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1. Introduction

Over the last decades considerable attention has been raised on the behaviour of
engineering structures under blast or impact loading. The use of explosives by terrorist
groups around the world that target civilian buildings and other structures is becoming a
growing problem in modern societies. Explosive devices have become smaller in size and
more powerful than some years ago, leading to increased mobility of the explosive material
and larger range effects. Usually the casualties from such a detonation are not only related
to instant fatalities as a consequence of the direct release of energy, but mainly to structural
failures that might occur and could result in extensive life loss. Famous examples of such
cases are the bombing attacks at the World Trade Center in 1993 and on the Alfred P.
Murrah Federal Building in Oklahoma City in 1995. In both of these incidents, structural
failure, including glass breakage, resulted in far more victims and injuries than the blast
wave itself. After the events of the 11™ September 2001 that led to the collapse of the World
Trade Center in New York it was realized that civilian and government buildings, as well as
areas with high people concentration (metro and train stations, means of mass
transportation, stadiums etc.) are becoming potential bombing targets of terrorist groups.
Since most engineering structures are vulnerable to such type of loading scenarios, a guide
should be introduced to the designer in order to guarantee structural integrity even under
those extreme situations.

The problem of structural resistance under explosive loads has been under investigation for
many years and has been well advanced in the military community. This is also the reason
that the majority of these findings are not accessible to the public and are only restricted to
military use. Nevertheless, some documentation that allows the prediction of the effects of
an explosive blast is available for use by design engineers. The Eurocode EN 1991-1-7 [1]
makes reference to the case of accidental loads and explosions, but it is mainly focused on
impact actions, such as collisions from trucks, trains, ships, helicopters or any other vehicle
in general. Reference is also made to gas explosions that take place in enclosed spaces but
an overall approach for design under blast external loads is still missing. Some design
strategies are also recommended aiming to ensure increased robustness in building
structures that are to endure localized failure. However, no guidelines are provided in EN
1991-1-7 for the calculation of external blast induced loads.

Of the several informative sources that can be found in the open literature [2-6] the most
reliable and quoted references to date appear to be some USA military publications, and in
particular a Technical Report [7] by Kingery and Bulmash (1984) and the Army Technical
Manual 5-1300 [8]. This latter provides detailed information and procedures for the design
of structures to resist the effects of explosions, it is periodically updated and a more
functional version of it is currently (Dec.2008) available [9].

The development of a procedure that will give practical design solutions is essential for the
design of new or the retrofitting of existing structures so as to be able to withstand the
effects of explosive loads. The engineer needs to calculate the acting forces according to a
certain blast scenario, which includes the type and weight of the used explosive, the



distance from the structure and the geometry of the surrounding area and the structure
itself. These forces should then be applied on the structural system at hand in order to
design structural members, sections and connections that will ensure sufficient robustness
of the building to survive the effects of the computed actions.

In the current technical guide, an overview of a design procedure for structures under blast
loading is provided. The material presented has been collected from various sources and
mainly from references [7-9]. The analysis focuses on ways to estimate blast loading on
structures and, to a lesser extent, on their response under such types of actions. Indicative
examples of structures under explosive loads are also analyzed in order to provide
designers practical guidance on how to deal with similar cases.

2. Explosions and blast waves
2.1 Ideal blast wave characteristics

An explosion can be defined as a very fast chemical reaction involving a solid, dust or gas,
during which a rapid release of hot gases and energy takes place. The phenomenon lasts
only some milliseconds and it results in the production of very high temperatures and
pressures. During detonation the hot gases that are produced expand in order to occupy the
available space, leading to wave type propagation through space that is transmitted
spherically through an unbounded surrounding medium. Along with the produced gases, the
air around the blast (for air blasts) also expands and its molecules pile-up, resulting in what
is known as a blast wave and shock front. The blast wave contains a large part of the
energy that was released during detonation and moves faster than the speed of sound.

Figure 1 shows the idealised profile of the pressure in relation to time for the case of a free-
air blast wave, which reaches a point at a certain distance from the detonation. The
pressure surrounding the element is initially equal to the ambient pressure P,, and it
undergoes an instantaneous increase to a peak pressure Py, at the arrival time t,, when the
shock front reaches that point. The time needed for the pressure to reach its peak value is
very small and for design purposes it is assumed to be equal to zero. The peak pressure Pg,
is also known as side-on overpressure or peak overpressure. The value of the peak
overpressure as well as the velocity of propagation of the shock wave decrease with
increasing distance from the detonation center. After its peak value, the pressure decreases
with an exponential rate until it reaches the ambient pressure at tat+t,, t, being called the
positive phase duration. After the positive phase of the pressure-time diagram, the pressure
becomes smaller (referred to as negative) than the ambient value, and finally returns to it.
The negative phase is longer than the positive one, its minimum pressure value is denoted
as Ps, and its duration as t,. During this phase the structures are subjected to suction
forces, which is the reason why sometimes during blast loading glass fragments from
failures of facades are found outside a building instead in its interior.
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Figure 1: 1deal blast wave’s pressure time history

The negative phase of the explosive wave is usually not taken into account for design
purposes as it has been verified that the main structural damage is connected to the
positive phase. Additionally, the pressures that are produced from the negative phase of the
blast wave are relatively small compared to those of the positive phase and since these are
in the opposite direction, it is usually on the safe side to assume that they do not have a big
impact on the structural integrity of buildings under blast loads. However, the pressures that
are below the ambient pressure value should be taken into account if the overall structural
performance of a building during a blast is assessed and not only its structural integrity.

As can be seen from Figure 1, the positive incident pressure decreases exponentially. The
following form of Friedlander’s equation has been proposed [2], and is widely used to
describe this rate of decrease in pressure values:

P(t)=P, (1—%} e ® (1)

(o]

where, P, is the peak overpressure,
t, is the positive phase duration,
b is a decay coefficient of the waveform and
t is the time elapsed, measured from the instant of blast arrival.

The decay coefficient b can be calculated through a non-linear fitting of an experimental
pressure time curve over its positive phase. Besides the peak pressure, for design purposes
an even more important parameter of the blast wave pulse is its impulse because it relates
to the total force (per unit area) that is applied on a structure due to the blast. It is defined as
the shaded area under the overpressure-time curve of Figure 1. The impulse is
distinguished into positive is and negative is , according to the relevant phase of the blast
wave time history. Equation (2) gives the expression in the case of the positive impulse,



which is more significant than its negative counterpart in terms of building collapse
prevention,

i = Ajops(t)dt 2)

For the above Friedlander equation (1), the positive impulse can be analytically calculated
as

isz%[b—Heb)} (3)

This equation constitutes an alternative way for solving iteratively for the decay parameter b
when the values of the i5, Ps, and f, are known from experimental data.

2.2 Scaling laws

One of the most critical parameters for blast loading computations is the distance of the
detonation point from the structure of interest. The peak pressure value and velocity of the
blast wave, which were described earlier, decrease rapidly by increasing the distance
between the blast source and the target surface, as shown in Figure 2. In the figure only the
positive phases of the blast waves are depicted, whose durations are longer whenever the
distance from the detonation point increases.
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Figure 2: Influence of distance on the blast positive pressure phase.

The effect of distance on the blast characteristics can be taken into account by the
introduction of scaling laws. These laws have the ability to scale parameters, which were



defined through experiments, in order to be used for varying values of distance and charge
energy release. The experimental results are, in this way, generalized to include cases that
are different from the initial experimental setup. The most common blast scaling laws are
the ones introduced by Hopkinson-Cranz and Sachs. The idea behind both formulations is
that during the detonation of two charges of the same explosive that have similar geometry
but different weight and are situated at the same scaled distance from a target surface,
similar blast waves are produced at the point of interest as long as they are under the same
atmospheric conditions. Sachs scaling is also suitable in the case of different atmospheric
conditions. According to Hopkinson-Cranz law, a dimensional scaled distance is introduced
as described by Equation (4),

Z=—r (4)

Iw

where, R is the distance from the detonation source to the point of interest [m] and
W is the weight (more precisely: the mass) of the explosive [kg].

Thus, suppose that an explosive charge of weight W; and characteristic size d;, situated at
distance R; from the point of interest, produces at this point a blast wave of peak
overpressure P, impulse /s, duration t,;, with arrival time f;; and that Rl/W:A.
Then, what this scaling law implies is that a blast wave with the same peak overpressure P
and similar form would be produced at this point by another explosive charge W, of
characteristic dimension d,=A4d, situated at distance R,=AR;. Further, at the given point due
to W, we would have: impulse i,=Ai;, duration t,,=A4t,;, and arrival time t,,=At.4.

It is essential to underline that under this formulation all distance and time parameters of a
blast wave are scaled by the same factor A but pressure and velocity values remain
unchanged at similarly analogous times.

2.3 Explosive type and weight

In the present technical guide the focus will be on building structures, as these have proven
to be the most common targets of terrorist attacks with the use of explosive devices.
Nevertheless, the procedure that should be followed in the case of different structural
elements is practically the same. The first step in designing a building to sustain blast
loading is the definition of the type and weight of the explosive for which the design will be
performed. Several types of explosives are available nowadays, any of which could be used
for conducting an attack against a structure. In the majority of the cases solid explosives will
be used in improvised explosive devices (IED), because of their transportability, relatively
easy manufacturing and the possibility of their placement in vehicles that could be moved in
the vicinity, adjacent or within (e.g. underground garages) a building.

The wide variety of explosives has led to the adoption of a universal quantity, which is used
for all necessary computations of blast parameters. TNT (Trinitrotoluene) was chosen as its
blast characteristics resemble those of most solid type explosives. An equivalent TNT
weight is computed according to Equation (5) that links the weight of the chosen design
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explosive to the equivalent weight of TNT by utilizing the ratio of the heat produced during
detonation:

Hd
W =W —=

e~ "Vexp HT(_jNT (5)
where, I, is the TNT equivalent weight [kq],
Wexp is the weight of the actual explosive [kg],

ng,, is the heat of detonation of the actual explosive [MJ/kg], and
H%,; is the heat of detonation of the TNT [MJ/kg].

It is worth mentioning that approximately one third of the total chemical energy of the
explosive is released by detonation. The rest is released at a slower rate as heat of
combustion through burning of the explosive products mix with the surrounding air. Several
tables that describe the heat output of most known explosives can be found in [8-9]. Table 1
provides estimates of the produced heat of detonation of some common explosives as
defined in [8]. These values can be used for the calculation of the equivalent TNT weight
with the use of Equation (5).

Table 1: Indicative values of heat of detonation of common explosives [6].

Heat of
Mame of explosive | detonation
[MI/kg]
TNT 4.10-4.55
C4 5.86
ROX 5.13-6.19
PETN 6.69
PENTOLITE 50/50 5.86
MITROGLYCERIM 6.30
NITROMETHANE 6.40
NITROCELLULOSE 10.60
AMON./NIT. (AN} 1.59

Table 2 shows some predetermined TNT equivalent weight factors as provided in [10].
These factors can be used to determine the weight of TNT that produces the same blast
wave parameters as the ones from another explosive of certain weight. The comparison of
these blast wave parameters can be done either for pressure or impulse values, so the
following table contains two factors depending on the used method.

The weight of an explosive is usually estimated by taking into account a relevant attack
scenario, which would involve a vehicle-borne or a personnel-borne improvised explosive
device. Clearly, the larger the used vehicle that could be directed towards a structure, the
larger the weight of the explosives it could carry leading to higher equivalent TNT weight
values. In Table 3 an estimate of the quantity of explosives that could be transported by
various vehicle types is presented. The engineer, following the relevant regulations and in
consultation with the building owner, should decide on the type of explosive and size of
vehicle that could be used for transportation, so as to be able to compute the equivalent
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weight of TNT for which the structure should be designed. Due to a variety of such
uncertainties, it is recommended to apply a safety factor to the charge weights and augment
them by approximately 20%.

Table 2: Indicative TNT equivalent mass factors [10].

TNT equivalent mass factor
MName of
. Peak
explosive Impulse
pressure

TNT 1.00 1.00
c3 1.08 1.01
) 1.37 1.19
CYCLOTOL 1.14 1.09
OCTOL 75/25 1.06 1.06
TETRYL 1.07 1.05
HMX 1.02 1.03
AMATOL 0.99 0.98
RDX 1.14 1.09
PETN 1.27 1.11

Table 3: Upper limit of charge weight per means of transportation.

Carrier Explosive
weight [kg]
Suitcase 10
Medium-sized car 200
Large-sized car 300
Pick-up truck 1400
Van 3000
Truck 5000
Truck with trailer 10000
2.4 Explosion and blast-loading types

Non-contact, unconfined explosions, external to a structure are considered in this report. As
shown in Figure 3, they can be distinguished in three basic types, which depend on the
relative position of the explosive source and the structure to be protected, i.e. on the height
H* above ground, where the detonation of a charge W occurs, and on the horizontal
distance Rs between the projection of the explosive to the ground and the structure. These
three explosion types are:

(a) Free-air bursts: The explosive charge is detonated in the air, the blast waves propagate
spherically outwards and impinge directly onto the structure without prior interaction with
other obstacles or the ground.



(b) Air bursts: The explosive charge is detonated in the air, the blast waves propagate
spherically outwards and impinge onto the structure after having interacted first with the
ground; a Mach wave front is created.

(c) Surface bursts: The explosive charge is detonated almost at ground surface, the blast
waves immediately interact locally with the ground and they next propagate hemi-
spherically outwards and impinge onto the structure.

_ ;EW
N y
- A,
H
c \\\J structure ’ \H_J/ / structure structure
c \_Hk
w \
#*
Rg Re Ra
(a) (b) (c)

Figure 3: Types of external explosions and blast loadings; (a) Free-air bursts, (b) Air bursts, and
(c) Surface bursts.

Associated to each of these explosion types is a characteristic blast loading of the structure,
as reflections and interference phenomena along the propagation path can greatly modify
the wave intensity and consequently the loading pressures. More practical information
about this explosion and loading distinction will be provided in the following sections.

25 Blast wave reflection

The interaction between an object and a blast wave generates a pressure pattern which is
different than the idealized time history presented in Figure 1. As the blast wave travels
through space, decreasing in speed and peak pressure value, it encircles every
object/structure that lies within its range. The load that has to be withstood by a structure
depends on various parameters, such as the type and weight of the explosive charge, the
distance of the detonation point, the structure’s geometry and type, the interaction of the
wave with the environment and the ground, etc.

When the blast wave comes to contact with a rigid surface the pressure that is reflected is
larger than the incident peak pressure Py, shown at Figure 1. The reason for this rise is
attributed to the nature of the propagation of the blast wave through the air. While the wave
travels, it moves along air particles that collide with the surface upon arrival. In an ideal
linear-elastic case the particles should be able to bounce back freely leading to a reflected
pressure equal to the incident pressure, and thus the surface would experience a doubling
of the acting pressure. In a strong blast wave, which as a shock wave is a non-linear
phenomenon, the reflection of these particles is obstructed by subsequent air particles that
are transferred there, thus leading to much higher reflected pressure values. In this case the
surface would experience an acting pressure much higher than the incident one.



Clearly it is this reflected pressure to be used for design. Figure 4 shows the difference
between the incident and the reflected pressure in an infinite surface. As just noted, the
reflected pressure can be several times larger than the incident pressure, depending on the
geometry of the structure, the type, size, weight and distance of the explosive as well as the
interference of other obstacles between the detonation point and the structure. Figure 4 also
depicts a typical dynamic pressure time history, which will be discussed extensively at
section 2.8.
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Figure 4: Incident, reflected and dynamic pressure time histories.

Three types of reflection can take place depending on the angle of the reflecting surface
with the propagation direction of the blast wave. The most severe case, in terms of loading
values, is when a surface is perpendicular to the direction of the wave, during which normal
reflection occurs. When the propagation direction of the wave intersects at a small oblique
angle with the surface it causes the creation of an oblique reflection, whereas the third case
is linked to a phenomenon known as Mach stem creation, which occurs whenever the wave
impinges on a surface at a specific angle, as will be explained below.

Clearly, in all cases the reflected pressure is always greater than the incident pressure. As
mentioned earlier, the peak incident pressure is also referred to as the peak side-on
overpressure because it is equal to the reflected pressure on a surface that is parallel to the
direction of the blast wave. Figure 5 illustrates the difference between the reflected and the
side-on overpressures in the case of a free air explosion without wave amplification. The
value of the reflected pressure from the surface becomes maximum at the point of normal
distance R, between the detonation source and the surface. As expected, the reflected
pressure’s value decreases (however not monotonically!) as the angle of incidence a
increases. Its minimum value is equal to the incident pressure and is created on surfaces
perpendicular to the shock front (a =90°).



Equation (6) can give the value of the peak reflected overpressure in the case of reflections
at zero angle [2],

p=op APt TR,
P, +7P,

where, Ps,= incident peak overpressure and
P,= ambient pressure.

For this equation it was assumed that the explosion takes place at standard sea level
conditions and that the ratio of specific heats of gases is equal to 1.4. According to Equation
(6) the maximum and minimum reflected pressures could be obtained by letting Ps,— and
Ps,—0, respectively. This substitution leads to reflected pressures values ranging from 2 to
8 times the incident pressure for small and large shocks, respectively. Nevertheless,
experimental investigations have concluded that the reflected pressure can be several times
higher than 8 times the incident pressure. This is attributed to the fact that under severe
blast loads the air does not behave in an ideal manner, which is an underlying assumption
of Equation (6). It also indicates that the ratio of the normal maximum reflected pressure
and the incident pressure is not constant, but depends on the value of the incident pressure.

o &@m (=)
Sﬂgg@ U
ov®

=3

Figure 5: Definition of reflected pressures for a cube type structure.

As specified, Equation (6) is valid in the case of normal reflection. If there is an angle a
(angle of incidence) between the wave propagation direction and the affected surface, the
process of reflection may be quite different. This angle affects the resulting reflection and,
consequently, the blast loading on a structure. Figure 6 shows the influence of the peak
incident overpressure Ps, on the peak reflected pressure P,, versus the angle of incidence
a, expressed in terms of the reflection coefficient ¢,,, which is defined as

P
c,=—2 7
P (7)

ra
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The effect of the angle of incidence may be neglected and the structure is studied under the
normal reflected pressure, which is on the safe side for most cases, especially if the incident
overpressure is large. More specifically, from the curves of the diagram it can be concluded
that whenever the angle of incidence is approximately less than 40°, the use of the normal
reflected pressure leads to conservative design as the normal reflected pressure is bigger
(up to 25%). For small to moderate values of peak incident pressures (0.01-3.50 MPa) the
reflected pressure at angles of incidence between 40°-55° can be underestimated if the
assumption of a normal reflection has been made.

The reason for this reflected wave behaviour for angles of incidence between 40°-55° is
attributed to the creation of a Mach stem. As already discussed, the blast wave due to an air
detonation above the ground is made up of an incident wave, emanating from the explosive
charge, and of a reflected wave, which is produced from the reversal due to the
impingement of the wave to the ground. For shallow incident angles with the ground (up to
40°) the incident wave is ahead of the reflected wave produced by the surface and typical
reflection occurs. For larger angles though, coalescence between the incident and the
reflected wave takes place, as shown in Figure 7, creating a Mach stem. This coalescent
wave can in some cases be substantially larger than the normal reflection pressure values,
as was shown in Figure 6. The point of intersection of the incident, reflected and Mach
waves is known as the triple point. The Mach stem is considered to have a constant value
throughout its height, even though some small variations may exist.

In Figure 7 the case of an air burst is schematically examined where the blast wave is
reflected from the ground before it hits the structure. The distance of the detonation point
from the ground is much smaller than the distance from the obstacle (structure), thus
leading to the creation of a Mach stem on the ground. The Mach front pressure-time history
is similar to the incident pressure, depicted at Figure 1, but its value is larger. From Figure 7
it can also be observed that the height of the Mach front, (triple point), increases with
increasing propagation distance.

This results in situations where structures:

i) can either be loaded by uniform pressure, if the Mach front height is larger than
the height of the structure, or
i) can be loaded uniformly by the Mach front over their lower part (bellow triple

point) and by the separate action of the incident and reflected pressures over
their upper part (above triple point).

The corresponding incident overpressure profiles are schematically shown in the middle
part of Figure 7. Of course, for design purposes this second loading case can be substituted
by applying the uniform pressure of the Mach front (whose value is larger) all-over the
structure’s height. Design manuals such as [8-9] contain diagrams for the calculation of the
Mach pressure, impulse and height according to the distance and weight of the blast charge
from the structure under study. At the bottom part of Figure 7 a diagram for the calculation
of the triple point’s height is presented.
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Similar to Figure 6 for P,, the peak reflected impulse values i.,, when the angle of incidence
is greater than 0°, can be conveniently calculated and used. The relevant curves, which are
strictly valid for free-air bursts and spherical waves, are shown in Figure 8a and 8b.
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Figure 8: Influence of angle of incidence on the scaled reflected impulse for (a) larger-value incident

pressures and (b) lower-value incident overpressures (modified from [9]).
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2.6 Surface burst and loading

A common case for a terrorist attack bombing scenario is the use of a vehicle loaded with
explosives that is detonated by using a remote control or time trigger. What is special about
this type of explosion, which is of practical importance for designers, is the fact that due to
the closeness to the ground there is an immediate interaction between the ground and the
blast wave. This is the so-called hemispherical surface burst. Instead of the creation of a
Mach front at a certain distance from the point of blast initiation, the incident wave is
reflected immediately from the ground leading to higher pressure values.

If the ground were a rigid surface, the generated pressure would be twice that produced by
the same charge under free-air burst conditions. This observation allows the use of the
pressure relationships derived for free-air blasts also in the case of surface bombings, by
doubling the original charge weight. In reality, depending on the soil and explosive type [7],
some kind of energy absorption takes place from the ground by the creation of a crater, and
thus the multiplicative factor applied to the charge is approximately 1.7 to 1.8. The
generated wave has a hemispherical shape, as shown in Figure 9, and its characteristics
resemble those of the Mach front wave that was described earlier. For a sufficient large
stand-off distance this wave can be considered locally as plane, and the pressure loading of
a structure can, for practical purposes, be considered as uniform.

In Figure 8 apart from the pressure on the front side, the pressures applied at the top of the
structure are also schematically shown. When the blast wave comes to contact with an
obstacle it eventually engulfs it, thus exerting pressures to all of its exposed sides. In the
case of a stand-alone building the blast wave first hits its front face and subsequently it
diffracts around the rest of the structure, loading the roof, the side and the rear walls. As
was pointed out earlier, the roof and the side walls are parallel to the blast wave
propagation direction, which means that they are loaded according to the incident pressure,
(with a reduction due to the negative drag pressure).

In order to calculate the pressure to be applied at the side walls and the top of the structure
a procedure is proposed in [8-9] which is based on an equivalent load factor Cc and a drag
coefficient Cp (as will be explained in Chapter 3). These factors are computed as functions
of the wavelength and essentially they average the applied non-uniform pressure over the
length of the surface. In case that the side walls are not parallel but at an angle to the blast
wave propagation direction, the procedure proposed for the front walls should be adopted.

Concerning the rear wall, as the pressure wave passes the edges of the side walls and the
roof, secondary waves are created which are responsible for loading the back of the
structure. For design purposes the calculation of the pressures acting at the rear wall is
essential for the determination of the overall drag force acting on the structure. Usually the
same formulation used for the side walls and the roof is applied, and involves the peak
pressure value acting at the back edge of the roof slab, as will be shown below.
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Figure 9: Pressure acting on a building due a surface burst (a) at a close distance, (b) at a
distance sufficient for the impinging wave to be considered as plane.

2.7 Effect of finite reflecting surface

The reflected curve shape shown in Figure 4 is valid in the case of a blast wave acting on
an infinite surface. For a single building though, the reflected pressure from the front of the
structure is eventually relieved by the leakage of the wave around its sides and roof
regardless of the type of blast (surface burst or free-air). This phenomenon allows the
reflected pressure to be reduced at a fast rate and finally to become equal to the sum of the
side-on and the dynamic pressure. The time required for the reflected pressure to drop to
this lower level is known as clearing time fc.

Figure 10 depicts the difference between the reflected pressure curves in the case of a finite
and an infinite surface. The peak reflected pressure is identical for both cases, but the
curves follow a different path during their decay part. The clearing time is also shown
according to the definition presented above. The positive phase duration in the case of a
finite surface is generally smaller than an infinite one, as in the former the pressure values
drop faster due to the wave’s propagation over the sides/roof of the surface. The immediate
impact of this effect is the reduced total force at the surface of the obstacle since the
impulse, which is computed as the integral of the pressure-time diagram, is considerably
smaller. As will be seen below, the clearing time is not only dependent on the geometry of
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the obstacle, but also on the charge type and weight and the detonation point’s distance
from the building (stand-off distance).
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Figure 10: Influence of surface’s finite dimensions on the reflected pressure time-history.

2.8 Dynamic pressure

The blast wave propagates through the air with a continuously decreasing speed which is
larger than the speed of sound. The air behind the front of the blast wave moves also along
the same direction as a wind but with smaller velocity. These winds behind the blast wave
front are responsible for loading a surface for the whole duration of the positive phase and
also for a small time afterwards. The pressure that is produced is known as dynamic or
drag pressure q(t), it has an initial peak value q,, which is less than that of the incidentor
reflected pressures for medium and small overpressure values, and it eventually dies out.
The difference is that both incident and reflected pressures last only for a very short time
(usually far less than one second), while the dynamic pressure may last for longer periods
(up to 2-3 seconds).

Figure 11 shows the variation of the peak dynamic pressure as a function of peak incident
pressure values. The dynamic pressure depends on the density of the air and the wind
velocity behind the front of the blast wave, all of which are influenced by the peak incident
overpressure. lts effective value further depends, through a drag coefficient, on the
orientation of the surface with respect to the blast wind direction, as will be presented in
more detail in Section 3.2.
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Figure 11: Variation of peak dynamic pressure q, versus
peak incident pressure (modified from [9]).

3. Calculation of structural blast loads

3.1 Blast pressure determination

There are various relationships and approaches for determining the incident pressure value
at a specific distance from an explosion. All the proposed relationships entail computation of
the scaled distance, which depends on the explosive mass and the actual distance from the

center of the spherical explosion.

Kinney [3] presents a formulation that is based on chemical type explosions. It is described
by Equation (8) and has been used extensively for computer calculation purposes,

bl
(o) () (&)

is the scaled distance, Equation (4), and P, is the ambient pressure.

where Z (m/kg'?)
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Other relationships for the peak overpressure for spherical blast include those of Brode [11],
shown in Equations (9). They depend on the magnitude of the explosion, Equation (9a) is
valid where the peak overpressure is over 10bar (=1MPa) (near field explosions) and
Equation (9b) for pressure values between 0.1 bar and 10 bar (0.01MPa-1MPa) (medium
and far-field explosions). The scaled distance is measured in m/kg"® and the pressure Ps, in

bars,
E;ZJrl ,for P, >10bar
P =
> 9
0.275 N 1.;1?5 N 5.2835 ~0019 ,for 0.1<P, <10bar ®)

Another formulation, that is widely used for computing peak overpressure values for ground
surface blast has been proposed by Newmark [12] and does not contain categorization
according to severity of the detonation:

P, = 6784%+93, /% (10)
where, P is in bars,

W is the charge mass in metric tons (=1000kg) of TNT and
R is the distance of the surface from the center of a spherical explosion in m.

Mills [13] have also introduced an expression of the peak overpressure in kPa, in which W
is expressed in kg of TNT and the scaled distance Z is in m/kg"?, which reads:

1772 114 108
R R T ("
The most widely used and accepted approach for the determination of blast parameters is
the one proposed by Kingery-Bulmash [7]. Their paper includes formulations for both
spherical (free air bursts) and hemispherical pressure waves (surface bursts) and provide
the values of incident and reflected pressures as well as of all other parameters. The
proposed blast parameters are valid for distances from 0.05 m to 40 m as the diagrams
included in [7] are referred to 1kg of TNT.

For comparison purposes Figure 12 compiles the curves of the above expressions for peak
incident overpressure versus scaled distance for both free-air bursts (spherical waves) and
surface bursts (hemispherical waves). The corresponding curves of the Kingery-Bulmash
study are included for reference. It is observed that the curves of Equations (9), (10) and
(11) substantially deviate from the Kingery-Bulmash ones for small scaled distances. This
may be due to the fact that these equations were developed principally for nuclear blasts
and not for conventional explosives. The Kinney curve, Equation (8), yields satisfactory
predictions over the whole scaled distance range.
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As is widely recognized in the engineering practice [8-10], the Kingery-Bulmash curves are
employed as the standard throughout this work.
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Figure 12: Comparison of curves of peak incident overpressure versus scaled distance for both
free-air bursts (spherical waves) and surface bursts (hemispherical waves).

Reference [7] also includes a full set of analytical relationships providing the above blast
parameters in terms of polynomial functions of the logarithm of the scaled distance. These
relationships can be readily programmed and Figures 13 and 14 show the diagrams of blast
parameters for the positive phase of the blast wave for both free-air and surface bursts.
These diagrams are the metric-units rendition of the curves contained in references [8] and
[9]. They are overall more comprehensive and the curves have been drawn with respect to
scaled distances from Z=0.05 m/kg"® to Z=40 m/kg"®. From these diagrams in order to
obtain the absolute value of each parameter, its scaled value has to be multiplied by a
factor W"*° so as to take into account the actual size of the charge. Clearly, as mentioned
above for the Hopkinson-Cranz scaling law, pressure and velocity quantities are not scaled.

Most of the symbols encountered in Figures 13, 14 and 15 have been defined in Figure 1,
where the idealized pressure-time variation curve is shown. The additional symbols stand
for: U= shock wave speed (m/ms) and L,~ blast wavelength (m). This latter can be defined,
for a point at a given standoff distance at a particular time instant, for L," as the length
which experiences positive pressure (or, negative pressure for L,).

Figure 15 shows the diagrams for blast parameters of the negative phase of the blast wave
for both free-air and surface bursts for TNT charges at sea level, as adapted from [8]. These
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parameters are important if the behaviour of the structure to the whole blast phenomenon is
necessary.
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from free-air bursts (modified from [9]).
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3.2 Calculation of pressure loads on building surfaces

3.2.1 Blast wave-structure interaction

A structure subjected to an external explosion will eventually be engulfed by the blast wave
and normal forces (pressures) will be applied to its exposed surfaces. The above sections
described the basic characteristics of a blast wave and the way to calculate important
values for design, such as its peak incident and reflected pressures. Apart from these
values, the response of a structure under explosion loading depends also on various other
factors such as the shape of the structure, the relative location of the blast from the
structure, the geometry of the area between the structure and the detonation point, the
natural period of the structure, its openings etc.

The fundamental (or equivalent, if a single-degree-of-freedom is considered) natural period
T, of the structure and its relation to the positive phase duration {, of an excitation play an
important role on its behaviour. If the duration of the excitation is longer than the natural
period T, of the structure, then its maximum deflection takes place before the excitation
ceases, and dynamic analysis should be used, as often is the case for earthquake loading.
If the duration of the positive phase of the excitation is a lot shorter than the natural period
(<T./4) of the structure, then one deals with an impulsive loading. For a particular structure
and load type (e.g. pressure), these considerations can be schematically depicted, as in
Figure 16, by an iso-response curve in a so-called pressure-impulse (P-I) diagram. Thus, for
very short duration loads (relative to T,) the structural response is sensitive to the
associated impulse and not to the maximum pressure (vertical asymptote). However, as the
load duration increases to quasi-static, the response starts becoming sensitive to the
maximum value of pressure and not to impulse (horizontal asymptote).
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Figure 16: Sketch of a typical Pressure-Impulse diagram.
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The majority of the structures has a natural period that is far greater than the duration of the
positive phase of the blast wave, which is of the order of milliseconds. These structures
barely experience a deflection before the complete passage of the blast wave, so they are
loaded according to the impulse value of the wave’s time history. For this reason these
structures are usually considered as rigid throughout the positive and negative phase of a
blast wave and the analysis can be performed as decoupled. This means that the structural
response is calculated without considering the interaction between the blast pressure
loading and the deforming structure.

3.2.2 Pressure on the front wall

The first surface that will be loaded from the blast wave is the building’s front facade. In
TM5-1300 [8] a procedure is proposed for the calculation of the load that has to be
sustained by the front face, but an assumption is made that the loaded face is within the
region of the Mach stem whose height exceeds the total height of the building. For surface
bursts this means that the detonation point is situated at such a distance from the structure
that the blast wave front can be considered as plane. The first step for the definition of the
total impulse applied to the front face of the building is the calculation of the peak reflected
pressure P, at time t=t, when the blast wave arrives at the surface. The reflected pressure is
related to the incident pressure as was shown at Figure 6. As commented in section 2.7, the
pressure at the front face starts decreasing as the wave moves past the surface
surrounding the rest of the structure within the clearing time fc. At time t,+tc the pressure at
the front surface will be substantially dropped (but still remaining higher than the initial
ambient pressure). After time t,+ic the pressure is the result of the combined effect of the
incident and the dynamic pressure and is provided by Equation (12),

P =P+ Cpq (12)

where, P;is the incident pressure,
Cp is the drag coefficient, taken equal to Cp =1 for the front wall, and
q is the dynamic pressure.

As mentioned above, {¢ is known as the clearing time and various formulations exist for its
calculation. According to [8] it can be estimated by Equation (13).

4S
“TaRe "

where, S is the smallest of the surface’s height H or half width W/2 (see Figure 19),
C. is the sound velocity in the reflected medium, shown in Figure 17, and
R is the ratio of S/G, where G is the largest of the surface’s height H or
the half width W/2.
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Figure 17: Sound velocity in reflected overpressure region (modified from [9]).

After the time f,+fc the pressure values at the front face of the structure continue to
decrease to finally reach the value of the ambient pressure. In reality the form of this
decreasing curve is practically exponential (Figure 10), as has already been discussed
during the description of the ideal blast wave characteristics. In order to simplify the analysis
the decrease of the incident and the dynamic pressure can be assumed to be linear and of
triangular shape.

According to this approach the actual duration t, of the positive phase of the incident wave
is replaced by a fictitious time f (f,r < t,) that depends on the positive impulse and peak
pressure, as described by Equation (14).

ty == (14)

where, i is the impulse value of the positive phase of the blast wave and
Pso is the peak incident pressure.

A similar procedure can be applied for the negative phase of the blast wave thus defining a
fictitious time t,;~ by employing the corresponding impulse and peak pressure values. The
introduction of the fictitious time to produce simpler triangular pulses results in a time gap
between the end of the assumed positive phase and the beginning of the negative, as can
be seen at Figures 18 and 19.
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The triangular shape assumption of the blast wave time history is not always accurate,
especially whenever high pressure values are involved. From Equation (13) it is deduced
that computation of the clearing time depends on the geometry of the impinged surface and
the sound velocity in the reflected region, which in turn depends on the amplitude of the
incident wave and not on the intensity of the explosion. Experiments have shown that
whenever high pressure values are present, the positive phase duration of the blast wave is
extremely short, resulting in a fictitious time t,r that is shorter than the clearing time .. In this
case the aforementioned procedure will result in a triangular diagram that will not represent
the true reflected pressure time history. The fact that the clearing time will not occur means
that the reflected wave pressure time history should correspond to that applied on an infinite
surface. For this reason an additional curve is usually constructed, as shown at Figure 19,
which uses the total reflected pressure impulse . assuming a normal reflection. For a given
Ps, the reflected impulse i, can be derived from the diagrams of Figures 13-14 and the
fictitious duration t, for the reflected wave is computed through Equation (15).

t; =— (15)

where, i is the total reflected impulse and
P. is the peak reflected pressure.

Thus for the positive phase of the reflected pressure two curves P, -t are constructed and
compared: one corresponding to infinite surface conditions, and another derived using the
assumption that the finite surface geometry influences the value of the reflected pressure.

The curve to be used for loading the structure is the one that produces the smallest impulse
value.
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Figure 19: Triangular assumption of pressure time history on the front face of a structure.

3.2.3 Pressure on the roof and the side walls

The front face of a structure is loaded first as a consequence of a direct blast wave that
impinges on it. As the wave propagates it surrounds the structure causing pressure rises at
the roof, the side faces and the back surface. As has already been pointed out, if the side
walls and the roof of the structure are parallel to the direction of the blast wave, they
experience peak side-on overpressures that are equal to the incident pressure. Complex
phenomena take place, like the differentiation of pressure values between the front and the
back of the roof or the side wall surfaces, which initiate as a result of the wave flow around
the edges of the front face. Usually these details are neglected in the design and a uniform,
time-varying equivalent pressure is applied, whose peak value Pk is given by Equation (16).

Pp = CEPsof + CDQof (16)

where, P is the incident pressure at point f of the front edge of the roof, Figure 20,
Ce is the equivalent load factor,
Cp is the drag coefficient and
Qor is the dynamic pressure corresponding to Cg P, .

It is noted that the diffraction which takes place when the wave surpasses the edges of the
front face, results in diminishing the side-on overpressure or under-pressure values. This is
taken into account in [8] by the introduction of an equivalency factor Cg, which reduces the
load acting on the surface and depends on the ratio of the blast wavelength to the length of
the span of the surface (L/L in Figure 21).

The wavelength L, to be used in the following figures corresponds to that of point f (front
edge of the roof), where the incident overpressure is Psy, L, can be determined from the
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diagrams of Figures 13-14. Figure 21 shows the equivalent load factor Cg as a function of
the wavelength L, for both the positive and the negative phases of the blast loading. The
peak pressure value for the roof Pg, as computed through Equation (16), also includes the
(negative) contribution of the dynamic pressure. The drag coefficient depends on the
severity of the blast and in particular of the peak dynamic pressure. Table 4 shows
recommended drag coefficient values for the reported peak dynamic ranges [8].

Table 4: Drag coefficient Cp values for roof and side walls according to [8].

Peak dynamic Drag
pressure [kPa] |coefficient

0-170 -0.40
170-350 -0.30
350-900 -0.20

Figure 20 shows the constructed pressure curve to be applied to the roof and the side walls
of a structure due to blast loading. The load rises linearly to its peak value in time ft,,
determined from the diagram of Figure 22 [8]. The pressures are averaged over the entire
span length, so a uniform rise time to the peak positive or negative pressure can be used.
The entire duration of both the positive and negative phase of the blast load can be
calculated through Figure 23. The parameter t,s appearing in Figures 20 and 23 should not
be confused with that of Figures 18, 19 etc.
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Figure 20: Idealized roof and side wall pressure-time variation, Pr=Pgroof.
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Figure 21: Load factors for positive and negative phase of blast loading for the roof and side-
walls of a structure (modified from [9]).
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3.2.4 Pressure on the rear wall

The rear wall of the structure is the last surface that is loaded from the propagation of the
blast wave because of the secondary waves that are created when the blast front
overpasses the roof and side walls. The secondary waves that are initiated from the roof are
reinforced by their reflection on the ground, whereas the waves that are created from the
side walls are reinforced due to their mutual impact at the middle of the distance between
the two side wall edges.

The simplified calculation of the loading that is generated by these waves is similar to the
one already presented for the roof and the side walls in Figure 20. An equation similar to
Equation (16) can be used that involves the peak pressure values at the back edge of the
roof slab. The final load at the rear wall is a combination of the incident and the drag
pressure values. The drag pressure coefficients Cp, which are used for the dynamic
component of Equation (16) are identical to the ones presented for the roof and the side
walls at Table 3, while the dynamic pressure g, corresponds to the pressure CgPsop
(relevant to point b at the back edge of the roof, Figure 20).



3.3 Influence of openings

Modern buildings are characterized by large openings, especially at their front side, to
ensure adequate lightening and ventilation of interior spaces. Windows are the first
elements that will potentially fail after a blast wave impinges on the surface of a building as
they usually form the most vulnerable part of a structural face. Even if designed to sustain
certain pressure values, the current philosophy behind structural design dictates that they
form the weakest part of the wall system, as failure of the wall before failure of the glass
facade is considered more hazardous.

Building exterior walls are likely to contain openings either on all sides, if the structure is not
in contact with other buildings at its perimeter, or mainly on the front side. Most of the times
the behaviour under blast loading of buildings containing openings on all sides, resembles
that of buildings with openings only on the front. The reason for this behaviour is attributed
to the fact that the internal partitions of the structure act as side and rear walls restricting the
flow of the blast wave through the building. The blast wave front upon contact with a normal
window will instantly cause its failure and it will extend in the interior of the building. At the
same time the peak value of the pressure wave will get smaller as some energy will be
absorbed by the glass breakage. Nevertheless, the pressure may eventually increase as
the blast wave comes to contact with the interior partitions which lead to its reflection and
consequently to a pressure rise.

Generally, blast pressures acting on the external surface of the walls are directed towards
the interior of the structure. On the other hand pressures acting on the internal surface of
the roof, the front, side or rear walls, due to the blast wave propagation within a structure
after the failure of windows, are directed towards the outer environment. This means that
the external and internal loads produced at these structural elements have opposite
directions. Thus depending upon the design objective, two alternatives can be followed: i)
As has already been pointed out, if the overall movement of the structure is to be evaluated,
the total load produced due to the pressures acting on the outer surfaces of the front, the
roof, side and rear walls should not be decreased. As a consequence, the pressures
produced within a structure could be neglected. ii) However, whenever the motion of
specific components or the outward motion of the surrounding walls has to be determined,
the pressures produced at the interior of a building because of the presence of openings
must be taken into account. These internal pressures should be properly added to the ones
produced from the negative phase of the pressure time history at the outer surfaces of the
structural elements.

A procedure for calculating the loads at the interior surfaces of the roof, the front, side and
rear wall is proposed in [8]. No details are provided here and only some of its steps are
outlined below. Thus, in order to determine the combined loading effect of the pressures
acting on the external and the internal face of a wall, the time delay because of the time
required for the windows breakage and the wave propagation inside the building should be
taken into account. The several openings existing at the front facade of a building should be
combined composing a single opening to be placed at the center of the wall, with an area
equal to the total area of all the openings, while a new clearing time should be calculated.
The value of the maximum pressure acting on the interior surface of a wall depends on the
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peak pressure and wavelength L,, of the incident wave that acts on the external surface and
the geometry of the building. All these values are provided by relevant diagrams contained
in [8-9] and should be considered if failure of the surrounding windows is expected.

No further analysis will be made concerning the openings at a building during a blast event
at the current report, as usually during design it is predominantly the positive phase of a
pressure time history that is crucial. The loads acting on the walls during this phase are, in
the majority of the cases, larger than those initiated from the combined effect of the
negative phase at the outer surface and the pressures acting on the interior faces due to
window failures.

34 Combination rules

The load combinations that have to be applied for a building designed for an accidental
action, such as blast loading, are included in Eurocode EN-1990 [14]. According to its
provisions the self-weight of the structure should be included, as well as the frequent of
quasi-permanent values of the live and the snow load, if applicable. The wind and seismic
loads may be neglected as their simultaneous presence with the accidental load is highly
unlikely. Internal explosions that could be produced from a gas leakage are considered as a
random effect in time. On the other hand, a terrorist attack is not strictly random, since it is
not based on climate or random conditions, but could be the outcome of human planning.
For this reason the designer should consider the probability of having to increase the safety
factors proposed by the Eurocode, so as to take into account the individual requirements of
the project under design, such as the expected occupancy at the time of the attack, the type
and use of the building etc. The general formula proposed by [14] for the actions that have
to be considered for the accidental combination is presented in Equation (17).

Eqg =G+ Ag+ (Yr0or P3)Qq + X2 Qx (17)

where, G is the self-weight of the structure,
Ay is the design value of the accidental action (in this case the blast load),
Q1 is the characteristic value of the leading variable action and
Q,; are the characteristic value of the accompanying variable actions.

The values of w; and w., depend on the relevant accidental design situation. In case of
potentially targeted building structures w, ranges from 0.5 (for office and residential areas)
to 0.7 (for congregation and shopping areas), while w, ranges from 0.3 to 0.6, respectively.
The explosion loads A4 to be used in the above action combination formula are specified for
building internal explosions in Eurocode EN1991-1-7 [1]. No explosion loads are however
provided for the case of external explosions. The information collected and presented in the
previous sections attempts exactly to fill in this gap.
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Summary of the blast loads calculation

. An explosion scenario is agreed upon, thus defining the expected charge weight,
type and detonation distance according to the geometry around the building
(minimum possible approaching distance, interfering obstacles between the
detonation point and the structure etc.). Charge weight should be compatible with
the size of the vehicle that could possibly be used as means of transport. A
judgment should be also made whether the blast is to be considered as a ground or
as an air burst.

If multiple detonation locations exist, separate analyses should be performed for
every case, as different parts of the structure may be loaded in each case.

The loaded surfaces of the structure are divided in as many sections as the engineer
deems suitable. The blast parameters have to be computed for every such surface-
section, as these are characterized by different distances from the blast source and
possibly different areas. An easier approach is to use common parameter values for
grouped together surface-sections, as long as the most conservative values are
utilized. This procedure leads to overdesigning certain parts of the structure.

The equivalent TNT weight W is computed through Equation (5) and Tables 1 or 2.
Alternatively, several graphs contained in [8-9], which describe some basic blast
parameters (peak positive incident pressure, scaled impulse) of other explosive
materials, may be used.

The scaled distances are next determined for every case scenario according to
Equation (4). Depending on the expected type of blast wave (hemispherical from
ground burst or spherical from air burst) the parameters are evaluated from the
graphs of Figures 13 and 14. These include the peak incident Ps, and reflected P,
pressures, the incident i and reflected i, impulse, the wave front speed U, the
duration of the positive phase t,, the arrival time t, and the wave length L,. All these
values (except for the pressures and velocities) are scaled to the W"2. In order to
produce their absolute values they should be multiplied by W">.

The next step includes the construction of the idealized triangular pressure diagrams
for the structural surface-sections. For the front wall and the positive pressure wave
duration, the clearing time t; is computed via Equation (13), where the sound velocity
C, is determined from Figure 17. The fictitious duration t,; of the positive phase
should next be estimated by using Equation (14) and also the fictitious duration ¢ of
the reflected pressure via Equation (15). Since the peak incident pressure P, at the
section of interest has already been found, the peak dynamic pressure g, can also
be calculated from Figure 11. The value of P,+Cpq, is thus determined by using
Cp=1 for the drag coefficient for the front face of the structure. A diagram similar to
that of Figure 19 is produced from which the load acting on the front surface can be
defined by choosing the appropriate curve, i.e. that of the smallest impulse, as
discussed in Section 3.2.

In case that the overall behaviour of the front wall under the blast wave is of interest,
the negative phase of the blast wave should also be taken into account. The blast
parameter values, such as the peak negative incident and normal reflected pressure
and the scaled negative incident and normal reflected impulses should be computed
by using the diagrams in Figure 15a and 15b. In order to obtain absolute values, the
scaled impulses must be multiplied by W"2. The fictitious duration t; of the negative
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phase reflected pressure is calculated by using Equation (15) and the corresponding
negative phase quantities. The time where the minimum pressure value should be
assigned is equal to {,+0.25fs. This procedure produces the idealized triangular
negative phase diagram of Figure 19, from which the suction force applied to the
front surface can be computed.

8. The load applied to the roof or to the side walls of the structure is determined
through a similar procedure. The equivalent positive Ce and negative phase Cg load
factors, the rise time ty and duration t,s are determined from Figures 21, 22 and 23.
To obtain absolute values, scaled parameters should be multiplied by W". For
calculating the required wavelength-span ratio L,¢L, the wavelength and the incident
pressure at the edge of the roof (or side wall) situated closer to the explosion are
determined from Figure 13 or 14. The dynamic pressure q, can be calculated from
Figure 11 using the appropriate incident pressure. The value of the coefficient Cp is
chosen from Table 4. A similar procedure is followed for the definition of the
negative phase pressure-time curve. The corresponding rise time is equal to 0.25{,,
where t is the negative phase fictitious duration. Finally, a diagram similar to the
one presented in Figure 20 is produced, from which the total load acting on the side
walls or roof can be computed.

9. The loads acting at the rear wall of the structure can be similarly determined. The
main difference is that the peak incident pressure Ps,,, corresponding to the rear
edge of the roof, is used as the basis.

10. The loads computed for every surface of the structure should be appropriately
inserted in load combination rules, like the ones proposed in EN1990 and EN1991,
in order to be applied during the structural design of the building. Depending on the
building’s category different types of analysis may be required, with structures of
high importance possibly requiring comprehensive calculations using dynamic and
non-linear analysis.

Figure 24 shows schematically the recommended procedure for constructing the pressure
time history of a blast wave acting on the front face of a building.
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Figure 24: Diagram of pressure variation calculation for the front face of a structure.
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5. Case studies

In this chapter the procedure of pressure and impulse calculation and their spatial
distribution will be illustrated by examining typical explosion scenarios and structures of
relatively simple geometry, which are subjected to the induced blast loading. No safety
factor (increase of 20%) is applied to the charge weights.

5.1 Blast parameter calculation examples

In the following case study the blast parameters for points located either in mid-air or on the
ground will be computed for an air blast and a surface burst.

i) Initially a blast is supposed to have taken place in mid-air, as can be seen at Figure 25.
The blast wave is formed by an explosion of 750kg of TNT, which is situated 20m above the
ground. The blast parameters will be determined for three locations. The first (point A) is
10m lower than the detonation point at an angle of 40° the second (point B) is on the
ground at an angle of 30° and the third (point C) is on the ground at an angle of 60°.

Spherical
charge

&)

-

T10mT e
4-|:|U : -é"’l:lu-.l. y Fa ey
________ - 600

B C

Figure 25: Distance of points A, B and C from a mid-air blast source.

Point A. Distance from detonation center: 10/cos40°=13.05m

R__13.05 _ 13.05_ 13
w  ¥750  9.086 1.44 m/kg

From Figure 13 the relative values are read and the calculated positive phase blast
parameters for point A are reported below.

Ps,= 409.5 kPa

is=125.2 *750"° = 1137.5 kPa-ms

t,=1.68 *750" = 15.3 ms

ta=1.06 * 750" = 9.6 ms

U=0.72 m/ms

L,=0.38*750"=3.5m

Scaled distance: Z =

Point B. Distance from detonation center: 20/cos30°=23.09m

Scaled distance: Z = % = %37% = 2.54 m/kg'®

Since a=30°, regular reflection takes place at B. Using Figure 13, it can be found that:
Ps,= 115.5 kPa
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is=74.47 *750"° = 676.6 kPa-ms
t,=2.39 *750"*=21.7 ms
ta=3.0* 750" =272 ms
U=0.48 m/ms
L,=0.7*750"=6.3 m
From Figure 6 the reflection coefficient C,, is calculated:
Cu=275 — P,y=2.75"115.5= 317.6 kPa,
and from Figure 8b the reflected impulse is:
i=180 *750"*=1635.4 kPa-ms.

Point C. Distance from detonation center: 20/cos60°=40.00m

Scaled distance: Z = % =;/%=4.40 m/kg""?

Using Figure 13 as before, the parameters of the incident wave at C can be readily found:

Ps,= 39.1 kPa
is= 45.70 *750"® = 415.2 kPa-ms
t,= 3.18 *750"° = 28.9 ms
ti=7.4*750"=67.2ms
U=0.39 m/ms

L,~ 1.0°750"*=9.0 m

Since a=60° > 40° =a.;;, a Mach stem will be formed upon the reflection of the wave from the
ground at C, the characteristic parameters of which will be determined below.
For a=60° and Ps,= 39.1 kPa the coefficient C,, is calculated, Figure 6:
Cu=255 — P,=2.55%39.1=99.7 kPa,
and from Figure 7b the reflected impulse is:
ia=70 *750"° =636.0 kPa-ms.
The calculated peak reflected pressure P,, will constitute the peak incident overpressure
Psom of the Mach stem pressure-time curve, i.e.
Psom = 99.7 kPa,
and the reflected impulse i, will be the corresponding incident positive pulse igy", i.e.
ism’ = i,x=636.0 kPa-ms.

The other characteristics of this Mach front are determined as follows:
For the incident impulse of 636.0 kPa-ms (not scaled value), from Figure 13 a fictitious
scaled distance Zf; and the positive phase duration t,y are found:

Zy=2.72 m/kg"?

tow = 2.5*750"°= 22.7 ms.
The determination of the other parameters is based on the incident overpressure.
Specifically, for Ps,,~99.7 kPa, from Figure 13 a fictitious scaled distance is found

Z,=2.72 m/kg'®,
from which the values of the arrival time, shock wave speed and wavelength are,
respectively, determined:

ta= 3.4 * 750" = 30.8 ms,

U= 0.46 m/ms,

L,=0.7*750"%= 6.4 m
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Referring to Figure 7, this approach is used in order to define the parameters of the incident
pressure pulse for structures that lie within the Mach front in case of explosions that take
place at a certain distance from the ground. If part of the structure lies over the triple point of
the Mach front, it will undergo a different pressure variation, characterized by two peaks (of
lower amplitude) and increased time duration. Usually, it is on the conservative side to
consider a uniform incident pressure over the whole front surface, which is equal to that of
the Mach front just ahead of the building. Figure 7 (bottom) can provide an estimate of the
height of the triple point. Entering the values of Re/W"? =34.64/9.086 =3.8 and H,/W"
=20/9.086 = 2.2, it can be easily found that the height of the Mach front in this case is
approximately Hr= 0.15* 750"*=1.36 m, which is indeed quite low.

Note. An alternative approach for the determination of the reflected blast parameters at point C is through the
use of diagrams 2-9 and 2-10 of references [8,9]. These diagrams show the peak reflected pressure or reflected
impulse as functions of the scaled height of charge from the ground and of the angle of incidence. Thus, Psom

and sy’ would be found, while the rest would follow the same steps.

ii) If we are dealing with a surface blast the procedure of determining the blast parameters
is more straightforward. In Figure 26 a hemispherical blast wave is produced from a 100kg
TNT detonation and the blast parameters at point C will be determined.

Hemispherical
charge

|
\. 7 .C

i I
T A

20m
Figure 26: Distance of point C from a surface blast source.

; . _ R _200_ 1/3
Scaled distance: Z = T Va0 4.31 m/kg

From Figure 14 the peak incident pressure Py, the incident impulse is, the arrival time t4 and
the positive phase duration f, can be calculated, and are shown in the following table.
Where needed, parameters are multiplied by W in order to get their absolute values. The
negative phase parameters can be computed using the same principle according to the
relative diagrams contained in [8].

= - Incident pressure | Positive incident | Arrival Positive Shock wave |Wavelength
oint -
Pso [kpa] impulse is timeta | duration to | speed U[m/ms] Lw

Diagram read

56.00 67.00 6.60 3.55 0.41 1.00
scaled values

Absolute
56.00 310.51 30.59 16.45 0.41 4.63
values
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5.2 Blast wave pressure loads for a small structure

Figure 27 shows the small building configuration that will be considered, which is an
isolated structure, situated at a certain distance from the assumed detonation point. As can
be seen, the structure has a standoff distance of 27m from a truck, which is assumed to
carry a charge of 1000kg of C4. This is one of the most common types of plastic explosive
material, it is very stable and it cannot be detonated without the use of a detonator. The
building is situated directly across the blast point and its dimensions are 6mx3.1mx6m. The
blast load will be evaluated at (the center of) the front surface, which has an area of 18.6m?
(6x3.1m) and lies normal to the blast wave propagation direction. Except from the reflected
pressures at the front face of the building, the pressures at the roof, the side and rear walls
will be also computed.

The explosive is detonated almost at ground level so a hemispherical blast wave will be
produced. The distance from the blast point is considered large enough, so as to assume
that the blast wave impinging on the structure is plane and the pressure applied is uniform
across the front surface.

Figure 27: Geometry of blast site.

The charge weight of W,,,=1000kg of C4 must be converted to an equivalent charge of TNT
according to Equation (5) and Table 1:

d

W = W,,, 2&2 =1000kg

P Hfyr

d
“-=1000 22 = 1302 kg

d
Hrnr

The value of the TNT equivalent mass will differ slightly if the predefined TNT equivalence
factors proposed in other sources are used. Quite often two values for the equivalent factor
of an explosive are quoted (Table 2), one referring to equivalence with respect to peak
overpressure and the other to equivalence with respect to positive impulse. In this case their
average may be used for defining the equivalent TNT mass of the explosive.

Front wall pressure Front surface center height: h=1.55m

Distance from blast source: R, = /(272 + 1.552) = 27.04 m
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_ R, _ 2704 _
3w~ 31302

Angle of incidence: equation a; = arctan (%) = 49<40°

Scaled distance: 2.56 m/kg"

The angle of incidence is small and a lot smaller than 40 degrees. So, according to Figure
6, regular reflection environment is expected with conditions not differing from those of the
normal reflection. So the use of the normal reflected pressure for the building is justified as
it will lead to slightly conservative results.

The diagrams of Figure 14 (which are for zero angle of incidence) can be directly used for
the calculation of the blast parameters and the results are shown at the table below. Clearly,
for obtaining absolute values, multiplication by W"? has been effected, where needed.

Incident | Positive | Reflected | Positive Shock wave
.. Arrival Positi Wavelength
Frontface | pressure | incident pressure Pr| reflected r.rwa o !ve speed
. . . . time duration Lw
Pso [kPa] |impulse is [kPa] impulse ir U [m/ms]
Diagram read
160.00 105.00 500.00 270.00 2.80 2.40 0.51 0.06
scaled values
Absolute
160.00 1143851 500.00 2878.63 29.85 25.59 0.51 7.19
values
Velocity of sound, Figure 17: C, =0.45 m/ms
. . 4S 4%3
Clearing time: tc = = -~ = 13.5ms
(1+R)Cr  (140.968)0.45
s e iy . 2i 2%1143.81
Fictitious positive phase duration: tor = e P e = 1430 ms
Pso 160.0
L e . 2i 2%2878.63
Fictitious duration of reflected pressure: t,; = Pi = T = 11.51ms
ra

Peak dynamic pressure, Figure 11: go= 65 kPa

Drag coefficient for building front wall:  Cp=1.0
Reduced peak pressure, Equation (12): Ps,+Cpq,= 160+(1.0%65.0)=225 kPa

After defining these parameters, according to Section 3.2.2 the positive phase of the two
alternative pressure curves for the front of the building can be graphically represented in
Figure 28. As can be seen from this figure, the fully reflected pressure time curve will be
used for the building design loads as its impulse (shaded area) is smaller than the impulse
of the curve computed through the use of the clearing time.

If the overall behaviour of the structure to blast loading is needed and not only the maximum
frontal impulse and pressure, the negative phase parameters of the blast load should also
be determined. The diagrams of Figure 15b are used, and the values of the parameters are
shown in the next table. By using these parameters, the entire pressure time curve over the
whole duration (positive+ negative phase) of the blast wave can be constructed, as seen in
Figure 28. It is recalled that the negative phase curve begins exactly after the end of the
positive phase duration {, and that its rise-time is equal to 0.25t,/= 0.25*174.71=43.68ms.
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Incident 5 Reflected . .
tive Negative negative Megative P Megative
nega . egative
Frent face - | incident = | reflected g- _ |wavelength
pressure Pso | . .| pressure Pr | | . _ | duration to
impulse is impulse ir Lw
[kPa] [kPa]
Diagram
read scaled 16.50 0.13 30.00 0.20 16.00 1.90
values
Absolute
16.50 1419.50 30.00 2183.90 174.71 20.70
values
Al
1 imnuise used
i /7 for desian il
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Figure 28: Blast pressure time history at front wall of the structure.

The same procedure is followed for the computation of the loads acting on the side and rear
walls as well as on the roof of the structure. Even though the most important loading in
terms of maximum loading values, is the one acting at the front face of the building, the
determination of the loads acting on all of the external faces is important if the overall
behaviour of the building to the blast is of interest or if the design of individual members is of
concern. Usually, if the front face of a structure is able to withstand the blast wave, the rest

of the structure will also be able to remain structurally unharmed as the loads acting on the
rest of the surfaces are smaller, compared to those at the front.

Roof pressure For the roof of the building the calculations start with reference to its edge

nearer to the blast source (point fin Figure 20). The peak incident pressure at this location
is equal to that of the front face, i.e.,

Ps.r =160 kPa.
Based on that, the wavelength at point f is determined from Figure 14, and the ratio L,/L is
calculated,

Lui= 7.62m — L,/L=7.62/6.00=1.27.
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For the positive phase pressure the equivalent positive phase load factor Cg is found from
Figure 21,

Ce =0.53,
and the dynamic pressure q,, corresponding to incident pressure CgPs; =84.8kPa, is
determined from Figure 11,

go = 20 kPa.
Using from Table 4 drag coefficient Cp= -0.4, Equation (16) yields the maximum positive
roof pressure

Pr=84.8-0.4*20 = 76.8 kPa.
The rise time t;, and the overall duration of the positive phase t, are also determined from
the relevant diagrams of Figures 22 and 23,

t;=13.10 ms,

t,r=31.67 ms.
Parameters read from diagrams have been multiplied by W"? in order to derive their
absolute values, where needed.

Equivalent Duration of
Wavelength itive | Durationof| equivalent | p=CP Peak positive
Roof B | Ratio | PO . rE s o
Lw phase load | rise time td uniform [kPa] pressure [kPa]
factor C; [-] pressure tof
Diagram read
0.70 0.53 L.20 2.90
scaled values
Absolute
7.64 1.27 13.10 31.67 84.80 76.80
values

In order to compute the negative phase parameters a similar procedure is followed by
reading the same diagrams, which also contain data for the negative phase of the blast
wave. The negative phase starts at time t,= 25.59 ms, calculated above.
Thus the equivalent negative phase load factor C¢ is found from Figure 21,
Ce =-0.26,
and the peak negative roof pressure is calculated as
Pr = Cg Psor=-0.26*160 = - 41.6 kPa
The overall duration of the negative phase {, is derived from Figure 23
ts =180.17ms
and the corresponding rise time t; is computed with the formula
ty =0.25t, =0.25* 180.13 = 45.04 ms

It is noted that the negative phase peak pressure depends only on the incident pressure Py
and not on its combination with the dynamic pressure q..
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Equivalent Duration of Duration of Negative phase
Wavelength

Roof - Ratio Lw/L [negative phase| €quivalentuniform | pegative phase |reflected pressure
= - - - - - -
load factor €' | negative pressure tof rise time td P=C¢ P [kPa]
Diagram read
0.70 - 0.26 16.50
scaled values|
Absolute
7.64 1.27 - 180.17 45.04 41.60

values

Based on the parameters determined, the triangular diagrams of the positive and negative
phases of the pressure-time variation are presented in Figure 29. This is the pressure to be
applied uniformly over the whole roof surface. For clarity in Figure 29 the origin of time has
been set to the arrival time (t4) of the wave at the front face of the building.

Roof pressure time
history

Impulse used
for design [ir]

Impulse during

negative phase
205.76

Pressure [kPa]

Time [ms]

Figure 29: Blast pressure time history at the roof of the structure.

Side wall pressure The pressure time history for the side walls of the structure is identical
to the one already derived and shown in Figure 29, because the blast parameters are the
same, as long as the front edge of the roof is used as reference for the derivation of these
values. On the contrary, for the rear wall of the structure the parameters will be different
because the distance from the blast source increases.

Rear wall pressure For the rear wall of the building the calculations start by taking as
reference the back edge of the roof (point b in Figure 20). The distance from the explosion
source is 27+6=33m, thus the scaled distance, arrival time and peak incident pressure there
are (Figure 14), respectively,

Z=33/(1302)"* = 3.02 m/kg""?,

ta= 3.5%(1302)"*=38.2 ms ,

t,= 2.95%(1302)"°* =32.21 ms,

Pso» = 120 kPa.
From Figures 22 and 23, the rise time and overall duration of the positive phase are:

ts=0.75 *(1302)"® =8.19 ms



tor=2.30 *(1302)"°* = 25.11 ms
The wavelength at point b is also determined from Figure 14, and the ratio L,/L is
calculated

Ly= 0.76 *(1302)"* =830 m — L,»/L=8.30/3.10 = 2.68
From Figure 21:

Ce =0.76,
therefore Cg Pso, =91.2 kPa and from Figure 11:
go = 28.0 kPa

From Table 4: Cp= - 0.4, and the maximum positive rear wall pressure is:
P =91.2-0.4*28 = 80.0 kPa

The following table contains the values of the calculated blast parameters for the positive
pressure phase.

Incident Equivalent . : Duration of Peak positive
Wavelength ) . Duration of rise ) ) P =CcPoy
Rear wall | pressure i Ratio Lw/L| positive phase — equivalent uniform - pressure
[kPa] " load factor C; [-] fme pressure tof kpal [kPa]
Diagram read
120.00 0.76 0.76 0.75 2.30
scaled values
Absolute
120.00 8.30 2.68 8.19 25.11 91.20 80.00
values

A similar approach is used for the derivation of the negative blast phase parameters, which
are included in the following table. Based on these data, the graph of Figure 30 is
constructed, which shows the entire pressure time history at the rear wall. The origin of time
in Figure 30 has been set at the arrival time (t») of the wave at the rear wall (point b). In
order to compare this curve with those of the front wall, side walls and roof, and for
consistency in the timing of load application, this origin has been displaced to the right by
8.37 ms (=38.22-29.85). This is the delay in the arrival times of the wave to the front (f) and
the back (b) face of the building.

Equivalent Duration of . .
. negative uivalent Duration of Negative phase
Rear wall Wavelength| Ratio = .eq . negative rise time | reflected pressure
Lw Lwi/L phase load |uniform negative ) _
. td P.=C¢ Pyy; [kPa]
factor C; [-] pressure tof
Diagram read
0.76 0.28 15.00
scaled values
Absolute
8.30 2.68 163.79 40,95 33.60
values
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Figure 30: Blast pressure time history at the rear wall of the structure.

5.3 Blast wave pressure loads for element design

The current case study focuses on the calculation procedure of blast pressure time histories
for structural or non-structural elements along the height of a building. The geometry of the
explosion site is represented in Figure 31 and is composed of a vehicle carrying 1000kg of
TNT at a distance of R=15m from a 20m-high building. The front face of the building is
made of 15 panels. The blast load will be evaluated at five different locations along the
middle panel strip, so as to compare the effect of the distance and incidence angle of the
panel surface from the explosion’s center. Each one of the five surfaces (panels) has an
area of 16m? (4mx4m). The first lies normal to the blast wave propagation direction at the
bottom of the front surface, whereas the others stretch to the top of the building’s front
facade spaced 4m from each other, as can be seen in Figure 31. In this study only the
positive phase parameters of the blast wave at the front face of the structure will be
considered.

Figure 31: Geometrical configuration of blast site.
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The blast parameters will be calculated with reference to the height h of the center of each
of the five areas, which ranges from 2m (Area-1) to 18m (Area-5). If the detonation is
assumed to be taking place at ground level, the actual distances and the scaled distances

for each panel-centroid are computed according to equations R;, = \/(R? + h?) and Z = %/LW ,
respectively. The angle of incidence for each of these locations is computed through

. h
equation a = arctan (E)'

Distance | Scaled | Angle of
Surface's . L.
height [m] from blast | distance | jncidence
source [m] | [m/ kg"ﬁ] [deg]

Area-1 2.0 151 1.52 7.6
Area-2 6.0 16.2 1.62 21.8
Area-3 10.0 18.0 1.81 33.7
Area-4 14.0 20.5 2.06 43.0
Area-5 18.0 23.4 2.35 50.2

A simplified procedure is applied first, which uses the fully normal reflected pressure at zero
angle of incidence corresponding to the scaled distance from the blast source. The blast
parameters are derived using the diagrams of Figure 14 for all areas in the front face of the
building. The impulse, arrival time and duration of positive phase are scaled values, so in
the following table they have been multiplied by W™ in order to derive their absolute value.

Area-4 and Area-5, which are located at the top of the building’s facade, have an angle of
incidence which is larger than 40° so the graph of Figure 6 could be used to establish
whether the normal reflected pressure values calculated above are on the safe side.
Clearly, by examining Figure 6, it can be deduced that the reflected pressure values for
a=43° and a=50.2° are smaller than those calculated when using normal reflection (zero
angle of incidence).

This more exact methodology is applied for all points, and through the diagram of Figure 6
the reflected pressures P, are calculated. Using these values and the curves of Figure 14
the corresponding positive reflected impulses are calculated and reported in the last column
of the table below. Clearly in all cases the “exact” values are smaller than the corresponding
ones produced by the normal reflection approximation.

) Positive Positive " Reflected Exact Exact positive
Incident L. Reflected ) Positive
incident reflected | Arrival i pressure | reflected reflected
pressure : pressure | . duration .. :
[kpa] impulse [kpa] impulse | time [ms] [ms] coefficient| pressure impulse
[kPa-ms] [kPa-ms] Cra [kPal [kPa-ms]
Area-1 530.00 1726.02 2400.00 | 4983.91 9.87 21.01 4.40 2332.00 4886.19
Area-2 460.00 1626.25 2000.00 4593.01 11.24 20.52 3.95 1817.00 4104.40
Area-3 355.00 1456.64 1420.00 4006.67 13.68 19.54 3.50 1242.50 3615.78
Area-4 265.00 1297.01 960.00 3420.33 17.59 20.13 3.22 853.30 3322.61
Area-5 200.00 1147.36 630.00 2931.71 22,28 21.30 2.20 440.00 2540.82
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Figure 32 shows the distribution of the main blast parameters at the front face of the
building at each of the five selected areas. If it is further desired to derive the corresponding
pressure time history diagrams, the procedure that has already been introduced at the
previous case study should be followed.
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Figure 32: Distribution of blast parameters along the building’s mid vertical strip of the front face.
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6. Conclusions

Technical information has been collected, adapted and presented in this report for the
calculation of the external explosion loads to be considered in the blast protection design of
a structure. Empirical methods for the prediction of blast loads have been chosen as this is
closer to the traditional engineering design approach. Thus several formulas, graphs and
diagrams have been included, which make this guide sufficiently self-contained. Case
studies have also been worked out in order to demonstrate through simplified examples the
steps that must be followed for the calculation of blast pressures.

Of course more complicated cases of blast loading, where obstacles are involved and wave
shadowing and channeling phenomena take place, cannot be handled through this
approach. More comprehensive mathematical tools, e.g. explicit finite elements codes, will
have to be employed for calculating blast pressures, at the expense of added complexity
and computation time.

The material presented can help for introducing the subject, and in most cases it can form a
basis allowing a reliable blast assessment of a structure to be initiated. This is important for
design engineers, as the Eurocodes (EN 1991-1-7) do not yet deal with this type of loads
and no relevant European guidelines are available.
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