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Basic Science and Engineering



William G. Proud

1.1 Overview

The basis of blast injury lies in the effects of an
explosion and, by extension, in the use of
explosives. There are many books on explosives
that start with a historical summary of the
discoveries and personalities involved before
developing the theories and quantitative measure
of explosive chemistry, physics and engineering.
This is useful information, however, in this chap-
ter the aim is to present the reader with a time-
line of events working from the point of activa-
tion of the initiator to the arrival of the blast wave
at the human body or target. On this timeline the
steps will be presented in a simple, non-technical
way introducing the basic concepts and placing
the information within the wider context. The
amount of mathematical derivation is kept to a
minimum; for those who wish greater depth, a
selection of references is provided to allow for
further study.

1.2  The Aims of this Chapter

1. Introduce some fundamental aspects of explo-
sives and timescales

W.G. Proud, BSc (Hons), PhD

Department of Physics, Institute of Shock Physics and
Royal British Legion Centre for Blast Injury Studies,
Imperial College London, London, UK

e-mail: w.proud@imperial.ac.uk

© Springer International Publishing Switzerland 2016

2. Provide an outline of how mines, blast and
fragmentation work

3. Describe the energy release process and the
efficiency of the process

4. Describe and distinguish between waves
transmitting in solids, liquids and gases

5. Describe the range of fragment sizes and
velocities

6. Provide an overview of shock and blast wave
propagation

7. Outline how waves expand and interact with
the surrounding environment

1.3 Explosives and Blast: A Kinetic

Effect

Explosives form part of a range of materials
classified as ‘energetic materials’, other mem-
bers of this class include propellants and pyro-
technics. The distinguishing feature of energetic
materials compared to other materials is in the
very fast rate of energy release. The energy
release rate determines the application of the
energetic material.

The basic chemical components involved are
a fuel, an oxidiser and a material that allows a
rapid ignition of reaction. In terms of total energy
released energetic materials are not particularly
distinguished from other chemical reactions, pet-
rol and butter release more energy per molecule
when oxidised than tri-nitro toluene (TNT) for

A.M.J. Bull et al. (eds.), Blast Injury Science and Engineering: A Guide for Clinicians and Researchers,
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example. This difference is that while petrol
needs to be mixed with air and then set alight,
the explosive comes with the fuel and oxidiser
intimately mixed, sometimes with both fuel
and oxidiser present in the same molecule.
Within energetic materials the use of the chemi-
cal or composition gives information on the
reaction rate.

Sound is a low magnitude stress wave, it
propagates through air causing a very minor
change in the density of the air and moves at a
fixed velocity. An explosion is a term used to
describe the rapid expansion of gas, it may be
from the rupture of a pressure vessel, for exam-
ple, a gas cylinder, the sudden vaporisation of a
liquid, for example, water exposed to hot metal,
or by a rapid chemical reaction as seen in an
explosive. The energy associated with a blast
wave causes significant compression of the air
through which it passes and the blast wave
travels at a velocity faster than the sound speed
in air.

High Explosives, correctly called High
Order Explosives involve materials like TNT,
HMX, RDX and PETN often mixed with other
chemicals which make the explosive composi-
tion more stable, easier to industrially process
or fit into cavities within a munition. As these
materials detonate, they release their energy due
to a shock wave being produced within them. A
shock wave is a high-pressure pulse which moves
through the material at supersonic speed. In the
case of a detonation the shock wave consists of a
thin, often sub-millimetre, region where the
explosive turns from a solid or liquid into a hot
high-pressure gas (Fig. 1.1). The velocity of a
detonation wave is of the order 8 km s~ ' and the
energy release rate is of the order of Gigawatts
i.e. the same output as a large electrical plant,
over the time of a few microseconds. The pres-
sure associated with detonation waves are of
many hundreds of thousands of atmospheres.
The produced gases expand quickly, a rule of
thumb gives the rate of product gas expansion
to be ~1/4 of the detonation velocity. It is not

W.G. Proud
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Fig. 1.1 Schematic of detonation process

surprising that such aggressive energy release is
used to shatter and push materials at high
velocities.

Within the class of high explosives there is a
sub-division between so-called ‘ideal’ and ‘non-
ideal’ explosives. Ideal explosives have very thin
detonation-reaction zones where the reaction
takes place on a sub-microsecond basis. Ideal
explosives have a more pronounced shattering
effect or brisance, on materials placed in contact
with them, this class of materials includes TNT.
Non-ideal explosives have much thicker reaction
zones and give out their energy over slightly
longer timescales, up to several microseconds.
The most widely used explosive in the world,
Ammonium Nitrate: Fuel Oil (ANFO) falls into
this class. The chemical make-up of ANFO
results in much lower pressures of detonation,
about a quarter of the pressure seen in high
explosives, producing less shattering effect.
However, ANFO does generate a lot of gas, this
gives the mixture a lot of ‘heave’. The low deto-
nation pressure means this mix produces cracks
in rocks which are then pushed open, heaved, by
the detonation gas. These materials tend to be
used in the mining and quarrying industry.

Low Order Explosives are materials that give
out their energy as a result of rapid burning,
called deflagration. This class of materials
includes much of the materials often called
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gun-powders. Here the energy reaction rate is
much lower, of the order of a thousandth of that
seen in high explosives. The total energy output
is similar to that of high explosives but the lower
rate means that the pressures developed are much
lower.

Both high and low explosives generally need a
degree of mechanical confinement in order to
detonate. A gramme of gun-powder on a bench
will react quickly with a flash of light, a small
fireball, some heat but little other effect. The
same quantity placed inside a sealed metal can,
where the confinement allows the hot gases to
stay close to the powder, allows pressure and
temperature to build-up thus accelerating the
reaction until the confinement shatters and an
explosion is produced.

Propellants are a wide group of materials
where the reaction pressures are of the order of
thousands of atmospheres and the reaction
timescales are measured in milliseconds. These
materials are used in rocket motors, and to drive
bullets or shells. In some cases propellants, if
confined or impacted at high velocity may deto-
nate; gun-powder is an example, driving bullets
if burnt inside a gun but producing explosives if
confined within a metal shell. Missile motors
may detonate if they overheat or if the product
gas cannot vent quickly enough. As a group of
materials they can present a significant fire haz-
ard and can be used in improvised explosive
systems.

Pyrotechnics are a wide range of materials
including flares and obscurants. They do not pro-
duce high pressures but can generate significant
heat and can be used to ignite explosives. They
can be very sensitive to electrostatic discharge,
but badly affected by moisture. Magnesium-
Teflon-Viton (MTV) flares have been used to
protect aircraft from heat-seeking missiles as
they emit very strongly in the infra-red region,
this can produce severe burns and cause other
materials to combust due to the large energy
deposited with no visible flame.

1.4  Explosive Systems: The

Explosive Train

Energetic materials are extensively used in
munitions, both the type of energetic material
and its function cover a wide range of masses
and outputs. This can be seen clearly if we con-
sider the amount of these materials contained in a
number of munitions; a small arms round often
has less than 1 g of propellant to drive the bullet,
while a hand grenade would contain something
of the order of a few tens of grammes to shatter
and throw the casing; a large anti-tank mine
would contain up to 25 kg of high explosive.
Given this confusing array of systems it is easiest
to think of the munition in terms of the explosive
train (Fig. 1.2), which indicates the pre-requisites
of munition system.

A variety of stimuli can be used to put the
explosive train in motion such as standing on a
mine, closing an electrical switch or activating a
magnetic action. These actions input energy into
an initiator. The initiator contains a material that
is highly sensitive, combusting with ease. The
main function of the initiatory system is to pro-
duce heat or a shock wave. In anti-personnel
mines a common design is based on a simple
crush switch where the pressure stabs a metal
pin into a small metal thimble filled with a sensi-
tive explosive.

From the point of view of weapon system
design it is useful to keep the amount of initiatory
compound as low as practical, otherwise the
weapon could become very sensitive to being
dropped, shaken or transported. For many
systems a physical space or barrier exists
between the initiator and the rest of the explosive
system for the purposes of safety. This barrier is
removed when the system is armed either manu-
ally or using an electrical/mechanical arming
system. In the case of bombs and missiles the
arming sequence occurs after the weapon has
been launched to provide security to the user
and launch platform.

The heat is transmitted either along a delay
system or directly into a booster charge.
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Fig. 1.2 The explosive
train

¥

Stimulus — force, electrical charge, magnetic field, light/dark, impact

Initiator — high sensitivity, low output, low

mass of energetic material, often <1 g

Delay system — between initiator and booster, low mass often <3 g or absent

. Booster — lower sensitivity, high output, up to tens of grammes

2

Main charge — low
sensitivity, high
output tens

of grammes to
kilogrammes

output — shock wave, brisance, heave, blast, fragments

The function of the delay is to burn for a known
period of time allowing time for other processes
to occur. These processes could be throwing a
grenade or allowing a small propellant charge to
‘bounce’ a mine into the air. In many simple
systems delays are not present.

The booster system consists of an explosive
compound that is less sensitive than the initiatory
compound but which will detonate due to the
heat of shock wave from the initiator. The energy
output of the booster is much higher than that of
the detonator. The shock wave then transmits to
the main charge.

The main explosive charge consists of a rela-
tively low-sensitivity explosive composition that
will detonate from the energy delivered by the
booster. The mass of such main charges is
extremely variable, however, the output from
the main charge can be defined in terms of the
outputs.

These outputs take the form of (a) shock
waves transmitted into the immediate environ-
ment around the explosive, (b) the shattering of
surrounding material, such as a metal case or
rocks and soil, (c) the expansion of hot product
gases, (d) the coupling of some of the explosive
energy into the air, producing a blast wave, and
(e) the aggressive acceleration of fragments,
shrapnel or target vehicles and people.

1.5 Energy Levels and Energy

Distribution

A rule of thumb in terms of thinking about the
amount of energy output is to consider the order
of magnitude of the energy and the materials
involved. One gramme of propellant will pro-
duce 1 kJ of energy. Gases are about a thousand
times less dense than solids and liquids. The
temperature of the product gases can be easily
3000 K.

The result of this is that the 1 g of solid turns
into 1 litre of gas if that gas were at room tem-
perature, however, the gas is ten times hotter than
normal atmosphere. This means that the 1 g of
material turns into a gas that, if allowed to
expand freely, would occupy 10 1. Alternatively
it would take 10,000 atm to keep the gas from
expanding. This order or magnitude calculation
is for the less aggressive propellant materials.

Of the energy that is released by the energetic
material the proportion that goes into different
parts of processes is revealing. Again, a simple
order of magnitude indicates that 20-30 % will
go into the kinetic energy of the fragments, 60 %
into the kinetic energy and temperature of the
product gases while the remaining 10 % will be
spread over a number of other effects, such as
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the blast wave, fracturing of shell casings, or the
motion of the ground.

1.6  Formation and Velocity

of Fragments

Many munition systems have a casing, usually
of metal or plastic, often with shapers to form
specific fragments. Some systems have very
thin casings, this is generally done to reduce
the metal content of the munition, make it
harder to detect. This also has the effect of
increasing the blast effect as less energy is
used in fragmentation and acceleration of
fragments.

The initial effect of the detonation wave is to
send a shock wave into the casing and produce a
violent acceleration of the casing. Figure 1.3
shows the velocity profile from the outer surface
of a copper cylinder subject to loading from the
explosive filling. On the right hand side of this
figure a schematic of the process of acceleration
is shown. This diagram considers the motion of
the wall of a cylinder filled with explosive, as the
explosive detonates: the horizontal axis
represents distance and the vertical axis time.
The detonation products send a shock wave into
the cylinder from the inner surface to the outer
surface, this is represented by the black line with
an arrow on it. A wave reflection takes place at
the outer surface, sending a release wave back
into the casing, towards the inner surface. This in
turn is reflected from the inner surface as a shock.
As this back-and-forth wave reflection process
takes place each reflection represents the accel-
eration of the casing as it expands in a series of
steps. As the casing is accelerated outwards it
expands and becomes thinner. The diagram on
the left also indicates the violence of this accel-
eration, the outer surface moves from rest to
reach a velocity of 0.8 mm ps~' (corresponding
to 800 m s~ ") within 5 ps. More detailed discus-
sion of how this can be calculated can be found in
the specialised texts of the explosives engineer-
ing community, detonation symposia and shock
physics literature. The total distance moved by
the casing within this very narrow time window

is only 0.6 mm. Thus the metal casing is subject
to very violent acceleration, this causes fracture
and fragmentation within the casing producing
metal splinters moving at high velocity.

The study of fragments and fragmentation
took a major step forward during the Second
World War (1939-1945) with the scientific
efforts placed in the service of militaries of
industrialised nations. The two major steps are
named after their main originators; Neville Mott
and Ronald Gurney.

The number and size of metal fragments
from a casing was addressed by the Mott frag-
mentation criteria. This is a statistical model
based on the idea of a rapidly expanding ring of
metal which contains imperfections which form
the basis of fractures which eventually break the
ring. As the ring breaks the stress inside the
resulting fragment reduces and further fragmen-
tation does not occur. This model was developed
and populated in a semi-empirical fashion and
the results of theory and experiment were then
compared.

This model has been the subject of much
development since the 1940s with much recent
effort being given by Kipp and Grady in the
USA. However, the original theory and Mott
criteria are still regarded as valid and useful
tools. Mathematically the fragmentation can be
represented as;

()
e

N = o

(1.1)

N(m) is the number of fragments that are larger
than mass (m), m the mass of a fragment, Mo the
mass of the metal cylinder, and Mk is called the
distribution factor which can be calculated from
the following equation;

My = Bisdt (HZ;) (1.2)
where B is a constant for the particular explosive-
metal pair that is used, t is the cylinder thickness
and d is the inside diameter of the cylinder.

The result of this was to produce a series of
curves giving fragment size distribution. An
example is shown below, in Fig. 1.4.
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Fig. 1.4 Fragment distribution from an iron bomb (From
Cooper, 1996)

The research of Gurney considered the bal-
ance of energy in the system, how much of the
released energy would be captured by the metal
casing and so predict the expected fragment
velocity. In the derivation of the velocity the
casing was assumed to remain intact. The shape
of the explosive charge and the casing has a

major effect; this work resulted in the production
of a whole series of Gurney equations. In the
equation below the expression is for the
velocities achieved by explosive loading of a

cylinder;
1% M1\ V2
v2E c 2

C —is the mass of the explosive charge, M — The
mass of the accelerated casing, and V — Velocity
of accelerated flyer after explosive detonation.
The term (2E)' - is the Gurney Constant for
the explosive, it has the same units as velocity
and is sometimes called the Gurney velocity.
Each explosive has a particular value of Gurney
constant and accounts for the coupling between
the energy of the detonation products and the
energy deposited into the metal casing.

While the two approaches may seem contra-
dictory, one assuming fragmentation and the
other an accelerated but intact material, using
both approaches is useful due to the timescales
of the initial acceleration and fragmentation. The
energy delivery by the detonating material
occurs very quickly giving the initial impulse,
while fractures take time to develop and open
sufficiently to allow the product gases to escape.

(1.3)
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Overall the two approaches provide a reasonable
and predictive approach to fragmentation and
fragment velocity.

From this section it can be seen that
explosives produce a violent acceleration pro-
ducing a large number of small fragments and
much fewer large fragments moving at velocities
in the range from several hundred to a few thou-
sand metres per second. These fragments can
produce significant, life-threatening injury in
themselves, irrespective of the blast wave
associated with the explosive charge.

1.7  Shock and Stress Transmission
At this point the munition has detonated and a
shock wave has passed through the casing, which
is starting to move and fragment. In total time, a
few tens of microseconds has passed since the
main charge has started to detonate.

One effect that needs to be considered in some
depth is the transmission of the stress waves
between materials. How does the detonation
pressure transmit into the casing and then into
the environment around the casing; what are the
properties involved? What is the resulting veloc-
ity of material when it is subject to a stress wave?

In all cases of wave transmission it is impor-
tant to consider what the type of the wave is,
what the magnitude of the wave is, what are the
properties of the material through which it is
travelling and what is the change in materials
properties across the interface.

1.7.1 Wave Type

Wave motion can be broadly defined into three
classes, compression, tension and shear. Com-
pressive waves are associated with positive
stresses and pressures, tensile waves with nega-
tive stresses and pressures, while shear waves
produce motion lateral to their direction of prop-
agation. To think of the action of a lateral wave
consider a pack of cards placed on a table, if you
press down on the top card and move it sideways
then the cards underneath will move sideways as

well, each one not quite so much as the one above
it, the resulting shape of the deck of cards is the
result of shear. Shear waves produce the same
kind of motion in materials.

The velocity at which the stress wave moves
changes with stress level. For solids with strength
at stress levels below that of the elastic strength,
the velocity of the wave is the same as the sound
speed in the material. For stress pulses that are
above the strength of the material, the compres-
sion of the material results in the wave speed
being higher than that in the uncompressed mate-
rial, this is the definition of a shock wave.

Waves that take the stress down are called
tensile waves, if the material is behaving elasti-
cally while if the material is dropping from a
shock state, this is called a release fan.

There are differences between elastic waves
and shock waves, the main difference being the
significantly higher degree of compression and
associated temperature rise associated with a
shock wave. Similarly, tensile waves and release
fans are different, however, for the purposes of
space and clarity we will consider them to be
approximately equal. There are a series of excel-
lent texts dealing in more depth with shocks and
wave propagation.

1.7.2 Magnitude of the Wave

The magnitude of the stress wave is defined in
terms of its stress level. One factor that often
leads to confusion in the field of stress propaga-
tion is the relationship between stress and veloc-
ity. The important thing here is to remember one
of Newton’s laws of motion — a body will con-
tinue in a state of rest or motion until acted
upon by an external force (further description
is found in Chap. 2). It is, therefore, perfectly
possible to have a material or fragment moving at
a high velocity under no external force and also
easy to have a material under high pressure but
not moving.

The basic equation to be defined is the rela-
tionship between stress, the volume through
which it moves and the acceleration it produces
in the material. The law to be considered here is
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conservation of momentum; the product of mass
multiplied by velocity.

The definition of stress (o) is force (F) divided
by the area (A) it acts over

o =F/A (1.4)

The mass (m) of the material that is affected
by the passage of the wave is going to be the
volume the stress wave has moved through
multiplied by its density.

The volume (V) that the stress has swept
through will be the area (A) multiplied by the
velocity at which the wave moves (Us) over the
time window we are interested in (8t). The den-
sity of the material is represented by p.

So the mass that has been accelerated will be

m = Vp (1.5)

and from the argument above

V=A Ust (1.6)

So the mass is

m=p A Udt (1.7)

The final step is to consider the acceleration
and the final velocity obtained. Here we use one
of the fundamental equations representing the
acceleration (a) produced by a force (F).

F =ma (1.8)

Where the acceleration (a) is the change in veloc-
ity of the material (Sup,), sometimes this is called
the particle velocity, over the time window we

are considering (ot).
a = du,/dt (1.9)

Combining these terms to relates stress to change
in velocity we arrive at the equation

oA =p A Ut (Su,/dt) (1.10)
Which simplifies to
o =p Usdu, (1.11)
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This is one of the fundamental equations in shock
physics, one of the so-called ‘Rankine-Hugoniot’
relations, where o is stress, p is material density,
Uj is the wave velocity, and du,, is the change in
material velocity.

The full set of these Rankine-Hugoniot
relations can be found in the introductory texts
by Meyers or Forbes (see Further Reading).

The fundamental property shown here is that
the change in velocity produced by a stress wave
is dependent on the density and the velocity of
stress transmission through the material. At low
stress levels the velocity at which a stress wave
travels through a material is the same as the
material’s sound speed. At higher stresses,
when a lot of force is applied as in an explosion,
the velocity of the stress wave can be higher than
the sound speed - a shock wave. From what we
have stated earlier, a detonation wave moves
through an explosive at a very high velocity, in
fact a detonation wave is a shock wave that is
driven and supported by the energy release of the
chemical reaction.

The value of the density of the material
multiplied by the wave speed is called the imped-
ance (Z) of the material.

1.7.3 Impedance: The Property

of the Material

In principle the value of impedance for low stress
levels is easy to calculate, it is the product of the
density multiplied by the sound speed in the
material. Table 1.1 contains the density, sounds
speeds and impedances of some common
materials, air at 1 atm, water, iron and Perspex.
All of these materials have been studied exten-
sively and their properties are quite well known.
The impedance of air changes strongly with pres-
sure and is discussed in Sect. 1.8.1.

However, as the stress level in the wave
increases then other properties such as strength
and compressibility, become important. As the
stress level increases so the amount of energy
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Table 1.1 The density, sounds speeds and impedances
of common materials

Sound speed

Density/ |at 1 atm Impedance/
Material kg m pressure/m 5! kg m2s”!
Tungsten | 19,220 | 4030 77.4 x 10°
Iron 7850 3570 28.0 x 10°
Perspex | 1190 2600 3.09 x 10°
Water 1000 1500 1.50 x 10°
Air 1.292 343 443 x 10

that is being deposited in the material will
increase, some of this will result in increasing
the kinetic energy of the material while another
part of the energy will result in the material being
compressed and becoming hot. The exact mathe-
matics of this situation is complex and beyond
the space available in this brief chapter, however,
we can outline some simple conceptual
guidelines.

The strength of a material is its ability to
resist distortion; this strength will be different
in compression, shear or tension (further details
are included in Chap. 3). Materials with high
strength tend to have high sound speeds as a
result. Metals, in general have similar strengths
in tension and compression, while rocks and
ceramics are strong in compression but weak in
tension. Granular materials have no tensile
strength, but can have significant compressive
strength. Given the three-dimensional jig-saw
like nature of sand, the more you press down on
the sand the harder it is to move it sideways
(shear it).

Compressibility is the ability of a material to
deform and is the inverse of strength. Highly
compressible materials, foams, are often used to
protect objects from impact, they do this because
the energy of the impact is absorbed in locally
distorting and compressing the material in the
region of impact and not into globally increasing
the kinetic energy of the foam. Sands, soils and
granular materials absorb energy in a number of
ways by grains deforming, grains fracturing and
the particles moving together to fill the pores;
these energy absorption mechanisms act to miti-
gate the shock or blast wave.

As the material compresses its density will
change and its sound speed will tend to increase.

1

At some point the amount of compression in the
foam will result in the removal of the majority of
the voids at which point the material will behave
like a stronger, solid mass; there is a limit to
energy absorption. Similarly all materials will
have a yield point, where their strength is
exceeded and they begin to deform and compress
so there will be a change in how the energy in the
stress pulse is deposited, more will go into tem-
perature and into internal compression proces-
ses and less into velocity. In addition, time-
dependent processes will also be occurring - the
time for pores to collapse in foams and for
particles to fracture in sands - so there will be a
time dependence to the stress transmission.

The same issue of time dependence in the
change of impedance, degradation of strength
and interplay between kinetic energy and com-
pressibility occur in biological materials. The
impedance of the material will change through
the stress pulse and so the simple equations given
should always be used with caution and to pro-
duce estimates.

1.7.4 Wave Transmission Across
Interfaces

When a stress wave reaches an interface it is the
difference in the mechanical impedance of the
materials which determines how much of the
stress wave is transmitted and how much is
reflected. By using conservation of momentum
and the impedances of the materials the amount
of the stress transmitted and that reflected can be
calculated and the change in stress in the
materials calculated. The result of this is given
in the Egs. (1.12) and (1.13)

T =22,/(Z1 +Z») (1.12)

R = (2 —7,)/(Zi +Z) (1.13)

Where T is the fraction of the stress transmitted,
R is the fraction of the stress reflected, Z, is the
impedance of the material through which the
stress is originally transmitting, and Z, is the
material on the other side of the interface.
Three situations are shown in Fig. 1.5.
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Fig. 1.5 Stress
Transmission across the
interface between two
materials (a) a stress pulse
approaches a boundary

(b) If materials 1 and

2 have the same impedance
the stress pulse is fully

transmitted (c) if the
materials 1 and 2 have
comparable, but different,
impedances the stress and
energy of the pulse is
partially transmitted and
partially reflected (d) if
material 2 has a very low
impedance compared to
material 1, virtually all of
the stress pulse will be
reflected back from the
interface

Here it is important to remember that stress,
force and velocity are all vectors, they have a
magnitude and a direction. By convention we
make an increase in velocity from left to right
to be positive and right to left as negative. A
wave which acts to compress a material will be
regarded a positive stress and a wave which puts
the material into tension or releases will be
regarded as a negative change in stress.

In Fig. 1.5a a stress wave travels through
material 1 of impedance Z1 towards an interface
with material 2, impedance Z2.

Figure 1.5b shows what happens when the
wave reaches the interface if the impedance of
material 1 and 2 are the same: all the stress wave
transmits through the interface. The value of the
transmission coefficient is 1 and so the stress in
material 2 is exactly the same as the stress level
in material 1 i.e. both end up at the same stress.
The amount reflected is 0 and so the stress in
material 1 remains unchanged.

In Fig 1.5c the materials have impedances that
are of a similar magnitude but different values: Z1
being half the value of Z2. Calculating the stress
transmission and reflection coefficients gives
T =4/3 and R = —1/3. This means that that
stress produced in material 2 is higher than that
produced by the initial wave. This may seem odd,
until it is remembered that impedance is related to
density and sound speed, so material 2 in this case

is denser and/or stronger than material 1; effec-
tively material 2 slows down the motion of mate-
rial 1 and the result is higher stress and less
particle velocity.

While the transmitted force is still going in the
positive direction it is higher by 4/3 over the
initial stress in material 1. For the reflected por-
tion there is a negative reflection coefficient and
the wave is propagating in a negative direction,
having a negative sign. Mathematically two neg-
ative numbers multiplied together equals a posi-
tive, so what this implies is that the amount of
reflection means we have a stress change of +1/3
of the initial pressure adding to the initial pres-
sure. The stress in material 1 increases as the
denser, stronger material 2 prevents it from
moving forward, effectively swapping a change
in velocity for higher stress.

This reveals an important point: if surfaces
remain in contact, the stress is the same in both
sides of the interface. This is the basis of a tech-
nique called impedance matching used in shock
physics to determine the stress and velocity of
materials under the action of shock waves.

Materials with a high density and high sound
speed will have a higher impedance and as a
result will exert a higher pressure at a given
impact velocity than a low density or low speed
material. This explains why a much higher stress
is produced by tungsten, a preferred material for
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anti-tank weapons compared to the lower imped-
ance iron, while Perspex will produce a much
lower velocity.

In the case of Fig. 1.5(d), the impedance of
material 2 is very low compared to material 1. In
this case the change in the reflected stress is of
value 1 and it is going in the negative direction.
Following the argument above, this means it
changes the stress by —1. This implies that stress
change of the reflected wave cancels the stress of
the original wave. In this case the stress falls to
zero and the energy of the stress pulse accelerates
material 1 to a higher velocity, approximately
doubling the particle velocity.

1.7.5 The Solid: Air Interface

After the stress wave from the detonation has
transmitted through the casing, accelerating it
and ultimately shattering it, it is then transmitted
through the surrounding soil and sand
compressing and fracturing it. When the stress
pulse arrives at the solid/air interface, from the
transmission-reflection coefficient it is clear that
the vast amount of the stress is reflected from the
solid:air interface. This reflection is like the case
in Fig. 1.5(d) discussed above, the velocity of the
sand/soil particles double as the stress drops to
zero. Sand/soil has a very limited tensile strength
so the result of this is to throw the sand and soil
from the surface as a cloud of fast-moving debris.

While the stress wave compresses the mate-
rial, and ultimately results in a cloud of fast-
moving debris, the product gases from the explo-
sive devices are also pushing the soil and
fragmenting the compacts formed by the stress
wave. It is the expansion of the hot, product gases
which results in the formation of the blast wave.

1.8  Blast Waves

The product gases have a velocity of approxi-
mately 2000 m s~ ', considerably higher than the
sound speed in air, 330 m s~ '. The resulting high-
pressure pulse of air is pushed outwards by the
hot explosive products. In order to allow
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Fig. 1.6 The classic Friedlander form of a blast wave

comparison between charges of different sizes
and compositions, explosive engineers conducted
experiments using the simplest scenario possible
— a bare explosive charge in an empty, flat field.
This has resulted in a large body of blast wave
literature based around the classic ‘Friedlander’
blast wave form.

Figure 1.6 shows the pressure time profile of
this classic blast wave. After the initial rapid rise
of the blast wave there is a region of positive
pressure, accelerating outwards from the explo-
sion. The speed of the gas moving behind the
blast front, in the so-called ‘blast wind’, can be as
high as 2000 km h™'. This is followed by a
release wave that drops the pressure below atmo-
spheric pressure. The release occurs as both air
and product gases have expanded outwards,
away from the place where the explosion
initiated. As a result, the explosive products
have expanded and therefore performed ‘work’
on the surroundings and started to cool. This
leaves a partial vacuum in the region of initial
explosion and this lower pressure now causes air
and gases to flow backwards over a longer period
to equalise the pressure. The resulting push-pull
movement experienced in the blast wave can be
especially damaging to structures and humans.

This simple waveform was often observed in
much early research into the effects of blast on
humans. These studies used data either from
open explosive ranges or with well controlled
blast reflections from single walls or barriers. It
is important to note that in a cluttered urban or
vehicle environment, a casualty will experience a
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number of waves — those directly arising from the
charge and those reflected from a wide variety of
surfaces and arriving from different directions.
In general the amount of reflected pressure waves
can be equated to more damage and injury.

1.8.1 Change in Impedance of a Gas

in a Blast Wave

In the discussion above the energy deposited in a
material can manifest itself in a number of ways,
it can give the material kinetic energy, for
instance, and it can compress the material
increasing its temperature.

In many engineering applications solids and
liquid are often assumed to be incompressible. In
shock wave studies this is not the case and
compressions which halve the volume of the
material are relatively common. However, gases
are by comparison, very compressible. This
means that blast waves are supersonic with
respect to sound waves seen at low pressure,
they also are associated with a very large change
in impedance and often increase in temperature.
Figure 1.7 shows the change in impedance of
air with pressure. Atmospheric pressure is
located at the point where the impedance
increases sharply.
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A major difference between shocks in solids
and liquids and blasts is that blast waves from
munitions tend to have durations measured in
milliseconds, while shock waves in solids exist
on timescales of microseconds. This 1000-fold
difference in duration is why the relatively mod-
est pressure seen in blast wave can produce more
movement and damage than the much higher
pressures in shock waves.

1.8.2 Reflected Waves

While the compression of the air produces a large
change in impedance, it is still the case that the
impedance of the compressed gas is very much
lower than that of any solid or liquid. When the
wave hits against a solid barrier, then a compres-
sive pulse is transmitted and the stress in the gas
also increases. Calculating the values of the
reflected stress change, indicates that the stress
level almost doubles.

In the case of an explosion in an enclosed
space, or in the partially confined space below a
vehicle there is time for multiple wave reflections,
leading to complex blast wave-forms of widely
differing stress histories. Within a vehicle the
reflections add to the injuries seem, over and
above the push-pull effect seen in the relatively
simple Friedlander waveform (Fig. 1.8).
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Fig. 1.8 Generic representation of a blast waveform seen
inside a vehicle. The wave has many more peaks, plateau
and overall variation than the relatively Friedlander wave-
form shown in Fig. 1.6

1.8.3 Temperature Rise

As well as the motion of the blast wave there is
also an associated temperature rise. This can
result in burns and combustion. Inside a vehicle
the heat deposited into a material can be divided
almost evenly between the heat from the intense
light flash associated with the detonation or gas
compression while physical contact with the hot
gas deposits the other half of the energy. The
timescale for this energy transfer is of the order
of milliseconds.

Shock waves also result in significant heating
within metals, even after the metal has been
dropped back to normal stresses there may be a
residual temperature increase in the fragments of
over 100 °C. The timescale for this heating is on
the order or microseconds.

1.9 Comparing Explosives
Scenarios: Scaled Distance

and TNT Equivalence

Munitions and explosive charges come in a range
of sizes and vary in terms of materials. In the
technical literature the term ‘scaled distance’ is
often used to relate the effects of large explosive
charges over tens of metres to those of small
charges at close range. This is useful as it allows
the effects of small-scale experiments to be
extended to larger explosives charges.
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The two terms used in virtually all scaling
equations are (i) the explosive mass and (ii) the
mathematical cube of the distance between the
charge and the target, i.e. the increase in volume
over which the energy is dispersed.

There are often other terms involved: one of
the easiest to conceptualise is the distance of the
charge above the ground.

If the charge is in mid-air the energy expands
evenly in all directions, effectively spreading the
energy through a sphere. However, if the charge
is on the ground, the effects of wave reflection
occur and the energy is concentrated into an
expanding hemi-sphere, above the ground.
Within the hemi-sphere so the energy, pressure
etc is more or less doubled compared to that of
the mid-air charge.

Another simple comparative scale between
explosive types is that of ‘TNT equivalence’.
Historically TNT was a widely used material,
which could be easily melted and cast into a
variety of shapes, unlike many other explosive
materials. Given its castable nature many experi-
ment were conducted, resulting in large data-
bases. TNT equivalence is a simple factor that
allows a well-defined reference point for the
broad comparison of the effects on a non-TNT
explosive charge to be estimated.

1.10 The Three-Dimensional World
and the Physical Basis of Blast
and Fragment Injury

The real world has a complex topography and is
made of a wide variety of materials many of
which change their properties based on the
accelerations produced in them by explosion.
This somewhat mundane statement also indicates
the difficulty of understanding the precise effects
in terms of the materials and the three-
dimensional world. However, a well-founded
method is to take that complex situation and
divide it into smaller, more tractable parts.

This chapter has given an overview of the
basis of explosive technology and presented
some of the basic processes relevant to the blast
process. The importance of the detonation wave,
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stress transmission, fragmentation, the ejection
of sand/soil, expansion of the product gases,
and flash heating have been introduced using
simple first-order approximations.

The complexity of the mechanical processes
and the resistance of the human body can result
in injury patterns that show effects that are dis-
tant from the immediate blast or impact. How-
ever, it is increasingly possible to adopt an
interdisciplinary approach that can bridge the
vital mechanical-biological gap in our knowl-
edge. Following chapters will address and
expand on these issues.
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2.1 Overview
Biomechanics is the study of biological systems
from a mechanical perspective. In this discipline,
the tools of mechanics are used in which the
actions of force, motion, deformation and failure
and their relationship to anatomy and functional
aspects of living organisms are analysed. Tradi-
tionally biomechanics has been considered in terms
of either biofluid mechanics or the biomechanics of
connective tissues (“solid biomechanics”), where
the former is a key branch of science and engineer-
ing that is applied to the cardiovascular and
respiratory sciences and the latter is applied to
orthopaedics and musculoskeletal rehabilitation.
Other branches of biomechanics investigate the
interactions between solids and fluids and these
are applied in ocular and cellular biomechanics,
or the biomechanics of the brain, for example.
These branches of biomechanics are typically
associated with specific anatomical regions and
physiology; for example, biofluid mechanics
might focus on the effect of flow in the arteries
and its relationship to cardiovascular disease,
whereas connective tissue biomechanics might
focus on the mechanical effect of ligaments at a
joint and deal with their repair post injury.
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Biomechanics in blast is a key discipline in blast
injury science and engineering that addresses the
consequences of high forces, large deformations
and extreme failure and thus relates closely to
knowledge of materials science (Chap. 3) and
leads onto the analysis of tissues (see Chap. 5)
and, at the smaller scale, cells and molecules
(see Chap. 4).

The aim of this chapter is to give the reader a
basic understanding of biomechanics and its util-
ity in the analysis of blast injuries. The specific
objectives are to:

l. introduce fundamental terminology and
concepts in biomechanics; and

2. describe how forces are transmitted through
the human body at all loading rates, and hence
provide an analytical framework to analyse
forces on all relevant tissues and structures
associated with blast injury.

2.2 Terminology in Biomechanics

2.2.1 Biomechanics of Motion

Kinematics is the “Biomechanics of Motion”;
in other words, it is the branch of biomechanics
that deals with the description of motion. It is
most commonly used in the analysis of activities
of daily living and sporting activities. In blast we
consider the movement of the objects such as

17

A.M.J. Bull et al. (eds.), Blast Injury Science and Engineering: A Guide for Clinicians and Researchers,

DOI 10.1007/978-3-319-21867-0_2


mailto:a.bull@imperial.ac.uk

18

blast fragments (secondary blast — see Chap. 6)
and displacement or movement of the person
due to blast and its interaction with objects
such as vehicles (tertiary or solid blast — Chap.
6), where their movement is considered as
whole body movement, or also takes into
account the relative movement of different
body parts.

Mass is how much matter an object contains.
This remains constant regardless of location or
gravitational conditions (for example, Earth,
Mars or gravity in outer space). Weight, how-
ever, would vary under these three conditions.
The importance of mass in blast biomechanics is
that it represents the resistance to a change of
linear motion (a speeding up or slowing down).
This is important in blast when considering
smaller fragments that are energised (small
mass — secondary blast effects) by the blast
when compared to larger items (a person or a
vehicle — tertiary blast effects) that require more
energy to get them moving. SI units of mass —
kilogramme (kg).

A Rigid Body is an object that doesn’t change
shape. This is usually a major assumption in
biomechanics, but serves to allow force analysis
to be conducted (the subject of this chapter) prior
to deformation analysis (the subject of subsequent
chapters). Formally, a rigid body is a collection of
particles that do not move with respect to each
other. In a force analysis, the assumption is that
however large a force may be, the rigid body does
not deform. Obviously, this is an approximation
in every case because all known materials deform
by some amount under the action of a force. In the
biomechanics of blast we tend to analyse the
human body first as a series of rigid bodies (fore-
arm, upper arm, head, trunk, shank, etc) that can
move relative to each other and then secondly
consider their deformation and failure.

Formulating problems in biomechanics in
terms of the Centre of Mass (CoM) simplifies
the problem to a single point. The CoM is the
point on the rigid body that moves in the same
way that a single particle containing all the mass
of the object and is subjected to the same external
forces would move. Therefore, when analysing
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the body, we consider this as a series of rigid
bodies, each with a constant CoM. Clearly, the
whole person will have a varying overall CoM
when independent movement of each of the
joints is taken into account and this is where
rigid body biomechanics moves into the realm
of dynamics.

The Centre of Gravity (CoG) is the point at
which the weight of the body or system can be
considered to act. In other words, it is the point at
which the weight of the body, W = myg, should
be applied to a rigid body or system to balance
exactly the translational and rotational effects of
gravitational forces acting on the components of
the body or system. The CoG and the CoM are
coincident when gravity is constant and are thus
frequently used interchangeably. These points
are important in biomechanics as they are used
as reference points for calculations.

The Moment of Inertia is the rotational
equivalent of mass in its mechanical effect; it is
the resistance to a change of state (a speeding up
or slowing down) during rotation. This is depen-
dent on the mass of the object and the way the
mass is distributed,

I =mr?
where m is the mass and r is the distance of the
CoM of the object from the axis of rotation.

The SI unit of moment of inertia, / is the
kilogramme metre squared (kgm?).

The moment of inertia is especially important
in high loading events where the forces that are
applied to the person are not applied directly
through the CoM. This means that the forces
produce a turning effect and thus cause the per-
son, or body segment, to rotate. A high moment
of inertia will resist that rotation. For example,
a coat hanger that supports two heavy bags
hooked in the middle of the hanger will have a
smaller resistance to rotation than a coat hanger
with the same two heavy bags hooked on either
side of the hanger.

A Torque or Moment is the turning effect of
a force (Fig. 2.1). This is calculated in mechanics
by multiplying the magnitude of the force by its
moment arm, or lever arm which is the perpen-
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knee
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knee
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Fig. 2.1 Moment at the knee joint for different loading conditions

dicular distance from the point of application of
a force to the axis of rotation. Therefore, a large
force and a large moment arm will result in a
large moment. As the forces in blast are
extremely high, only a small moment arm will
result in a large moment and thus cause angular
(or rotational) acceleration of the person or body
segment. In vector terms, the calculation is the
vector (cross) product of force and distance. The
SI unit of moment is the Newton metre (Nm).

Scalar quantities in biomechanics have magni-
tude only. For example, mass, length, or kinetic
energy (described later) are scalar quantities and
can be manipulated with conventional arithmetic.

Vector quantities in biomechanics have both
direction and magnitude (Fig. 2.2). A force, for
example, is always described by its magnitude

and by the direction in which it is acting. Velo-
city is also a vector quantity because it expresses
the rate of change of position in a given direction.
This is experienced when going round a corner; a
satellite orbiting at a constant speed (scalar)
around the earth has a changing velocity (vector),
because the direction of travel is moving.

This means that when performing calculations
with vectors, ordinary arithmetic will give the
wrong answers; therefore, vector addition and
other types of vector algebra must be used.

Acceleration is the rate of change of velocity
with respect to time (the first time derivative of
velocity or the second time derivative of dis-
placement). Acceleration is a vector quantity.
Taking the satellite described above, the constant
speed going round the earth reflects a change
in velocity with respect to time and is, thus,
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Fig.2.2 Vector and Scalar  Vector addition

addition

A.M.J. Bull

Scalar addition

The resultant (dashed line) is

independent of the sequence

of addition

B

A+ B isnotequalto A+ B in magnitude (or direction)

an acceleration towards the earth. An astronaut in
the satellite will experience no acceleration when
going in a straight line (constant speed and con-
stant velocity), but will experience the accelera-
tion going around the earth as a tendency to be
moved away from the earth sideways. (Decelera-
tion is simply negative acceleration and so is a
term that is not normally used in biomechanics.)
The SI unit of acceleration is the metre per sec-
ond squared (ms 2 or m/s°).

Angular Acceleration is the rate at which the
angular velocity of a body changes with respect to
time. The SI unit of angular acceleration is radians
per second squared (radian s~ or radian/s?).

2.2.2 Forces

Force is a vector quantity that describes the
action of one body on another. The action
may be direct, such as the floor of a vehicle
encroaching on the foot of an occupant, or it
may be indirect, such as the gravitational attrac-
tion between the body and the Earth. Force can
never be measured directly. It is always esti-
mated, for example, by measuring the deflection

of a spring under the action of a force. Measuring
force, therefore, requires some knowledge of the
deformation characteristics of materials (Chap.
3). The SI unit of force is the Newton (N).

At any one time, many forces may be acting
on a body. The Resultant Force is the result
obtained when all the forces acting are added
vectorially and expressed as a single force
(Fig. 2.3).

Equilibrium is when the resultant force and
moment acting on a body are zero. In Fig. 2.3,
if the blast force, B, were removed, then the
forces P, W and GRF would be vectorially
added to come to zero. Therefore, there can be
equilibrium when no forces are applied to a body
as well as where a combination of forces is
applied to a body. This is also described in
Chap. 1. Note that in blast the person, or object
in proximity to the person, is rarely in equili-
brium; the resultant force will be non-zero.

Weight is the force that results from the action
of gravity on a mass; it acts through the CoG.
Another term for this is Gravitational Force.
When standing on weighing scales, weight is
the force that the person applies on the scales
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Force resultant is the vectorial sum of the force due to:

* blast, B,

* the person’s weight, W (acting through the person’s

CoM),

* the load they are carrying, P (acting through the

load’s CoM);
* and the ground reaction force, GRF.

Fig. 2.3 Resultant force on a person under blast

when they are aligned perpendicular to the grav-
itational field, i.e. flat on the ground. This is equal
and opposite to the force the scales exert on the
person (Newton’s third law — see section on
Kinetics below).

Contact forces are the forces between objects in
physical contact. The description of the force
between the person and the weighing scales is a
type of contact force.

Friction is a type of contact force that is often
forgotten, yet can be overpowering in its effect. It
is the tangential force acting between two bodies
in contact that opposes motion or the tendency to
motion. If the two bodies are at rest (resisting
tendency to motion), then the frictional forces are
called static friction. If there is motion between
the two bodies, then the forces acting between the
surfaces are called kinetic friction. Often kinetic
friction is less than static friction, so when static
friction is overcome, then the friction level reduces
and the object accelerates. Friction is affected by

Note that in this case the
resultant is equal to the force
due to blast, assuming that the
person was in equilibrium prior
to the explosive event.

many parameters, for example, the roughness of
the surfaces or the presence or absence of fluid
(and the type of fluid or pressured state of the
fluid). Biomechanical analyses need to consider
these different parameters; for example, there is
friction without fluid (sometimes called dry fric-
tion) between your foot and the floor, and friction
involving fluid (sometimes called fluid friction)
acting within your knee joint when you move.

When fluid is not involved, the ratio of the
magnitude of friction to the magnitude of the
normal force is called the coefficient of static
friction and shows the following relationship:
f = uP, where f is the friction, u the coefficient
of friction, and P the magnitude of the normal
force.

Taking the example in Fig. 2.3, the effect of
friction at the feet has been neglected. For com-
pleteness, there will be static friction between the
feet and the ground that will act to resist the
movement of the feet to the left (backwards)
and thus the effect of the blast force is to produce
a friction force at the feet to the right that,
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The figure below shows that the
blast loading produces a turning
effect on the person.

Resultant
moment
about the
CoG
=Bx

A.M.J. Bull

Note that the omission of friction
on the left underestimates the
moment experienced.

Resultant moment
about the CoG
=Bx+Ey

Fig. 2.4 Friction effects in blast loading. GRF ground reaction force, W weight of person and armour, B force due to

blast, P weight of backpack

combined, will result in an anti-clockwise
moment on the person (Fig. 2.4).

The Joint Reaction Forces exist between the
articular surfaces of the joint, for example the
forces between the surfaces of the tibia and
femur at the knee joint. Joint reaction forces are
the result of muscle forces, gravity, and inertial
forces (usually, muscle forces are responsible for
the largest part when under normal, physio-
logical, loading; blast is a very different case —
see Sect. 2.3).

Other types of contact forces are Ground
Reaction Forces that specifically act on the
body as a result of interaction with the ground.
These are shown in Figs. 2.3 and 2.4. Newton’s
third law (see Sect. 2.2.3) implies that ground
reaction forces are equal and opposite to those
that the body is applying to the ground.

Pressure is the amount of force acting per unit
area. Pressure is a scalar quantity. Fluid pressure
is the pressure at some point within a fluid. There
can be pressure within a fluid that is flowing in a
pipe and fluid dynamics is used to analyse this
pressure and flow. There can also be pressure due
to the height of fluid. For example, a diver will
experience an increase in pressure when diving to

greater depth; this pressure is called hydrostatic
pressure. The SI unit of pressure is the Newton
per metre squared (Nm 2 or N/m?).

Centre of Pressure (CoP) describes the cen-
troid of the pressure distribution. It can be
thought of as the point of application of the
resultant force, because if all the forces across a
surface were summed and their resultant taken,
the CoP would coincide with the position of the
resultant force acting across that surface. In the
more general case, the force is applied over an
area (for example, the plantar aspect of the foot
or boot). In the example in Fig. 2.3, if we were to
take away the blast loading, then the CoP at the
boot would coincide with the line of action of the
resultant force on the person, the GRF. Gener-
ally, when first conducting a rigid body analysis
in blast, the CoP is considered as the point of
force application. However, when deformations
are being analysed, then it is important to also
consider how the force is distributed. In bio-
mechanics, the distribution of a contact force
can be very important when considering condi-
tions such as pressure sores, for example. Distri-
bution of force is discussed in greater detail in
Chap. 3.
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2.2.3 Newton’s Laws and Kinetics

Kinetics is the study of forces associated with
motion. For example, kinematics and kinetics
will be used to analyse the muscular contraction
forces that are required to produce movement, or
to analyse the sequence of movement for optimal
performance. The key laws that form the basis of
conventional mechanics are Newton’s Laws.

Newton’s First Law states that a body will
maintain a state of rest or uniform motion unless
acted on by a net force. If there is no resultant
force acting on an object then that object will
maintain a constant velocity. In cases where the
velocity is zero, then the object is not moving
(“remains at rest”). If the resultant force is not
zero, then the velocity will change because of the
force. Newton’s First Law is often described as
the Law of Inertia.

Whereas Newton’s First Law describes what
happens when the resultant force is zero,
Newton’s Second Law describes what happens
due to a non-zero resultant force and how the
velocity of the object changes. This law defines
the change in force as being equal to a change in
momentum per unit time. Rearranging this defi-
nition results in the formal definition of momen-
tum described below. The second law also states
that the change in momentum will be in the
direction of the resultant force, so you see why
it is important when analysing rigid bodies to be
able to quantify the resultant force. Newton’s
Second Law is often described as the Law of
Momentum. The second law is frequently stated
as, “Force equals mass times acceleration”

F =ma

This is rigorously derived from the formal
statement of the law regarding momentum.
We won’t go into that here, but the mathematics
works out to allow the second law to be restated
as, “The force acting on a body is equal to the
mass of the body multiplied by its acceler-
ation.” Newton’s Second Law is the basis for
formulating the equations of motion, the formu-
lation of the impulse momentum relationship,
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and, more fundamentally, defines the units of
force.

Newton’s Third Law is the Law of Reaction; it
states that action and reaction are equal and
opposite and is shown by the earlier examples,
for example, someone standing on weighing
scales. The force the person applies to the scales
is equal and opposite to the force that the scales
apply to the person.

Impulse is the effect of a force acting over a
period of time. Impulse is determined mathe-
matically by the integral of the force-time curve,
the area under the force-time curve. Impulse is
important in blast as the forces due to blast vary
significantly with time and often act for a very
short period of time. The impulse (area under the
curve) due to a Friedlander curve blast (Fig. 1.6)
is very different from the impulse due to blast
wave reflections inside a vehicle (Fig. 1.8).
Therefore impulse is a useful single measure
that quantifies this difference without describing
the full wave form. The SI unit of impulse is the
Newton second (Ns) that reduces to kgm/s.

Linear Momentum is the product of the mass
of an object and its linear velocity. Its units are
the same as those for impulse (kgm/s).
Newton’s second law allows us to quantify the
effect of a force on the velocity of an object. If
we take F = ma and multiply both sides by
time, ¢, then we end up with Ft = mat. Now

a = the change in velocity over time = %, SO

we can rewrite our equation to be: Ft =
ie. Ft = mAv.

This is the impulse-momentum relationship
and states that the change in momentum experi-
enced by a body under the action of a force is
equal to the impulse of the resultant force:
Impulse = Change in Momentum. When calcu-
lating the effect of blast we seek to know how the
force is changing over time and integrate that
over time to calculate the impulse. This then
allows us to see how the momentum of the
displaced person or object changes and allows a
forensic examination of the blast scenario.

mA ¢,



24

Angular Momentum is the rotational equiva-
lent of linear momentum; it is the “amount of
motion” that the body possesses during rotation.
Computationally, it is the product of the moment
of inertia and the angular velocity:

angular momentum L = [w

Because angular momentum is a vector quan-
tity, it can be resolved into components. It is
possible to have angular momentum about one
axis and none about another. Through algebraic
manipulations angular momentum can be trans-
ferred from one axis to another.

A projectile (for example a bullet or blast frag-
ment) may have both angular and linear momen-
tum. As it travels it will have mass and linear
velocity. However, it might also be spinning
about its long axis (this is often desirable to reduce
sideways turning of the projectile) which means
that it will also have angular momentum about its
long axis. In addition, the projectile may be tum-
bling end over end, meaning that it has angular
momentum about an axis perpendicular to its long
axis. These two components of angular momen-
tum can be summed algebraically to give its total
angular momentum. The SI units of angular
momentum are kgm?/s.

Work is done when a force moves an object.
This is strictly defined as the integral of force
with respect to distance:

W:/Fdx

If the force is constant then W = Fd, where d is
the distance over which the force acts. Note that
the definition of work is independent of time.
Thus, the same amount of work is done in
going up the stairs slowly or quickly. The
power in these situations is not, however, the
same. The SI unit of work is the Joule (J)

Power is the rate of doing work — the derivative
of work as a function of time:

dw
P=—
dt
Average power is equal to the work done divided

by the time during which the work is being done:
P = % The SI unit of power is the Watt (W)

A.M.J. Bull

Energy is the capacity for doing work. In any
system, this capacity cannot be destroyed, but
energy can be transformed from one form to
another (this is a statement of the Principle of
Conservation of Energy). There are many differ-
ent forms of energy, for example, kinetic energy,
potential energy, strain energy (all three are
defined below) and heat. The units of work and
energy are the same — the Joule (J) — because of
the relationship of these two quantities through
the work-energy principle.

Kinetic Energy is that component of the
mechanical energy of a body resulting from its
motion and can be split up into two constituent
forms, just like acceleration (linear and rota-
tional), forces (force and moment), and impulse
(linear and angular momentum).

These are Kinetic energy of translation:
KE.., = %mv* and kinetic energy of rota-
tion KE,,, = %lw?

Heat (or heat energy) is a form of kinetic
energy in which particles within a material, sub-
stance or system transfer their kinetic energy to
each other. It is always in defined in terms of the
transfer of energy from one system to another, not
in terms of the energy contained within systems.

Potential Energy is the energy of a body
resulting from its position. Clearly the reference
point for this is important and therefore potential
energy is always quantified according to an arbi-
trary datum and can therefore assume any value
depending on the choice of said reference point.
Note that the change in potential energy is impor-
tant in biomechanical analyses and this is inde-
pendent of the choice of a reference point.
Potential Energy, PE = mgh where m is the
mass, g is the acceleration resulting from gravity,
and 4 is the distance above the datum.

Strain Energy is the energy stored by a system
that is being deformed. The energy is released
when the load that is causing the deformation is
removed. Although this chapter does not go into
deformation in any great amount, it is worth
noting that strain energy is important in some
loading conditions, for example, the energy
contained within a bungee cord when fully
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stretched, or the energy stored in a trampoline
with someone standing on it.

The Work—Energy Principle states that the
work done on a body is equal to the change in the
energy level of the body. This principle is used
widely in forensic blast analysis where the work
done is visible and can be analysed through the
structure or person’s deformation or gross move-
ment and thus the change in energy can be
quantified. W = AKE + APE = (KEy - KE;) +
(PEf - PE;), where f represents the final state
and 7 the initial state.

Fluid Mechanics is the study of forces that
develop when an object moves through a fluid
medium. This medium can be a fluid like blood,
but also very importantly in blast, this can be air
(if free field blast, for example), or water (torpedo
strikes, for example). In many cases of loading
fluid forces have very little effect on kinetics and
kinematics, yet in other cases these can be signifi-
cant. For example, a shot put will not experience
significant forces due to the air, yet a shuttlecock
in badminton will be significantly affected by the
air through which it travels.

Drag is one of the most important forces pro-
duced by a fluid. It is the resistive force acting on
a body moving through the fluid. The surface
drag depends mainly on smoothness of surface
of the object moving through the fluid. Practical
examples of this include shaving the body in
swimming or wearing racing suits in skiing and
speedskating to reduce the surface drag. Form
drag depends mainly on the cross-sectional area
of the body presented to the fluid; this is why
cyclists have a crouched position rather than
sitting upright when trying to go fast.

Because fluids can flow, the influence of the
fluid on a body moving through it depends not
only on the body’s velocity but also on the veloc-
ity of the fluid. Walking headlong into a stiff
wind requires more force than standing still fac-
ing the same stiff wind. Walking with the wind
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reduces the force required. This is amplified to an
extreme level in primary blast where the fluid
(air) travels at extremely high speeds.

Of course, the human body is filled with dif-
ferent fluids and therefore fluid mechanics effects
are apparent internally as well as externally.

2.2.4 Functional Anatomy

In biomechanics, the term functional anatomy is
used to describe the physical function of the
biological structure of interest. This means that
this requires knowledge of the loading on the
structure, the constituent materials of the struc-
ture and their shape. In the human body the
constituent materials are complex. For example,
biological fluids include protoplasm, mucus,
synovial fluid and blood; these are described
in more detail in see Chap. 3. Solid material
constituents include actin, elastin and collagen.
How these combine to give material properties
are described in see Chap. 3.

An example of functional anatomy is that of
articular cartilage which describes the interrela-
tionship between its shape, constituent materials,
loading and motion environment, wear, deforma-
tion and pathology.

Articular Congruency is the description of
how the two surfaces of a joint overlap one
another. A hip joint, for example, is highly con-
gruent in that the full surface of the spherical
femoral head is in contact with the full surface
of the acetabulum. This congruency allows effi-
cient transfer of load from one articular surface
to the other. The glenohumeral joint of the shoul-
der is incongruent in that the spherical humeral
head has a very small contact area with the virtu-
ally flat glenoid. Other terms wused are
“conforming” and “non-conforming”. (Note that
there is a physiological reason for this difference
in congruency; the hip joint has a smaller range
of motion than the glenohumeral joint.)
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23 Biomechanics of Force

Transmission

There are multiple sources of force and defor-
mation in the human body. Within blast, the
main sources are gravity (weight), posture
(deformation of tissues due to the seated/standing
position), pressure (through the shock wave), and
impulse (through contact with an external agent).
These external sources result in internal forces,
stresses and deformations.

Newtonian mechanics are used to understand
these internal forces, and then fluid mechanics
and stress analysis is used to understand stresses,
deformation and flow. The construct used to
understand these forces is a Free Body Dia-
gram. In this, the region of interest is outlined
and all the external forces acting on that region
are identified and quantified (Fig. 2.5).

Floor pan encroaches on
heel of occupant
standing top cover
imparting a force of
magnitude F

P
{/
=3

Nt

NNy
N

I

7

LHS is a Free Body
Diagram of the whole
person:

Resultant force on
person is

F-W (vectorial
summation)

A.M.J. Bull

Frequently such analyses are conducted where
the regions of interest are in equilibrium. As
described previously, in blast, the person is rarely
in equilibrium and is moving and therefore a
free body diagram analysis must be conducted
at different time points.

2.3.1 Muscles Forces

The main purpose of a muscle is to rotate a joint
against a force. This rotation is produced by a
torque, or moment, therefore, the joint torque is
the key mechanical parameter that muscles need
to produce. Muscles attach very close to the joint
centres of rotation and therefore their lever arm
is small. Normally the external force is applied
further away from the joint centre of rotation and
therefore it has a large lever arm. Using

RHS is a Free Body Diagram of a part
of the person to analyse the force on
the lumbar spine.

If Fis now known,
and the weight

of the remaining
section is W-T,
then the unknown
forces and
moments at

the lumbar spine
(L and M) can be
calculated.

M

W-T

Fig. 2.5 Different free body diagrams under the same blast loading situation at time r = 0. These demonstrate that the
appropriate choice of a free body diagram can allow internal forces to be quantified
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Newtonian mechanics, we find, therefore, that
forces in muscles during normal movement are
orders of magnitude greater than the externally
applied force.

Musculoskeletal Dynamics is the engineering
tool that is used to quantify muscle forces during
activities. Because very few loading scenarios can
be simplified to that in Fig. 2.6 in which only one
muscle force acts and an analytical solution to the
problem can be found, other approaches need to
be taken to quantify muscle forces in more com-
plex situations. Musculoskeletal dynamics using
biomechanics is described in this chapter and
outlined in the flow chart in Fig. 2.7

Initially kinematics is used to quantify the
motion of the person. The motion of each part
of the person, each segment, is analysed sepa-
rately. The data input for this can be video

Forces acting on the lower limb of a
person squatting.

L, M = unknown force and moment at
the lumbar spine

W = weight of lower limb

GRF = ground reaction force
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analysis or the use of optical motion tracking
such as is used in the computer graphics industry.
The output of this is the position, velocity and
acceleration (linear and rotational) of each body
segment.

This information is combined with estimated
knowledge of the mass and moment of inertia of
each part of the person (each “segment”) as well
as estimates of the external forces acting on each
segment. For example, knowledge of the deform-
ation of the floorpan of a vehicle can give an
estimate of the force that such a deformation
would apply to the foot segment. All of this
information is brought together using inverse
dynamics in which knowledge of the kinematics
and forces on the body are applied to quantify the
moments and forces between each body segment.
These are called “intersegmental forces and
moments”.

Forces acting on the patellar tendon of a
person squatting obtained through
appropriate selection of the

Free Body Diagram

T = patellar tendon force
K = knee joint reaction force

For equilibrium, taking moments
about the centre of the knee

GRFEx =Ty
We can then solve for T

Fig. 2.6 (a) Forces acting on the lower limb when squatting. (b) Force in the patellar tendon in a simple squat. The
force is much higher than the external load due to the lever arm effect (x > y)
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Consider the body as a set of rigid segments

Analyse each segment separately using kinematics (position,
velocity, acceleration), body segment parameters (moment of
inertia and mass) and external forces to calculate intersegmental

forces and moments %

Apply an anatomical model with known muscle lines of
action to obtain muscle forces and joint reaction forces

m, fl

w
> F:G+W+R+F,_,=ma
> M :Gr, +Wr, +F,_,(r,) =16
Fig. 2.7 Musculoskeletal dynamics: from motion to  single arrow curved lines represent intersegmental

muscle forces. Straight lines with single arrows repre-  moments; double arrow lines represent linear and angu-
sent forces (GRF, weight and intersegmental forces); lar accelerations of the body segments
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Finally, the intersegmental forces and
moments are combined with an anatomical
model of the physiological joint (the ankle, in
this case) in which the articular geometry, liga-
ment geometry and muscle lines of action are
known. The equations of motion are then solved
whereby the sum of all the muscle and ligament
forces gives the true joint reaction force and then
the sum of all the moments due to the muscles
(the product of the muscle force times its moment
arm about the joint centre of rotation) gives the
intersegmental moment which is known from the
previous step in this technology. What is apparent
is that there are many more unknowns than
equations to solve the unknowns as there are
many muscles crossing each joint. Numerical
methods, termed “optimisation techniques”, are
used to solve this set of equations and the output
of this is the muscle forces, ligament forces and

Patellar tendon force is known (7)
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joint reaction forces at the joints of interest
[1]. There are three leading software technologies
available to conduct musculoskeletal dynamics
analysis (OpenSim [2]; AnyBody [www.
anybodytech.com/]; Freebody [3]).

2.3.2 Forces in Joints

Once the muscle forces during a loading activity
are known (as shown above), then the loading
on all the other tissues of the joint can be charac-
terised using additional free body diagrams. The
example below (Fig. 2.8) shows how an under-
standing of the muscle forces at the knee allows
quantification of the loading in the anterior cru-
ciate ligament (based on its geometry) and the
articular cartilage.

Anterior Cruciate Ligament force (4CL) line of

action is known (from geometry)

Knee joint articular force (K) direction
(perpendicular to surface) is known

K

1
1
1
1
1
\4

Fig. 2.8 Forces in tissues of the knee joint

ACL magnitude and K magnitude
can be calculated by vectorial
addition.

ACL
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The cartilage loading at the knee is then distri-
buted over an area. A congruent joint will distri-
bute that over the full articulating area, however,
an incongruent joint will distribute that over a
very small area. The analysis of how forces are
distributed within a tissue or structure is called
stress analysis and is described in Chap. 3.

What will become apparent in this simple ana-
lysis is that, because of very complex three dimen-
sional structures, it becomes impossible at some
point to analyse internal forces in the human body
without some computational help. In addition, as
the structures deform, so the loading on them
changes due to the geometrical change. At this
point computational biomechanics takes over. In
computational biomechanics the same methods
are used as described here, but numerical tech-
niques are used to solve the free body diagrams
for all tissues and all parts of tissues. At this point
loading analysis and stress analysis (that accounts
for deformation as well) become the same and this
is the subject matter described in Chap. 17 of
Part III.

Fig. 2.9 Research
approach for analysing
blast injuries with
biomechanics as the core
discipline for much of
the work

Biological
assays

Imaging

Clinical data

A.M.J. Bull

2.4  Bringing It all Together:

Forensic Biomechanics of Blast

The basic biomechanics described in this chapter
allows for a simple analytical framework to be
devised for analysing loading on the human body
due to blast. Although the framework is simple,
the application of this is not so straightforward
due to lack of information about key aspects of
the blast situation. Despite these deficiencies in
data, the literature has countless examples [4] of
the use of biomechanics to analyse blast loading
and many of these are presented in this book.
Generalising the approaches taken in the liter-
ature to a single framework is nigh on impossible
and therefore the tactic taken in this book follows
closely that presented in Ramasamy et al. [5] in
which incident and clinical data is combined with
biomechanics utilising imaging, computational
models and physical models in order to under-
stand pathophysiology of blast injuries to then
devise better protection, mitigation, medical
treatment and rehabilitation (Fig. 2.9).
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3.1 Introduction

The aim of this chapter is to introduce the reader
to the mechanical behaviour of materials. The
term mechanical behaviour refers to the response
of materials to load; under load the material will
deform and possibly break. Various materials are
considered, including biological. Engineering
measures by which we quantify and model math-
ematically the behaviour of materials in static
and dynamic conditions are presented.

3.2  Materials

Advancements in material science and engineer-
ing have been the vehicle of success in industry
for solving human-centred problems and improv-
ing the quality of life. A traditional classification
of types of materials is the following:

* Metals
« Non-metallic inorganic materials (for exam-
ple ceramics and glass)
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 Organic materials (polymers)

+ Composite materials (combinations of the
above)

» Biological materials (living tissue)

The first four categories comprise a selection
of materials used in industry. An integral part of
the design process for products, equipment and
infrastructure is the selection of such materials as
appropriate for the application. The study of
these materials has been extensive with compo-
site materials being the latest addition to the list
in the twentieth century (Fig. 3.1). Human injury
and disease and the interaction of the body with
industrial materials spawned the comprehensive
study of biological materials and their behaviour
in the second half of the twentieth century.

3.2.1 Metals

Metals are inorganic substances that consist of a
highly ordered microstructure. All metals have
similar physical and material properties, exactly
because of their ‘metallic’ microstructure. Some
of these properties are summarised below:

» They are solids at room temperature (except
for Hg).

» They have high density.

o They are good conductors of heat and
electricity.
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» They reflect all visible wavelengths of light,
and so appear white (except for Cu and Au).

* Most of them are magnetic to some degree.

» They are ductile.

» They have good machinability.

3.2.1.1 Microstructure

The metallic microstructure is formed of
crystals. These are periodic arrangements of
atoms closely positioned next to one another in
a particular way to form a lattice.

The potential geometric arrangements of atoms
in crystals and of crystals in the bulk metal depend
primarily on the thermodynamics of the forming
process as the atoms will seek the conformation
with the lowest energy. Fourteen arrangements
have been documented, but most metals com-
monly form in one, or combinations of, the fol-
lowing three; bee (body-centred cubic), fcc (face-
centred cubic), and hep (hexagonal close packed).
In the bee arrangement the unit cell has atoms at
each corner of a cube plus one at the centre of the
cube; in the fcc arrangement the unit cell has
atoms at each corner of a cube and at the centres
of all cubic faces; the hcp arrangement is similar
to the fcc but in a hexagonal formation rather than
in a cubic.

3.2.1.2 Imperfections

The crystallic structure is never perfect; it
contains imperfections that dictate some of the
material’s behaviour, especially in relation to
plasticity, failure, corrosion, electric conducti-
vity and alloying. These imperfections could be
point, line, plane or complex (3D) defects. Point
defects are of intra-atomic dimensions; they
could be vacant atomic sites or extra (usually
foreign) atoms positioned between atomic sites;
they both result in distortion of the planes and the
lattice arrangement. Line defects are also termed
dislocations. They split the structure into two
perfect crystals. They form during the solidifi-
cation or during plastic deformation of the metal.
This type of defect is also present in ceramics
and polymers. The deformation mechanisms
and therefore the plasticity and strength of
materials are directly related to the formation of
dislocations, as slip between crystal planes result
when dislocations move. The greater the ability
of a dislocation to move, the more ductile the
material is. The density of dislocations (dis-
location length per unit volume) in a metal that
contains very few of them is at the order of
10° cm/cm3, and when the metal is deforming
plastically it could be up to 10'* cm/cm?. A plane
defect present in all (polycrystalline) metals is
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the boundary of grains; grains (crystals) form
during the solidification process and position
themselves one next to the other to form a con-
tinuous, solid material. Crystallographic orienta-
tion, size and relative placement of grains all
constitute some form of imperfection that reflects
to the macroscopic mechanical and physical
properties of the solid.

3.2.1.3 Hardening

The number and type of imperfections can be
controlled in part by appropriate mechanical and
heat treatments. It is usually desirable to increase
the strength and toughness of a metal to make it
withstand heavy loads for long times; but this is
sometimes associated with reduction in ductility
which is usually undesirable. The most common
methods used to manipulate the imperfections
(usually reduce the ability of dislocations to
move)—and therefore the macroscopic mechani-
cal properties of metals—are the following.

* Grain size reduction.

» Cold working / strain hardening.

+ Solid solution strengthening and alloying.
 Precipitation hardening and ageing.

» Transformation hardening (for steels only).

3.2.1.4 Main Industrial Alloys

An alloy is a material that consists of two or more
substances of which one is a metal. The most
commonly used industrial alloys are ferrous
alloys (steel and cast iron), copper alloys (brass
and bronze), alloys of light metals such as alu-
minium, titanium and magnesium, superalloys
such as alloys of nickel and cobalt, and alloys
of zinc and of lead.

Steel

Steel is widely used today in the construction
industry (in a wider sense) as it has excellent
mechanical properties such as high strength and
toughness. It is an alloy of iron containing carbon
of less than 2.0 % by weight. Other metals may
be added in the alloying process to alter as
required the physical and/or mechanical
properties of the end product. Mild (or carbon)
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steels are Fe-C alloys with no other elements for
alloying. In alloyed steels carbon is no more than
1 % by weight and the most common alloying
elements are Ni, Mn, Cr, Si and Mo. With
regards to their use, steels can be classified as
structural steels, tool steels, stainless steels and
steels for electromagnetic applications. In stain-
less steel Cr is present at proportions of greater
than 12 % by weight and it is primarily responsi-
ble for their good corrosion resistance. Tool
steels are alloyed with elements that easily form
carbides (such as Cr, V, W, Mo, Co, Ni, Si); these
carbides do not allow the formation of large
grains thus resulting in a hard alloy.

Cast Iron

Cast irons are alloys Fe-C-Si where C is at
2-4.5 % by weight and Si at 0.5-3 % by weight.
These alloys are relatively cheap to make and are
manufactured exclusively by casting. They are
typically not as strong as any of the steels.

Copper Alloys

Copper and its alloys was the first metal used by
humans. It has excellent electrical and thermal
conductivity and so half of its global production
is used to produce electrical goods. It is very
malleable, ductile and corrosion resistive. The
main alloys are brass (Cu-Zn with Zn even up
to 50 % by weight) and bronze (Cu-Sn). Other Cu
alloys are with Al, Sn, Ni, Zn & Ni, Be, Si.

Alloys of Light Metals

Aluminium, magnesium and titanium are light
metals as their density is relatively low. The
importance is that their specific strength (max
stress over density) is higher compared to other
metals and their alloys. They also have good
resistance to corrosion.

3.2.2 Ceramics

Historically, the term ceramic meant objects
made of clay and other raw materials subjected
to heat; ceramics, in the form of pottery and
bricks are the first man-made objects. We class
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as ceramics today the inorganic, non-metallic
materials that are fabricated using heat and
cover a wide range of chemical compositions
and physical and mechanical properties. They
offer advantages compared to metals such as
the relatively low density, high melting point,
high modulus of elasticity, low thermal conduc-
tivity, good resistance to compression, high hard-
ness, and wear and heat resistant behaviour.
Disadvantages include low resistance to tension,
shear, fatigue, buckling and impact, brittleness,
high production costs for some, low resistance to
crack propagation, and sensitivity of their micro-
structure and of pores on their physical properties
and strength.

Ceramics consist of elements that form strong
ionic or covalent bonds. In terms of structure, we
can classify ceramics into ionic, that consist of
metals and non-metal elements, and covalent,
that consist of two non-metal elements.

In ionic ceramics the two elements have dif-
ferent electric charges resulting in attracting
forces that contribute to forming the bond. The
most stable microstructure is seen when the
cations are closer to the anions resulting in high
attracting forces that form stable crystalline
shapes. The most common are the face-centred
cubic shape of MgO and ZrO, and maximum
density hexagonal shape of Al,Os.

In covalent ceramics every atom that belongs
to a covalent bond ‘shares’ the electrons of the
outer shell with neighbouring atoms. The
resulting shape is usually cubic; either crystalline
with formation of chains, 2D or 3D lattices, or
amorphous.

Ceramics can be classified based on their
main non-metal constituent (B, C, N, O, F and
Si) into six categories; oxides (Al,03, ZrO,
UQO,), carbides (SiC, B,C, WC, TiC), nitrides
(SizNy, AIN, BN), borides (ZrB,, TiB,), silicides
(MoSi,, TiSi,) and fluorides (CaF,, LiF).

Glasses are ceramics that are worthy of spe-
cial mention. All commercial glasses are amor-
phous 3D lattices with main constituent the
stable silica (SiO,). The glass structure is a result
of rapid cooling of melted oxides. The high
values of viscosity and the strong bonds that
form between the silicate tetrahedra do not
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allow for a crystallisation process to commence
during solidification. Solidification of a glass
occurs due to the gradual thickening of the liquid
as aresult of an increase of its viscosity due to the
cooling. Other oxides may be added that will
transform the silica lattice and so affect the
properties of the final product depending on the
intended use.

3.2.3 Polymers

Polymers consist of large molecules (molecules
of large molecular weight), the macromolecules;
hence their name (poly = many; meros = part).
The building blocks of a polymer are chemical
units of small molecular weight called monomers
that bond to each other to form the characteristic
long chains of the polymer; the monomer quan-
tity may vary from 100 to 100,000 per chain.

A big advantage of polymers is that they can
be formed relatively easily compared to other
materials. Their production is of low cost, they
can form into products of complex geometry,
they can be transparent (and therefore substitute
the more expensive glass), they have low density,
and they have good mechanical properties.
Disadvantages include pollution (not easily recy-
clable), inferior mechanical properties to other
materials, especially metals, and that they don’t
work at high temperatures.

In terms of microstructure, the polymers can
be crystalline or amorphous; this is dependent
primarily on the rate of cooling of the melted
polymer. When cooling is gradual, the chains
have time to align to one another and form a
crystalline-like structure (not to be confused
with the crystallinity of metals). Conversely, in
amorphous polymers the chains don’t have time
to align due to the rapid cooling; this structure
can be loosely compared with that of liquids as it
is characterised by a lack of order. Under heat the
long chains of the polymers can easily slip over
one another. During cooling this movement
between chains reduces and the polymer trans-
forms gradually from a liquid to an amorphous
solid state. The temperature at which this transi-
tion occurs is termed the glass transition
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temperature, T,; above this temperature the
polymer behaves elastically and below it the
polymer is brittle and behaves similar to glass.
In terms of their physical properties there
are three types of polymers; thermoplastics,
thermosets and elastomers or rubbers.

3.2.3.1 Thermoplastics

They consist of primarily linear chains that
soften and flow with heat due to the relaxation
of the molecular bonds and so can be formed;
they solidify after cooling. This process is revers-
ible, which means that they may be reshaped by
heating them up. Widely used thermoplastics
include polyethylene (PE), polyvinyl chloride
(PVC), polypropylene (PP), polystyrene (PS),
and the polyamides (Nylon).

3.2.3.2 Thermosets

They consist of relatively short chains in 2D and
3D networks. They are usually amorphous. They
are formed by a curing process of a resin with a
hardening agent with or without heat; the process
is irreversible. Main representatives of this fam-
ily of polymers include phenolic polymers (bake-
lite), epoxy resins, aminoplasts (melamine or
urea resins with formaldehyde), and polyesters.

3.2.3.3 Elastomers or Rubbers

These are usually linear polymers with branching
chains. They can deform a lot under load and
yet return back to their original dimensions
when the load is removed; they are hyperelastic.
Main representatives of these are synthetic and
natural rubber, synthetic polyisoprene, polybuta-
diene, polychloroprene, and the silicones. Natu-
ral rubber vulcanises when heated with sulphur.
The vulcanisation process entails the formation
of cross-linking between molecules that result in
reinforcing the structure of the material, making
it tougher, more durable, and less sensitive to
temperature changes.

3.24 Composites

Composite materials are those that consist of a
combination of two or more of the above
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mentioned material types. The intention is to
fabricate a material that has special properties
that none of the aforementioned material types
can achieve on its own. Of the constituent tradi-
tional materials in a composite, one is termed as
the matrix and another as the reinforcement.
Depending on the shape of the reinforcing consti-
tuent material they can be classed as fibre-
reinforced composites, particulate composites
and laminar composites. The strength of a com-
posite depends on the strength of its constituents,
but also on the compatibility between the two
when put together.

In fibre-reinforced composites the reinforce-
ment could be through long, continuous fibres or
through short, discontinuous fibres. The strength
of these composites depends on the directionality
of the fibres. In unidirectional composites the
fibres are orientated parallel to one another,
adding strength in that particular direction to
the composite. In multidirectional composites
the fibres can be laid in random orientations,
in a woven motif, or in layers perpendicular in
orientation to one another. The intention in
adding fibres to a matrix is to increase the
strength of the matrix material. Therefore, the
material of the fibre tends to have a high modulus
of elasticity, high strength and low density. The
most common materials for fibre reinforcement
are glass, carbon, polymers (Nylon, PE, Kevlar),
metal (boron), or other raw/ceramic materials
(such as mica).

The matrix secures the reinforcement from the
fibres. Under load, the stresses are transferred
from the matrix to the fibres. Importantly, the
matrix can interrupt the propagation of cracks
that might form in the fibres whence the load is
too high. The material for the matrix is usually
selected to be tough, ductile, and with a high
melting point, higher than the maximum
intended operating temperature of the composite.
The most common type of matrix is organic,
either thermoplastic or, more often, thermoset,
such as epoxy resins, phenolic resins, and poly-
ester resins. At high intended operating temper-
atures metallic materials are necessary for the
matrix. Ceramic matrices are not that common,;
but a special mention is due to cement. Cement is
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used to form concrete (by mixing it with sand and
stone) — which is a particulate composite — that
can then be reinforced with steel rods; most
infrastructure is at least partly built out of this
composite.

Particulate composites are not that common
as they don’t offer the superior mechanical
properties that fibre-reinforced composites do,
but they are cheaper to make than fibre-
reinforced composites and tend to be more wear
resistant. Laminar composites can be categorised
into coatings, bimetallics, multilayers and sand-
wich materials. The intention in coatings is
mostly to improve the wear resistant properties
of the surface whilst maintaining the superior
material properties of the main material. The
other two types have limited uses in industry.

3.2.5 Biological Materials

The constituents of the human body from the
perspective of mechanical response are almost
without exception a mixture of fluid and solid
phases, either organic or inorganic. We will limit
ourselves here to a quick overview of constituent
biological materials that might be associated
with blast injury; the response to some of the
tissues and organs that consist of them in blast-
related loading follows in Chaps. 4 and 5.

3.2.5.1 Biological Fluids

In contrast to water, most fluids in our body are
non Newtonian and have a substantial elastic
(solid) component. Disturbance in the material
properties — primarily viscosity — of these fluids
due to disease or injury may have adverse conse-
quences on the function of tissues. Treatment,
restoration or replacement of such tissues aims
at recovering the unique material behaviour
of their constituents in order to enable normal
function.

Protoplasm

We call protoplasm (protos = first; plasma =
formed object) the collection of a cell’s contents
that are encapsulated within the plasma mem-
brane. It consists of the cytoplasm and various
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particles suspended in it. Its viscosity is several
times greater than water.

Mucus

Mucus consists of glycoproteins and water. Its
role is to protect epithelial cells in vital systems
of the body, including the respiratory, gastro-
intestinal and urogenital, from infection. It does
so by trapping foreign material and so its mate-
rial behaviour is affected by the properties of the
foreign material. The material behaviour of the
mucus produced by the sex glands in both sexes —
cervical mucus and semen — is appropriate for
fertilisation. The properties of the cervical mucus
are affected by hormones and so they vary during
the menstrual cycle. The efficiency of the swim-
ming of spermatozoa in semen and in the cervical
mucus is key for enabling reproduction and so
any change in the properties of either media may
affect reproducing capabilities.

Synovial Fluid

Human joints undergo cyclical loading and yet
can remain clinically asymptomatic for many
decades. This is due to the virtually frictionless
articulation provided by the articular cartilage
present at the articulating surface and the lubri-
cation from the synovial fluid. Synovial fluid is
present in cavities of synovial joints. It contains
hyaluronic acid and interstitial fluid. In addition
to reducing friction in the joint, it acts as a shock
absorber and as a medium of transportation for
waste and nutrients.

3.2.5.2 Biological Solids

Actin and Elastin
Actin is a protein present in muscle and
many types of cell, including leukocytes and
endothelial cells. It is ~7-20 nm in diameter
and its tensile strength has been measured to be
approximately an impressive 2 MPa. It plays a
role in many important cellular processes,
including remodelling, primarily via its inter-
actions with the cell’s membrane.

Elastin is a protein present in connective tis-
sue. It is responsible primarily for resuming the
original shape of the tissue after deformation and
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for storing elastic energy when loaded. It exhibits
an almost perfectly linear elastic behaviour — the
only biological tissue to do so.

Collagen
Collagen is a key load transferring compound for
many tissues in the body. It is present in various
combinations and may act beneficially in wound
healing. 12 types of collagen have been identified
to date. Collagen is a protein. A collagen mole-
cule (tropocollagen) (1.5 nm in diameter) is
made up of three polypeptide strands (left-
handed helices) that are twisted to form a right-
handed triple helix. Collagen molecules combine
to make up fibrils (2040 nm in diameter) and
bundles of fibrils combine to make up fibres.
Collagen is the main structural protein in
connective tissue; it combines with actin,
elastin, other proteins and a ground substance
(a hydrophilic gel) to form fibrils and fibres
that in turn combine to form bone, cartilage,
skin, muscle, ligament, blood vessels etc. The
mechanical behaviour of a tissue is directly
related to its microstructure and therefore the
relative arrangement of fibres, cells and ground
substance.

3.3  Stress Analysis

3.3.1 Introduction: General Terms

The response of materials to loading is termed
mechanical behaviour. Quantifying this behav-
iour allows the engineer to design a product that
is fit for purpose and to understand or predict
what is going to happen to an existing structure
under load.

When a material deforms under a small load
the deformation may be elastic. In this case,
when the load is removed, the material will revert
to its original shape. Most of the elastic deform-
ation will recover immediately. There may be,
however, some time-dependent shape recovery;
this time-dependent behaviour is called anelasti-
city or viscoelasticity.

A larger stress may cause permanent — often
called plastic — deformation. After a material
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undergoes plastic deformation, it will not revert
to its original shape when the load is removed.
Usually, a high resistance to deformation is desir-
able so that a part will maintain its shape in
service when loaded. On the other hand, it is
desirable to have materials deform easily when
forming them into useful parts or when
conforming on adjacent surfaces to distribute
loading.

Fracture is the breaking of a material into
pieces. If fracture occurs before much plastic
deformation occurs we say that the material is
brittle. In contrast, if there has been extensive
plastic deformation preceding fracture the mate-
rial is considered ductile. Fracture usually occurs
as soon as a critical amount of loading is reached;
repeated application of lower loading may also
cause fracture; this is called fatigue.

3.3.2 Stress and Strain Tensors

The effect of external loading on to a body can be
quantified through internal reaction loads and
deformation. We use the concepts of stress and
strain in order to normalise for cross-sectional
size and shape that allows us to quantify material
rather than structural behaviour. Furthermore,
the stress-strain behaviour is unique for a mate-
rial; we call that the constitutive law from which
we can define material properties, unique to that
material.

3.3.2.1 Stress

Stress is a normalised measure of force. Consider
a body subjected to a static external force,
F (Fig. 3.2). For the body to be in static equili-
brium, every part of the body needs to be in
equilibrium. If we make a virtual cut somewhere
along the length of the body through the cross-
section then the remaining part should be consi-
dered to be in equilibrium. The internal reaction
force at the cross-section can be considered as
made up of a collection of infinitely small
amounts of force dF; acting over infinitely
small areas dA;. In order to maintain equilibrium
2dF; = F whilst ZdA; = A. We define stress
(at a point) as the internal force per unit area.
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Fig. 3.2 A body with external force F acting on it with a
virtual cut along its length showing a collection of infi-
nitely small amounts of force acting over infinitely small
areas the sum of which represents the stress at the cut

. dF;
o= lim —
dA;—0 dA,

The stress on a surface is defined as the inten-
sity of internal distributed forces on an imaginary
cut surface of the body. Stress acting perpendi-
cular to a plane is termed direct or normal stress,
whereas stress acting parallel or tangential to a
plane is termed shear stress; we tend to use the
symbol 7 for shear stress (Fig. 3.3).

i . dF girec

Direct stress: o = lim —arect
dA—0 dA
. dF

Shear stress: 7 = lim — 2!
dA—0  dA

Stress is a second order tensor; this means that
magnitude, direction and plane at which it acts
are required to define it fully (Fig. 3.4). A vector
(e.g. force), for comparison, is a first order
tensor.

L dF
= lim —
% Ai—0 dA,

where i is the direction of the outward normal to
the plane
and j is the direction of the internal force
component.
Therefore stress can be represented by a
3 x 3 matrix with nine components. The diago-
nal elements of the matrix are the normal stresses
and the rest are the shear stresses.
In order to maintain rotational equilibrium the
shear forces along the sides of a material point
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Fig. 3.3 Definitions of direct, ¢ and shear, 7 stress on a
cross section of a body in equilibrium

need to be equal; this means that shear stresses on
perpendicular planes need to have the same sign
and magnitude; we can write 7;; = 7j3; we call
these complementary shear stresses. Therefore
the stress tensor is a 3 x 3 symmetric matrix
and has only six independent elements. It is con-
venient to write the matrix as a column vecto