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Abstract

Casualty analysis of major terrorist attacks in recent decades shows an enormous increase in fatalities and economic losses.
Due to frequent terrorist attacks and failure of engineering structures under blast load, this issue has gained the attention
of scientists and structural engineers. Recently, threat due to explosions is considerably raised owing to the availability of
small size explosive devices with powerful and high range explosive materials. Thus, there is an immediate need for the
structures, vulnerable to such tragic events, to be analysed and designed to resist these extreme loading conditions. To predict
the behavior of structure under explosion loads, blast load analysis needs to be done. The effective blast parameters such
as standoff distance, angle of incidence, explosive type and charge weight with its damaging effects discussed by various
researchers have been overviewed in the present work. Further, it is uneconomical to harden the structure to resist the blast
load. Therefore, certain strategies which can be adapted to mitigate the effect of blast pressure have also been analysed, and
discussed different analytical models for prediction of blast loads. The paper present basics of blast for beginner researchers

and structural engineers to understand such complex loading scenario.

1 Introduction

During recent decade, intensity of terrorist attacks have been
increased and it has been observed that there is sharp rise in
death tolls due to these frequent attacks, and its impact can
be seen on the whole world. As per global terrorism index
2018, three trends (i.e. First, second and third trend between
2002-2007; 2007-2011; and 2011-2014, respectively) since
9/11, showed that there is a consistent increase in inten-
sity of terrorist activities. Figure 1 indicates the number of
countries which experienced at least single death from ter-
rorism in a year. And it can be observed that the number of
countries affected due to surge of terrorism is increasing.
Terrorism leads to economic loss due to structural damage,
and more importantly loss of precious lives. Figure 2 shows
impact of terrorism and loss due to deaths which accounts
for 72% of the economic impact of terrorism, 25% GDP
losses, 2% property destruction and 1% injuries.

The casualty analysis of some major terrorist attacks
such as Mumbai bombings (March 1993), Alfred P.

P4 P. A. Shirbhate
payalshirbhate @students.vnit.ac.in

Department of Applied Mechanics, Visvesvaraya National
Institute of Technology, Nagpur 440 010, India

Murrah Federal building in Oklahoma City (April 1995),
US Embassy building (August 1998), collapse of world trade
center (WTC) in New York (September 2001), the tragic
events in Bali (October 2002), Mumbai railway bombings
(July 2005), Siege of Mumbai (November 2008) have been
carried out and is represented in Fig. 3. The loss of lives and
injuries occurred in the respective terrorist incidents have
also been quantified in the chart. Among these attacks, the
number of casualties and economic loss in twin tower attack
(also known as 9/11 attack) was huge. It is seen from the
casualty analysis of these attacks that terrorism is a threat
to every nation. Therefore, important buildings such as gov-
ernment organisations, hospitals, public gathering places,
shopping malls, theatres, mass transport systems, stadiums
etc. should be designed to withstand such dynamic loads
due to blast.

Blasting is basically a technology of exploding explo-
sive material having both positive as well as negative per-
ception. If the explosive is exploded intentionally then it
is called blasting and if exploded accidentally then it is an
explosion. Explosive is the storage of an enormous amount
of energy, which upon explosion releases large amount of
energy instantaneously. Usually, it is thought that explosives
have been used for war or terrorism, but they are also used
effectively for mining purposes. Blasting is used for building
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Fig. 1 Deaths from terrorism and number of countries affected, 1998-2017 (Global Terrorism Index, 2018)
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Fig.2 Economic impact of terrorism, 2017 (Global Terrorism Index,
2018)

demolition, excavation of rock material and in the geological
exploration. Seismic wave is generated to extract geomate-
rials such as oil, minerals, etc. from the earth’s crust. Dur-
ing these operations there is a possibility that fragments of
charges may hit the surrounding structure e.g. tunnel, natural
rock, blast in mining etc., resulting in dust particles in flow.
Consideration of effect of dust gives precise pressure value
and the damage may be reduced [1]. Terrorist groups use
the same techniques of blasting to create violence and to
threaten the people. Along with people, the structural com-
ponents also get badly affected by the impact of explosion,
the same has been dealt with in the present paper.

The present paper focuses on the phenomenon of blast
wave, blast load analysis and ways to mitigate the effect
of blast overpressure. Usually, response of the structure is
investigated with simplified single degree of freedom system
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[2, 3]. Blast numerical models, such as Eulerian, Lagran-
gian, ALE, MMALE etc. to predict the blast response have
been summarised. Various terms which one needs to under-
stand before actually computing the blast pressure and the
same are briefly discussed in the subsequent sections.

2 Effect of Blast on People and Structural
Component

The effect of blast pressure on human body and structural
components have been evaluated in several researche works,
and the same has been studied. The pressure ranges corre-
sponding to injuries and structural damage are briefly pre-
sented in this section. The intensity of blast pressure and
duration has a significant influence on people and structure.
During the explosion, blast overpressure results in blast wind
which causes injuries and casualties. The injuries are classi-
fied as primary, secondary, tertiary and quaternary injuries
which are elaborated in Fig. 4 with pictorial representation
[4]. Injuries due to initial blast waves, ignoring after burning
effects have been discussed in the figure. Causes of death
due to blast pressure are categorised as impact on head,
impact on whole body and lungs damage [5].

Various ranges of blast overpressure corresponding to
standoff distances along with fatalities/injuries and dam-
ages to component caused due to blast wave are illustrated
in Fig. 5. As it can be observed in the figure, in the nearest
range where the pressure is approximately 1373 kPa the blast
wave can inflict fatal injuries to human resulting in death. As
the standoff distance increases the magnitude of overpres-
sure decreases as well. A pressure of 245 kPa and more can
result in collapse of lungs whereas, 98 kPa of pressure can
damage the eardrums. The blast pressure at higher stand-
off distance will have slight effect on the structure, such as
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cracks observed in the window. In case of component dam-
age criteria for structure, it can be seen from the figure that,
at certain pressure range and distance only cracks in the slab
are observed. Whereas, in some cases, components such as
columns, beams and walls get damaged and in extreme case
of high overpressure at the least distance overall structure or
some part of the structure can collapse.

3 Blast Phenomena

Either high explosives detonate or low explosives get defla-
grated, depending on the type of explosive. When condensed
high explosive such as TNT gets triggered, it generates hot
gases. The explosive gases compress the surrounding air
and in front of these gases, compressed air wave/blast wave
forms. This whole process of formation of blast wave is
termed as blast phenomenon [6].

Blast wave consists of shock wave with high pressure
and high-speed wind, and the combined effect of these two
is known as blast wave. The air moving behind the shock
front with some pressure difference is termed as blast wind
[7]. The parameters related to the blast phenomenon such as
explosives, TNT equivalence, angle of incidence and stand-
off distance are explained in the upcoming subsections. Also
the detonation process, Mach stem formation, diffraction and
its effect on structure including scaling laws have been illus-
trated to understand the basics of the blast.
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3.1 Detonation Process

If the decomposition rate is lower than the velocity of sound
in the material, then it is termed as deflagration. When low
explosives undergo chemical reaction, then deflagration
takes place which results in rapid burning and flames [6, 8].
Whereas, detonation produces a high-intensity shock wave
as a result of chemical reaction of high explosive material
[6]. The shock wave travels at the speed greater than speed
of sound in air i.e. at supersonic velocity with respect to
explosives that are undetonated or unreacted. A shock wave
driven by a chemical reaction of a high-performance explo-
sive is called a detonation wave [7]. The velocity at which
detonation wave passes through the detonated explosive is
referred to as detonation velocity and it varies from 5 to
8 km/s [9]. High explosives produce effects other than heat
including release of large amount of energy and strong blast
waves. The initial detonation energy is lost in compression,
breaking and acclerating the debris [10]. Dust generation
and afterburn effects are important factors in modelling the
precise situation in numerical modelling of the detonation
process [1, 11]. Thus, the effect due to detonation is only
dealt with in the present paper.

3.2 Explosives
Explosive is a chemical compound material or a device

which releases large amount of energy in the form of heat,
light, sound and shock wave when triggered. It is essential
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Table 1 Estimated quantities of explosives in various vehicles [40]

Vehicle type Charge mass/kg
Suitcase 10
Compact car trunk 115
Trunk of a large car 230
Closed van 680
Closed truck 2270
Truck with a trailer 13,610

for the explosive to be detonated, to produce effect other than
heat. Explosives are easy to produce, compact and powerful
therefore, commonly used in terrorist attacks as weapons.
Hand delivered and vehicle weapons are the main sources of
threat due to explosives [12]. But these days vehicle-borne
improvised explosive device (VB-IED) and suitcase bomb
became popular weapon for terrorist attack [13]. Quantity
of explosives used during explosion depends on the carrier
and the capacity of vehicles. Capacities of different vehicles
to carry explosive are as given in Table 1.

Blast load gets influenced by the properties of the explo-
sive material and therefore, it is necessary to know about
types of explosives with their physical characteristics.
Charge weight, material, shape and distance of the explo-
sives from the structure are important characteristics of
the blast wave and its effect on the structure [14]. Further,
energy release rate and detonation velocity greatly affect the
performance of the explosives [7].

Based on physical state, explosives are classified as solid,
gas or liquid. The explosives are further categorized as mili-
tary and home-made explosive. Fertiliser-fuel mixture or
Ammonia Nitrate Fuel Oil (ANFO) are the types home-
made explosives [15]. The military explosives are classified
as high or low explosives on the basis of energy produced,
and time taken for detonation or deflagration [13, 16]. Pro-
pellants, flammable chemicals, liquids or gaseous explo-
sives materials are the types of low explosives [12, 14-16].
Moreover, based on the sensitivity of the explosives to igni-
tion, they are classified as primary or secondary explosives
[17]. To increase the energy release, aluminium particles
are mixed into explosives or solid propellants. These parti-
cles can burn under high temperature and pressure condition
behind blast wave. Thus, for accurate analysis of heavily
aluminized high explosives it is important to evaluate after-
burning effects on detonation of TNT [11].

3.3 TNT Equivalence

Blast load primarily depends on energy output of the explo-
sives. Explosive energy of the detonating materials is deter-
mined with respect to equivalent weight of Trinitrotoluene
(TNT). In addition to explosive energy, TNT equivalence

depends on charge shape (cylindrical, spherical, flat, square
etc.), charge weight, confinement of explosive (casing, con-
tainers etc.) and the range of the pressure (close-in, interme-
diate or far ranges etc.) [12, 14, 16].

To know the energy output of explosion, one reference
explosive TNT is used as standard explosive known as
explosion bench mark. Conversion factor based on specific
energy of explosive is multiplied to the specific energy of
TNT to get the energy output of explosive under considera-
tion and these factors are reported in Table 2 [8, 18].

In case of unconfined explosions, charge weight of
explosive under consideration is calculated with reference
to weight of TNT explosive and is represented by Eq. (1):

wo O

- Wx 1
QTNT ( )

where W represents effective charge weight in TNT; W, is
weight of explosive; Q, is the mass specific energy of the
explosive; Oy 1s the mass specific energy of TNT and the
ratio Q,/Qrnt represents TNT equivalent based on detona-
tion heat [14].

3.4 Angle of Incidence

When the explosive charge gets detonated, incident blast
wave is generated and it strikes the ground surface at an
angle of incidence. The angle made by tangent to the blast
wave and the ground varies from 0° to 90° and is known
as angle of incidence [19-21]. Incidence angle influences
blast pressure variation and impulse pattern on the struc-
ture. It also affects the reflection process and the value of
reflection pressure. Reflected pressure reaches to maximum
value when the reflected surface is perpendicular to the blast

Table 2 Type of explosives and TNT equivalent [7]

Explosive type Mass specific TNT equiva-
energy O, (kI/  lent Q,/Qryy
kg)

Compound B (60% RDX 40% TNT) 5190 1.148

RDX (cyclonite) 5360 1.185

HMX 5680 1.256

Nitroglycerien (liquid) 6700 1.481

TNT 4520 1.000

Blasting gelatin (91% Nitroglycerin, 4520 1.000

7.9% nitrocellulose, 0.9% antacid,
0.2% water)

60% Nitroglycerine dynamite 2710 0.000

Semtex 5660 1.250

Pentolite 50/50 5860 1.129

PETN (90/10) 6406 1.23

Pentrite 6400 1.13
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wave whereas, reflected pressure reduces to minimum value
if the reflected surface is parallel to the blast wave. Reflected
pressure will be moderate for an angle of incidence ranging
between 40° and 55°. Within this range of angle of inci-
dence, a coalescent wave resulting to Mach stem could be
formed [22, 23].

3.5 Standoff Distance

The direct, unobstructed distance between asset and mid-
point of charge weight is termed as the standoff distance and
is shown in Fig. 6. The main purpose of standoff distance is
to keep the threat away from the structure. With increasing
standoff distance, the intensity of blast overpressure reduces
[24, 25]. Standoff distance is not a fixed quantity but it is
dependent on the type of explosion, type of structure to be
protected and the protection level to be achieved. Standoff
distance is an important and most economic parameter of
blast mitigation strategy, as the intensity of blast overpres-
sure can be reduced with provision of more standoff dis-
tance. The standoff distance can be created by proper entry
control point, vehicle barriers, fencing, planters, knee walls,
bollards and other physical barriers [13, 23, 26].

3.6 Types of Explosion

Webster defined explosion as “a large scale, rapid and spec-
tacular expansion, outbreak, or other upheaval”. Either high
explosives are detonated or due to intense rise in local tem-
perature, huge quantity of energy is rapidly released exerting
pressure on the surrounding medium and it results in the
phenomena known as explosion [6, 23]. Explosions are clas-
sified as physical, chemical, electrical and nuclear based on
their nature. Physical explosion occurs due to explosion of
compressed gas cylinders, it includes physical gas dynamics
and thermodynamic effect. Exothermic reaction and fuel ele-
ments such as carbon and hydrogen atoms rapidly oxidises
to release energy which results in chemical explosion. In

Fig. 6 Standoff distance of the
explosion from the structure

— Explosion

|

nuclear explosion, redistribution of proton and neutrons will
release explosion energy by the formation of atomic nuclei.
Whenever there occurs failure of electrical circuits, electri-
cal energy gets instantaniously released resulting in electri-
cal explosion [16, 17, 25, 27]. Confinement of explosive is
also an important parameter affecting the blast load, and the
classification of explosions based on confinement are briefly
discussed in Fig. 7.

Unconfined explosions are grouped as air burst, free
air burst and surface burst based on where the explosive is
located with reference to ground surface. In case of air burst,
the explosion takes place at certain height from ground level
and the Mach stem can be formed at certain paint, this can
be observed from Fig. 8a. However, when the explosive
detonates high above the ground surface in free air, then
it can be categorized as free air burst as in Fig. 8b. And if
the explosion takes place at the ground surface, then it is
termed as surface explosion and is represented in Fig. 8c.
Confined explosions are further classified depending on the
extent of venting (i.e. fully vented, partially vented and fully
confined explosion [27-29]. In confined explosions the pres-
sure amplifies due to reflections, and can be observed from
the Fig. 9a—c.

3.7 Mach Stem Phenomenon

Reflection is important in case of blast loading as it amplifies
the intensity of blast pressure. Reflections are of two types,
regular and Mach reflection and these will be governed by
incidence angle. In regular reflection, incident and reflected
waves are distinct and they intersect at the reflecting sur-
face, the angle of incidence is zero in this case. Ernst Mach
discovered the phenomenon of Mach stem experimentally
which was validated by Von Neumann in 1941 with analyti-
cal criterion. When explosion takes place above the ground
(Fig. 10a), the blast wave expand and strikes the ground sur-
face, it gets reflected to form second shock wave (Fig. 10b)
which travel behind the incident blast wave. Incident wave

Structure ———___

—
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Fig.7 Type of explosion based
on the confinement of explosive

Types of explosions based on confinement

v

External or unconfined explosions - Explosion
which occurs in free air.

v
Internal or Confined Explosion - When an
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>
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— ground level but amplification occurs due
to ground reflections.
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Fig. 8 Types of unconfined explosions based on location of explosive a air burst b free air burst ¢ surface burst

travels slowly as it passes through air which is less dense.
Whereas, the reflected wave travels faster than incident wave
as it travels through denser medium. Thus reflected blast
wave merges with the incident shock wave to form single
wave known as Mach stem [19, 20].

The top of the Mach stem at which incident and
reflected wave intersects is known as triple point. And if
the multiple triple points are joined by a line, it indicates

the path of triple point and is reported in Fig. 10c. The
figure also illustrates whole phenomenon of regular as
well as Mach reflection including terminologies involved.
As Mach stem represent combined effect of incident and
reflected pressure therefore, it is a high overpressure
region [8, 26]. The design approach of the structure should
be such that no explosion results in Mach stem.
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Fig. 9 Types of confined explo-
sions based on extent of venting
a fully vented; b partially
vented; ¢ fully confined

()

Fig. 10 Regular reflection and
Mach stem formation a incident
shock wave; b regular reflec-
tion; ¢ Mach reflection
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Incident Shock Wave

Regular Reflection ~ Mach Reflection

3.8 Diffraction

When the incident blast wave strikes the object, there occurs
three phases such as reflection, rarefaction and diffraction
[15]. Reflection of blast wave amplifies the incident waves
due to coalescent effect of incident and reflected wave.
Although, in some cases, incident waves pass over the
object and diffracts around the object as shown in Fig. 11,
reducing the intensity of blast overpressure behind the
object. Height of the barrier influences diffraction effect on
structure [30, 31]. Geometry of the structure and its com-
ponents also have important role in intensity of blast pres-
sure. Curve shaped structure such as domes, choirs, columns
reflect the blast wave whereas columns and piers diffract
them [32]. Whereas, re-entrant corners of the building are
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more susceptible to diffraction effect and hence, increases
the duration of air blast [15].

3.9 Blast Scaling Laws

The basic idea behind explosive scaling is to evaluate the
effect of overpressure of different TNT explosives at differ-
ent distances. The effect of small explosion at small distance
will be same as that of large explosion at larger distance and
is well explained from Fig. 12 [8]. It is elaborated from the
figure that, 10 kg TNT at 32 m standoff distance creates the
same blast effect which 100 kg TNT creates at 68 m stand-
off distance. Scaling laws correlate particular explosion and
standard charge with parametric relationship [17]. These
laws are developed to analyse the blast wave parameters and
their effect. To predict explosions of large-scale for variable
distances and energies, scaling law is used. Tests conducted
at small scale explosions are used for prediction of large-
scale explosion, using scaling laws [8, 16, 33]. Scaling laws
given by Hopkinson, Sache and Taylor, Von Neumann and
Sedov are briefly explained in this section.

Hopkinson used same explosive with two different
weights and observed that at some common scaled distances
the effect of both of them as same. Based on this Hopkinson
proposed blast scaling law also known as cube root scaling,
and the same is represented in Eq. (2). In the year 1915,
Hopkinson communicated this law, it is the most commonly
used scaling law and is referenced by [8, 33, 34].

£=T ©)

where W is the weight of charge; R is the distance (range)
from the explosive charge center.

Sache used similar experimental data as used by Hop-
kinson and proposed the scaling law in 1944. As per this
law, pressure, time, impulse and other parameters can be
defined with unique function of scaled distance as reported
in Eq. (3) [8, 33, 34].

13
R = RPo 3)

T E13

where R =Distance (Range), p,=ambient pressure and
E=energy of the explosive charge.

To resolve the issue of blast structure interaction, Taylor
and Von Neumann studied the influence of explosive energy
and distance between structure and explosion. Taylor from
England [35, 36], Von Neumann from United States [37]
and Sedov from Soviet Union [38] worked independently on
scaling laws beyond traditional scaling laws. Their individ-
ual work was later combined which is known as Taylor-von
Neumann Sedov (TvNS) theory [39]. The laws derived are
based on global invariants, dimensional and self-similarity
analysis [40].

4 Blast Analysis

To resist or mitigate the impact of blast on structure, it is
essential to know how to predict the blast load. Blast load
and its computation techniques are briefly overviewed in this
section. For this, it is important to first understand charac-
teristics of blast wave, blast pressure resulting from air blast
and the methods discussed by various researchers to calcu-
late blast overpressure. During explosion large amount of
energy gets spontaneously released along with the produc-
tion of gas which expands at high velocity, generating a blast
wave which imparts pressure as well as momentum to the
structure. Incident pressure or ambient overpressure is the
primary effect of blast wave which occurs when blast wave
propagates and compresses the surrounding air. Whereas,
dynamic or pressure due to drag load accounts for secondary
effect of blast wave [15].

Figure 13, represents blast wave profiles such as real pres-
sure blast wave profile which is approximately normalized
to draw ideal and idealized pressure curves. To simplify
the load calculation, the curved portion of the blast wave
is modeled as triangular pulse, and is also represented in

R(m) _ 3 32m
Z=——==..m/kg — _ 1/3
W Z m 15 m/kg
100 kg TNT 10 kg TNT
L‘ %
[ 68 m | 32 m |

Fig. 12 Scaled distance of different charge weights and standoff distances
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Fig. 13 Blast wave profiles and
impulse waveform diagram
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the same figure along with impulse and dynamic pressure
profile. Usually, the magnitude of dynamic pressure is very
low compared to positive overpressure and it lasts for longer
duration, this can be noticed from the dynamic pressure
curve presented in figure.

This blast wave lasts only for some milli or micro sec-
onds and results in blast load which is dynamic in nature,
having very high magnitude and very high frequency. Blast
load is impulsive in nature i.e. high magnitude pressure for
short duration. The parameters which govern the blast load
include peak positive pressure (P,,), positive phase duration
(7p0s)> under pressure (P,,), negative duration (f,,), wave
decay parameters (b) and impulse (/). Blast loading on the
structure can be defined using blast wave parameters and
reflected pressures [26, 32, 41, 42].

When incident blast wave interacts with the structure, it
reflects back producing reflected pressure which is always
more than incident pressure, and it depends on incidence
angle. The incident pressure is multiplied by appropriate
reflected pressure coefficient, to obtain reflected pressure
pulse [23, 43]. Blast pressure time history is mainly divided
into positive and negative phases. These phases and the com-
putation of governing parameters associated to blast load has
been explored in detail in the subsections.

4.1 Positive Phase Blast Wave

The process starts with detonation of high explosives. Once
the explosive gets detonated, the shockwave will travel along,
the time elapsed between detonation and the time at which
shockwave strikes the structure is known as arrival time (z,).
Initially, the pressure of the blast wave will remain equal to the
ambient atmospheric pressure, it increases and reaches peak
pressure instantaneously, known as peak positive overpressure

@ Springer

Negative Phase

denoted as (P,,,,). Time required to reach peak positive pres-
sure is almost negligible, and is assumed to be zero. Once the
pressure reaches peak pressure, it starts decaying exponen-
tially, and reaches atmospheric pressure. Duration in which
pressure is either above, or equal to atmospheric pressure is
known as positive duration denoted by (¢4) [16, 26, 41]. Dif-
ferent references have given several empirical expressions to
evaluate positive overpressure, and are discussed here.

Positive phase of the blast wave profile is usually described
by the Friedlander’s equation, due to the simplicity of this
equation. Baker proposed Friedlander’s equation [34], and is
expressed as:

P(O) = P, <1 _ L)e—b(t/tpm) @)

pos

Initially, atmospheric pressure was not considered in the
blast pressure calculation. Therefore, this equation was fur-
ther modified considering ambient atmospheric pressure and
thus becomes,

P() = Py + Py, <1 - L) o2 (t/1500) )

pos

This is equation is known as modified Friedlander equa-
tion and is widely used due its accuracy. The other most
widely used approach to obtain blast pressure (P,) on the
basis of these equations was proposed by Kingery and Bul-
mash [44]. Based on this equation, U.S. Army developed
the code known as Conventional Weapons Effects Program
(CONWEP). The equation takes the following form,

Pt=PrCOSZB+Pi(1+COS26—20089) 6)
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The equation is applicable for Z <40 (m/kg'?), having P,
and P; as reflected and incident pressures, respectively.

4.2 Determination of Blast Pressure

There exists different relationships and approaches pro-
posed by various researchers for computation of the blast
pressure. The focus has been given on the important, and
commonly used empirical relations. Brode carried out
analytical approach to categorize the expression for peak
positive pressure into near field, and medium to far field
condition. Based on differential equation formulations,
Brode presented Eq. (7a) for pressure more than 10 bar
and (7b) for pressure range between 0.1 and 10 bar [45].

Here, Z represents scaled distance in m/kg'’.

7
P, = 6Z_3 +1 for Py > 10 bar (7a)
p,=2913 149 385 4019 for 0.1<P, < 10bar
wET T g

(7b)

Kinney and Grahm, put up Eq. (8) using data from
chemical explosions, and most of the computer based cal-
culations uses this approach. The equation is based on
experimental data, and is governed by scaled distance, Z
and ambient pressure, P [46].

808[1 N (i)z]
LG @ T

®)
Newmark proposed formulation (refer Eq. 9) for computa-
tion of peak overpressures for surface blast. Where, P is
the pressure in bars, W is the charge mass in metric tons
(=1000 kg) of TNT and R is the distance of the surface from
the center of a spherical explosion in m [47].

=P,

pos

14 w
Py, = 678425 +931/ - ©)

4.3 Computation of Arrival Time and Positive Phase
Duration

Kinney and Graham, presented empirical relations for pre-
diction of arrival time (z,) of the blast wave front from the
centre of explosion and suggested Eq. (10) which takes
following form [46]:

1/2 o
R R
1 1 dR 1 [L] dR (ms)
M

X

. = — = —

6P,
o Jr, 1+ Ao Jr,

0

(10)
where q; is the speed of sound in undisturbed atmosphere,
M, is the Mach number and r, is the charge radius. The prec-
sion of given integration equation is less when compared to
numerical calculation.

The portion above ambient pressure is known as posi-
tive phase with its duration termed as positive phase dura-
tion, and its computation is discussed here. The duration
of the positive phase of blast wave depends on standoff
distance. As standoff distance increases, duration of the
positive pulse increases but with reduced amplitude [17,
41].

In the year 1979, Henrych presented Eq. (11), to predict
positive over pressure duration and is represented as [48]:
tPOS = g(—2.75+0.27 log,( Z+)+log,, W'/3 (11)
Kinney and Grahm proposed Eq. (12) to compute positive
overpressure duration with scaled distance (Z) and charge
mass (W) as variables [46].

10
9801 + (é) ]

fhos = W'/3 (ms)
3 6 2
v (o) | [+ () <y [+ (3)]
12)

Later on, in 2004 Sadovskiy reported Eq. (13) for determina-
tion positive over pressure duration having, W is charge mass
and R is the charge radius [49],

tros = 1.2V/WVR (ms) (13)

4.4 Positive Phase Impulse

Impulse is the area under pressure time curve of air blast,
and it greatly influences the performance of the structure
[50]. Impulse of the incident pressure is a measure of energy
from an explosion, or it is the pressure associated with the
blast wave. Both positive as well as negative phases of the
pressure time waveform contribute to impulse. Positive
phase impulse, (i) is evaluated as per Eq. (14), [15, 16, 23,
41].

1+t
Iy = /[ Py(n)dt (14)
1

a

where P, is the peak incident overpressure; #, is the positive
phase duration, ¢, is the arrival time of the blast wave.
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4.5 Wave Decay Parameter

Once the positive pressure reaches the peak values, it starts
decaying and is represented by wave decay parameter (b).
The shape of blast pressure profile depends on wave decay
parameter, and it is a dimensionless parameter that governs
the negative phase of blast wave. Based on pressure impulse
ratio, various methods could be used to compute wave decay
parameter. The parameter (b) can be calculated through area
under pressure—time curve of the blast wave [16, 41]. The
correlation between blast impulse and wave decay parameter
presented by Kinney and Graham can be expressed as:

fq

i 1 1 _
K:/pdt:Pstd[E—ﬁ(l—eb)] (15)
0

4.6 Negative Phase of Blast Wave

Most of the literature neglects effect of negative phase
on the structure. But flexible structures such as doors,
windows, connecting nails, light cladding and glazing
panels experience the impact of negative phase pressure.
And among very few known facts, main effect of nega-
tive phase depends on angle of incidence. But nowadays,

Fig. 14 Effect of blast pressure
associated with positive and
negative phase

@ Springer

due to growing awareness for minimizing the structural
damage, and injuries to the inhabitant during explosion,
negative phase has gained the attention of many research-
ers and structural designers. Over expansion of previously
compressed air and inertial effect, results in negative pres-
sure phase of blast wave [21, 43].

The impact of negative phase on the surrounding ele-
ments is elaborated with reference to Fig. 14. The first
point (1) indicates initial condition i.e. condition before
explosion. Second point (2) signifies positive pressure
phase, and the surrounding elements are affected with
compressed blast wave. The overpressure decays expo-
nentially, and at point (3) it reaches to zero pressure. As a
result, the elements are back in their normal shapes with
damaged effects on components. The pressure further
reduces and goes below ambient pressure therefore, the
suction effect of blast wave can be seen from point (4) of
the figure. It can also be noticed that during negative pres-
sure phase, everything is blown away in opposite direction
to the incident blast wave. Finally, once the negative phase
is over, the pressure reaches back to normal atmospheric
pressure condition and everything is back in normal posi-
tion which can be observed from the point 5.

Negative pressure is calculated as per Eqs. (16, 17)
as proposed by Krauthammer and Altenberg [43] and is
reported as:

1
1
Pressure >
2 B
3
3
o4
4
4S5
S
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Prog = % 10°Pa for(Z > 3.5) (16)
=10'Pa for Z<3.5 a7

Negative phase duration is computed as described by Krau-
thammer using three different Eqgs. (18, 19, 20) based on
ranges of scaled distances, and are represented as [43]:

theg = 0.0104 X W3 for Z <03 (18)
= (0.003125 x log (Z) + 0.01201) x W'/3 for 1.9>7Z>0.3
(19)

theg = 0.0139 X W'/3 for Z>19 (20)

The negative phase impulse is defined as area of the pressure
time curve for negative phase, and is predicted based on the
Eq. (21), recommended by Teich and Gebbeken [51].

__Pstd —b
= e
s b2

~.

@1

4.7 Modeling Techniques

Loading conditions generated by blast can be simulated with
several approaches. These approaches are discussed briefly
in this section. Using numerical simulation, entire explosion
event can be analyzed, and the response of the structure can
be determined. Various methods of analysis are available in
different software (e.g. LS-DYNA, ABAQUS, AUTODYN,
ANSYS AUTODYN, Air3D, DYNA3D, BLASTX, ALE3D

Fig. 15 Shadowing effect in
load blast enhanced method

etc.) for simulating the response of the structure subjected
to blast load. Some recent methodology consisting coupling
of finite element method (FEM) and the discrete element
method (DEM) technique is used for effective analysis of
crack pattern in blasting problems in tunnel [52]. For analy-
sis of complex problems such as blast structure interaction
can be solved using 3-dimensional FEM-FCT technique [53,
54] with embedded mesh, immersed body and body-fitted
approaches [55]. Lohner et al. [55] worked to evaluate the
accuracy of these embedded techniques under blast loads. It
becomes uneconomical to perform experimental tests every
time therefore, numerical techniques are used to minimize
number of tests [56, 57].

In Lagrange simulation, the mesh is embedded with
the material, and the mesh moves along with material. In
this technique, computation of the air blast is done with
CONWERP, referred as load blast enhanced (LBE) method.
Lagrangian simulation has base of large experimental data
[56, 58, 59]. Purely Lagrangian method is computationally
economical, as air is not modeled explicitly with explosive
and structure. This method is comparatively less accurate,
as load blast feature does not consider shadowing effect
as depicted in Fig. 15, and the pressure calculated will be
incorrect.

Poor solution is obtained in Lagrangian technique due to
mesh distortion at high strain rate. In order to tackle this dis-
tortion problem, frequent remeshing with the help of inter-
polation needs to be done, which increases computational
time [60-63]. Pure Lagrangian formulation with high mesh
deformation can be observed from Fig. 16.

In Eulerian formulation the mesh is fixed in the space,
and the material moves through the mesh. Interface tracking

AL

/— Shadow region
incorrect pressure

/7 Target
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Fig. 16 Pure Lagrangian for-
mulation
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is needed in Eulerian formulation, as material moves through
the fixed mesh [59, 63]. There is no distortion of mesh in
this formulation, which makes it more advantageous to
handle large deformation. Computational time is reduced
as compared to the Lagrangian formulations, as remeshing
is not required to be done [63]. Eulerian formulation can be
observed from Fig. 17, with fixed mesh and material deform-
ing through this fixed mesh.

Arbitrary Lagrangian—Eulerian (ALE) method is a fusion
of Lagrangian and Eulerian techniques. The mesh can be
fixed as in Eulerian method, or it may move along with the
material as per Lagrangian manner [56]. Large distortion
issue of Lagrangian formulation has been resolved in this
technique. The feature also accounts for shadowing as well
as focusing effect of blast or air (fluid) in pressure computa-
tion [60, 62].

In Multi Material Arbitrary Lagrangian Eularian (MM-
ALE) approach, air domain and explosive need to be mod-
eled explicitly [56]. Both air as well as explosive should be
meshed for air blast analysis using MM-ALE formulation
[64]. MM-ALE is more precise formulation, as complete
process of explosion including detonation of high explosive
can be modeled using algorithm [65].

Fig. 17 Pure Eulerian formula-

tion — Material (Initial)

Lucy (1977) developed the method of smooth particle
hydrodynamic (SPH) which was later implemented in LS-
DYNA. The method is based on equations of fluid motion
[62]. SPH method uses mesh less Lagrangian technique and
can be used to predict the response of the Light Armored
Vehicle (LAV) for military use and other structures [65].
Absence of mesh has advantages to evaluate the problem
with irregular geometry. The issue of large deformation and
mesh tangling in high velocity problem has been resolved
in this method [66].

5 Blast Mitigation Techniques

Insufficient protection capability leads to loss of lives, as
well as economic loss due to structural damage under blast
loads. Therefore, various mitigation strategies to safeguard
the structure from primary and secondary damages need to
be rectified. In the present section, the main focus is to iden-
tify different blast mitigation strategies. The aim of blast
mitigation strategy is to minimize structural damage and
to increase the capability of structure to function even after
the blast. Standoff distance is one of the important and most

Material deforming

Eulerian Mesh (Fixed) \ through fixed mesh
\ oh fis s

|
l
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economical parameters in mitigation strategy, as pressure
due to blast wave decays rapidly with standoff distance.
When it is not possible to provide standoff distance, struc-
ture needs to be hardened which makes the structure uneco-
nomical. Sometimes building need to satisfy design criteria
for both seismic as well as blast load on structure, which
needs light weight and energy absorption material. Thus,
there is need of some lightweight energy absobing materials
to be invented [15, 25, 26, 67].

Defense in depth is another important parameter, con-
sisting several layers that terrorists need to cross before
reaching the centre of the asset. Physical barriers such as
blast wall, anti-ram barriers and vehicle barriers can also be
constructed in standoff zone which impede access to protect
the structure [15, 23, 26]. Orientation and shape of building,
proper landscaping and architectural aspects to design the
structure against blast threat attenuate the effective pressure
[26, 68, 69].

5.1 Mitigation Systems

Basically, there are two types of mitigation systems as active
and passive mitigation system. Active mitigation system
activates appropriate system, whenever threat is detected and
reduces the damage to landmine vehicles and occupants.
In this way, active mitigation systems minimize the blast
pressure, temperature, impulse and subsequently reduces
destructive effects due to blast. But the main requirement of
such system is that very short time (order of microseconds)
is available to deploy the system, due to the availability of
short distances in case of armoured vehicles. As per litera-
tures, these types of systems are not easily available. Water
deluge system is employed in mining sector as active miti-
gation system. In case of water deluge system, once the gas

— Explosion

|
|

Structure/

Fig. 18 Sacrificial cladding with different materials for blast mitigation

leakage is sensed, with immediate effect water droplets are
sprinkled on the affected asset [70, 71].

Passive mitigation system does not consist of any sensors
which required to be triggered. But it consists of structure
with different geometries and materials placed in between
threat and target. Impedance mismatching, sacrificial clad-
ding, blast deflection, blast or shockwave disruption are the
different ways of passive mitigation [70].

5.1.1 Impedance Mismatching

Impedance mismatching is done by placing layers of dif-
ferent materials between threat and object to attenuate the
effect of blast or shockwave. Due to impedance mismatching
there will be dissipation of pressure and will work as mitiga-
tive measure. One of the examples is cavity filled with water
is kept in between blast wave and object [70, 72].

5.1.2 Sacrificial Cladding

In sacrificial cladding, multiple layers of different mate-
rial and their stress strain characteristics are used to absorb
energy. Sacrificial claddings represented by Fig. 18 consists
of a stiff cover plate and core which transfer least impulse.
The cover plate enhances the flexural capacity whereas, the
core possesses energy absorption characteristics [73-75].
The purpose to use these layers of different material char-
acteristics is to have plastic deformation. Metal plates,
sandwich layers, blast wall, perforated plates, cellular and
honeycomb type of structure can be utilized as sacrificial
cladding. It has also been observed from literatures that
sandwich panel is one of the types of sacrificial layer and
is best mitigative measure, due to its superior strength and
stiffness [26, 70, 74]. Inserts in sandwich panels could be

Sacrificial Cladding
Corrugated Core —1

Foam [Core

Outgr skin
Element

Sandwich Element

Outer skin layer

Energy absorbing material
(eg. Metallfoam, metal plate)

Layered Materials as claddin;
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Fig. 19 Geometric configuration of blast wall a planar wall; b canopy wall

varied (e.g. ceramics, metal foam, lattice structure, honey-
combs) and the higher energy absorbing and ballistic resist-
ant material could be fidentified [70, 74, 76-79].

5.1.3 Sacrificial Blast Wall

A physical barrier that separates the explosive threat and
asset to be protected acts as a mitigative measure which is
relatively economical [80]. Standoff distance increases with
the provision of blast wall between threat which has ability
to minimize or eliminate the blast induced pressure [26]. The
blast wall acts as obstacle to reduce the pressure and impulse
behind the wall. The barrier will cause the wave to diffract,
which weakens the blast wave intensity, resulting in reduced
propagated energy behind the barrier [81]. Energy absorp-
tion and reflection of the wall depends on the design of the
blast wall. Height of wall, thickness, orientation and posi-
tioning of wall with threat and asset are significant factors
affecting the performance of the blast wall in blast pressure
mitigation. These blast wall shields a structure or building
by reflecting the blast wave from the surface of wall [26].
One of the important aspects in blast wall design is that the
fragment load should not be produced due to complete (or
partial) failure of wall. Canopy or overhang enhances the
performance of the wall, as it redirects or alters the blast
wave away from the target structure [26, 31, 80]. Figure 19a,
b shows plain, canopy configuration of blast wall, respec-
tively. Height of wall is same in both the figures, but wall
with canopy offer comparatively more reduction in blast
pressure as that of plane wall, this can be observed from
figure [80, 82].

5.1.4 Blast Wave Deflection and Disruption
In this technique, the blast waves are redirected away from
the asset to be protected. For example, hulls of V shape

redirect the blast away from the hull. Whereas, in blast
disruption type of mitigation system, the main focus is to

@ Springer
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disrupt the path of the blast wave by imparting some object
in between threat and asset. Such systems could include
granular filters, barriers, baffles etc. Perforated plates can
also be incorporated in shock tubes to disrupt the path of
blast wave so that effect of blast pressure can be mitigated
[70].

6 Summary

The current scenario of the terrorist attacks and its impact
on people as well as objects indicates the need to adopt
blast resistant or mitigation measures. Therefore, main
purpose of the present paper is to give concepts and terms
involved in the phenomenon of blast, so that beginner
researchers and structural designers could initiate their
work in the field of blast. To minimize the risk of struc-
tural damage, different numerical approaches suggested
by several researchers have also been summarized so as
to compute the blast overpressure. The paper also covers
the aspects of positive as well as negative phase of the
blast wave. Blast parameters including, standoff distance,
weight of explosive charge, Mach stem phenomenon con-
sidering the effect of angle of incidence have also been
extensively overviewed in the present work. The more
emphasis has been given on mitigation strategies, and
the effect of lightweight material in reduction of the blast
response on a structure. Physical barriers such as, sacri-
ficial cladding, blast wall and other mitigation systems
which can be adopted to reduce the blast pressure are dis-
cussed briefly in the present work.
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