The resulting relative displacement of a structural member during diffraction of the
shock wave can have the same or greater damage potential than when the wave has finally
engulfed the entire structure. Diffraction loading will continue until the positive phase of
the shock has finally traversed the length of the structure and the pressure has fallen to
ambient level. The presence of openings such as doors and windows or the collapse of any
structural member during the diffraction process would lead to lower pressures and rapid
equalization of pressure within and outside the structure. The resulting pressure rise in the
interior of the structure is known as the leakage pressure.

When the shock wave impacts on a structure, there is also an additional load due to
the dynamic pressure caused by the strong winds behind the shock front. This is known
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as drag loading, which has a longer duration than the positive phase of the incident shock.
For an explosion source with a long positive duration phase, the structure could be sub-
jected to drag loading for a significantly longer duration than due to diffraction. In case of
a tower with open lattice or truss members such as electric pylons, the expected pressure
differential will vanish rapidly, as the incident pressure will go round these slender struc-
tural members that make up the tower, and the pressure will equilibrate within a fraction
of a millisecond. In such cases, it is the particle velocity u and the positive duration of the
pressure pulse and not the shock velocity U or the incident overpressure P, that will define
the damage. The particle velocity u is a direct measure of the dynamic pressure associated
with the blast wave (i.e., the peak wind velocity behind the shock front) (see Section 2.6).
Large buildings in general will respond mainly to the latter, whereas columnar structures
such as smokestacks, electric transmission towers, and truss bridges respond mainly to
drag forces. On the other hand, large buildings with substantial openings or with weak
sides or roofs that collapse soon after the arrival of the shock become drag-type structures.
The drag loading of a structure depends on shock wave parameters (amplitude and dura-
tion) as well as on the shape of the structure. The influence of this shape factor on the drag
coefficient is less for streamlined objects (grain silos, smokestacks) than for irregular or
box-like structures. The actual pressure generated is a product of the drag coefficient and
the calculated value of dynamic pressure from the blast winds. Also, since the duration of
the shock is proportional to the energy yield or size of an explosion for the same thresh-
old overpressure, a high-yield explosion would cause more extensive damage at the same
scaled distance than a low-yield one.

2.8.1 Calculation of Blast Load

The response of a structure would vary considerably, depending on whether the explo-
sion is external or internal. In the case of the former, the structure would be designed to
mostly resist pressure, whereas for the latter it would be designed to mostly resist impulse.
When an external blast pressure impacts on the outside of structure (e.g., the front wall
of a box-like structure with little or no opening, and a shock front moving perpendicular
to the plane of the wall), the pressure is immediately amplified to assume the value of the
reflected pressure, P,. However, this decays rapidly to what is known as the stagnation pres-
sure, P, which is the sum of the incident overpressure P, and the dynamic pressure times
the appropriate drag coefficient for the structural element. For the simple case considered
(normal impact with P, < 50 psi), the drag coefficient is unity, and the time, ¢,, it takes the
pressure to reduce to P, is 3 S/U, where S is equal to the height of the wall or its half-width,
whichever is less, and U is the shock velocity. The stagnation pressure is thus

P, = P(t) + Cpq(t)

where g is the dynamic pressure and C,, is the drag coefficient. Beyond ¢, the pressure decays
to the ambient pressure, the total duration being equal to that of the positive phase of the
incident overpressure. The blast loading profile for this example is shown in Figure 2.10.
Similar profiles can be worked out for the roof and the side and rear walls.

For an internal explosion, the pressures are normally much higher and the duration
shorter. In this case, the impulse loads on the walls and the roof would have to be calcu-
lated. Based on extensive experimental studies, a scheme has been worked out to calc-
ulate the impulse loads for specific geometrics of a cubicle and explosive locations (Joint



