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Editors’ note

Wherever possible the notation has been made consistent between
chapters. However, there may be some instances where, for clarity, it
has been decided to retain the notation used in the source material. For
this reason the notation has been separately defined for each chapter,
There may also be some instances where the definitions used do not
exactly match those used in conventional design standards.
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I Introduction

Objectives

This book is aimed at all engineers and architects involved in the design
of building structures, and should enable them to have a better
understanding of their own and their client’s responsibilities in providing
buildings which, in the event of an explosion, minimize damage to people
and property.

The intended purpose of this book is to explain the theory of the design
of structures to resist blast loading and then to suggest relatively simple
techniques for maximizing the potential of a building to provide protection
against explosive effects. The book does not encourage designers to
produce hardened structures, nor should it be seen as a precursor to a
“super code’; although guidance is given as to where to look for further
details should they be required, In addition, some broad design objectives
concerning the protection of people, the protection of equipment and the
minimizing of damage to structures are given. The book is produced in
parallel with a companion document sponsored by the Institution of
Structural Engineers concerning the structural engineer’s response to
bomb damage [1].

Scope

Following this introduction putting the subject in context, the book starts
with some basic guidelines for enhancing the resilience of buildings to
blast loading (Chapter 2). An explanation of the nature of explosions and
the mechanism of blast waves in free air is then given. This leads to a
discussion of the loading that explosions place on structures, both inside
and out, and the concept of an idealized loading is introduced (Chapter
3). The response of buildings, people and equipment to blast loading is
illustrated. A method of analvsis is suggested whereby the strain energy
absorbed is equated to the work done or kinetic energy imparted and the
structure reduced to a single degree of freedom (Chapter 4}, Methods for
the design of structures and individual elements using different
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construction materials are then given {Chapter 3). The book concludes
by providing a summary of the implications of the foregoing for building
operation (Chapter ).

The scope of the book is limited to blast effects which derive from above
ground, non-nuclear, high-order explosions and the design only covers
structures that contain a degree of ductility, Only passing mention is made
of the effects of fire, secondary fragments and ground shock.

The discussion is not solely concerned with the protection of structures
against terrorist explosions, although this remains a strong theme
throughout. The authors suggest that, although there is a wide knowledge
of the effects of terrorism, many public and corporate buildings and
installations have been built and are still being built with little concern
for the destructive effects of terrorist attacks. As a result they offer their
inhabitants and contents too little protection. It is hoped that this book
will provide clues as to how to give reasonable and affordable protection
against present, and future, threats, Within this introduction and as a
setting to the future chapters, some of the special circumstances of terrorist
attacks will be illustrated, the idea of risk assessment introduced and a
general philosophy for protection offered.

Terrorism

If modern terrorism is described as the deliberate use of violence to
create a sense of shock, fear and outrage in the minds of a target
population, several factors in the way we now live have made terrorism
much more easy to conduct in modern society.

First, terrorists are able to make use of the media as never before to
carry a sense of terror to their target population. Television gives terrorists
a political leverage out of all proportion to their other powers, Second,
developed societies have become very dependent on complex and
vulnerable systemns (e.g. railways, airlines, gas pipelines, large shopping
areas and business centres) which allows the terrorist many suitable
targets. Third, terrorists hide behind the camouflage of normal daily life.
This means that almost all effective measures to combat terrorism also
carry considerable constraints on individual freedoms, which governments
are rightly reluctant to impose, and often will not.

The foregoing leads to several conclusions: terrorism today is much
gasier to contain than to eliminate; there are few completely acceptable
antidotes to it; the prudent design will allow for its effects wherever it
is possible and affordable.

Risk

Protection is not an absolute concept and there is a level of protection
where the cost of protection provided with respect to the cost of the poten-
tial loss is optimized. Protection can never offer a guarantee of safety;
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conversely, too much protection is a waste of resources with regard to
what is being saved. Furthermore, the consequences of loss vary; some
loss is incremental, but certain losses, such as human life, essential records
or specialist equipment are catastrophic. For these reasons a risk
assessment should be made to assess a combination of the type, the
likelihood and the consequences of an attack. Some risks will have to be
accepted, while others must be deflected at all costs. Advice on how to
conduct a terrorist threat assessment can be found in Chapter 6.

The special effects of catastrophic failure

The special effects of catastrophic failure or large numbers of casualties
need special attention. In terrorist attacks, the number of casualties caused
is often decided by whether or not a warning is given before a terrorist
device is detonated; a warning allows emergency action to be taken. In
the UK we have become used to one form of terrorism, Irish terrotrism,
which has its roots in a Christian culture and where the hysterical suicide
of a terrorist bomber is not admired. These terrorists have generally
wanted ko exert pressure through mass publicity rather than to cause mass
casualties per se. By contrast, terrorists from the Middle East have always
sought casualties with abandon, and a group in the future may take action
against our society.

Thus, if a structure is to have a useful life of several decades, the effect
of an attack without prior warning must be anticipated. Consider what
would have happened if the bombs in London at 5t Mary’s Axe in 19492
(see Plates 1 and 2} or Bishopsgate in 1993 had exploded during working
hours and without warning. The deaths from flying glass in the
Commercial Union building could have been into the hundreds (quite
apart from the many other people who would have been badly injured)
and few would have escaped unhurt from the collapsed front of the
Chamber of Shipping. A more important consequence in such situations
could be the public perception of the effects of no warning being given
and their possible reluctance to work in unprotected buildings while the
potential for another attack remains. These arguments are important when
trying to decide the cost/benefit of protective measures.

Partial safety factors in blast design
When designing structural elements in accordance with limit state
principles, partial safety factors are applied to loads and the strengths
of materials. In designing against blast loading, the following special
conditions will usually apply:
(@) The incident will be an unusual event.
(B) The threat will be specified in terms of an explosive charge weight
at a stand-off, which can only be an estimate and already subject
to a risk assessment.
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Plate 1. Devastating effects of bombing in St Mary's Axe, April 1982

(¢} For economic design, some plastic deformation is normally
permitted. The level of damage is specified in terms of the limiting
member deflection or support rotations.

(d) The strengths of materials will be enhanced because of the high
rate of strain to which they will be subjected.

{e} The strengths of in situ materials often exceed the characteristic
values,

For these reasons, the design initially should be carried out at the ultimate
limit state, with partial safety factors for both load and materials set at
1-0. However, special enhancement factors may be applied to material
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strengths. These are considered in further detail in Chapter 5. A limit
is wsually placed on the deformation of members to permit some
functionality after the event,

A design philosophy: planning for protection

A starting point for the design of a building that resists blast loading
is to consider the building layout and arrangements. The aim here is to
decide what needs protection (the contents or the structure itself); to
imagine how damage or injury will be caused; and to consider how the
building or structure can be arranged to give the best inherent protection,
Specifically for protection against terrorist attacks, the building design
should achieve one or all of the following:

{1} Deflect a terrorist attack by showing, through lavout, security and
defences, that the chance of success for the terrorist is small; targets
that are otherwise attractive to terrorists should be made
anonymous.

(i) Disgnise the valuable parts of a potential target, so that the energy
of attack is wasted on the wrong area and the attack, although

Plate 2. Debris and desteuclion: Bishopsgate, April 1983




BLAST EFFECTS OM BUILDIMNGS

completed, fails to make the impact the terrorist secks; it is reduced
to an acceptable annoyance,

(r) Dhsperse a potential target, so that an attack could never cover a large
enough area to cause significant destruction, and thereby impact;
this is suitable for a rural industrial installation, but probably
unachievable for any inner-city building,

{d) Stop an attack reaching a potential target by erecting a physical
barrier to the method of attack; this covers a range of measures from
vehicle bollards and barriers to pedestrian entry controls. Against
a very large car bomb, in particular, this is the only defence that
will be successful.

(¢) Blunt the attack once it reaches its target, by hardening the structure
to absorb the energy of the attack and protect valuable assets.

The first three of these objectives can often be met at no cost, while the
last two require extra funds or special detailing. The final objective, to
blunt the attack, is the subject of the remainder of this book and involves
the following procedure.

From a threat analysis, one can find the size and location of the
explosion to protect against. By using the relationship that the intensity
of a blast decays in relation to the cube of the distance from the explosion
one can adopt an idealized blast wave at the target. Using published data
(Chapter 3) the characteristics of that blast wave can be determined.

The positive phase duration of the blast wave is then compared with
the natural period of response of the structure or structural element. The
response is defined by the two possible extremes: impulsive (where the
load pulse is short compared to the natural period of vibration of the
structure} and guasi-static or pressure (where the load duration is long
compared with the natural response time of the structure). In between
is a regime where the load duration and structural response times are
similar, and loading in this condition is referred to as dynamic or
pressure-time,

For impulsive loading most of the deformation will occur after the blast
load has finished. The impulse, which can be determined, imparts kinetic
energy to the structure, which deforms and acquires strain energy, The
strain energy is equivalent to the area beneath the resistance-deflection
function for the structure. This function is the graph of the variation of
the resistance that the structure offers to the applied loading as the
displacement of the structure increases. It should be based upon the
dynamic behaviour of the structure, taking due account of compressive
and tensile membrane action.

For quasi-static loading, the blast will cause the structure to deform
whilst the loading is still being applied. The loading does work on the
structure, causing it to deform and acquire strain energy as before.
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For dynamic loading, if the design cannot be covered by the two
previous methods, the structural response may involve solving the
equation of motion of the structural system.

Reference

I, Institution of Structural Engineers, The structural enginger's response to bomb
explosion. (In press).



2 Basic guidelines for enhancing
building resilience

Introduction
Effects of an external explosion

An explosion is a very fast chemical reaction producing transient air
pressure waves called blast waves, The processes of blast wave formation
and quantification are discussed in detail in Chapter 3. For a ground-level
explosive device (such as abomb in a vehicle), the pressure wave will travel
away from the source in the form of a hemispherical wavefront if there
are no obstructions in its path. The peak overpressure (the pressure above
normal atmospheric pressure) and the duration of the overpressure vary
with distance from the device. The magnitude of these parameters also
depends on the explosive materials from which the bomb is made and
the packaging method for the bomb. Usually the size of the bomb is given
in terms of a weight of TNT. Methods exist for the design of structural
elements subjected to blast loads from bombs of specitfied charge weights:
these are discussed in Chapter 5.

City streets confine the blast wave and prevent it from radiating
hemispherically and this tends to increase the pressures to which
buildings are subjected. The blast pressure waves will also be reflected
and refracted by buildings, travelling around the corners and curves of
a building. Blast waves are very intrusive: they will travel down side
streets and over the tops of buildings, and thus all sides of a building
will be subject to overpressures. As the wave moves further from the
source of the explosion, the peak overpressure drops. However, the
confining effect of buildings, called ‘funnelling’, and rising ground means
that the pressure drops more slowly than in open ground and buildings
can be at risk at what might normally be considered safe distances (see
Plate 3).

When blast waves impinge directly onto the face of a building, they
are reflected from the building. The effective pressure applied to that face
of the building is magnified when this occurs, If a bomb is very close to
a building, the building will also be impacted by shrapnel from the bomb
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Plate 3. Confiming effects af narrow city strests

packaging and by debris from the break-up of “street furniture’ such as
litter bins and so on {Flate 4). This shrapnel moves at high velocity and
will penetrate thin building fagades and unprotected glazing. This effect
will be hazardous to personnel who should, if possible, have the chance
to avail themselves of the protection offered by solid internal walls. Design
methods are available which can mitigate this effect.

All of the above factors contribute to the variation in the effects of an
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explosion experienced by a particular building. For a city centre building
in particular, the exact location of a bomb relative to the building is very
important. Therefore, it is impossible to predict with great accuracy the
effects of a bomb explosion on a particular building at the design stage.
Instead, the designer should attempt to form an opinion about the possible
threats and the likely effects of such threats.

Stand-off distance (the distance between the bomb and the building)
is a fundamental parameter when determining the blast pressures
experienced by a building. As stand-off distance increases, blast pressure
drops significantly. Therefore, putting distance between the building and
the bomb is extremely helpful in reducing blast effects on the building.
However, that is not always a controllable parameter. For example, in
a city, space is at a premium and the provision of large stand-off distances
may be impossible, Indeed the question as to whether the building needs
to occupy a high-risk site should be addressed. A further factor that should
be noted is that the client may be unable to prevent a device being placed
immediately outside the entrance to the building. However, it should be
possible to take measures to maintain stand-off that would prevent, for
example, a vehicle mounting the pavement outside a building, parking
adjacent to the building or approaching the front entrance. The installation
of bollards and other substantial items of street furniture could be
considered. It may also be worth investing in hard” landscaping —
incorporating steps or mounds adjacent to the building entrance to
contribute to stand-off. However, care should be taken if considering “soft’
landscaping to ensure that concealment places for the smaller carried
devices are not created by dense planting.

For a device placed inside a building (the stand-off distance being now
effectively zero), greater damage and more injuries would be caused than
if the same sized device were deployed outside the building. Therefore,
the installation of an access control system on both pedestrian and
vehicular entrances will minimize the opportunity for placement of the
majority of the types of device that could be introduced into a building.
This will lead to a minimization of the hazard to both people and property.

The response of a building

Loads from blasts are transient, so the ductility and natural period of
vibration of the structure govern its response to a given explosion. The
natural period can be calculated crudely using methods in the Uniform
Building Code [1]. In general, a tall building will have a low natural
frequency and thus a long response time in relation to the duration of
the load. Individual elements (e.g. columns and beams) will have natural
response times that may approach the loading duration. Ductile elements
made of steel and reinforced concrete can absorb a lot of strain energy
(i.e. they can undergo substantial bending without breaking), while

10
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Plate 4. Street debris generaled by a hlas!

clements made of brittle materials such as glass, brick, timber and cast-
irom fail abruptly with little prior deformation.

Flexible components such as high-mass, long-span beams and floors
can absorb a great deal of the energy delivered by a blast load. On the
other hand, rigid, short-span lightweight elements (e.g. conventional
glazing components) are poor energy absorbers and can fail catastrophi-
cally (Plate 3). This response is a function both of the material properties
and the way such materials are used. For example, it is possible to use
concrete to create both a flexible frame or a much more rigid bunker-like
structure. Massive structures, in general, respond better than those of
lightweight construction.
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Plate 5. Widespread damage to conventional glazing

[t is worth commenting on techniques for enhancing the resistance of
glazing elements to blast loading. Such techniques do not involve the
strengthening of the glazing lights alone: without proper dynamic design
of the frames, the resulting assembly may perform even worse than with
no treatment,

There are three main ways of providing glazing protection. These are:

(#) The application of transparent polyester anti-shatter film (ASF) to
the inner surface of the glazing with the optional provision of bomb
blast net curtains (BBMNC).

(b} The use of blast-resistant glass.

12
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(¢} The installation of blast-resistant secondary glazing inside the
{existing) exterior glazing.

Blast-resistant glazing generally consists of laminated annealed glass or
laminated toughened glass or, in double-glazed units, combinations of
toughened and laminated glass. In double-glared units laminated glazing
is generally the inner pane though, for preference, both should be
laminated material. As noted above, a suitably designed robust frame and
fixings will need to be used to install the glazing.

The primary purpose of glazing protection is to reduce the number of
sharp-edged fragments that are created when ordinary annealed or
toughened glass is subjected to blast loading. These shards, which travel
at high speed, can cause severe injuries to personnel, can damage delicate
equipment inside buildings such as the hardware for computer systems
and cause major problems should they enter the air-conditioning system,
Blast-resistant glazing has the capahility to decrease greatly (by up to 90%)
the number of loose shards produced. In addition, the amount of glass
falling from the building after an explosive event is greatly reduced
{Plate &). This enables subsequent access to the building to be very much
quicker and, since the majority of the glazing is attached either to the
ASF or to the laminated glass polymeric ‘inter-layer’, clearing up is easier
and quicker than without such glazing protection. A simplified procedure
is presented in Appendix A for use as a guide to the design of glazing
to resist blast loading.

== - = . = " A
Plate 6, Europa Holel, Belfast: lominated ylazing panels are refained in robust frames
despite large deflections. Photograph courtesy of Kirk MeClure Morton
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As well as windows, doors and service openings are vulnerable points
on a building which external blasts can penetrate. In the case of bigger
explosions, the structure as a whole becomes affected. Although framed
buildings generally perform better than panel or load-bearing
construction, it is possible that all floors could be momentarily lifted by
the blast that has entered. Blast pressures can also damage equipment
within the building and travel to its heart {e.g. to plant rooms) via air
ducts.

As well as incurring ear and lung injuries from the blast overpressure,
occupants can suffer injury from missiles such as glass and shrapnel and
from high-speed spalling of concrete cover as elements flex. Some
quantification of injury levels is presented in Chapter 4. The sudden
movement of the building structure can also displace features such as
heavy suspended ceilings and office furnishings such as filing cabinets
and desks.

The requirements of the client

The type of building being considered in this chapter is a typical
commercial multi-storey office block, assumed to be a completely new
structure without a retained facade, The client or architect has a number
of choices to make regarding the fundamental aspects of the building
design. The engineer can advise the client regarding these choices based
on the points made in this chapter, Howewver, the building will not
suddenly become blast resilient by compliance with these basic rules, and
the client should understand this.

The client has to decide to what expense he or she is prepared to go
in order to protect the building. There are features that can be included
in the design which will enhance the resilience, but these are expensive.
The level of protection provided has to be decided in terms of performance
under various conditions. For example, consideration should be given
to the theoretical stand-off distance for a particular device at which the
glazing should remain intact. Also, providing protection against a higher
blast pressure from a bigger or closer device will be more expensive. There
could be savings in the future if an incident were to occur, but the risk
of this occurring has to be balanced against the initial expense of the
resilience provisions.

The fundamental requirement is safety of the building’s occupants, The
Building Regulations [2] specify that a local collapse should not prejudice
the overall stability of a structure. This requirement was included as a
result of the collapse of the Ronan Point block in 1968 which occurred
as the result of a gas explosion. This philosophy is pertinent for a terrorist
attack where a large device placed close to the structure could sever one
or more columns. The ability of the building to survive without collapse,
except in the immediate locality of the explosion, will save the lives of

14
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occupants and assist rescue of those who are trapped. As only framed
buildings can be considered to offer the ability to survive against a terrorist
attack, it is therefore advised that all framed structures should be designed
in accordance with the robustness clauses of BS 5950 [3] or BS 8110 [4]
ds 4 minimum,

The provision of bomb shelter areas (B5As) is a second requirement
and is considered a better option than evacuation, in many circumstances.
These are areas within the building in which the occupants can seek refuge
in the event of an alert and will be discussed in more detail later in this
chapter.

The client will then have to decide the size of the device loading from
which he or she requires the building to survive and be subsequently
repairable (i.e. the building should suffer no major structural defects).
This implies that a limit would need to be placed on the magnitude of
plastic deformations. If the client requires survival of the building’s glazing
then the loading on the building would need to be kept much lower to
elicit a truly resilient performance. It is worth noting, therefore, that certain
design details can mean that outwardly similar buildings have dissimilar
performances. Some extra expense for design enhancements can save a
great deal of money in the amount of repair required.

As a consequence of this, the client must be presented with clear options
regarding the required level of protection with due regard to the potential
blast loading from various devices placed at various stand-off distances.
The client is then in a position to assess the cost implications of these
and choose the appropriate level of protection,

Architectural aspects and design features

The architect may well be wishing to design a building with notable
features such as a large glazed frontage, possibly in conjunction with a
glazed atrium. These are examples of features that would lead to very
vulnerable structures with little inherent resistance to blast loads, They
also cause high hazards from secondary fragments generated by failure
of parts of the structure. If such features are to be specified, then the
potential repair bill is likely to be large. Also, there could be implications
for building insurance: premiums have already increased for the provision
of cover against acts of terrorism and an obviously vulnerable building
is likely to attract a higher premium.

Therefore, there are several aspects of the design of the facade of a
building that should be considered when attempting to minimize the
vulnerability of the people within the building and the damage to the
building itself as described below.

{2} As a general rule, it is a good idea to minimize the amount of glazing
on the facade of the building, This limits the amount of internal

15
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damage from the glazing and the level of the blast loading that can
enter the building to cause damage to fixtures and fittings.

(k) Ensure that the cladding is securely fixed to the structure with easily
accessible fixings. This will allow rapid inspection and, if necessary,
replacement after an event.

{c) Ensure that the cladding system allows for the easy removal and
installation of individual panels. This will aveid the need to remove
all the parels after an event if only one is damaged.

(d) Avoid the use of deep reveals and deep, flat window sills which
are accessible from ground level as these provide ideal concealment
places for small devices.

(¢} Minimize the use of deep surface profiling because such features
can enhance blast effects by virtue of the complex reflections
produced and lead to a greater level of damage than would be
produced with a plane facade.

Likewise certain structural elements already present in a building can be
arranged to advantage to provide protection, e.g. a diaphragm wall
otherwise designed to produce shear resistance. The building would also
benefit if design takes into account the need for post-event inspection
of details.

Provision of shelter areas

In order to safeguard people from the effects of a blast, the first action
that must be taken is to move them as far away from the device as possible:
a natural reaction might well be to evacuate personnel swiftly out to the
street. However, this may not always be easily and safely accomplished.
Consideration then should be given to moving people to a BSA,

The shelter concept has been employed over many centuries in times
of conflict, During the Second World War shelters took many forms
ranging from the arch-shaped corrugated steel Anderson shelters that
were built in many back gardens and the steel Morrison tables for use
within the home, to the use of London Underground stations where
whaole communities sought refuge from the Blitz. Thus, the provision of
a BSA at the design stage of a new building or its creation within an
existing building will be beneficial even though such a provision will not
provide complete protection.

It is worth commenting on the BSA philosophy in the context of the
present terrorist threat. The philosophy is based on the examination of
the effects of blast from large vehicle bombs (in both Britain and MNorthern
Ireland) on various structural frames. The conclusions drawn from this
examination are:

(a) Structural frames of modern reinforced concrete and structural steel

L]
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Plate 7. Grand Opera Howse, Belfast: some load-bearing masonry walls are unstable,
while others remain relatively inkact — the structure was subsequently repaired

buildings remain relatively intact and do not suffer major collapse,
although lightweight cladding and internal partitions and ceilings
are totally destroyed.

{t) Heavy masonry fronted and internal steel-framed buildings
constructed at the turm of the century also remain relatively intact
{Plate 7).

{r) Internal rooms of the buildings described in (g} and (b} where walls
are constructed of reinforced concrete or masonry also remain
relatively intact,

On the other hand, severe personal injuries from falling glass and other
debris are likely to occur at considerable distance from the seat of a large
explosion, For a device comprising 1 tonne of home-made explosive
(HME), injuries from falling glass may occur at up to 250 m from the
explosion and, from metal fragments, at up to 300 m (Plate 8).
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Plate 8 The disintegration of buildings in Bangor, N. Ireland due to Mast loading
prduces fragments that cowld inflict sevious infuries. Photograph courtesy of Kirk
MeClure Mortan

The conclusion to be drawn from this evidence is that moving staff to
areas within a building rather than evacuating onto the streets in the event
of a bomb alert is the best policy for very large vehicle bombs as well as
other kinds of smaller externally deployed devices. For buildings of the
tvpes described above, BSAs should be located:

e remote from windows, external doors and walls

e remote from the ‘perimeter structural bay’ (i.e. that part of the floor
structure, at all levels, between the building’s perimeter and the
first line of supporting columns)

® in areas surrounded by full-height masonty or concrete walls (e.g.
internal corridors, toilet areas or conference rooms).

BSAs should not be located in stairwells or in areas with access to lift-
shafts as these generally open out at ground floor level directly to the
street. However, in certain buildings where the stair and lift cores are
totally enclosed, a very good BSA may be established.

It is important to have adequate communications established within
designated BSAs to inform staff of any subsequent action which may need
to be taken — e.g. to remain within the BSA, to move to another BSA
{if the location of a device presents a particular threat), to evacuate the
building or to give the ‘all clear’. The system of communication may be

8
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a public address system (which may require stand-by power should an
explosion cut the main electricity supply), hand-held radio transmitter!
receivers or other stand-alone audio-communication links. Further
information on such contingency planning may be found in Chapter 6.

Location of key equipment and services

The most essential assets for the client (e.g. central computing facilities)
should be safeguarded and the option for back-up facilities should be
considered, Operational resilience could involve having duplicate critical
systems either located in another building situated at least 1 kilometre
away or, if it is large encugh, located at the opposite end of the building
under threat,

If, howewver, a critical asset cannot be duplicated then blast effects should
be minimized by locating it in internal and relatively safe rooms that
should, ideally, offer the same level of protection provided by a BSA in
the building,.

Building form

The essential requirement is for a ductile structure to resist the worst
effects of blast loading. This requirement forces the designer to consider
construction of reinforced concrete or steel-framed buildings (Plate 9). A
framed building, tied together adequately, will have many different load

late 9. Comparative blast damage to steel framed flats and a church with load-
beariny wwalls, Photeyraph conrtesy of Francrs Walley
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paths by which to transfer loads to the ground. If this aspect is coupled
with ductile behaviour, the structure will fulfil its primary safety
requirement. As noted above, internal partitions can be a serious hazard
to safety. They are generally lightweight and can be easily demolished
under relatively low levels of blast loading and would cause a secondary
flying debris hazard. Careful detailing to either remove or provide
sufficient strength for partitions will remove the hazard, Floors should
be tied to the frame, and have the potential to withstand stress reversals.
Blast loads can often impart uplift pressures that are sufficient to overcome
gravity loads on a floor. Unless the floor is tied down, it will dislodge.
Floors can act as diaphragms which transfer lateral loads between frames,
and the loss of these floors could initiate a progressive collapse. Suitable
measures to counter these effects are the provision of continuous spans
and, particularly in lower floors, the intraduction of reinforcement in both
faces of the slab (e.g. mesh mats should be cast in the top of the slab).

Design of individual structural elements

Just as with structures designed for static loading, the engineer should
use limit state design techniques: ultimate limit state (ULS) (collapse) and
serviceability limit state (SLS) (functionality after event) approaches.

The collapse state requires sufficient ductility to dissipate the blast
energy without causing collapse. Beams should have symmetrical primary
reinforcemnent and sufficient shear links to provide restraint and prevent
premature shear failure, Deflections are usually allowed to exceed the
elastic limit by up to a certain factor, known as the ductility ratio.
However, it is not envisaged that a dynamic design calculation need
always be undertaken by structural engineers designing an office building.
In some cases, by designing in accordance with BS 5950 [3] or BS 8110
(4, 5], a satisfactory design may be achieved as long as moment-resisting
structures with continuous spans are detailed. It should be noted,
however, that these standards have not been prepared to deal specifically
with terrorist explosions. For example, the minimum horizontal load to
be applied to the exterior of a building is not applicable and the pressure
of 34 kN/m? specified for the design of key elements has been based on
internal domestic gas explosions.

In other cases it will be necessary to design elements specifically to resist
the blast loading. The design of structural elements to resist blast loading
at the ULS is covered in some depth in Chapter 5. Bearing in mind that
the cost of the structural frame in a building may represent only 25-30%
of total building costs, there is evidence [6] to show that the required
increases in element size may result in an increase in cost of no more than
2-3% overall.

The performance of the connections is vital to the behaviour at ULS
(Plate 10). In steel-framed construction, particularly, the joints must be
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Plate 0. Failure of beam-column joint in reinforced concrete frame due to poor
detailing

detailed to carry moments around the frame. The joints should be capable
of resisting stress reversals, as should the structure as a whole. A column-
beam joint may not transfer moment into the column in static design
because the moment at each beam end equalizes. However, in a blast
situation which could impase large sway deflections on the structure and
generate substantial moments, these moments have to be transferred lo
the columns from the beams.

At ULS, the frame will survive, but may be so badly deformed as to
be suitable only for demolition. Therefore, limitations are often placed
upon the magnitude of material stresses and member deflections to
provide some level of post-event functionality. A further SLS requirement
is the maintenance of windows, cladding and internal fixings. These
should have a measure of blast resilience; flexible or ductile partitions
tied to the structural frame are therefore required. Windows are to be
laminated, or have ASF applied (as described above), if a reasonable level
of resistance is to be provided in a moderate risk area.

1
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Plate 11, Concrete framed structure with concrete cladding panels, whose fixings
have failed either partially or completely

Serviceability design could entail the design of details that enable
straightforward repair of the damaged fenestration. Cladding may be
allowed to yield, so long as fixings do not fail (Plate 11). The building
should remain weathertight, and repair could be effected without major
interruption of the operation of the office.

Building layout

The layout of the building can enhance the performance of the structure
when subjected to blast loading and enable the provision of BSAs. Such
performance enhancements can be achieved by adherence to some or all

of the following guidelines:

(2) A building should be three bays wide at least, to allow personnel

11
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to move away from windows and into the relative satety of a central
corridor or core area.

{1 Buildings should have structural core areas, preferably formed in
reinforced concrete, for use as BSAs.

{c} Re-entrant corners should be aveoided since they increase blast
pressures locally because of the complex reflections created, (See
also comments on building fagades above.)

{d) Reductions in blast loads can be achieved by, for example, setting
back upper floors ko increase the stand off. This can only be effective
for relatively low buildings with a large floor area.
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3 Blast loading

Notation
iy speed of sound in air at ambient conditions
A area af larget loaded by blast
A, total inside surface area of structure
b wavefront parameter
B target dimensions
C, reflection coefficient
Cn  drag coefficient
d charge diameter
Fn drag force
H target dimensions
M pas pressure impulse
i, specitic side-on impulse
i specific reflected impulse
i negative phase specific impulse
2 pressure
f atmospheric pressure

Pos  peak quasi-static gas pressure
; peak reflected overpressure

P peak side-on overpressure

Prtag stagnation pressure

Aprn peak underpressure

4. peak dvnamic pressure

Q mass specific energy of condensed high explosive
K range from charge centre

5 target dimensions

i time

t pressure reduction time

t, arrival time of blast wave front

trmn  Dlowdown time for internal explosion

t, reverberation time

T positive phase duration

T, positive phase duration of reflected wave
(. particle velocity behind blast wave front
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L blast wave front speed

it hMach number of wavefront particle velocity
U Mach number of wavetront

W volume

W mass of spherical TNT charge

£ scaled distance
rato of vent area to wall area

T angle of incidence

¥ specific heat ratio

A scale factor
Introduction

This chapter deals with the formation and quantification of blast waves
produced by condensed high explosives, In particular it presents
information allowing the reader to evaluate peak overpressures and the
associated impulses for a range of explosives expressed in terms of a scaled
distance based on range and the mass of TNT equivalent to the actual
explosive being considered for both spherical and hemispherical charges.
The pressure produced by the processes of reflection are evaluated and
the forces that result on structures are described both for explosives
external to a building and for explosions inside a structure. In the latter
case, the effect of the so-called gas pressure loading produced by the
products of detonation is quantified.

Explosions

Explosions can be categorized as physical, nuclear or chemical events.
Examples of physical explosions include the catastrophic failure of a
cylinder of compressed gas, the eruption of a velcano or the violent mixing
of two liquids at different temperatures. In a nuclear explosion the energy
released arises from the formation of different atomic nuclei by the
redistribution of the protons and neutrons within the interacting nuclei.

A chemical explosion involves the rapid oxidation of fuel elements
{(carbon and hydrogen atoms) forming part of the explosive compound.
The oxvgen needed for this reaction is also contained within the
compound so that air is not necessary for the reaction to occur. To be
useful, a chemical explosive must only explode when required to and
should be inert and stable. The rate of reaction (much greater than the
burning of a fuel in atmospheric air) will determine the usefulness of the
explosive material for practical applications. Most explosives in common
use are ‘condensed’: they are either solids or liquids. When the explosive
is caused to react it will decompose violently with the evolution of heat
and the production of gas. The rapid expansion of this gas results in the
generation of shock pressures in any solid material with which the
explosive is in contact or blast waves if the expansion occurs in a medium
such as air.
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Although far less commonly deployed by terrorists, mention should
be made of ‘fuel-air’ or ‘vapour cloud’ explosions which can produce
damage to structures commensurate with that produced by condensed
high explosives. In such events the chemical reaction is generally
deflagrative (see below) producing pressures that may not be as high at
a given range from the explosion centre as for an equivalent quantity of
condensed explosive but which remain at a significant level for a longer
period.

Explosion processes terminology

Combustion is the term used to describe any oxidation reactions,
including those Tequiring the presence of oxygen from outside as well
as those that use oxygen which is an integral part of the reacting
compound.

In the case of explosive materials which decompose at a rate much below
the speed of sound in the material, the combustion process is known as
deflagration. Deflagration is propagated by the liberated heat of reaction:
the flow direction of the reaction products is in opposition to the direction
of decompaosition.

Detonation is the explosive reaction which produces a high intensity
shork wave. Most explosives can be detonated if given sufficient stimulus.
The reaction is accompanied by large pressure and temperature gradients
at the shock wave front and the reaction is initiated instantaneously. The
reaction rate, described by the detonation velocity, lies between about
1500 and 9000 m/s which is appreciably faster than propagation by the
thermal processes active in deflagration. It is worth noting that, if a
condensed high explosive is detonated in contact with a structure, the
impact of the detonation wave produces a shattering effect on the material
of the structure known as “brisance’

Explosives classification

High explosives detonate to create shock waves, burst or shatter
materials in or on which they are located, penetrate materials, produce
lift and heave of materials and, when detonated in air or under water,
produce air-blast or underwater pressure pulses. Low explosives
deflagrate to produce pressure pulses generally of smaller amplitude and
longer duration than high explosives. Examples include propellants far
launching projectiles and explosive mixtures such as gunpowder,

Classification of these materials is generally on the basis of their
sensitivity to initiation. A primary explosive is one that can be easily
detonated by simple ignition from a spark, flame or impact. Materials such
as mercury fulminate, and lead azide are primary explosives, They are
the type of materials that can be found in the percussion cap of firearm
ammunition. Secondary explosives can be detonated, although less easily

6
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than primary explosives. Examples include TNT and RDX (alse known
as cyclonite) among many others. In firearm ammunition, a secondary
explosive would be used tfor the main explosive charge of the shell or
cartridge.

In order to achieve the required properties of safety, reliability and
performance (also paying due regard to economic considerations), it is
commeon practice in both military and commercial explosives manufacture
tir blend explosive compounds., For commercial use, explosives are
generally made from cheaper ingredients: TNT or nitroglycerine might
be mixed with low-cost nitrates, for instance. Such material has a generally
short shelf-life, Military explosives are composed of more expensive
ingredients {such as binary mixtures of stable compounds like TNT and
EDX or HMX with TNT} and generally have a long shelf-life.

Terrarist organizations typically only have limited quantities of military-
style high explosives such as Semtex and as a consequence often
manufacture their own explosive materials, from farm fertilizer, for
instance. In the quantities necessary to attack substantial structures, this
material behaves as a detonating high explosive material.

Blast waves in air from condensed high explosives

When a condensed high explosive is initiated the following sequence
of events occurs. Firstly, the explosion reaction generates hot gas which
can be at a pressure from 100 up to 300 kilobar and at a temperature of
about 3000—4000°C. A violent expansion of this gas then occurs and the
surrounding air is forced out of the volume it occupies. As a consequence
a laver of compressed air — the blast wave — forms in front of this gas
containing muost of the energy released by the explosion. As the gas
expands its pressure falls to atmospheric pressure as the blast wave moves
outwards from the source. The pressure of the compressed air at the blast
wavefront also falls with increasing distance. Eventually, as the gas
continues to expand it cools and its pressure falls a little below atmospheric
pressure, This ‘overexpansion’ is associated with the momentum of the
gas molecules, The result of overexpansion is a reversal of flow towards
the source driven by the small pressure differential between atmospheric
conditions and the pressure of the gas. The effect on the blast wave shape
is to induce a region of "underpressure’ (i.e. pressure is below atmospheric
pressure) which is the ‘negative phase’ of the blast wave. Eventually the
situation returns to equilibrium as the motions of the air and gas pushed
away from the source cease,

Blast wavefront parameters

Of particular importance are the blast wavefront parameters. Analytical
solutions for these quantities were first given by Rankine and Hugoniot
in 1870 [1] to describe normal shocks in ideal gases and are available in

7
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2 number of references such as Liepmann and Roshko |2]. The equations
for blast wavefront velocity, U,, and the maximum dynamic pressure,
0., are given below

|'_ﬁp5 + ?pn
| ——— " )

5
A 7to

(3.1)

5ps
s 2(p. + 7po) (3.2)
where p, is peak static overpressure at the wavefront, py is ambient air
pressure and a; is the speed of sound in air at ambient pressure.

The analysis due to Brode [3] leads to the following results for peak
static overpressure in the near field (when p. is greater that 10 bar) and
in the medium to far field (p, between 0-1 and 10 bar)

67

o= 53 + 1bar  (p, = 10 bar) (3.3}

0-975 1:455 3.85
- e — +

Pemir 7 = i 0-019 bar (0-1 < p. < 10 bar).

Here Z is scaled distance given by
Z = RiW? (3.4)

where R is the distance from the centre of a spherical charge in metres
and W is the charge mass expressed in kilograms of TNT.

The use of TNT as the ‘reference’ explosive in forming Z is universal.
The first stage in quantifying blast waves from sources other than TNT
is to convert the actual mass of the charge into a TNT equivalent mass,
The simplest way of achieving this is to multiply the mass of explosive
by a conversion factor based on its specific energy and that of TNT.
Conversion factors for a number of explosives are shown in Table 3.1
adapted from Baker ef al. [4]. From the table it can be seen that a 100 kg
charge of RDX converts to 118-5 kg of TNT since the ratio of the specific
energies is 5360/4520 (=1-185).

An alternative approach described in [5] makes use of two conversion
factors. The choice of which to use depends on whether the peak over-
pressure or the impulse delivered is to be matched for the actual explosive
and the TNT equivalent. Thus, for Compound B the equivalent pressure
factor is 1-11 while that for impulse is 0-98.

The TNT equivalence of terrorist-manufactured explosive material
(known as home-made explosive or HME) is difficult to define precisely
because of the variability of its formulation and the quality of the control
used in its manufacture. TNT-equivalent factors ranging from as low as
0-4 (for poor quality HME) up to almost unity have been suggested.

8
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Tatle 3.1. Conversion factors for explosives

Explosive Mass specific TWT

energy equivalent

Q. (k) kg) (Q, Q)
Compound B (60% EDX 40% TNT) 5190 1-148
EDX {Cyvclonite) 5360 1-185
HMX [ 5680 1-256
Mitroglveerin (liquid) 670 1-481
TRT 4520 1-000

Blasting Gelatin {91% nitroglycerin, 7 9%

nitrocellulose, 0-9% antacid, 01-2% water) 4520 1-000
60% Nitroglvcerin dynamite 2710 [ 01- 600
Semtex ; 5660 1-250

Similarly for fuel-air or vapour doud explosions, TNT equivalence is hard
to specify accurately though a factor of between (-4 and 0-6 is sometimes
used.

Other important blast wave parameters

Other significant blast wave parameters include T, the duration of the
positive phase (the time when the pressure is in excess of ambient
pressure) and i, the specific impulse of the wave which is the area
beneath the pressure-time curve from arrival at time ¢, to the end of the
positive phase as given by

b= | e ae (3.5)

A typical pressure-lime profile for a blast wave in free air is shown in
Fig. 3.1, where Apy,, is the greatest value of underpressure {pressure
below ambient) in the negative phase of the blast. This is the rarefaction
or underpressure component of the blast wave, Brode's solution for
A (bar) is

0-35

Aps = — ? (£ = 1-6) {3.6)
and the associated specific impulse in this phase i~ is given by
e o 1
R I R 3.7
{ 22} ey

A convenient wayv of representing significant blast wave parameters is
to plot them against scaled distance as shown on Fig. 3.2 which is adapted

9
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[

Fig. 3.1. Typical pressure—time profile for blast wave in free air (10

from graphs presented in a number of references such as Baker el al. [4]
and the design code TM5-1300 [6].

The directory of significant blast-wave parameters should also include
dynamic pressure, Js blast-wave front speed L, expressed as U (=L a),
particle velocity just behind the wavefront, 1, expressed as o {=u,/ay)
and the waveform parameter b in the equation describing the pressure-
time history of the blast wave [(eqn (3.109]. Figure 3.3 shows these
parameters plotted against scaled distance £.

Blast wave scaling laws

The most widely used approach to blast-wave scaling is that formulated
independently by Hopkinson [7] and Cranz |8]. Hopkinson-Cranz scaling
is commonly described as cube-root scaling. Thus, if the two charge
masses are W, and W, of diameter d, and d,, respectively then, for the
same explosive material, since W, is proportional to di and W, is
proportional to d 3, it follows that

iy _ (i‘ﬁ)”’
4, AW

(3.8)

Therefore, if the two charge diameters are in the ratio dq/d2 = A, then
if the same overpressure p is to be produced from the two charges the
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Fig. 3.2, Sude-on blast wave parameters for sphevical charges of TNT In free air [4]

ratio of the ranges at which the particular overpressure is developed will
also be A, as will the positive phase duration ratio and the impulse ratio,
Ranges at which a given overpressure is produced can thus be calculated
using the results of egn (3.8). For example

R wy 7 :
12_1 = ( wl, ) @3)

where R4 is the range at which a given overpressure is produced by
charge W, and R; is the range at which the same overpressure is
generated by charge W,

The Hopkinson-Cranz approach leads readily to the specification of the
scaled distance 2 (=KW introduced above: it is clear that 2 is the
constant of proportionality in relationships such as those of eqn (3.8). The
use of Z in Figs 3.2, 3.3 and 3.5 allows a compact and efficient presentation
of blast wave data for a wide range of situations.
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Fig. 3.3. Addiftonal bast wave parameters for sphercal charges of TNT in free air [4]

Hemispherical surface bursts

The foregoing sections refer to free-air bursts remote from any reflecting
surface and are uwsually categorized as spherical airbursts. When
attempting to quantify overpressures generated by the detonation of high
explosive sources in contact with the ground, moedifications must be made
to charge weight before using the graphs presented earlier,

Good correlation for hemispherical surface bursts of condensed high
explosives with free air burst data results if an enhancement factor of 1-8
is assumed. In other words, surface bursts produce blast waves that
appear to come from free air bursts of 1-8 times the actual source energy.
It should be noted that, if the ground were a perfect reflector and no
energy was dissipated (in producing a crater and groundshock) the
reflection factor would be 2 (Plate 12),
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Plate 12, Bishopsyate crater generated by velucle bomb

Blast wave pressure profiles

The pressure-time history of a blast wave is often described by
exponential functions such as the Friedlander equation [in which bis called
the waveform parameter (see above)].

b B :
plf) = p.|1 = = f:xp:,‘.— E'I {3.10

For many purposes, however, approximations are quite satisfactory. Thus,
linear decay is often used in design where a conservative approach would
be to represent the pressure-time history by line [ in Fig. 3.4. Alternatively
it might be desirable to preserve the same impulse in the idealized wave
shape compared with the real profile as illustrated by line Il in Fig. 3.4
where the areas beneath the actual decay and the approximation are equal.

Blast wave interactions

When blast waves encounter a solid surface or an object made of a
medium more dense than air, they will reflect from it and, depending
on its geometry and size, diffract around it. The simplest case is that of
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Fig. 3.4. ldenlization of pressure—time profile [101

an infinitely large rigid wall on which the blast wave impinges at zero
angle of incidence. In this case the incident blast wave front, travelling
at velocity U, undergoes reflection when the forward moving air
molecules in the blast wave are brought to rest and further compressed
inducing a reflected overpressure on the wall which is of higher magnitude
than the incident overpressure.

Rankine and Hugoniot derived the equation for reflected overpressure
p, (assuming that air behaves as a real gas with specific heat ratio Cp/C,
= ) in terms of incident peak overpressure and dynamic pressure [given
by egn {3.2)] as

pe = 2p. + v + 1)gs {3.11)
Substitution of 4, into this equation gives

TPt OE
L o v P

when, for air, « is set equal to 1-4. If a reflection coefficient C, is defined
as the ratio of p, to p. then inspection of this equation indicates an upper
and lower limit for C,. When the incident overpressure p. is a lot less
than ambient pressure (¢.g. at long range from a small charge) the lower
limit of C, is 2. When p, is much greater than ambient pressure (e.g. at
short range from a large charge) we have an upper limit for C, of 8.
However, because of gas dissociation etfects at very close range, measure-
ments of C, of up to 20 have been made. Figure 3.5 shows reflected
overpressure and impulse i, for normally reflected blast wave parameters
plotted against scaled distance Z:

(3.12)

pe = 2ps
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Fig. 3.5. Normally reflected blast wave parameters for spherion charges of TNT [4]

Regular and Mach reflection

In the discussion above, the angle of incidence o of the blast wave on
the surface of the target structure was zero. When o is 907 there is no
reflection and the target surface is loaded by the peak static overpressure
which is sometimes referred to as ‘side-on’ pressure. Regular reflection
occurs for angles of incidence from 0° up to approximately 40° in air after
which Mach reflection takes place. Figure 3.6 shows the concepts of side-
on pressure, regular reflection at both 0 angle of incidence (often called
‘face-on’ loading) and at a; between 0° and 40° together with Mach
reflection (when o exceeds 40°). Figure 3.7 shows reflection coefficient
C, plotted against o for a range of incident overpressures, Note that the
Rankine—Hugoniot prediction of a maximum reflection coefficient of 8
is clearly exceeded at higher values of p,.
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Fig. 3.6. Side-on and face-on pressure loading, regular and Mach reflection

As noted above, the Mach reflection process occurs when o exceeds
about 40° in air. Mach reflection is a complex process and is sometimes
described as a *spurt’-type effect where the incident wave “skims’ off the
reflecting surface rather than ‘bouncing’ as is the case at lower values
of . The result of this process is that the reflected wave catches up with
and fuses with the incident wave at some point above the reflecting surface
to produce a third wave front called the Mach stem. The point of
coalescence of the three waves is called the triple point. In the region
behind the Mach stem and reflected waves is a slipstream region where,
although pressure is the same, different densities and particle velocities
exist. The formation of a Mach stem is important when a conventional
device detonates at some height above the ground and also occurs when
a device is detonated inside a structure where the angles of incidence of
the blast waves on the internal surfaces can vary over a wide range.

kL]



BLAST LOADIMNG

Murnizers nexl 1o curves
indicate the peak positive
incident pressuse p. {bar)

0 1 1 1 i 1 1 1 1 1

0 10 20 a0 40 ad G4 o 18] a0
G

Fig. 3.7, Lffect of angle of incidence on reflection coefficient (8]

Blast wave external loading on structures

The foregoing discussion is centred on reflecting surfaces that are
essentially infinite and do not allow diffraction to occur. In the case of
finite target structures three classes of blast wave-structure interaction
can be identified.
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The first of these is associated with a large-scale blast wave: here the
target structure is engulfed and crushed by the blast wave, There will
also be a translational force tending to move the whole structure laterally
{a drag force) but because of the size and nature of the structure it is
unlikely actually to be moved: this is diffraction loading,

The second category is where a large scale blast wave interacts with
a small structure such as a vehicle, Here the target will again be engulted
and crushed. There will be a more or less equal ‘squashing’ overpressure
acting on all parts of the target and any resultant translatory force will
only last for a short time, However, more significantly, a translational
force due to dynamic or drag loading will act for sufficiently long to move
the target and it is likely that a substantial part of the resulting damage
will be as a consequence of this motion,

Finally, consider the case of a blast wave produced by the detonation
of a relatively small charge loading a substantial structure. Here, the
response of individual elements of the structure needs to be analysed
separately since the components are likely to be loaded sequentially.

For the first and second situations above, consider the load profile for
each structure with reference to Fig. 3.8, Each experiences two
simultaneous components of load. The diffraction of the blast around the
structure will engulf the target and cause a normal squashing force on
every exposed surface. The structure experiences a push to the right as
the left-hand side of the structure is loaded followed closely by a slightly
lower intensity push to the right as diffraction is completed. The drag
loading component causes a push on the left side of the structure followed
by a suction force on the right-hand side as the blast wave dynamic
pressure (the blast wind) passes over and around the structure.

With reference to Fig. 3.8 which shows the ‘squashing’ and dynamic
pressure variation at significant times on the structure, the following
points should be noted.

In Fig. 3.8(a) the peak pressure experienced by the front face of the target
at time ¢, will be the peak reflected overpressure p,. This pressure will
then decay in the time interval (!’ —t.) because the pressure of the blast
wave passing over the top of the structure and round the sides is less
than p, (the peak top and side overpressure will be p.). Thus, decay in
front face overpressure continues until the pressure is equal to the
stagnation pressure po,.(t) which is the sum of the time-varving, static
and dynamic pressures. The time ' is given approximately by

t =3 x 5/, (3.13)

where § is the smaller of B/2 or H where B is structure breadth, H is height
and U, is the blast front velocity. In Fig. 3.8(b) the deviation from the
linear decay of pressure on top and sides after time f; is due to the
complex vortices formed at the intersection of the top and the sides with
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the front. In Fig. 3.8(c) the load profile on the rear face is of finite rise
time because of the time required by the blast wave to travel down the
rear of the target to complete the diffraction process. Figures 3.8(d) and
(e} show the forces exerted on the front and rear faces of the target by
the ‘blast wind’ forces. The resulting drag force Fp is given by

FL'l = CD x q.‘{f} ®x A [_314}

where A is the area loaded by the pressure and Cp, is the drag, coefficient
of the target which depends on target geometry.

Combining the loading from both diffraction and drag components gives
the overall translatory force-time profile as shown in Fig. 3.9,

If the target is relatively small (having only short sides) the interval
(t,—t:) is small and area 1 in Fig. 3.9 is small, while area II is
proportionately bigger. This loading is characteristic of a drag target.

Internal blast loading of structures

When an explosion occurs within a structure it is possible to describe
the structure as either unvented or vented. An unvented structure would
need to be stronger to resist a particular explosion than a vented structure
where some form of pressure relief would be activated (e.g. by breaking
of windows, etc.).

The detonation of a condensed high explosive inside a structure
produces two loading phases. Firstly, reflected blast overpressure is
generated and, because of the confinerment provided by the structure,
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ri-reflection will occur, This process will produce a train of blast waves
of decaving amplitude. While this is happening the second loading phase

develops as the gaseous products of detonation independently cause a
build-up of pressure: this is called gas pressure loading. The load profile
for the structure is likely to be complex.

The provision of venting in buildings may be beneficial for the protection
of the structure against the build-up of potentially damaging gas
pressures. However, for the protection of personnel, venting offers little
advantage because injuries will be associated with the initial blast wave.

[t is fairly straightforward to estimate the magnitude of the initial
reflected blast wave parameters (p; i) by using the scaled distance
curves shown in Fig. 3.5. Quantification of the re-reflected waves is
genetally more difficult particularly in the situations where Mach stem
waves are produced. However, it is possible to undertake an approximate
analysis of internal pressure-time histories by making some simplifying
assumptions by approximating the pressure pulses of both incident and
reflected waves as being triangular in shape with pressure-time history
given by

: f g
P = pel 1~ ':_') (3.13)
where T, is the equivalent positive phase duration of the reflected wave.
The area under the pressure—time curve for the actual pulse is the specific
impulse 7, and this is set equal to the arca beneath the equivalent
triangular pulse. Thus, if the actual reflected specific impulse is {; then

i = 3Tepe (3.16)
and
T, = %18, (3.17)

To quantify subsequent reflections the approach suggested by Baker of
al. [4] is to assume that the peak pressure is halved on each re-reflection.
Hence the impulse is also halved if duration of each pulse is considered
to remain constant. After three reflections, the pressure of any reflected
wave is assumed to be zero. With reference to Fig. 3.10, the situation can
be described thus

Fis. = ’l'lﬂh’ Pr, = %pl': = }pfr’ Py =0

. .
= ghy Iy

o R (3.18)

rTu 4

where it is assumed that positive phase durations remain unchanged for
each reflection.

In Fig. 3.10 the reverberation time — the time delay between each blast
wave arriving at the structure internal surface — is assumed constant at
t, (= 2t, where f, is arrival time of the first blast wave at the reflecting
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Fig. 3.10. Simplified internal Blest wave reflections [4]

surface). This assumption is not strictly true because successive shocks
will be weaker and so will travel slower than the first.

A further simplification suggested in [4] can be made particularly if the
response time of the structure is much longer than the total load duration
(5t, + T.) (see Chapter 4) when all three pulses may be combined into
a single pulse having ‘total” peak pressure p delivering a total specific
impulse i . Thus

T = ,Il-i'r] + pT: F F|3 = 1:75 |[Jr|
bpvcds a6, ke = 1T, (3.19)

These approximations can be justified in that, when assessing the
response of a structure, the use of the approximate input will lead to an
overestimate of response leading to a conservative design.

While the reverberating blast waves are decaying the gas pressure load
is developing. Its magnitude at a particular time will depend on the
volume of the structure, the area of any vents in the structure and the
characteristics of the particular explosive. A typical pressure-time history
for a structure with some form of venting is shown in Fig. 3.11.

The figure shows a series of reverberating blast waves [approximately
three in number, confirming the validity of the approach of eqn (3.18}]
and a developing gas pressure load which peaks at point B and then
decays. Reference [4] presents an approach allowing quantification of the
important features of the history by use of a simplified form of the gas
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pressure component of the record. An approximate equation describing
the pressure-time history of the gas pressure decay is

Pl = {pos + pu) &3 {3.20)
where pgs is peak quasi-static pressure, pp is ambient pressure and

r= —“*"tj”i (3.21)
where @, 15 the ratio of vent area to wall area, A, is the total inside
surface area of the structure, V is the structure volume and a, is the
speed of sound at ambient conditions. This equation is valid for the part
uf the history showing decaying pressure. The rise of gas pressure is
assumed to be linear and peaks at a time corresponding to the end of
the reverberation phase (3¢, + T.). The gas pressure history is shown by
the dashed line in the figure. The area under the curve (ignoring the initial
lincar rise) is termed the gas impulse /, which can be written

[ e

!.!-1 = |U (p“} Ta pl'.l} df = i]‘_—] [1 = e_m""hj = pl,}'[nﬂn {322]|

in which p; = pos + p and
C =213 A’V (3.23)

From experimental data from several sources (for example [9]) the curves
of Fig. 3.12 adapted from |4] and [5] have been shown to give reasonable
predictions of peak quasi-static pressure, ‘blowdown’ time (t,,,,,) and gas
pressure impulse.
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Fig. 301, Typical pressure—time profile for internal Bast loading of a parlially-
verted structure [5]
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Conclusions

This chapter has provided a summary of the methods of blast load
quantification from both external and internal explosions (more details
about which can be obtained from reference |10]) and allows the designer
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to obtain the pressure and impulse values necessary to allow the design
process described in Chapter 5 to be used to produce a structure capable
of resisting these loads. It should be noted that the level of damage
suffered by a structure cannot be determined solely from knowledge of
the pressure and impulse values from a particular explosion. It is also
important to know the characteristics of the blast-loaded building, in
particular the dynamic properties of the materials of construction and the
form of the structure. Interdependence of loading and building
characteristics is discussed in Chapter 4.
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4 Structural response to blast
loading

Notation
d depth of heam
E Young's modulus of elasticity

F peak blast load of idealized triangular pulse
Firy  blast load from idealized triangular pulse
i, specific reflected impulse

A specific side-on impulse
i, scaled impulse

I impulse

K stitfness

K empirical constant

K, equivalent stitfness

K, load factor

K mass factor

Ko load-mass tactor

K, stiffness factor

KE  kinelic energy

[ length of beam

m mass of human subject
M structure mass

M,  equivalent mass

P atmaspheric pressure
s peak reflected pressure
b peak side-on overpressure
. scaled pressure

r blast load
P, equivalent blast load

R range, structure resistance, static load to cause same deflection as
blast load

Ry radius for category B damage

t timne

ty duration of idealized triangular blast load

2= time to reach maximum dynamic displacement

T natural period of vibration of structure
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scaled blast wave duration

U slrain energy
¥ dynamic reaction
13 charge mass

WD work done by blast load
W, maximum displacement

X displacement

Yo Mmaximum dynamic displacement

i static displacement

% centroid of deflected shape

z sraled distance

o density

g, yield stress

w0 natural circular frequency of vibration
Introduction

In assessing the behaviour of a blast-loaded structure it is often the case
that the calculation of final states is the principal requirement for a
designer rather than a detailed knowledge of its displacement—time
history. To establish the principles of this analysis, the response of a single
degree of freedom (SDOF) elastic structure is considered and the link
between the duration of the blast load and the natural period of vibration
of the structure established. This leads to the concept of ‘impulsive’ and
‘quasi-static’ response regimes and the representation of such response
on pressure—impulse diagrams. Pressure—impulse diagrams both for
building structures and other targets such as personnel are described.
The principles of analysis for an SDOF system are extended to specific
structural elements which can then be converted back to equivalent
lumped mass structures by means of load and mass factors. Total
structural resistance can thus be represented by the sum of an inertial
term (based on the mass of the structure) and the so-called ‘resistance
function’ (based on the structure’s geometrical and material properties)
which act in opposition to the applied blast load.

Elastic SDOF structure

Consider a structure which has been idealized as a S5DOF elastic
structure and which is to be subjected to a blast load idealized as a
triangular pulse delivering a peak force F. The positive phase duration
of the blast load is ;. The situation is illustrated in Fig. 4.1.

The load pulse is described by the equation
y £ ;
Fify = F (1 , ) 4.1}

.x 4
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This blast load will deliver an impulse [ to the target structure given by
the equation
I = 1Ft4 (4.2)

here [ is the area beneath the load function for 0 < { < ;. The equation
of motion for this structure is

2 t '-\

Mi+ Ke=F(1-—] (4.3)
bY Ed ¢

[f we confine the problem to response for times less than the positive
phase duration, the solution can be written as

RO ) b (M o (4.4)
K Kf,_t oW !
where w [ =+(K/M)] is the natural frequency of vibration of the structure.
By limiting analysis to the worst case of response the maximum dynamic
structure displacement, 1y, is required which will occur when the
velocity of the structure is zero. Differentiating eqn (4.4) and setting dx/d!
to zero gives

. 1 1
0 = wsin (wh,) + — coswiy) — — (4.5)

fu ty
In this equation f, is the time at which the displacement reaches x;..
Equation (4.5) may be solved to obtain a relationship of the general form

oty = fluty) (4.6)

From this it is clear that a similar form of equation can be obtained for
maximum dynamic displacement

Xmax v fu.t
L1, S ", i 5 3.
Tk =¥ (wia) = ¥ { T_) (4.7)
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where  and ' are functions of wty and {4/T, respectively and T is the
natural period of response of the structure, Solutions of this form indicate
that there is a strong relationship between T and t;. To proceed further,
consider the relative magnitudes of these quantities,

Positive phase duration and natural period
Positive phase long compared with natural period

First consider the situation where t; is much longer than T. In the limit
the load may be considered as remaining constant whilst the structure
attains its maximum deflection. For example, this could be the case for
a structure loaded by a blast from a domestic gas explosion. In this case
the maximum displacement x,,, is solely a function of the peak blast
load F and the stiffness K. The situation can be represented graphically,
and Fig. 4.2 shows the variation of both blast load and the development
of structure resistance, R{t), with time. The structure is seen to have
reached its maximum displacement before the blast load has undergone
any significant decay. Such loading is referred to as quasi-static or pressure
loading,.

Positive phase short compared with natural period

Now consider the situation in which t; is much shorter than T In this
rase the load has finished acting before the structure has had time to
respond significantly — most deformation occurs at times greater than
t4. Thus, we can say that displacement is a function of impulse, stiffness
and mass which can be represented graphically (Fig. 4.3).

Inspection of these graphs indicates that the blast load pulse has fallen
to zero before any significant displacement occurs. In the limit, the blast

Fit)
Al

Fitl

im f

Fig. 4.2, Quasi-slalic laadeg 117
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load will be over befure the structure has moved: this situation is described
as impulsive loading.

Positive phase duration and natural period similar

In this case, with 5 and T approximately the same, the assessment of
response is more complex, possibly requiring complete solution of the
cquation of motion of the structure.

These three regimes can be summarized in terms of the product wiy
{which is proportional to the ratio of T to #;) as indicated below

| ts (short) .
0-4 = wiy o ;{T@ Impulsive
A = wt lc: td[]ﬂ‘ Chasi-static
e T (short)
t
0-4 < why < 40 {T‘i = lJ Dynamic. (4.8)

Evaluation of the limits of response

In the case of quasi-static loading the load pulse can be idealized as
shown in Fig. 4.4{a) while the elastic structure resistance can be
represented by the graph of Fig. 4.4(b).

The basic principle of the analysis is to equate the work done on the
structure and the strain energy acquired by the structure as it deforms.
The work done by the load as it causes a displacement x,,,,, is WD given
by

WD = Fro., (4.9)

R

Fir)

Fi

r

Fig. 4.3, Impulsive Ieading (11]
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The strain energy acquired by the structure, U, is the area beneath the
resistance displacement graph given by

U = 3Kxnal (4.10)
Equating WI? and U] {after some rearrangement} results in
Lrnax Fmax
— = —— =7 (4.11)
(F/E) X

where x,, is the static displacement that would result if the force F were
applied statically. Fquation (4.11) represents the so-called dynamic load
factor (DLF) which gives the upper bound of response and is called the
‘quasi-static asymptote’.

When an impulse is delivered to a structure it produces an instantaneous
velocity change: momentum is acquired and the structure gains kinetic
energy which is converted to straim energy. The impulse causes an initially
stationary structure to acquire a velocity 1 (= I'M). From this the kinetic
energy delivered, KE, is given by

2
KE = ;—M‘c}"- o (4.12)

M
The structure will acquire the same strain energy U as before because

it displaces by xg... Thus if KE and U are equated, after some
rearrangement we obtain

xmﬂx xl:rl A I

Ty Ko o 4.13
R gy g #13)

which is the equation of the ‘impulsive asymptote’ of response.
If these two asymptotes are drawn on a response curve of wt, against
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Xmas {(F/K), the actual response of the structure can then be sketched
without recourse to further analysis as shown in Fig, 4.3,

The three regimes of quasi-static, impulsive and dynamic response are
identified on the resulting graph as regions [, Il and III, respectively.

Pressure —impulse diagrams
It is now easily possible to convert Fig. 4.5 to a pressure—impulse (P—{)
diagram which allows the load—impulse combination that will cause a
specified level of damage to be assessed very readily. The bounds on
behaviour of a target structure are characterized by a pressure (or, as here,
force) and a total impulse [ {as here) or a specific impulse i, or i
Equation (4.11) can be rewritten as

2F - maximum load

: : =1 (4.14)
| maximum resistance

which is the equation of a modified guasi-static asymptote plotted on a
graph with ordinate 2F/Kx,,,. If the abscissa of Fig. 4.5 is multiplied by
the inverse of the ordinate of Fig. 4.5, and recalling that w = ~/(K/M) we
obtain

(Fhy K ma) NEKIM = 20 (X0 VKM) (4.15)

which is a non-dimensionalized impulse. Noting that the impulsive asymp-
tote of Fig. 4.5 is given by eqn (4.13), using an abscissa L'(x;., v KM)
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means that the new impulsive asymptote is given by 1/{x,,., VEM) = 1
and the response curve can be re-plotted to obtain Fig. 4.6.

The form of this graph allows easy assessment of response to a specified
load. Once a maximum displacement or damage level is defined this curve
then indicates the combinations of load and impulse that will cause failure.
Combinations of pressure and impulse that fall to the left of and below
the curve will not induce failure while those to the right and above the
graph will produce damage in excess of the allowable limit.

Whereas the foregoing relates to analytically derived pressure—impulse
diagrams it is possible to derive P—I curves from experimental evidence
or real-life events. P—I curves have been derived from a study of houses
damaged by bombs dropped on the UK in the Second World War [1).
The results of such investigations are used in the evaluation of safe stand-
off distances for explosive testing in the UK. In this instance the axes of
the curves are simply side-on peak overpressure p, and side-on specific
impulse i, as shown in Fig. 4.7. These curves can also be used with
reasonable confidence to predict the damage to other structures such as
small office buildings and light-framed factories.

The levels of damage are less precise than those obtained by analysis.
As quoted in [1], A corresponds to almost complete demolition of the
building and B means damage severe enough to necessitate demolition.
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Category C, implies damage rendering the house temporarily uninhabit-
able with the roof and one or two external walls partially collapsed. Load-
bearing partitions would be severely damaged and would require
replacement. In contrast, category C, indicates relatively minor structural
damage though still sufficient to make the house temporarily unin-
habitable with partitions and joinery being wrenched from fixings.
Finally, category D refers to damage calling for urgent repair but is not
severe enough to make the building uninhabitable: there would be
damage to ceilings and tiling and more than 10% of glazing would be
broken.

The use of pressure—impulse diagrams in conjunction with blast
parameter versus scaled distance graphs allows the development of
equations to describe specific damage levels. An example for the curves
above is of the general form

K'w's
i |'1+{J-1?5.|"L.1rf‘}?]':-'ﬁ (4‘16}
where R is range in metres, W is mass of explosive in kilograms of TNT
and K’ is an empirical constant. The value of K in the equation above
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Table 4.1, Ouverpressure and sealed distance for various fypes of Blast dumayge

Structural Failure mode 1t TNT 10t THT
o EIREA! p, (P} Z (mikg'?) | p. (kPa) 2 (mikg"™)
Window panes | 5% broken L-1 72-2 0.7 96 0
10% broken 2.5 GBeh 1.7 518
W% broken () 196 4.2 26-9
Houses Tiles displaced 45 2%-6 2.9 347
Moorsfwindow
frames blown in 2-1 14-4 al -4
Category [ 5 3.7 31 33-6
Category ©, 13 114 L La-1
Category O, 28 L] 17 u.2
Category A A0 3-A 38 Rebe
Category A 1585 2-4 il i

giving the radius of B type damage (Rg) is 5-6. Radii for types A and C,
are given approximately by 0.675 Ry and 1-74 Ry, respectively.

Further analysis allows the addition of ‘range —charge weight’ overlays
to P—I curves enabling the damaging potential of a particular threat
defined in terms of explosive yield and stand-off to be assessed. Such
overlays are included in Fig, 4.7 for a number of threats and distances.

As a complement to the information presented in Fig. 4.7, Table 4.1
{extracted from [3]) gives the overpressure and scaled distance for a
number of types of building blast damage from charges of TNT of 1 and
10 tonnes.

Table 4.1 clearly demonstrates the importance of positive phase duration
as well as overpressure in determining damage: a larger charge can cause
the same level of damage as a smaller charge even though the associated
overpressure is less. This 15 because the larger device generates a pulse
of longer duration. Thus impulse should be given equal consideration
with overpressure when assessing the damage potential of a given threat.

Pressure—impulse diagrams for human response to blast loading
Generally, three categories of blast-induced injury are identified. These
dare!

(0) Promary injury: due directly to blast wave overpressure and duration
which can be combined to form specific impulse. Overpressures
are induced in the body following arrival of the blast and the level of
injury sustained depends on a person’s size, gender and (possibly)
age. The location of most severe injuries is where density differences
between adjacent body tissues are greatest. Likely damage sites thus
include the lungs which are prone to haemorrhage and cedema
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{collection of fluid}, the ears (particularly the middle ear) which can
rupture, the larynx, trachea and the abdominal cavity.

(b) Secondary imjury: due to impact by missiles {e.g. fragments from a
weapon’s casing), Such missiles produce lacerations, penetration
and blunt trauma (a severe form of bruising).

(¢} Tertiary injury: due to displacement of the entire body which will
inevitably be followed by high decelerative impact loading when
most damage occurs. Even when the person is wearing a good
protective system, skull fracture is possible,

In the particular case of primary injury associated with damage to the
lungs, "—I diagrams have been developed as shown in Fig. 4.8(a)
constructed by Baker ¢t al. [2] from a number of sources.

The axes are scaled pressure p. = p.ipy, where p, is peak incident
pressure and py is ambient {usually atmospheric) pressure and scaled
impulse i.. This is obtained by defining a scaled positive phase duration
T (= typi im"™), where m is the mass of the person and the blast wave
is taken as a triangular pulse. Then

p.T = Lipism'? (4.17)

d =

i, =

The addition of a range—charge weight overlay to Fig. 4.8{a) leads, with
a little modification, to the survival prediction curves of Fig. 4.8(b) which
relate to a 7 kg man [3].

Similar diagrams are available for assessment of primary injury to the
gar, although since less information is available about variability of
response as blast duration changes, damage levels are generally related
to an overpressure value as summarized in Table 4.2 [3].

It should be noted that secondary and tertiary injuries can be just as
likely and possibly more severe than primary effects. For secondary injury
criteria reference should be made to Ahlers |4] summarized in [5, 11].
In the case of tertiary injuries [6], summarized in [4, 5 and 11] is
recommended.

Pahle 4.2, Summary of cverpressure oalues

2 (imikg' ) . (kPa) Fardrum damage: %
5-p3 356 &
1-88 454 110
3.93 677 25
313 1050 50
2:54 1630 75
2.14 2430 a0
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Energy solutions for specific structural components
Elastic analysis

The approach adopted here is essentially the Rayleigh—Ritz method
of analvsis [7] and is suitable for specific structural members in an
uncoupled analysis. This means that the response of structural elements
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to a blast load may be considered in isolation assuming that the support
conditions are essentially rigid. In the implementation described here the
approach produces worst cases of response rather than displacement-time
histories.

Firstly, a mathematical representation of the deformed shape is selected
for the structure which satisfies all the necessary boundary conditions
relating to displacement. Then, by operating on the deformed shape, the
curvature and hence strain of deformation is obtained from which the
total strain energy of the element can be calculated.

Consideration must now be given to the nature of the blast load
impinging on the structure. If the loading is impulsive then a calculation
of total kinetic energy delivered to the structure is made. If, however,
the load is quasi-static, the work done by the load is found by considering
the work done on a small element of the structure then integrating over
the loaded area. In the impulsive realm, response is evaluated by equating
the kinetic energy acquired to the strain energy produced in the structure.
In the quasi-static realm response is assessed by equating the work done
by the load to strain energy. Having dome this, it is possible to quantify
particular aspects of response such as maximum displacement, maximum
strains and maximum stresses.

If this technique is used, for example, to analyse the response of a
cantilever of depth d to impulsive loading then the maximum
displacement W, of the structure of length L made of material of Young's
modulus E and density g loaded by a reflected specific impulse §, is given
by

Wo _ o | L] i
L Hdw‘{ﬁp}_ 4

where the exact value of the coefficient ) {equal to approximately two)
will depend on the choice of deflected shape of the structure.

If the same cantilever is now loaded quasi-statically and an analysis is
carried out assuming that the blast pressure on the structure remains
steady during structure deformation (i.e. the peak reflected overpressure,
P, remains constant), the resulting maximum displacement is now
obtained as

3 \‘&
E

where the exact value of C; {equal to approximately three) depends on
the deflected shape chosen.

el i

L

Wy L
- 4.19
{ : (4.19)

Plastic analysis
The approach to the analysis of structural elements that deform beyond
their elastic limits proceeds in a similar way. For example, consider a
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simply supported beam loaded impulsively made of material with stress—
strain characteristics idealized as ‘rigid—plastic’.

The analytical approach described above leads to an expression for
maximum (central] displacement W, given by

Wyl = Lidapd? (4.20)

where a, is the yield strength of the material.
Just as in the case of the SDOF system detailed above, P—I diagrams
can be constructed for these or any other structural elements.

Lumped mass equivalent SDOF systems

The analvsis prc‘sc‘ntud above is valuable, though for more complex
structural elements and load configurations, implementation of this
approach could be rather time-consuming. To aid assessment of response,
the behaviour of complex structures can be approached by representing
the structure as a SDOF lumped-mass system — the so-called equivalent
system. The equation of motion so derived will be similar to eqn (4.3) and
can be solved either analytically or numerically to obtain a deformation—
time history for the structure. Often, as described above, maximum
dmplacement may be all that is required. This approach, although failing
to provide detailed aspects of response, allows a good insight into impor-
tant features of behaviour and will, furthermore, give an over-assessment
of response. This conservative analysis, therefore, has attraction for the
designer.

Equation of motion for an SDOF system

Equation (4.3} can be rewritten with the spring resistance term replaced
by a more general resistance function R{x) as

M# + R(x) = P(1) (4.21)

In creating an equivalent SDOF structure it must be realized that real
structures are multi-degree of freedom systems where every mass particle
has its own equation of motion. Thus, to simplify the situation it is
necessary to make assumptions about response and in particular
characterize deformation in terms of a single point displacement.
Examples are shown in Fig. 4.9(a) and (b) where in the SDOF system
the suffix e means equivalent.

The method relies, as in the examples above, on considering the
energies of the real structure and the equivalent system and equating
them. This means that, by ensuring equal displacements and velocities
in the two systems, kinematic similarity is maintained. The complete
energy relationship may be written as

WD = LI + KE {4.22)
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[n the derivations of impulsive and quasi-static response described above
it was this equation that was simplified in analysing the two extremes
of behaviour.

Example of the approach

Consider a simply supported beam responding elastically as shown in
Fig. 4.9(a). Firstly, a suitable deformed shape is assumed such as the
displacement under a uniformly distributed static load. The evaluation
of work done, strain energy and kinetic energy for the beam is then made.
The equivalent system will be as shown in Fig. 4.%(a} which will have
the same maximum displacement W, and maximum initial velocity W,
as for the real structure, The evaluation of WD, U and KE is much simpler
here

WD = P,(HW,
U= 1K W3
KE = 1M, W3 (4.23)
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Equating the work terms from the two analyses leads to the definition
of a load factor, K; as

K. = P.()VP(H) = 16/25 = 0-64 (4.24)

with the value particular too the beam given.

Equating strain energy for the two systems and recalling that the
stiffness of a flexing structure is given by load per unit displacement,
definition of a stiffness factor, K, is given by

K, = KJK = 06401 (4.25)

with the value for this particular structural element as shown.
Finally, equating kinetic energy for the two systems leads to definition
of a mass factor, Ky, as

Ky = Mo/M = 0-504 (4.26)

with the particular value for this structure as shown,

It is worth noting that the load and stiffness factors are very similar
and it is general practice to set them equal: thus we have K, = K. Also
it is often convenient to define a load—mass factor Ky = Kui'Kp the
value of which approach is easily seen. The equivalent system equation
of motion can be expressed in terms of mass and load factors. Division
by load factor {assuming that stiffness and load factors are equal) yields,
for an clastic system

K uMX + Kx = P(t) (4.27)

Thus, an equivalent system equation of motion can be derived merely
by factoring the actual structure mass by Kip.

One further important calculation that should be made is of the dynamic
support reactions generated by the blast load. For the specific example
of the simply supported beam, by considering half of the beam, moments
are taken about the centre of inertial resistance of the beam which is taken
to coincide with the centroid of the shape swept out by the beam as it
deforms. For the shape chosen here the centroid can be showntobe x =
611192 from the end of the beam. Taking moments about this point leads
to an equation for dynamic reaction V{t) as

V(B = 0-393R + 0-107P(H) (4.28)

where R is the static load needed to cause the same deflection as the blast
load [P{f}]. The same analysis can be used to develop load and mass
factors for plastically deforming structures.

Appendix B gives load and mass factors as well as dynamic reactions
for a variety of one-way spanning structural elements for both elastic and
plastic response. The reader is also referred to the text by Biggs [B] in
which the concepts outlined above were originally developed.
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Resistance functions for specific structural forms

As noted earlier in this chapter, the term R(x) is known as the resistance
function of the element. In developing the resistance function for a
structural element, it is assumed that the element will offer essentially
the same resistance to deflection when deformed dynamically as it will
when deformed quasi-statically. The only adjustment incorporated is an
enhancement in the ultimate resistance of the element, due to the
improvement in strength observed in dynamic loading. The general form
of the resistance function for a commeon structural form will be presented
below.

Resistance functions — general description

The tesistance —deflection function for a structural element is strictly
a graph of the uniform pressure which would be necessary to cause
deflection at the ceniral point of the element during its transient
displacement.

A typical resistance —deflection curve for a laterally restrained element
is shown in Fig. 4.10. The initial portion of the curve is due primarily
to flexural action. If lateral restraint prevents small motions, in-plane
compressive membrane forces are developed. However, the increased
capacity due to these forces is normally neglected [9] and is not shown
in the figure, Following the loss of flexural capacity, the provision of
adequate lateral restraint may permit the development of tensile
membrane action. The increase in resistance with increasing deflection
up to incipient failure is shown as the dashed line in the figure.

In practice, when designing for smaller deflections, a simplified function
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is used which is a prediction of the resistance which the element would
offer in a quasi-static test. Figure 4. 11 shows the resistance function which
would be adopted for a reinforced concrete wall with built-in supports
along two edgcs but no support alomg the other two, ie. a one-way-
spanning slab, The initial part of the graph, OA, represents the elastic
deformation of the slab. At the point A, vield lines develop along the built-
in supports, allowing rotation, During this phase, AB, deformations in
the central part of the slab are elastic whilst rotation occurs in the yield
lines. The increments of displacement during this elasto-plastic phase are
estimated from the elastic stiffness of a simply supported one-way
spanning slab. More complicated structural forms, e.g. a two-way-
spanning slab with built in supports, may have two or more elasto-plastic
phases as the vield-line system develops progressively in the slab. The
phase BC represents the ultimate resistance of the element once a sufficient
system of vield lines has been established to form a collapse mechanism
in the slab. This fully plastic phase will last until failure at one of the
supports occurs. For the case of two-way spanning slabs it is possible
for failure to occur along two opposite supports whilst the other pair of
supports remains intact. In this case the slab will continue to offer
resistance, but at a lower level. Experience shows that a negligible error
is intfroduced by replacing the resistance function OABC with the bilinear
function QDC, provided the area under both graphs is the same, This
approach is adopted in the document TM5-1300 [9]. Tables for deriving
the components of the resistance function for a variety of one-way
spanning elements may be found in Appendix B.
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Conclusions

Methods for analysing the response of blast-loaded structures have been
presented. It is worth noting that many of the concepts of providing
protection are by no means new. The work by Christopherson [10]
presented the essence of the approach which has been the basis of a
number of subsequent publications. Of particular importance to the
designer is the use of these principles in establishing the factors that allow
formation of equivalent SDOF systems which, when combined with the
loading information presented in Chapter 3, form the basis of the
subsequent design process. For structures which respond within the
impulsive regime, design is normally based upon an energy solution in
which the kinetic energy delivered [egn (4.12}] is equated to the strain
energy produced in deforming to a limited deflection — that is the area
under the resistance function. In the quasi-static regime it is the work
done on the structure by the load that must be equated to the strain energy
produced. For reapons;: within the intermediate, or dynamic regime, the
response charts presented in Appendix C, which are based on numerical
solutions of the full equation of motion, may be used in the design process.
Further details about analysis of structures subjected to blast loading can
be obtained from [11]. The application of these techniques to the design
of elements in reinforced concrete and structural steel is mare fully
described in Chapter 5.
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5

Design of elements in
reinforced concrete and
structural steel

Notation

Ay area of diagonal bars at the support within a widlth &

A, area of tension reinforcement within a width b

A7 area of compression reinforcement within a width b

A, total area of stirrups in tension within a distance s and a width b

A, area of web of steel section

b width of flexural member

o distance from extreme compression fibre to centroid of tension
reinforcement

d’ distance from extreme compression fibre Lo centroid of compression
reinforcement

i, distance between the centroids of the compression and tension
reinforcement

DIF  dynamic increase factar

E madulus of elasticity

E. modulus of elasticity of concrete

E, modulus of elasticity of reinforcement or steel section

f stress

o static ultimate compressive strength of concrete at 28 days

fa  dvnamic ultimate compressive strength of cancrete at 28 days

fae dynamic design stress for concrete

[ dynamic design stress for reinforcement or steel section

Fan dynamic ultimate stress of reinforcement or steel section

Fav dynamic design shear siress for steel section

fi,  dvnamic vield stress of reinforcement or steel section

it static ultimate stress of reinforcement

fi static yield stress of reinforcement

r coefficient for moment of inertia of cracked section

I span height

i unit positive impulse

E unit positive normal reflected impulse

I moment of inertia

I, mement of inertia of cracked concrete section of width b

K elastic unit stiffness
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elasto-plastic unit stiffness

equivalent elastic unit stiffness

load factor

load—mass factor

mass factor

span length

unit mass

effective unit mass

ultimate negative moment capacity

ultimate positive moment capacity

modular ratio

pressure

peak pressure

peak positive normal reflected pressure

load

elastic unit resistance

elasto-plastic resistance

ultimate unit resistance

total internal resistance

total ultimate resistance

spacing of stirrups in the direction parallel to the longitudinal
reinforcement

plastic section modulus

time

duration of positive phase of blast pressure

time at which maximum deflection occurs

thickness of concrete secton

effective natural period of vibration

ultimate shear stress permitted in an unreinforced concrete web
ultimate shear stress

support reaction

ultimate direct shear capacity of the concrete of width b
ultimate shear capacity of steel section

shear at the support per unit width

depth of neutral axis beluw extreme compression fibre in a flexural
member

deflection

maximum transient deflection

equivalent elastic deflection

elastic section modulus

coefficient applied to total internal resistance R to determine
dynamic reaction 1

coefficient applied to total load P to determine dynamic reaction V'
partial safety factor for material

side-sway deflection

strain

support ratation angle

ductility ratio
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o density

25 tension reinforcement ratio

2 compression reinforcement ratio
Objectives

The prime objective in the design of blast load-resisting structural elements
is to provide sufficient ductility to enable the element to deflect by an
amount consistent with the degree of damage permitted; this will entail
an initial design based upon extensive flexural plastic deformation. In so
deforming, the element should not fail prematurely due to other load
cffects, for example shear or local instability.

Unless the element is to be subjected to repeated blast loading, for
example in a test facility, the design should be based on the ultimate limit
state. Simple supports should be avoided whertever possible and joints
between elements should be carefully detailed to facilitate load transfer
(see Plates 13, 14).

The overall design process is summarized in the logic flow chart
presented in Appendix D.

Plate 13, Fadlure .'.uf the connections in a precast concrete _r'r'arm!
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Plate 14. Failure due ta insufficient s, poor concrede quality and detailing of joints

Design loads

The blast loading for which resistance is to be provided is likely to be
an extreme event, and as such has a low probability of occurrence. Thus,
it is appropriate to set the partial safety factor for blast loading to a value
of unity.

Dead loads, storage and other permanent loads should also be assigned
a partial safety factor of unity,

The magnitude of imposed loads and wind loads acting simultaneously
with the blast load are likely to be only a small proportion of their
respective design values. A factor of 0-33 may be applied to the design
values of the variable imposed and wind loads when acting in combination
with the blast load, as recommended in BS 5950: Part 1 [1] and BS 8110
Part 1 [2].

When other loads are present at the time of the blast loading they may
be assumed to act constantly throughout the application of the blast load.
The effect of these other loads generally will be to reduce the effective
resistance of an clement. However, where mass is associated with such
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loads there may be a beneficial effect as a result of the inertial effects of
these loads.

Design strengths

The design should generally be based upon the characteristic strength
of materials — that is with a partial safety factor of unity, unless there
is evidence to show that the mean strengths of a particular material are
generally higher than the specified minimum. For example, the charac-
teristic vield stress for grade 50 or lower structural steel may be increased
by 10% in design calculations involving blast loading.

Under the action of rapidly applied loads the rate of strain application
increases and this may have a marked influence on the mechanical
properties of structural materials. In comparison with the mechanical
properties under static loading the effects may be summarized as follows:

(@) The yield stress of structural steel or steel reinforcement bars, f,,
increases significantly to the dynamic vield stress, fy,. '

() The ultimate tensile strength of structural steel or steel reinforce-
ment bars, f,, in which account is taken of strain hardening
cffects, increases slightly to the dynamic ultimate strength, fy,.

{¢} The compressive strength of concrete, f,,,, increases significantly
to the dynamic compressive strength, fs.,.

{d) The modulus of elasticity of both steel and concrete remains
insensitive to the rate of loading.

(e} The elongation at failure of structural steel is relatively insensitive
to the rate of loading.

T'he factor by which the static stress is enhanced in order to calculate the
dynamic stress is known as the dynamic increase factor (DIF). Typical
values of DIF for structural steel and reinforced concrete are given in Table
5.1. The dynamic stress to be used in the design of reinforced concrete

Table 5.1, Dynamic increase factors (DIF) for design of reinforced concrete and
structural sfeel elements

Tvpe of stress Concrete Reinforcing bars Structural steel
.'Fa'.i.n'.'u 'Ilnlrl.'l; .;Fd'r' 'I,-IL._'_L' .lFl.ll.I 'I.iFu .'Fd.:.- 'I._ur'.-" _;Fr]u 'I_I+.u
Bending 1-25 1-20 1-05 1-20 1-05
Shear 1-00 1-10 1-00 1-20 1.05
Compression | 1-15 1-10 1-10 —

* Minimum specified £, for grade 50 steel or less may be enhanced by the average
strength increase factor of 110,
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and structural steel elements depends upon the deformation or damage
limits imposed — these are considered later on in the chapter.

Deformation limits

The controlling criterion in the design of blast-resistant structural
elements is normally a limit on the deformation or deflection of the
element. In this way the degree of damage sustained by the element may
be controlled. The damage level that may be tolerated in any particular
situation will depend on what is to be protected, for example, the structure
itself, the occupants of a building or equipment within the building,.

There are two methods by which limiting element deformations may
be specified: by using the support rotation, # (see Fig. 5.1} and the ductility
ratio

total deflection M

7 “deflection at elastic limit XL.

In general, deformations in reinforced concrete elements are expressed
in terms of support rotations whilst ductility ratios are used for structural
steel elements.

Fur the protection of personnel and equipment through the attenuation
of blast pressures and to shield them from the effects of primary and
secondary fragments and falling portions of the structure, recommended
deformation limits are given under protection category 1 in Table 5.2

For the protection of structural elements themselves from collapse under
the action of blast loading, the recommended deformation limits are given
under protection category 2 in Table 5.2, Tt should be noted that these
limits imply extensive plastic deformation of the elements and the need
for subsequent repair or replacement before they may be re-used. For
situations where re-use is required without repair, deformations should
be maintained within the elastic range, i.e. g = 1. This latter design
condition is likely to lead to massive and consequently costly construction.

In addition to these considerations for individual elements there
remains, of course, a requirement for the overall structure to remain stable
in the event of being subject to blast loading. TM5-1300 [3] recommends
that the maximum member end rotation, #, as shown in Fig, 5.2, should

v

Beam, stat ar parel
Eiy. 3.1, Member support rotations (3]
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Table 5.2, Deformation [imifs

Protection category
1 2
f u # | m
Reinforced concrete beams and slabs aa. Mot 4% Mot
applicable applicable
Structural steel beams and platest 2¢ 10 122 20

¥ Shear reinforcement in the form of open or closed blast links” must be provided in
slabss for # = 1%, Closed links (shape code 74 to BS 4466) [4) must be provided in all
beams,

T Support rotations of up te 87 may be permitted when the element has sufficient
lateral restraint to develop tensile membrane action. Further guidance regarding the
tensile membrane capacity of reinforced concrete slabs may be found in TMS-1300 [3).
: Adequate bracing must be provided to assure the corresponding level of ductile
behaviour,

™

Fraimig
Fig. 5.2, Member end rotafions for beams and frames (3]

be 27 and the maximum side-sway deflection, , be limited to 1/25 of the
storey height, H, in framed steel structures.

Introduction to the behaviour of reinforced concrete
and structural steelwork subject to blast loading
Structural response of reinforced concrete

When a reinforced concrete element is dynamically loaded, the element
deflects until such time as the strain cnergy of the element is developed
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Fig. 5.3. Typical resistance—deflection curve for flexural response of concrete
olements [3]

sufficiently to balance the energy delivered by the blast load and the
clement comes to rest, or fragmentation of the concrete occurs. The
resistance—deflection curve shown in Fig. 5.3 demonstrates the flexural
action of a reinforced concrete element.

When the element is first loaded, the resistance increases linearly with
deflection until yielding of the reinforcement occurs. Thereafter the
resistance remains constant with increasing deflection until, at a deflection
x; corresponding to a support rotation, 8, of 27, the concrete crushes in
compression. Thus, for # in the range 07 -2" the concrete is effective in
resisting moment and the concrete cover on both surfaces of the element
remains intact. This is referred to as a type 1 section (see Fig. 5.4a). Type
1 elements may be singly or doubly reinforced, although to cater for
rebound effects some compression reinforcement is usually desirable. The
ultimate moment capacity, M, of type 1 sections may be determined
using conventional plastic theory for reinforced concrete based upon the
dynamic design stresses of the concrete (f;.) and the reinforcement steel
'[_f-.iﬁ }

For # = 2° the compression forces are transferred from the concrele
to the compression reinforcement which results in a slight loss of capacity
as shown in Fig. 5.3. In the absence of any compression reinforcement
the crushing of the concrete would result in failure of the element.
Sufficient compression reinforcement must be available to fully develop
the tension steel, i.e. symmetrical reinforcement must be provided. The
requirement for the provision of ‘blast links’ for support rotations in excess
of 17 is to properly tie this flexural reinforcement. Elements which sustain
crushing of the concrete without any disengagement of the cover on the
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Plate 15, Duchility and spalling of reinfarced concrele. Photograph courtesy of
Francis Walley

74




DESIGM OF ELEMEMTS IM REINMFORCED COMCRETE AMND STRUCTURAL STEEL

tensile face are known as type 2 sections (see Fig. 5.4b) and occur for ¢
in the range 2°—5°. The ultimate moment capacity, M, of type 2
sections of width b is given by

MF‘ & AE fﬁﬁ dt
where A, is the area of reinforcement on each face and d. is the distance
between the centroid of the reinforcement on the tension and compression
faces.

As the element is further deflected, the reinforcement enters its strain
hardening region and the resistance increases with increasing deflection
(Plate 15). In the absence of any tensile membrane action the blast links
will restrain the compression reinforcement from buckling for a short time
into its strain hardening region. At a deflection ¥, corresponding to a #
value of about 47 the element will lose its structural integrity and fail unless
other forms of restraint, for example, lacing reinforcement, are used. Laced
reinforced elements may be used in specialized explosive storage facilities
but are unlikely to be appropriate for buildings because of the complexity
of the reinforcement detailing,

Although there is little, if any, evidence of shear failures under blast
loading, premature shear failures must be avoided in order to fully
develop the flexural capacity of an element. The shear capacity of the
concrete alone may be enhanced by providing additional shear
reinforcement.

Structural response of steelwork

Structural steel can generally be considered as exhibiting a linear stress—
strain relationship up to the yield point, beyond which it can strain
substantially without appreciable increase in stress. This yield plateau
extends to a ductility ratio, g, of between 10 and 15. Beyond this range
strain hardening occurs and after reaching a maximum stress — known
as the tensile strength — a drop in stress accompanies further elongation
and precedes fracture at a strain of approximately 20—30%. Typical static
and dynamic stress—strain curves for steel are shown in Fig. 5.5,

Structural steels of strengths higher than grade 50 generally exhibit
smaller elongations at rupture and should be used with caution when
very large ductilities are a prerequisite of design.

The design plastic moment, M, for steel elements with p = 3 1is given
by

o

*'I""i';l = ;ruis-i?t +5){2

where Z and 5 are the elastic and plastic section moduli, respectively.
Foru = 3

My = 45
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Fig. 5.5. Typical stress-strain curves for steel [3]

As with reinforced concrete sections, sufficient shear capacity must be
provided and local buckling failures avoided in order to develop fully the
flexural capacity of an element.

Comparison of response

Reinforced concrete is relatively massive and, as such, is more
appropriate than steel to resist the close-in effects of large explosions in
the impulsive regime. Steelwork is better suited to resist relatively low
pressures of a quasi-static nature (Plate 16). The massive nature of
reinforced concrete implies “stocky” sections whose ultimate capacity is
reasonably predictable. The slender nature of structural steel sections can
cause local instability and unpredictable ultimate capacities (Plate 17).

There are bwo other significant differences between the materials, First,
the rebound in concrete structures is small because cracking causes
internal damping. In steel, the rebound can be quite large, particularly
for short duration loads on relatively flexible elements. Therefore, steel
structures must be designed to support significant reversals of loading.
Second, in reinforced concrete, separate reinforcing steel is provided to
resist flexure, shear and torsion. In steel, complex stress combinations
occur which are difficult to predict and which can potentially cause
distress. Stress concentrations at welds and notches must also be carefully
considered if the full strength of the section is to be realized.

Th
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Introduction to the design of reinforced concrete
elements to resist blast loading

lhe design methods recommended in this chapter are based on those
described in [3]. As such, the design techniques set forth are based upon
the results of numerous full- and small-scale structural response and
explosive effects tests of various materials conducted in conjunction with
the developments described in [3] or related projects.

Design stresses

Table 5.3 summarizes the relevant dynamic stresses fy and fy, to be
used in the design of reinforced concrete elements,

Idealization of structural response

The structural response of a reinforced concrete element subjected to
flescure may be represented by the idealized resistance —deflection function
shown in Fig. 5.6, where r, is the unit ultimate dynamic resistance

Plate 16. Survivability of steel-framed buddings

iF
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Plate 17, Severe damaye fo both the structure's steel fraome and its lightieight metal

cladding: Boucher Street, Belfast

Table 5.3. Dhynamic design stresses for refnforced cancrete

Tvpe of stress Protection Drynamic design stress
category =

Concrete Reinforcing bars

fac fa.
Bending 1 JF.;m. Fav .
2 F g .-(.'Z-.' + fau — fa 24

Shear 1 Faeu fav

2 _.|rd.-|| .fd_-.'

Campression 1 and 2 | 2 Fav

determined using plastic theory, modified to account for static loads
present at the time of the blast loading, Xr is the deflection at the limit
of clastic behaviour, K, is the elastic stiffness and X, is the maximum
permitted deflection corresponding to the limiting support rotation, #,
given in Table 5.2 for the appropriate protection category.
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[ lcdealized sesistance

/ deflechon functica

Resislance

Xe : X
Craflection

Fig. 5.6, ldealized resistance—deflection curve [3]

Response to impulse

Idealization of blast load.  The blast load may be idealized to a triangular
pressure—time function with zero rise time as shown in Fig. 5.7. In the
impulsive regime, the duration of the applied load, ¢, is short in relation
to the response time, f, of the element (the time for the element to
attain a deflection X.,). such that #,/ty = 3. The loading is assumed to
be uniformly distributed and is represented by the specific impulse, /.

Design for flexure.

(@) Design objective. To provide flexural strength and ductility so that
the kinetic energy delivered by the impulsive load may be resisted
by the strain energy developed by the member in deflecting to X,

(b)) Basic impulse equation, For support rotations, § < 57, the elastic part
of the idealized resistance—deflection function must be considered
such that

Prizssure:

0 -

fo

Time

Fig. 5.7, ldealtzation of blast load [3]
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IE:J' u X'F

EKLMHT N 2
where Ky is the appropriate load—mass factor obained from
Table B.1 (in Appendix B) and m is the unit mass of the element.

{c) Design steps,
Step 1. Define the resistance—deflection function in terms of;
(i) #, = fiM,. L) (see Table B.3), where

+ rul:xm - XF.}

Asfds
M, = 5 d,
fur a type 2 section and
Ag
oy b,
where p, is the steel ratio and hence My = p.fad 2

(i) X, = f(6).
(iii) Kg = f(E, I, L) (see Table B.4), where | = Fid] (see Fig. 5.8)
and L is the modulus of elasticity of concrete.
(iv) Xg = Tl Ky
Step 2. Determine Kpyy (see Table B.1) and m = pd,., where p is the
density of concrete.

Step 3. Solve for d. based on assumed value of g,

Step 4. Calculate £, = ifr,, hence t/t; and check whether appro-
priate design procedure has been used, i.e. quasi-static/dynamic or
impulse.

Design for sheur.  After the flexural design of the element has been
completed, the required quantity of shear reinforcement must be
determined. The ultimate shear is developed when the resistance reaches
the ultimate value, r,, and hence the shear reinforcement is a function
of the resistance of the element and not of the applied load.

There are two critical locations where shear must be considered in the
design of reinforced concrete elements. The ultimate shear stress, @, is
calculated at a distance d. from the supports to check the diagonal
tension stress and to provide shear reinforcement in the form of stirrups,
as necessary. The direct shear force or the ultimate support shear, V,,
is calculated at the face of the support to determine the required quantity
of diagonal bars.

{a} Ultimate shear stresses. Values of ultimate shear stresses, v, at
distance d, from the face of the support are given in Table B.5.

(B) Shear capacity of concrete. The capacity of the concrete, ©,, may be
taken from BS 8110): Part 1 Table 3.9 with the partial safety factor,
*m = 1-25, removed.
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Fig. 5.8, Coefficient for moment of inertia of cracked sections seith equal
reirforcement an apposite faces [3)

(¢} Design of shear reinforcement. Whenever the ultimate shear stress, z,
exceeds the shear capacity of the concrete, v, shear remforcement
must be provided to carry the excess. The required area of stirrups,
A, 15 calculated from

o dwy — v )bs

A, =
,lrd::
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where s is the spacing of stirrups in the direction parallel to the
longitudinal reinforcement. For type 2 sections, the minimum design
stress, (7, — .}, to be used in the calculation of shear reinforcement
is 00-85u..

{d} Llltimate support shears, Values of ultimate support shears, V,, at the
supports are given in Table B.o.

(e} Direct shear capacity of concrete. For type 2 sections where the design
support rotation, §, exceeds 2°, the ultimate direct shear capacity of
the concrete, Vy, is zero and diagonal bars are required to take all
direct shear.

{f) Design of diagonal bars. The required area of diagonal bars at 43°, A,
is determined from

Ay = Vabifys

Response to quasi-static/dynamic loading

Idealization of blast load. The blast load may be idealized into a triangular
pressure—time function with zero rise time as shown in Fig. 5.7 or to other
idealizations for which response charts based on SDOF analyses are
available. These may include square pulses with zero rise time, gradually
applied loads, or triangular pulses with a finite rise time (see Appendix
(). In the gquasi-static/dynamic response regimes, the duration of the
applied load, t,, is long in relation to the response time of the element,
t. such that f,/t; < 3. The loading is assumed to be uniformly distri-
buted and is represented by the pressure, p, which varies with time, I

Design for flexure.

(¢} Design objective. To provide flexural strength and ductility such that
the work done by the applied blast load may be resisted by the strain
energy developed by the member in deflecting to X,

it} Design steps,

Step 1. Define resistance—deflection function in terms of:
{iy r, = fiMp L) (sce Table B.3),

where
M 35 Ah_fd-t d- 5= D"i':rx]l f trpe 1 secti E d
T —b { ] 0ar 4 }E.E SeCtI0n An
_ As,rdz
I =
U'é'hfd-:

is the depth from the compression face to the neutral axis and
d is the effective depth of the tension reinforcement and p, =
(A, /bd).

(i) Xn = fl#).
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007 =

003 =
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I

Coetticienl; F

Q038 =

002 —

o 1 | 1 1 |
it 0-004 008 001z PR 0020
Beinlorcament ratio: o = A, b
Fig. 5.9 Coefficient for moment of inertia of cracked sections weith tension
reirtforcement anly [3]

(ui) Kg f{E, I, L) (see Table B.4), where I = Fbd*® (see Fig. 5.9).
I::i'.-’] XF = TI_LI'K'F.

Step 2, Calculate natural period of element

(K m
T=2¢ |=24
N Ky
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where K, is the appropriate load—mass factor from Table B.1 and
mt is the unit mass of the element.

Step 3. Refer to appropriate SDOF response chart in Appendix C for

an elasto-plastic system under idealized load to obtain:

(i) u=X,.'Xp hence X, and 8

{ii} £/t and hence check whether the appropriate design procedure
has been used, i.e. quasi-static/dynamic or impulse.

Design for shear. The design for shear of type 1 reinforced concrete
elements responding in the pressure—time regime is similar to that for
type 2 elements responding to impulse with the following exceptions:

(@) Ullinate shear stresses.
(i} Unless specifically required as shear reinforcement, stirrups are
not required in slabs for which 8 = 17,
(ii) The values of ultimate shear stresses should be calculated at
distance, d, from the supports, rather than 4. as given in
Table B.5.
(b} Ultimate support shears.
(1) Fortype 1 sections where # < 2°, the ultimate direct shear force
that can be resisted by the concrete, V), is given by

Vy = 0-15f4 bd

(i) The corresponding area of 43° diagonal bars, A4y, required
becomes

V.h — W,
d=5== g o
,|rds

Dynamic reactions

When a reinforced concrete element is loaded dynamically, the loads
transterred to the supports are known as the dynamic reactions, The
magnitude of these reactions, which may be used as the basis of design
of supporting elements, is a function of both the total resistance, R, and
the total load, P, applied to the element, both of which vary with time,
They may be expressed generally in the form V = aR + 3P. Table B.7
provides values of & and 3 for differing support and loading arrangements.

It should be noted that the procedures described in this chapter are
largely concerned with the design of elements. This is likely to be the
critical design consideration when dealing with relatively large quantities
of explosive at close proximity to a building structure. In situations where
the overall stability of the building becomes critical, the designer will need
to consider the provision of stabilizing elements such as shear walls, The
external loading on complete structures and the associated blast wave—
structure interaction is fully described in Chapter 3.
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Design example 1: reinforced concrete cantilever to resist
impulsive load

A cantilever blast wall is to be designed in reinforced concrete to
withstand the impulse due to the detonation of 100kg TNT at ground
level at a stand-off of 4m.

Take the wall height to be 3m and assume a wall symmetrically
reinforced with grade 460 steel such that p, = 0-5%. The concrete may
be taken as grade 40 with a density of 2400 kg/m".

Idealization of blast load.  For a hemispherical surface burst, the relevant
blast resultants at the wall are:

® positive phase duration, T, = t3 = 4-83ms (Fig. 3.2)
o reflected impulse, i, = 5030 kPa-ms (kN-ms/m?)’

Desiyn for flexure. For a unit width of cantilever retaining wall of height,

I, effective depth, 4, and a type 2 section:

(i) Dlesign steps,

Step 1.
(i) r, = % {see Table B.3)
where
M, = I‘:"s,r-da‘{'f
hence
2
Ty = HE {p;{dbdsj
Now fus = fay + {fau — fay)/4 (see Table 5.3)
where
fay = 120 x 460 = 552 N/mm* and
fuu = 1-05 x 550 = 578 Nimm® (see Table 5.1). Hence
fa = 560 Nimm?* = 560 x 10° N/m?* Thus
Fy = 32? (0-005 = 360 x 10" 2 N/m?

622 x MPdZN/m?

(i) For protection category 2
Ny = Htan 4% = 0-21m (see Table 5.2)
(iii) Kg = BEI'H* (sece Table B.4)

BS
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=]

Take

E. = 200kN/mm? = 200 x 10°N/m*

E, = 28kNimm? = 28 x 10° N/m?

noo= 200028 = 7-14 and

g, = 0-005 Hence

I = 0-D245bd] (see Fig. 5.8). Thus

K, = (3_*"5 28 x 10° x 0-0245 x 1 )43 Njm?m
3.0 ’

= 678 x 10°d7N/m*/m
(iv) Xp = r./Kr

_ 622 x W0%d? 92 x 107°
T 678 x 1077 d,

Step 2. Kip = 066 (sce Table B.1) m = pd, = 2400d, kgim®,

Step 3. The basic impulse equation from page 80 is

i 7.¢
= — + ry(Xy — Xp
EKLMFH 2 U|: Ly L}
/ X,
- ru(Xm s E)

For i = 5030kPa-ms = 5030 N-s/m’ we obtain
! 2% 1073 Y
50302 = 2 x 0-66 X 24004, x 622 x 10°42(0-21 - T2 X

and simplifving gives
413-8 » 10042 — 9-06 x 10842 = 253 x 10°
which gives d, = 0-398 m, say 400 mm.

A, = 0-005 x 400 x 1000 = 2000 mm*/m, therefore use T20 bars
at 150 mm centres on each face. Hence, the overall secHon thickness,
using 40 mm cover, is

T. =40 + 10 + 400 + 10 + 40 = 300 mm
Step 4.ty = ifr,. Now r, = 622 x 10° x 0-47 = 99520 Nim?, hence

_ 5030
99 520

tnity = 50-5/4-83 = 105 = 3

[ = 0:0305s = 50.-5ms which gives

Therefore impulsive loading design is valid.
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Design for shear

(a) The ultimate shear stress, distance d. = 400 mm from support, is

given as
rofl = do)
b, = ——
d,
= 99520(3-0 — 0-4)0-4
= 646900 N/m* = 0-65 N/mm*
(see Table B.5).
1004 :
(b) £l B 052, f., = 40N/mm”
b,
Therefore

7. = 0-58 Nimm* (BS 8110, Part I Table 3.9),
(v, — o) = 0-07Nimm® x (0-850, = (-49 N/mm?),
(¢} The required area of stirrups of width, b = 150 mm and spacing,
5 = 300 mm
(v, — w)bs
fdﬁ
Using grade 250 steel, fa, = fay = 1-1 x 250 = 275 MNimm® {see
Tables 5.1 and 3.3), hence

o _ 049 150 X 300 _ goso oo

: 275

A=

Therefore use R10 stirrups at 300 mm centres.
{(d} The ultimate support shear is given by

Vi=rlL
99520 x 3.0
= 208600 Nim = 299 N/mm (see Table B.6)

(E} Vd =0

(f) The required area of diagonal bars at 457 and spacing of b = 150 mm;
"d'ld = l::v'ﬂb'l.:fdﬁ}' ]
Using grade 460 steel, fg. = fgy = 1-1 X 460 = 506 N/mm- {Tables
7.1 and 5.3), hence

Ay = 299 x 150/506 = 88-2mm?’

Therefore use one tow of T12 bars at 1530 mm centres or two rows
of T8 bars at 150 mm centres.

The designer should now proceed to check the overall stability of the
wall and the detailed design of the foundations.
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Design example 2: remmforced concrete wall panel to resist
quasi-static/dynamic load

The flexural capacity of a fixed ended reinforced concrete wall panel,
600 mm thick and spanning vertically over an effective height of 7m, is
to be checked for protection category 1 against a specified blast loading
threat, The wall is reinforced symmetrically with grade 460 bars such that
ps = p; = 0-35%, d = 550 mm and 4" = 50 mm. The concrete is grade 40.

ldealization of blast load. The specified blast loading threat may be
idealized to a triangular pressure—time function with p, = 220kPa and
iy = 60ms.

Design for flexure. For a unit width of wall of effective height, H
effective depth, d, and a type 1 section.

() Desige sfeps.

Step 1.
: BAM, + M
i} r, = {TJL} {see Table B.3), where

At

"Hn ) ‘MP = fl; “ — 0-45x)
and
; Aerds
0-6bf 4

for a symmetrically reinforced type 1 section in which the
contribution of the ‘compressiun reinforcement’ is ignored. Now

= fay = 1:2 x 460 = 552 N/mm?® (Tables 5.1 and 5.3)
and fy = fau = 1-25 % 40 = S50N/mm” (Tables 5.1 and 5.3)

Also A, = A; = 0-35 x 1000 x 550/100 mm*m
= 1925 mm®'m

Therefore, x = 1925 x 552/(0-6 = 1000 x 30 mm)
= 35-5mm

{this justifies ignoring the contribution of the ‘compression
reinforcement’) and

M, =M, = 1925 x 552 (550 — 0-45 x 35.5) x 107 *Nm/m
= 566 000 Nm/m

Hence r, = & x 2 x 56600007 -0F = 184 800 N/m?

{if) For protection category 1, # is limited to 27 (Table 5.2). In the
absence of stirrups, # is further limited to 17,

Therefore, assume that X, = 3-5tan 17 = 0-0611m = 61-1 mm
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(iii) K, = 307EI/H' (see Table B.4)

As in Example 1, n = 7-14 Also, p, = 00033
Hence I = 0-018hd* (Fig. 5.9).
Thus
k. - 307 x 2B x 10° x D-018 % 1 x 0.55°
A Sl 2 23
700
= 10-72 x 10°N/m%'m
|:j."u-r::| Xt-. = YL;I'.KF._
= R4 ROOIID-72 x 10° = 00172 m
= 17-2mm
Step 2.
(K am
= |
T 2T N K,
M o
B 0-77 + 0-66 _ 0.7

-

and m = 2400 x 0-6 = 1440 kgim®, Therefore

i L 10
gy BAENEA)

00618 s
10-72 % 1/

61-8 ms

Siep 3. Referring to the SDOF response chart C1, r i =
184 800/220 (00 = (-84 and t4(T = 60!61-8 = 0-97. Hence, X, /X =
2-Fand X, = 2:7 x 17-2 = 46-4dmm < 61-1 mm which is satis-
factory. Referring to the SDOF response chart C.2, ¢, /ty = 0-67 < 3.
Therefore quasi-static/dynamic loading design is valid and the flexural
capacity is adequate. Further checks may be necessary for shear
capacity and the magnitude of dynamic reactions applied to the top
and bottom supporting elements.

Introduction to the design of structural steel elements
to resist blast loading
Design stresses

Table 5.4 summarizes the relevant dynamic stresses, fg and fy, for

flexure and shear, respectively, to be used in the design of structural steel
elements.

B9
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Table 5.4, Dynamic design stresses for structural steel

Type of stross Protection Dvnamic design stress
category
HE:‘T'I':.ﬁUg 1 _,r.,|__ = _|r,'|\.
2 _.f.':*‘ — _|F||.I.' + [_lrdu o _;r.:.'il.' }:4
Shear 1 and 2 Fp. = 083 F,,

Idealization of structural response

The structural response of a steel element subjected to flexure may be
represented by the idealized resistance—deflection function shown in Fig.
5.6, where r, is the unit ultimate dynatnic resistance determined using
plastic theory modified to account for static loads present at the time of
the blast loading; X is the deflection at the limit of elastic behaviour;
K is the elastic stiffness and X, is the maximum permitted deflection
corresponding to the more critical of the limiting support rotation, f, or
ductility ratio, p, given in Table 5.2 for the appropriate protection category.

Response to quasi-static/dynamic loading

Idealization of blast load.  The blast load may be idealized into a triangular
pressure—time function with zero rise time as illustrated in Fig. 5.7 or
to other idealizations for which response charts based upon SDOF
analyses are available (see Appendix C).

Design for flexure.

{#) Design objective, To provide flexural strength and ductility such that
the work done by the applied blast load may be resisted by the strain
energy developed by the member in deflecting to X,,.

(k) Design steps.

Slep 1. Carry out preliminary design assuming an equivalent static
ultimate resistance as defined in Table 5.5,

(i} Determine the required resistance, r,, using Table 5.5.
(ii} Determine the required plastic moment of resistance, M, =
firy, LY {use Table B.3),

Table 5.5, Equivalent stabic ultimate resistance for preliminary design af sleel
elemtenits in flexure

Pratection category | Equivalent static ullimate resistance

1 Fo = 1-4) Pran
2 | Yy = 0-3 Pax

w0
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(iii} Select a steel member using appropriate relationship between
JJ'F'II?, _.r:d::t-' S E!'ld Z

Step 2. Calculate the natural period of the element using the following
equation

| Kpgm
N Ke
where Ky, is the appropriate load —mass factor from Table B.1 and
m s the unit mass of the element.

T=2r

Siep 3. Refer to appropriate SDOF response chart in Appendix C for
an elasto-plastic system under idealized load to obtain

(i) p = X, Xg hence X, and #, and
{if} #y/ty and hence check whether the appropriate design procedure
has been used, i.e. quasi-static/dyvnamic,

Check for shear and secondary effects.

(r) Ulltimate support shear. Values of ultimate support shears, V,, are
given in Table B.6.

(b) Ultimate shear capacity. The ultimate shear capacity is given by V,, =
fue Ay, where A is the area of the web.

i) Local buckling and web stiffeners. In order to ensure that a steel beam
will attain fully plastic behaviour and hence the required ductility at
plastic hinge locations, it is necessary that the elements of a beam
section meet the normal minimum thickness requirements sufficient
to prevent a local buckling failure. Similarly, web stiffeners should
be employed at locations of concentrated loads and reactions to
provide a gradual transfer of forces to the web.

{d) Lateral bracing. Members subjected to bending about their strong axes
may be suscéptibie ki lateral-torsional buckling in the direction of their
weak axes if their compression flange is not laterally braced. In order
for a plastically designed member to reach its collapse mechanism,
lateral supports must be provided at and adjacent to the location of
plastic hinges. In designing such bracing due consideration should
be given to the possibility of rebound which induces stress reversal.

Design example 3: structural steel beam to resist quasi-static/
dynamic load

A simply supported steel floor beam is to be designed for protection
category 1 against a specified blast-loading threat. The floor beam is one
of a series of beams spaced at 1-4 m which are to support a 4 mm thick
steel deck plate over an effective span of 5-2m. Take f, = 275 N/mm’,

E. = 210kN/mm? and p = 7850 kg/m?,

Ell
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Idealization of blast load.  The specified blast loading threat may be
idealized to a triangular pressure—time function with p, = 50kPa and
tg = 40 ms.

Diesign for flexure.

Step 1. For protection category 1, 8 = 2% and ¢ = 10,

{iy For a preliminary design take r, = 1-0 p, {see Table 3.5).
Thus, the required resistance per unit length is given as
o= 10 x50 x 1.4 = FOKN/m.
(ii) The required plastic moment of resistance is
o - P Y

M, = I — see Table B.3)

236-6 kN m

(ifi) Take M, = f4,5 where
fis = fay = 1-1 % 1:20 x 275 = 363 Nimm? and
5 = 236-6 x 10%363 = 0-652 x 10°mm’

Select a 356 x 127 x 39kgim universal beam (5 = (1-654 x
10°mm?, M, = 0-654 x 10° x 363 = 237 x 10°Nmm =

I

237 kN m).
Step 2.
Kipg m M = (.72 ({(see Table B.1)
Mass, m, per unit length = 39 + {7850 x 1-4 = D-004) = 83-0kg/m
Ky = 3%4{1-'1 {see Table B.4),
3L
where I = 100-87 x 10° mm",
Thus
B 384 x 210 = 107 = 100-87 x 10°
5 5 x (52 x 1P}
= 2225 NYmm/mm
= 2.225 x 10" Nimim.
Hence
R
. | Kppgm
T = 2 | ——
N Ke
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" LEI'?Z x 83-0)1’3
2.225 x 0%,

0-0326 s

32-6 ms

Siep 3.

(i) Referring to the SDOF response chart C.1

. B 237 w1
E 5.22

70-1 x 10*N/m
P=50% 107 x 14 =70 » 1P N/m

Thus, r,/F = 1-00 and £4/T = 4K32-6 = 1-23. Hence, X, /X =
u=2-1 = 10, which is satisfactory.

T

X: = #X. =p —
m E KL.
=21 x 70-1 x 10%2.225 = ¢
= 0-0662m
= Bb-2 mm
X
tan # = L,"' = 66:2 x 2/5.2 x 10¢

Thus, # = 1-46" = 27 which is satisfactory. The beam is slightly
over-designed and there mav be some scope for further
refinement of the section,

(i} Referring to SDOF response chart C.2, t.it; = 0-51 < 3.
Therefore pressure—time loading design is valid and the flexural
capacity is adequate.

Check for shear and secondary effects.
(a) The ultimate support shear is

L
V, = 202 _ 2000 x 10° % 54202

2
182-3 x 1PN

{b} The ultimate shear capacity is

fa. = 0-35f4 = 0-35 x 363

= 200 Nimm*
Vo = favhn = 200 x 352-8 x 65
= 4586 x 10°N

Vo = V, which is satisfactory.
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{c) Check for local buckling and provide web stiffeners at support.

{d} Top tlange of beam is laterally restrained under normal downward
loading. Provide lateral bracing to lower flange in the event of load
reversals,
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6 Implications for building
operation

Health and safety regulations

The Management of Health and Safety at Work Regulations, 1992, which
came into force on 1 January 1993, oblige an employer to establish and,
where necessary, give effect to appropriate procedures to be followed in
the event of serious and imminent danger to persons at work in his or
her undertaking. Current legal opinion implies that this legislation may
be interpreted to include the safety of emplovees when there is a threat
of a terrorist act or other violent act perpetrated by, for example, a
disgruntled employee. Further, The Construction Products Directive of
the European Community contains, within Annex 1, essential
requirements to ensure that products are fit for their intended use. This
includes safety in use and in particular it specifies that ‘the construction
work must be designed and built in such a way that it does not present
unacceptable risks of accidents in service or in operation such as slipping,
talling, collision, burns, electrocution, injury from explosion [author’s
emphasis].” The attention of the reader is also drawn to the Construction
(Design and Management) Regulations, 1994. These clarify the duties of
those involved with the management of risks arising from buildings and
structures throughout their life cvcle. Therefore, it is imperative to have
well-established and practised contingency procedures in place.

Threat assessment
The following factors should be taken into consideration in the
preparation of a threat assessment for a particular building:

¢ Advice from the local police force which mav be based upon the
Home Otfice document Bombs — protecting people and property [1].

® The current national and international situation as determined from
TEWS (‘.[]‘L’ff'l'agﬂ,

o Any special circumstances of the occupants.

# The building location, for example whether there is a ‘high risk’
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building close by, an attack on which may result in collateral damage
to the building in question,

Pre-event contingency planning

When preparing the pre-event plan certain important aspects need to
be considered. They fall into two categories: initiating and managing the
plan in response to a threat; and the response actions relating to the
various threats.

Initiating and managing the plan

It is important to appoint a single person {a security coordinator) to have
full responsibility for initiating and managing the plan. He or she must
receive total support from senior management. Further, all staff, including
the senior management, must accept and act on this person’s instructions
during the emergency. The security coordinator will need deputies.

The plan should be discussed with the police and fire brigade as carly
as possible. The Home Office booklet Bombs — Protecting People and Property
contains a great deal of valuable advice and is an excellent aid to drawing
up contingency plans.

To ensure that the plan works satisfactorily under a real threat, and
that staff appreciate what is expected of them, it must be regularly
practised and further, it must be kept up to date.

Response actions

{g) The telephoned bomb threat. On receipt of a bomb threat call, the
security coordinator should be informed of the contents of the call
in order that they can make a considered assessment of the threat.
Based on the result of this assessment the security coordinator will
inform the police and initiate one of the following:

(i} Do nothing.

(ii)y Undertake a limited search.

{iii) Undertake a full search then either evacuate staff or assemble
staff in the bomb shelter area {BSA).

(b} The delivered item (letter bomb or package bomb). If a letter or package
is suspected of containing an explosive device, then the following
actions should be undertaken:

(i) Leave it alone,
{ii) Clear the room plus the rooms either side, above and below.
(iii) Inform the police.

Ensure that the person who discovered the suspect package remains
on hand to assist the police when they arrive,
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It is important that all personnel who are inveolved in receiving
mail and delivered items should be made aware of the above
procedures.

(c) The internal improvised explosive device ((ED), If it is believed that an
[ED has been deposited inside the building then the following
procedures for searching the building should be contained in the
plan:

(i) Appointed teams to search the common public areas.
{(ii) Individual staff to search their own work place.

If the suspected [ED is found the area should be cleared and its
location reported to the security coordinator, The security coordi-
nator will then have to consider continuing the search of other areas
since more than one device may have been planted. Also, this will
assist when the decision to re-occupy the building has to be taken.

Depending upon the location of the device, consideration should
be given to using the BSA or evacuating the building.

(d)y The externmal IED. Typically the external IED falls into two categories:
the small carried device, e.g. briefcase, carrier bag, duffle bag, etc.,
and the vehicle-borne device ranging from a car to a large lorry.

Generally the reaction to botk: the small and large device will be
similar. However, when the location of the small device is known
and it is assessed that there are no other devices in the area then,
depending on the size and spread of the building, the reaction plan
can be applied to a limited area of the building. If evacuation is the
adopted policy, as the building is such that it does not offer a BSA,
then the assembly points will have to be a minimum of 400 m from
the building. Consideration will also have to be given to the poten-
tial deployment, by the terrorist, of a secondary device designed
to cause injuries to the authorities attending the aftermath of the
original dewvice.

Further considerations

To enable the plan to be iniiated and managed efficiently and
effectively, communications between the security coordinator and all the
staff and between the security coordinator and the police will be necessary
throughout the whole of the incident. Therefore consideration should be
given to the provision of a voice alarm system (VAS) within the building
and a number of portable telephones for external communication.

If the BSA philosophy is adopted it is important to ensure that the
control point from where the security coordinator is able to communicate
with staff and police offers the same level of protection as that provided
by the BSA,
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To aid the retrieval of data and thus minimize the disruption to the
business, consideration should be given to implementing the following
at the end of each working day and whenever assembly in the B5As or
evacuation is actioned.

e Cover IT equipment, particularly the data storage systems;
e [mpose a clear desk policy.

Post-event contingency planning

A post-event contingency plan is essential for business survival, It is
not only necessary for dealing with terrorist outrages but also for many
other forms of disaster from flooding to fire and from a major
communications failure to a plane crash.

There are many commercially available pre-designed plans or
comsultants capable of providing a business specific plan. To assist in
ensuring that the finally adopted plan is what is required, a list of critical
points which should be included are set out below.

{a) A pre-identified team to manage the disaster whose initial tasks will
include assessing the extent of the damage, setting an objective,
e.g. ‘Business as usual on Monday” and communicating with staff.
The recovery procedures should be put in hand by empowerment,
i.e. giving full authority to a staff member to take all reasonable
measures to fulfil his or her allotted task {e.g. no requirement for
three competitive quotations for the purchase of equipment, etc.),
communicating with the media (proactive if possible), communi-
cating with staff in non-affected offices, shareholders, clients, etc.

(k) A pre-identified team to continue the core business.

(t) A communication cascade system for all staff.

{d) Recovery procedures shall include the establishment of a communi-
cations centre, including a help desk and the establishment of a
computer facility for data retrieval and usage.

One vitally important point is to ensure that copies of the plan are easily
available in the event of a disaster. It is not sufficient to have one copy
supposedly held safely in the building. Further, the plan and data must
be kept up to date. Telephone numbers and names and location of staff
frequently change.

Reference
1. Home Office. Bombs — protecting people and property, & handbook for managers
and security officers, March, 1994,
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Appendix A. Simplified design

procedure for determining
the appropriate level of
glazing protection

When using this design guidance it is important to note the following
points when considering the larger devices, i.e. van bombs and above,

L

The structure is capable of withstanding the blast,

At small stand-off distances the cladding, local to the device, will
not survive,

The glazing and frame is not stronger than the cladding to which
it is fixed.

The simplified design procedure for determining the appropriate level
of glazing protection is as follows,

()
)

()

Deferniine the threal, Select the size of device based on the threat
assessment (see Chapter 6).

Establish the stand-off distance. Measure the stand-off distance from
the perimeter of the building to the location where the sclected
device could be sited.

Extract the stand-off distance for internal flying glass (4 nom annealed).
From Table A1, for the selected device size extract the stand-off
that will produce internal flying glass {4 mm annealed) and hence
cause personal injury.

Calculate the ‘comparative talue’. The ‘comparative value’ is calculated
by dividing the stand-off for internal glass {item ¢) by the measured
stand-off distance (item I},

stand-off 4 mm annealed

compatative value = .
stand-off measured

Selecting the elazing. Select appropriate glazing by matching the
calculated ‘comparative value’ (itern d) with the values given in
Table A.2. Note that if laminated glass, single or double, is selected
then the use of the frame and fixing design parameters in Table A.3
15 Mecessary,
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Table A.1. Stand-off distances to produce internal fluing ylass

Device Stand-off for 4 mm annealed glass: m
Small package 10
Small briefeasc 14
Large briefcase 20
Suitcase 26
Car 6l
Small van* 120
Large van 140
Small loroyt 160
Large lorry 200

Note. Stand-off distance is the distance from the centre of the explosion to the object
under consideration {in this case the glasing). These dislances are approximate, In
certain drcumstances, such as where the configuration of surrounding buildings causes
a local concentration of the blast effect, the distances could be increased by up to 30%.
* 5t Mary Axe, City of London device.

t Bishopsgate, City of London device,

Table A.2. Internal flying glass. Comparison of levels of protection provided by
various glass fypes and applied prolective measnres

Comparative Comparative

Clazing type value Clazing type value
Annealed glass (A) Lamimated glass (LT

4 mm 10 f-dmm or -8 mm 25
4 mm + ASF* 1.7 7-5mm 2.4
dmm + ASF + BBNCH 2-0 11:5mm 33
Toughened glass (7T) Lonble glazed unifst

& mm 2.0 fmm T + 6mm T 2-5
amm + ASF 2:5 omm A 4+ 73mm L 3-3
& mm 2.5 bmm T + 7-5mm L 4-0
Bmm + ASF 2.9

10} miem 2-0

10 mm + ASF 3-3

i.e. &4 mm laminated glass is 2-5 times betler than 4 mm annealed glass.

* ASF — anti-shatter film, 100 pm thick.

# BENC — bomb blast net curtains.

f For laminated glass to be effective it must be securely fixed into its frames preferably
with structural silicon and the frames must have glazing rebates of & minimuem of

25 mm deep. However, i special frames with deeper rebates (33 mm) the percentage
improvement will increase, The frames in turn must be securely fixed to the
surrounding structure,
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Table A.3. Frame and fiving design parameters for laminated gloss

Laminated glass  Approx. glass  bBquivalent ultimate  Minimum glazing

thickness: mm pane size: m? static load: kN/m? rebate: mm
&4 0-6 £l 25
18 30 25
3.0 3.0 30
o8 06 a0 23
1.4 4.0 25
30 40 30
75 0-f 12-0 25
1-8 7.0 30
30 60 30
115 -6 18-0 25
1-8 11-0 an
3-0 9-0 an

The frames and fixings should be designed 1o accommodate bwo modes of action
oecurring simultaneously:

(i) A line load of FEN/m acting on the frame perpencicular to the plane of the
window,

[ii) A line load of 0.5F kMNim acting on the [rame in the plane of the window,
tiwvards the centre of the pane.

I' is defined as the averapge edge reaction, e | = (WAP), where W = the
equivalent ultimate static load, kN'm?, 4 - the area of the window, m® and & = the
perimeter of the window, m

The ahove figures for equivalent static luads are a guide anly

{f) Worked example,

(i} Threat assessment determines a small van-sized device.

(i1} The closest a vehicle can get to the building is measured as 30 m.
{iti) The stand-off for 4 mm annealed for a small van is 120 m.
{iv] The calculated comparative value is 120030 = 4.0,

(v) The glazing type with a 4-0 or more comparative value is:

6mm toughened + 7.5 mm laminated.

Note that frames and fixings are to be designed using the
appropriate loading parameters,
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Appendix B. Transformation
factors for beams and
one-way slabs*

* Refer to Chapter 5 for notation,
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APPENDIX B

Table B.1. Transformation factors for one-way elements (after S Department of the
Army Techrical Mamual, TMS-1300. Design of stractures to resist the effects of
accidental explosions, 79900

Fdge conditions and loading diagrams ! Fange of | Load | Mass | Load—mass
| behaviour | factor | factor factor
K Ky E
Elastic [-pd -0 0-78
he R [Mlastic 0.50 | 0-33 066
P 3
Elastic 140 149 0-449
[ TR t Plastic 1.0y 133 [1-33
T4 L |
Elastic {55 | {145 078
annmnﬂaf_nﬁﬂ:ncﬂ! Elasta- |
k X plastic 0-64 | 0.50 0-78
Plastic 0.50 | 033 0-66
o Elastic 1-0 | 043 Ir-43
g {' Elasto
Y b i e ¥ plastic 1.0 | 0.49 0-49
: 2 2 Plastic 10 033 1} 33
Elastic .33 | (.41 77
Wﬁf‘\f F.IﬂﬁTl:"'
L i & .
plastic -4 | 050 7
Plastic 0-30 | 0-33 i-66
‘F’
4 f, Elastic 10 n.37 .37
A gy Y Plastic 10 | 033 | 03
A A

?Qmmmm:w- Elastic -4 0-26 -85
L L A Plastic n-50 ( 0-33 066
1
P

4 Elastic 10 0-24 024
A L Flastic 1-0 0-33 .33

P2 P2

|72 3% Elastic D87 | -2 060
Vid i i ) Plastic 10| DS 0156
1 * A A
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Table B.2. Elastic and clasto-plastic wnit resistances for one-way elements (as per

Tahle B.1)

Edge conditions and loading diagrams

Elastic
resistance, .

Elasto-plastic

resistance, r.,

=

*P

b | iz} R, —
1 T L
gnmmmm:‘ BM
k 2 ] g fis
{F 16M,, 2
4 L2 . L2 Y 3L
A 1
: 12M,,
% L i 12 T
a1
o 4 aM
{ . n R,
- V- L
L Ty =
-'ll' S il
P
L Ru =
;P’L’E *F’.-'E
R:l ==

t L3, L3 ) L3 #
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Table B.3. Ultimale unit resistances for one-way elements fas per Table B.1)

Edge condilions and loading diagrams

Ultimate resistance

My + 2IM )

i i

g MMy 4 2My)

T “ L
A i
B(My + M)
%manfnnm:n? r, = —}_Lz

UMy + M)

L L

My
ab L ! R
4 L)
P M.
| R" = ﬂ
7 L
P2 | PR
72 | T
(3 , L3, L : L.
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table 8.4, Elastic, elasto-plastic and equitalent elustic stiffresses for one-way
elements (g5 per Table B.1)

Edge conditions and loading diagrams | Elastic | Elasto-plastic | Equivalent
stiffness, stiffness, elastic
K. Ken stitfness
K¢
511 511
I 48E1 B 48E1
f 2, 2} L L
1 o |
g L ! 18581 IBAED 1ROET
¥ A 14 T 1
4 *P T07ET 44l 106ET*
oy Lin 3 3 3
= ¥ } [ I L
f‘xmmfnﬁmg E4L] JE84E] AFET*
4 L 511 i
4 i i [ 1920 4BEIT 192EM
1 Lz b L i I L3 I3
anmnmmama:n" BE] BE]
’ & | 1+ K
2 3EI 3L
L L? L
{F= LR 36-4F1 56-4L
L L?

! L3 L L3 L Li3 -l
1 A A A

“ Walid only it My = M

+ Walid only if My < M
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Table 8.5, Lliimale shear stress at distance o, from face of support for one-way

elements (a5 per Table B.7)

Edge conditions and loading diagrams

i

L

Ultimate shear stress, oy

Yo {%L Ik d\.}
il

R [
24,

55 %y
Lot ¢ —d. )i,
eft suppor ru( 3 J

3L
Right support r, ( = —d, ,I|-"d"

11K,
P Left s f i
* eft suppor Tod.
1 b2, 2 Y
A A : b O
Eight t
ight suppor 16d.
Fold = )
Mo i
*P e 'r{'l:
T 2, we 2,
a:r.':amaccl retl —d)
. oM
"IL ] i,
fP Ry
L d.
|P2 |Pre R,
24

fim 3 3 )
T A Rl Ll
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Edge conditions and Ipading diagrams

Table B.6. Support shears for ove-way elements {as per Table B.1)

Suppaort reactions, V,

r,L

RII
2

%
i 2, Lie
4 A

g

q
Left reaction -~ rul
8
Right reaction %
]
) 11k,
left reaction ——
la
Right reaction 2hy
1o

fmmcnfl:l:nnncﬂi vl
1 2
{° R,
L2 L2 2
L L Y L
1 |
P
3 L Ry
4
‘P."E * P2 R,
2

TN
1 1 % A4
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Cable B.7. (hnamic reactions for one-way elements (affer Biges M. Introduction
to structural dvnamics, MeGraw-Hill, New York, 1964)

Dynamic reactions ¥

LEdge conditions and lnading diagrams Elastic Elasto- Mastic
plastic
|
i FP=pL |0.308 <0.11P = 1038 -0 12F
i |
; - TR — 11280 FsR—q.
{ L2, L2 ! i 1h-257 [-73R—0-25P
1 * k|
Lelt reaction
P =pL O-d3R+0-108 (L 39R +0-11F |- 38K +0- 128
F L Right reaction
26K +0-12F | +£40 /L + AL
lP Left reaction
g . O-R4E +0-140 [0-78K —0-28F (0. 758 —0.250F
Lid L2 Right reaction
025K +0-07P | ML T
B =
ﬁfﬂmmfﬂm‘m? P =pL10.36R +0-14P |0-398 0117 |0-38R 0. 12P
A

0-FIR —0-217 |

73R 0. 25F

{2 #F;fE

Lidg , L3, L3

(538 —0-03P°

01328 — (3020
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Appendix C. Maximum
deflection and response time
for elasto-plastic single
degree of freedom systems*

20
Tnanguiar HE:—T}H:H-“ME Lrsplacarment
a1 | | p load | function y lunclon
T 02 05 1 2 5 o 20 40
iy /T

Fig, C.1 Maxinm deflection of elasto-plastic, one degree of freedom system for
trigngular Ioad {after US Department of the Army Techoucal Manual, TM5-1300,
Design of structures to resist the effects of accidental explosions, 1991

* Refer to Chapter 5 for notation.
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e, P =01
5 -
0-2
S . a3
-4
-5
r 0-6
s
04 = 08
£ 09
= Elastic . e
1.1
0-1 =
f-2
F
0-06 = “itponiitic -
e . ;i 1B
| |
| | 24
|
| |
n.oe - L L L
I KE tin
Triangular Resigtanca Displacement
lizad funclicon furslion
a0 I 1 I 1 1
11 0-2 05 i 2 5 10 20
g+ T

Fig, C.2. Maxtmum response time of elasto-plastic, one degree of freedom system for
riwngular load {as per Fig. 1)
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. o
By
-1
E
0.5 = 20
2 _ L ™ ; xl__‘ HALSS
[ | '
| | |
paolk l | |
b e fen
Gradually applied Resistance Drisplacerrard
lagad furiction furcton
1 1 1 L 1 i L
01 02 05 o8& ¢

5 g8 1 20
a7

By C.30 Maximim aif‘_fft‘.;‘tiun of elasto-plastic, one d:.’gr&::—‘ uf freedom syslem .fh_r
gradually applied load (us per Fig. C.1.)
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Q5=
T e
P | I
I | |
| | i
’ 1 1
el
[ [y fon
Gradually apolied Besislancg Displacemenl
aad funchion lunction
ot 1 1 L L L i Ll
01 o2 05 og 1 2 = & 10 20
biT

Fig C.4. Maxinmum response tme of elasto-plastic, one degree of freedom system for
grandually applied load {as per Fig. O 1}
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20 4i
1
P =102
1-05
11
1-2
13
1-4
15
1-5
24
e Elastic
Q-5 Ko
-rl. e
P
I
I
I
el l
[ Xe
Rectangular Resistance Displacemenl
sy | L lea . function  Junction
1 0z 05 1 2 = 10 20 44

e 1T

By, C5 Maximum deflection of elasto-plastic. one degree of freedom system for
rectangular load fas per Fig. 1.3
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10

P =08

Ll
__-_-_-_-__——_ -
-\______‘_________-_-___-_ ]
R 04
D -5
06
T 08

1-00

1
N o1

5
102
:i.—
Q2
1-08
01 1-1
1-15
0-06 = I-2
!
P o e
| X 2
| | 16
i l 20
-| e 1
00z I Xe i
Rectangular Resistance Mhsplacernant
Ioad function function
a-m . 1 1 L L 1 L
Q-1 02 0-5 1 2 3 1 20 40
ta T

Fig. C.6, Maximum response Hime of elosto-plastic. one degree of freedom system for
rectanyutar Towd (as per Fig, C.10)
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] Kul———

I
I
i

|
|
. ]
Bk 051 e Ta
]
Trianguiar pulse RAesstarce Displacement
Kad functicn lunclian
1 I 1 I L 1 S i |
0-1 o2 05 oe 1 2 5 8 1

LT
Fig. C.7. Maximum deflection of elasto-plastic, one degree of freedom system for
triangular pulse load (as per Fg. C.1)
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|
|
|
I

Xe fr,
Triangular pulse oad Resistarcs function Displacement Tunction
a1 1 | | 1 1 1 11
a1 o2 05 08 2 =1 R 10
LT

by, C.8. Maximum resporse time of elaslio-plastic, ane degree of frevidom system for
triangular pulse load fas per Fig. 1))
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Appendix D. Design flow chart

MNotes

1

. As an approximate rule, reinforced concrete elements designed for

protection category 1(f = 27) will exhibit a type 1 section and are likely
to respond within the pressure —time (or dynamic) regime, whereas
those designed for protection category 2 (f > 27} will exhibit a type
2 section and are likelv to respond within the impulsive regime.
However, this is not a hard and fast rule and the response time of the
clement ({;) must always be calculated and compared with the
duration of the load (#;) to check that the correct response regime has
been assumed in design.

. For the unusual case of protection category 2 and response within the

pressure—time (or dynamic) regime, a type 2 section should be
assumed at this stage.

. For the unusual case of protection category 1 and response within the

impulsive regime, a type 1 section should be assumed at this stage.

. Structural steel sections usually respond within the pressure—tme {or

dynamic) regime, However, if the calculated response time (t,) is
large in relation to the duration of the applied load (t,) an impulsive
design procedure may be more appropriate.
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