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Preface

Many nations have become victims of terrorism. Bombs have exploded in and
around buildings and other structures. Such events have generated consid-
erable concern over the ability of countries and governments to protect in-
stallations and their occupants against a potential threat of terrorism. Many
countries have established defence agencies and research councils who are
currently examining the structural integrity of existing buildings and other
vital installations. In some countries codified methods have been developed
together with the design methodologies and construction techniques to try
to protect old installations against vehicle bomb effects in particular. The
purpose of this book is to give an exhaustive study of buildings structures
resisting explosion with and without external/internal impact and fire caused
by such effects. A number of case studies with damage scenarios are included.
The book is divided into various chapters.

Chapter 1 gives a review of bomb-affected buildings. Case studies includ-
ing Alfred P. Murrah Federal Building in Oklahoma and World Trade Center
(WTC) Twin Towers in New York have been given a wide coverage. Notable
explosions in the world with relevant data are tabulated. After these the dam-
age scenario of the Pentagon building is fully described. This chapter now
resorts to the availability of data on major explosive elements, their ingredi-
ents and material properties. The last part of this chapter covers guidelines
for high-rise fire fighting caused by explosion, giving strategy and tactics,
modes and tactics of aggressors, duties and responsibilities of managers and
security staff, owners and managers, related to security measures, vehicle
barrier system requirements, vehicle bomb observation list and selection pro-
cedures related to a vehicle barrier. Where certain areas could not, for lack
of space, be included, relevant references are given to the reader/researcher
for an in-depth study.

Chapter 2 is devoted entirely on blast and explosive loadings on buildings.
This gives a comprehensive data on explosive and bombs especially related
to the well known damage scenarios. A summary is given on recent terrorist
attacks. The phenomenology for blast evading on buildings due to vehicle
bomb is given. This is followed by blast wave scaling laws. Blast loads and
modelling whether internal or external are summarised giving all analytical
and design equations for a reader to assimilate. Basic parameters of a bomb
blast including computational aspects of transient over pressures, reflected
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shocks in relation to peak pressure loading and total impulse, magnitude in
TNT, stand-off distance and altitude, structural orientation with respects
to the explosive and the ground are given much in greater detail. Stress
waves and blast waves are explained with analytical methods. Explosions of
spherical charges with full implementation are given. This is followed by the
methodology of explosion in air. Analytical models are given for the impulse
of incident pressure, thickness of shock front, stagnation pressure, oblique
shock and shock reflection, whether normal or oblique. Next various modes
of internal blast and load modelling with respect to building’s structural re-
sponse and modes are given in much greater detail. Various pressures-time
relations in graphical shapes based on research work carried out by many
scholars are given as novel examples. This chapter is fully supported by ref-
erences for future individual endeavours.

Chapter 3 gives a comprehensive treatment of fire in buildings with and
without explosion/impact. The subject is cleanly introduced. This is followed
by loadings and structural restraints. Pre and post flash over designs fires are
given a detailed treatment. For the basis of temperature-time relation, tables
are showing data and factors for enclosures. Major analysis is given to cover
the relevant area. The authors choose the place at this stage to introduce
material properties with compressive tables and graphs defining various pa-
rameters. Methods of analysis and design are introduced using codified and
numerical methods and techniques. They are supported by detailed analyses,
tables and graphs. Various design examples based on British, American and
European practices are given to explain the usage of analytical and design
techniques. Structural elementss in different materials are designed against
the fire. A detailed chapter is given on the global analysis of buildings under
fire using finite element. Since fire is generally associated with structures un-
der impact and impulsive loads and explosion whether internal or external,
the reader/researcher/designer can now easily handle any kind of scenario.

Methods of analysis related to structural response to blast loadings are
now thoroughly dealt with Chap. 4. A sound introduction to the subject is
given. Methods of analysis, numerical and analytical tools are underlined. One
of the methods known as discreet element method which has been adopted for
Oklahoma building is fully dealt with. The philosophy of structural response
analysis to blast loading has been fully exhausted by developing analyti-
cal/numerical models while fully supported by examples, graphs and tables.
Additional response for shock loading has been introduced. The remaining
part of this chapter is devoted entirely to the finite/discrete element of tech-
nology which eventually has been applied later on to the damage scenario of
the Oklahoma building in the USA.

Chapter 5 now deals with the design of structural elements under blast
loads. The main idea is to include in the design the blast response resistance.
The subject is briefly introduced. Various charts, graphs and tables containing
data and parameters are now acting as design aids. Practical design examples
based on British and American practices are given. They show how blasts are
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converted into design loads and structural elements in various materials are
designed. Apart from steel and concrete elements, an emphasis is placed on
the behaviour of glass and glazing materials subject to blast loads. The finite
element technique is applied to solve a case study related to glass in the blast
environment.

In structural analysis when the structure is located with respect to two or
more media, the interactive analysis is needed to integrate the media in the
global analysis. The same can be applied to two different materials interacting
with each other. The interaction is brought about by contact or gap elements.
This subject is nicely covered in Chap. 6. Commercial firms or bureaus have
developed various such elements. The major ones are documented in this
chapter which have already been tested in other fields of engineering.

Aircraft /missile impact data analysis is now compiled in Chap. 7. Basic
impact dynamics is initially introduced. Data on civilian and military aircraft
are given in detail so that they can be useful during the imputing of various
computer programs. Various equations have been developed for normal and
oblique impact. Aircraft impacts on structures are introduced and analytical
model is devised for the formulation of various relevant computer programs.
The load-time function has been established together with impact modelling
developed by a number of researchers. Military, airforce and navy missiles
and impactors with their relative data are included. The damage scenario
can be checked by various noted empirical formulae devised for structural
perforation, penetration, scabbing, spalling and rupture. They are included
in this chapter. Comprehensive lists of reference are given at the end for an
in-depth study.

Since the collapse of the WTC towers, it is now necessary to include
a chapter on aircraft hot fuel-structure interaction during aircraft impact
conditions. A comprehensive investigation is reported in Chap. 8. The data
on WTC towers and impactors are included in this chapter. The hot fuel
interaction analysis with tower components has been thoroughly investigated.
The damage scenarios have been established. Relevant references are included
for those who are deeply interested to pursue their future research interests
in this area.

When impact, explosion alone or in combination, occurs, fire is bellowed,
together firing debris, as witnessed in WTC disaster scenario. Scattering fly-
ing objects are the results. Chapter 9 examines the identity of the form and
location of unknown elements inside a given surrounding medium. It is pro-
posed to measure wave reflection data in space and time. Hybrid finite el-
ement /difference method is developed in three dimensions where scattering
can be performed with time periodic or known data in the form of short im-
pulses. The basic mathematical tool was devised which amounts to numer-
ically solving the time-dependent elastic wave equation with given material
coefficients. Finally the scattering phenomenon of objects was achieved using
the TIME-DOMAIN approach. Program FEMVIEW was linked to view the
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damage scenario. The computerised version was identical to the actual WTC
scenario. This chapter is supported by useful references.

Chapter 10 is a vast chapter of the book which deals with the building
global analysis for the damage scenario. Here all the work given for individual
research/design areas given in Chaps. 1 to 9 is combined to form a global
analysis for tall spatial structures. Linear and non-linear analyses are achieved
by modelling prototype structures as assemblages of line and panel members
using static and dynamic load influences. Framed and cored structures are
considered. Analytical and numerical models are included fully supported by
data, graphs, tables and plates.

Various scenarios are considered such as impact-cum-fire, explosion-cum-
fire, impact-cum-explosion and in other combinations. On structural sides,
methods of analysis for framed and core systems are given in much greater
detail. Comparisons are given in each case to validate the methodology and
assumptions. Where shear walls are have been introduced as random struc-
tures, a comprehensive 3D analysis is separately given. A section is given for
the local and global stability analysis. Both finite element and finite/discrete
element techniques have been used with the Damage model.

Global analysis with PROGRAM BANGF has been performed. The
reader is given a flow chart which indicates how an integrated analysis has
been philosophised. Based on this integrated analysis, case studies were se-
lected, the prominent of them is the Twin Tower (WTC, New York) collapse
scenario and the Oklahoma building known as The Alfred Murrah Build-
ing. The WTC building was chosen for the application of the 3D finite el-
ement analysis. Identical damage scenario have been obtained. A compre-
hensive analytical and numerical works are included on Finite/Discrete El-
ement Method. The computer program given in the Appendix I based on
this method is applied on the Oklahoma building. The damage scenario is
produced.

Both analytical works are fully supported by comprehensive data, tests,
original drawings and charts. The results are meaningful as far as possible.

An up to date references are included in this chapter for future studies.

To crown all, each chapter contains numerous analytical and design ex-
amples selected on the basis of existing constructed facilities. Examples from
both analysis and design have been selected using various practices. This pro-
vides the reader with a wide coverage of the international scene. Wherever
new codes are operational, such as the FEurocodes, they have received due
consideration. This is clear from the contents of the book where such codes
give the reader an opportunity to study the comparative analytical and de-
sign tools in buildings and their structural components subject to explosion,
impact and fire.

This book is supported by a comprehensive bibliography of each chapter
for those who intend to carry out in-depth study in their individual projects.

The book carries a large Appendix which covers the background analyses
and computer subroutines required to execute complicated analyses and de-
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signs of building structures and their components. With slight adjustments,
these can be linked easily to a number of relevant computer packages.

This book will be of use to researchers and practicing engineers, design-
ers, defence agencies, government departments, technologists, mathemati-
cians and specialists in computer-aided techniques of building construction.
The major design examples will be beneficial to building, civil, structural and
mechanical engineers who are involved in static and transient load analyses.
Specialists in wind, earthquake and explosion engineering disciplines will also
find this book extremely useful.

The topics covered in this book are within the syllabuses of postgradu-
ate courses at various universities. Both lecturers and students should find
the text relevant to their projects and research theses in fields of explosion,
impact, shock and fire.

This book acts as a technical guide for defence and disaster agencies, re-
search establishments, computer-aided bureaux, construction companies and
for those who wish to validate experimental test results and on-site monitor-
ing data. Many consultants in the building trade would find this book ex-
tremely useful in the design of building structures to be checked or designed
for explosion, aircraft/missile impact and fire, aircraft impact and fire.

Great effort has been made by the author to highlight all aspects of analy-
sis and design related to explosion in building structures. The contents of the
book have been carefully selected to cover major analytical, numerical and
design problems associated with building structures. Certain areas could not
be presented in this text, but the author has given many references instead,
and has included an extensive bibliography to enable the reader to carry out
an in-depth study satisfactorily.

In this book, it has been necessary to dispense with chapters and to replace
them appendices. This is because each topic is an entity in itself and needs
to be encompassed within a chapter. One can, therefore, consider this to a
large book comprising a series of mini-books with different titles. A total of
ten chapters are included in this volume.

Although the authors have given a separate acknowledgement, they would
be failing in their duty if they did not thank those whose names are men-
tioned in the text. Matina Theodoropoulou for overall work on typing this
manuscript.

Finally, but not least the authors would like to thank from the deepest of
their heart, Matina’s friend and great human being with so many skills and
a great driving for progress and success, Mr Vas from Greece, now living in
Peckham. Thank you Vas. Vas would like to thank DJ Tiesto for keeping him
entertained with his brilliant music during the long hours of working on this
manuscript.

London, September 2005 M.Y.H. Bangash
T. Bangash
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Conversion Tables

Units
Imperial units
lin

1in®

11t

1ft
10ga

18 ga

11b

1ton
1sq ft

1 cubic ft
1 psi

20 T /ft?
11b/sq ft
11b/ft?
11t 1b
11ft/sec
1slug
lin 1b
1kip/in
1bar

1 kip

1 short ton (2000 1b)

MKS units

1 Pascal (Pa)
1 kgm

1 kgf

o

1°F (Farenheit)
1°C

SI units

= 25.4mm
0.003785 (m?)
= 30.48 cm

= 0.09290 (m?)
3.57 mm

= 1.27mm

= 0.454 kg

= 9.964kN

929 (cm)?

= 16.4 (cm)?

= 6.89kPa

= 1915.2kN/m?
992.16 kPa

= 16.02kg/m?
1.356 Nm
0.3048 M /s

= 14.59kg

= 0.1129848 Nm
175.1268 kN/m
= 100kN/m?

= 10001b
0.9072 Megagram (Mg)

ST units

= 1N/m?
= 9.807 Nm
= 99.807TN

Temperature in °C (Celsius)
=t =2°K
=9

Additional

1ft3 = 0.02832 (m®

1cu yard = 0.765 (m?)

= 6895 Pascal (Pa)

= 47.88 Pascal (Pa)

= 4.448kN

te = (tr — 32)/118
te = 1.8 + 32
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1 Explosion and Buildings — A Review
of Affected Buildings and General Criteria,
Data, and Management

1.1 General Introduction

Many nations have become victims of terrorism on a grand scale. Bombs have
exploded in and around buildings in many countries causing civilian casualties
and structural damage. As a result, such events have generated considerable
concern over the ability of countries to protect buildings and their occupants
from the continued threat of bombings. In response to a potential threat of
terrorist bombings against civilian structures, various defence agencies and
research councils are examining design methodologies and construction tech-
niques. Protecting the buildings against vehicle bomb attacks has become a
priority. The issue of the structural integrity of existing buildings is now a
burning one. Analytical, theoretical and design-cum-construction techniques
are constantly being reviewed by government agencies and engineering con-
sultants. Bangash [1.13] has given a detailed version of structures subject
to impact and explosion. This section is related to bomb explosion in and
around buildings only. It covers important case studies of buildings, review
of existing knowledge for blast effects and their mitigation and protective de-
sign technologies, analytical and computational techniques. Conclusions and
recommendations are also given. For impact forces causing the damage a
reference is made to Appendix A.1 for detailed methodology of translating
impact forces associated with the explosion.

1.2 A Review of Bomb-Affected Buildings

LZA [1.38,1.39] has reviewed the large number of data in this field from the
Second World War, drawing attention to some of the more relevant research
papers on blast and its effect on both hardened and conventional-bearing
framed structures. Referring to the UK, France, Germany and Japan, tens of
thousands of records of bomb damage have been compiled.
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1.2.1 Case Studies on Bomb Damage to Buildings
1.2.1.1 Introduction

A bomb explosion within or around a building can have catastrophic effects,
damaging and destroying internal or external portions of the building. It
blows out large framework, walls and doors/windows and shuts down building
services. The impact from the blast causes debris, fire and smoke and hence
can result in injury and death to occupants.

Bomb damage to buildings depends on the type and layout of the struc-
ture, material used, range of the located explosive device and the charge
weight. This section deals with the historical survey of important buildings
hit directly by bomb explosion and the collateral damage to building sub-
systems. Case studies are chosen from various countries and they are by no
means complete as many explosions can occur and more and more collateral
damage to building sub-systems can in future, be reported. If a building is not
designed ‘for a blast’; a steel frame might be better under reasonably small
bomb scenarios since steel has equal capacity in tension and compression and
concrete has capacity only in compression in at one face and tension is taken
by the reinforcement at the other face. One doesn’t know in which direction
the blast effects will occur.

If a building is designed for a blast, the concrete components do better.
They have more mass and more damping and energy-absorbing capacity.
In the United States, the state department allows only reinforced-concrete
buildings in high-risk areas.

1.2.1.2 Case Studies
1. The Alfred P. Murrah Federal Building

In April 1995, the bombing of the Alfred P. Murrah Federal Building in
Oklahoma City was one of the largest terrorist attacks in the USA. A car
bomb, estimated to contain about 1800kg of high explosives and located
3-5m from the north face of the building and about 12-15m from the east
end, caused 168 fatalities and numerous injuries, and caused an estimated
$50 million in damage. Besides this, the number of surrounding buildings
damaged was around 75.

The Murrah Building was a nine-storey building of RC slab/column con-
struction. Measuring 61.5m x 21.5m. The frame had 10.7m x 6.2m typical
bays, created by a column line along each face and one down the centre. Four
of the north-face columns, spaced at 12.3 m and unsupported for two storeys,
formed an atrium at street level. A 61.5m spandrel beam at the third floor
transferred loads from the columns on floors above the exposed columns at
height 8 m. the explosion destroyed three of the four front columns and a
centre-line column. With four columns completely destroyed, the upper floor
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toppled northward as the 200 mm thick slabs separated from the centre-line
columns. As a result, 8 of the 10 bays collapsed in the northern half of the
building. Two bays collapsed on either side of the failed centre column in the
southern half of the building. Moreover, inside the south entrance slabs in ad-
jacent bays on two floors collapsed. The most recent information is as follows.

The bomb was fertilizer-based (ammonium nitrate fuel oil ANFO) ex-
plosive which had the TNT equivalent 1814 (1.05) = 1905kg. Figure 1.1
indicates the Murrah Building prior to blast. Figure 1.2 shows the position
of the building along with other buildings in the locality before the blast
while Fig. 1.3 shows the extensively damaged part of the Murrah building.
The centre column 6-lines of the building was ripped off by blast. Figure 1.4
shows damage to the south east portion of the building.

In addition, the explosion hurled broadside into 30 of 4 two-storey exposed
columns along a recessed entrance and a 61 m long third-floor spandrel beam
that transferred loads from columns spaced 6.5 m apart on typical floors above
to the 8.5m tall exposed columns spaced every 12m. The blast kicked the
legs out from under the 0.91 m x 1.5 m transfer beam and served to expose the
500 mm x 900 mm columns. It was also observed that a 9.1m x 5m slab was
hanging precariously over the rubble-covered columns. A mile away window
frames had been pushed back 0.61 m and the 610 mm centre-line columns as
reported thus failed. The bomb also deformed and in some places ruptured
the 10.7m x 6.1 m frames of typical bays.

The bomb crater was 9.15m x 2.45m, and the site needed immediate
attention. The building was finally demolished with 220 explosive charges that
brought it crashing to the ground. The 4500 tonnes of debris were removed
over a period of three weeks.

2. The World Trade Center, New York

The World Trade Center (WTC), New York City, was attacked on 26 Febru-
ary 1992. It was a 110-storey plaza. The damage was extensive. The bomb
estimated to be about 900 kg of high explosive, was detonated against the
south wall of the north tower in an underground garage two levels below the
ground floor. The following gives additional details:

— Severe damage at sub grade levels of the floors.

— Bomb crater across some of the floors 24 m to 36 m.

— Two storeys of RC slabs 280 mm thick blown out.

— Parking floor slabs failed at column capital.

—  Segments of the masonry wall along the south wall of the north trade
tower were blown out.

The World Trade Center vehicle bomb consisted of properly mixed ordinary
ANFO TNT equivalent of 816.5 (0.7) = 571.6kg (12601b). This bomb was
also fertilizer based. The energy content of this bomb was around 30% of the
one used in Oklahoma City. These structures consisting of Twin Towers are
shown later on which were collapsed by terrorists using various aircraft.
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Fig. 1.1. Murrah Building prior to blast (courtesy: ASCE 2003, New York; courtesy
and permission: Kirkpatrick Engineering Consultants, Oklahoma, U.S.A)
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Fig. 1.3. Damage to north and east sides of Murrah Building (courtesy: ASCE
2003, New York; courtesy: Kirkpatrick Engineering Consultants, Oklahoma, U.S.A,
2003)
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Fig. 1.4. Damage to south-east portion of Murrah Building
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3. Jewish Community Centre, Buenos Aires

A van loaded with 275 kg of high explosives was detonated on 18 July 1994.
The explosive range was between 3-5m from the front face of the building
of five storeys of brick masonry construction. The exterior walls supported
the floor slabs, which developed progressive failure leading to collapse of a
number of them, which were finally destroyed.

4. St. Mary Aze, London

A car bomb of 350 kg TNT was detonated on 11 April 1992 causing extensive
damage to a number of adjacent buildings including the European Develop-
ment Bank, a ten-storey block with three-storey pedestal. The building was
made up of concrete columns and slab construction with non-bearing ma-
sonry walls for the lower three levels. Although it was shielded by another
building from the explosion, and thus saved from direct blast, the windows of
the bank building were completely broken. The windows that survived were
on the upwind face of the building, particularly second-floor podium windows
(2.5m x 2.5m) made of toughened 10 mm thick double-glazed glass.

5. Bishopsgate, London

The Bishopsgate bomb blast, in April 1993 destroyed several buildings. Load-
bearing walls, glazing and cladding were heavily damaged. The mode and
the level of damage was very similar to that of St. Mary’s. Fittings and
claddings had to be replaced. The frames were twisted right down to the
foundations. ‘Sof-shock’ glass was considered rather than laminated glazing
since, in future, if such blasts occur, the glass membrane will stretch and thus
reduce loads transferred to the structural components. The raised floors and
suspended ceilings were distorted by the blast and thus needed realignment
and re-levelling. Close to the blast centre, severe internal damage was visible.

6. Docklands, London

On 9 February 1996, a bomb in London’s Docklands caused widespread dam-
age. The cost of destruction was over £ 100 million. Figure 1.5 shows a plan
of various buildings close to the blast site. The unusual vehicle carrying the
South Quay bomb made it more lethal than the previous bombs. The ve-
hicle was disguised as a small lowloader thus creating a vicious device that
produced heavier shrapnel, which scythed through the lightweight cladding,
used on many of the buildings shown on Fig. 1.5. Apparently the explosives
were packed tightly into a small space and confined between metal sheets
eventually turning out to be a pretty potent source of shrapnel. It is esti-
mated, from the blast pattern, that the home-made explosive, (HME) which
detonated could have been no more than 500 kg TNT high explosive, about
75% the force of commercially produced TNT. In an open space, the bomb
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would have produced a hemi-spherical blast wave and caused havoc despite
its being half the size of the earlier London bombings in 1992 and 1993. The
bomb detonation released gas at a pressure of 300 kilobar and temperature of
4000°C and consisted of a layer of compressed air, due to gas expansion. Be-
tween various buildings, a complex pattern of reflection and refraction waves
resulted from the blast, thus varying structural response and damage. The
response obviously depends on factors such as the blast energy due to ex-
plosion, building geometry, structural form and most importantly, the ranges
(distances from the blast centre to the building concerned).

Tall buildings with a greater height/base ratio compared with smaller
buildings reacted better. There appears to be no significant difference in
performance between concrete and steel-framed buildings. Generally, there is
a dependence on the quality of design and detailing.

On the question of individual building and blast effects, the following
examines important buildings in the Docklands area and how they sustained
damage.

South Quay Waterside

Here, three tower blocks and a 24-storey tower block are located. Generally,
they have steel framed main structures with composite deck floors sitting on
an RC-framed basement. Cladding is made of granite and glazing is tinted
glass with no protective film. Most of them were unoccupied at the time of
the blast. Most of the glass was lost and cladding was slightly damaged. In
general the buildings appear to have performed well since the Docklands light
railway having received some damage, protected them.

The South Quay Plaza (SQP) 1, 2, 3

The Arcade consists of a shopping centre and three office buildings. They have
RC frames with pitched roofs. The front has, in each case, granite cladding
and mirror glass.

SQP1 — Seven storeys extensively damaged and all glass lost. Roof was
damaged. Each side of the building stripped of its frame.

SQP2 and SQP3 — Ten storeys and fourteen storeys, respectively. The
buildings were completed in 1989. All glass lost from SQP2 and much lost
from the other side of SQP3.

These two buildings were otherwise intact. The Plaza shopping centre had
to be demolished.

Thames Quay

This has three inter-connecting blocks with stepped fagades. The London
Dockyard Council (LDC) occupies the block nearest to the centre of the
blast. Windows had a plastic film coating. Due to the blast, the cladding
panels were dimpled. The building was completed in 1989.
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Great Eastern Enterprise

This is made up of two blocks of five and nine storeys. The damaged part
was completed in 1989. Two steel frames were separated by 100 mm. Cladding
comprised aluminium panels and semi-reflective tinted glass with no protec-
tive film. Total destruction of the front and west facade was visible. There
was little damage to the side remote from the blast. The frames, in general,
performed well.

Docklands Light Railway

The railway ran only metres from the centre of the blast. Alarming cracks in
the concrete bridge deck soffit crossing Marsh Wall were visible. Its elevated
structure at South Quay required major reconstruction. Its viaduct structure,
in general, has emerged structurally sound. Two circular RC piers supporting
a 35 m span of two steel box girders, appear undamaged. Elastomeric bridge
bearings appear unaffected. The bomb also destroyed DLR’s offices in South
Quay Plaza.

Heron Quay. ICE’s Office Thomas Telford House, London

The Institution for Civil Engineers’ Dockland office at Heron Quay was ap-
proximately 1km from the centre of the blast. Generally it was sheltered by
other structures from the direct force. The structure of the ICE’s building
took the blast well. The large hinged windows were severely shaken and two
panes were plucked out. Flying debris crashed through the glazed canopy and
broke two more panes. Light fittings dropped from their holders. No plastic
films to the windows existed at the time of the blast.

7. Staples Corner, London

On 11 April 1992 an explosion occurred at Staples Corner damaging a single-
storey steel-framed warehouse measuring 56 m x 57m. A range of 17m was
the nearest from the blast. Severe damage occurred to cladding made of light
profiled steel-sheet construction, sheetings, and purtins block-work lining the
wall and some fittings and finishes. The main steel frame sustained minor
damage. It was estimated that the explosive force was around 100kg TNT.

8. Manchester Bomb Blast, UK

On 15 May 1996 Manchester city centre received a heavy blast from a bomb
hidden in a vehicle parked close to the bridge outside the Arndale shopping
centre. At the time of writing this case study, engineers and surveyors were
eagerly awaiting permission to enter the blast zone since it was still subject
to forensic examination. As shown in Fig. 1.6 a 30 m long steel-trussed foot-
bridge, providing high-level pedestrian access, seemed to be reaching total
collapse. The blast lifted the 200-ton structure from its bearings thus mak-
ing it unsafe. In the central zone there are around 1000 buildings of widely
varying sizes. The 1.5-ton bomb detonated in Manchester left scenes of de-
struction in the dozens of streets forming the heart of the city. Figures 1.7
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Fig. 1.7. Immediate vicinity of Murrah Building

and 1.8 reveal parts of this devastation. Some buildings were immediately
shored up. The worst damage was that to the 220 m? Arndale shopping centre
consisting of steel and concrete-framed structures supporting concrete-plank
flooring and large external cladding panels. Along Corporation Street, the
20 m high frontage lost windows. The 7m tall heavy concrete panels hung on
to the structure above the ground level brickwork infill. Dozens of the tiled
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Fig. 1.8. Damage to north and east sides of Murrah Building

cladding panels were blasted off by this bomb, which was placed just a few
metres away. The frame itself was buckled. A 20-storey office block stood well.
The 10-storey Longbridge House, however, was blasted with non-structural
concrete infill panels on the lower floors of the steel-framed structure were
collapsed. Close to the Arndale Centre, the Royal Exchange building did
lose most of its windows and was structurally damaged. Across the road,
the Marks and Spencer store lost both its glazed shop fronts and the heavy
concrete coping. It is interesting to see that ground floor windows close to
the blast remained intact while those higher up a 26-storey office block some
500m away were shattered. Complete shop fronts several streets away from
the blast area were blown out but adjacent windows and those on the opposite
side of the road were not even cracked.

9. Bomb Blast at Lisburn, Northern Ireland

The bombs exploded within 15 minutes of each other in the Thiepval Barracks
of the British Army, eight miles from the south of Belfast. A map shown in
Fig. 1.9 indicates the position of the blast. Figure 1.10 shows the scenario,
which occurred on 7 October 1996. The two bombs, which produced huge
clouds of smoke, were believed to have contained between 250 kg and 500 kg
of explosive. A neurological hospital close to the barracks was baldy damaged.
The approach to the barracks is a four-lane road, two lanes in and two lanes
out. At the barriers and further on along the perimeter fencing, there were
security cameras which would have filmed the cars. After going through the
barriers, however, the two cars carrying the explosives would have faced no
further security checks on their way to the car park. It shows the error lies
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Fig. 1.9. Map showing location of the Lisburn bombings

at the security checks particularly, prior to reaching the car park, although
the security layout was perfect to catch the terrorists. The size of the bomb
can be derived easily from the damage level and also from the case history
of the terrorists given below:

Aug 31, 1994:
Feb 9, 1996:
Feb 18, 1996:

March 9, 1996:
April 17, 1996:
April 24, 1996:
June 15, 1996:
June 28, 1996:

July 13, 1996:
July 15, 1996:
Sept 23, 1996:
Sept 29, 1996:

Aug 7, 2005:

TRA suspends campaign temporarily

Bomb explodes in London Docklands

IRA bomb detonates in a bus, Aldwych, London

Explosion in Fulham, London

Explosion at empty house, South Kensington

Two bombs failed on Hammersmith Bridge, London
Manchester City bombing

Mortars fired at barracks in Germany

Car bombs devastating Enniskilen Hotel, Northern Ireland
Seven arrested in London after bombs components found
Police arrests in London and Sussex and recovered bomb
making equipment

Car bomb containing 250 1b of explosives made safe in Belfast,
Northern Ireland

10 kg bombs, London Underground, U.K.



14 1 Explosion and Buildings

Fig. 1.10. Crater from one of the Linsburn bombings

10. Al-Khobar, Saudi Arabia

Figure 1.11 shows a general view if the building housing US troops in East-
ern Saudi Arabia after an explosion. The blast from explosive equivalent to
50001b TNT destroyed the horizontal members of the floors and at some lev-
els damaged the verticals. All windows and doors were blasted out. A crater
45 ft long and 35 ft deep was created. Debris from one whole side of the build-
ing fell. The wall panels remained intact. A number of people died and some
of were injured. The bomb was hidden in an abandoned (fuel) truck and
ripped off the entire fagade of this residential block. The explosion occurred
26 June 1996 at the junction between 8th Street and 31st Street at King
Abdul Aziz Air Base at Dhahran.

11. Pakistan and India Bomb Blast

Between 1993 and 2005 the total number of explosion incidents in Pakistan
was 650, including one in the cancer hospital in Lahore, demolishing a large
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Fig. 1.11. Al-Khobar Building, Saudi Arabia (courtesy Associated Press, France,
AFP)

section of the hospital. Around 300 such incidents took place in India includ-
ing that at the Bombay Stock Exchange and also the Rajasthan bomb blast.
The capacities of these bombs have not been reported. Some religious places
were targets as well. Bomb blasts in India for the same period turn out to be
210, including the attack on the Indian Parliament.
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12. Israel and the Other Middle Fastern Countries

Israel has compiled a database since 1968, called ODS (Observed Damages to
Structures). The ODS includes more than 25,000 events recorded throughout
the world where structures were attacked. Referring to car explosions or de-
vices placed near these structures, the ODS reports around 1500 events only
in Israel. Since the subject is on explosives in or around buildings, the present
discussion does not include rockets, anti-tank weapons, recoilless guns, mor-
tars, artillery shells, missiles, and air bombs. The classification of explosives
used in the ODS is:

small explosives — up to 5kg TNT
medium explosives — up to 20 Kg TNT
large explosives — up to 100 kg TNT

very large explosives — up to 2000 kg TNT

The database of observed effects of terrorist attacks on structures is a
useful tool enabling designers to design better and safer structures.

Table 1.1 indicates notable explosions in the world. Table 1.2 shows a
comparison of the data on bomb-affected areas in the Middle East with those
of some European countries.

18. WTC Towers: Impact-cum Fire Fxplosion and the Collapse Scenario

Following the September 11, 2001, attacks on New York City’s World Trade
Center (WTC), the Federal Emergency Management Agency (FEMA) and
the structural Engineering Institute of the American Society of Civil En-
gineers (SEI/ASCE), in association with New York City and several other
Federal agencies and professional organizations, deployed a team of civil,
structural and fire protection engineers to study the performance of build-
ings at the WTC site.

The events following the attacks in New York City were among the worst
building disasters in history and resulted in the largest loss of life from any
single building collapse in the United States. Of the 58,000 people estimated
to be at the WTC complex, 2,830 lost their lives that day, including 403
emergency responders. Two commercial airliners were hijacked, and each was
flown into one of the two 110-storey towers. The structural damage sustained
by each tower from the impact, combined with the ensuing fires, resulted in
the total collapse of each building. As the towers collapsed, massive debris
clouds consisting of crushed and broken building components fell onto and
blew into surrounding structures, causing extensive collateral damage and, in
some cases, igniting fires and causing additional collapses. In total, 10 major
buildings experienced partial or total collapse and approximately 30 million
square feet of commercial office space was removed from service, of which 12
million belonged to the WTC Complex.

As each tower was struck, extensive structural damage, including local-
ized damage, each structure remained standing. However, as each aircraft
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Table 1.1. Notable explosions in the world

Date Location Deaths/Injuries
31/10/1963 State Fair Coliseum, Indianapolis, USA 73
23/7/1964 Harbour munitions, Bone, Algeria 100
4/3/1965 Gas pipeline, Natchitiches, Louisiana, USA 17
9/8/1965 Missile silo, Searcy, Arkansas 53
21/10/1965 Bridge, Tila Bund, Pakistan 80
30/10/1965 Cartagena, Colombia 48
24/11/1965 Armony, Keokuk, Louisiana, USA 20
13/10/1966 Chemical plant, La Salle, Quebec, Canada 11
17/2/1967 Chemical plant, Hawthorne, New Jersey, USA 11
25/12/1967 Apartment building, Moscow 20
6/4/1968 Sports store, Richmond, Indiana, USA 43
8/4/1970 Subway construction, Osaka, Japan 73
24/6/1971 Tunnel, Sylmar, California, USA 17
28/6/1971 School, fireworks, Pueblo, Mexico 13
21/10/1971 Shopping Centre, Glasgow, Scotland 20
10/2/1973 Liquefield gas tank, Stated Island, New York, USA 40
27/12/1975 Mine, Chasnala, India 431
13/4/1976 Munitions works, Lapua, Finland 45
11/11/1976 Freight train, Iri, South Korea 57
22/12/1977 Grain elevator, Westwego, Louisiana, USA 35
24/2/1978 Derailed tank car, Waverly Tennessee, USA 12
11/7/1978 Propylene tank truck, Spanish coastal campsite 150
23/10/1980 School, Ortuella, Spain 64
13/2/1981 Sewer system, Louisville, Kentucky, USA 0
7/4/1982 Tanker truck, tunnel, Oakland, California, USA 7
25/4/1982 Antiques exhibition, Todi, Italy 33
2/11/1982 Salang Tunnel, Afghanistan 1000-3000
25/2/1984 Qil pipeline, Cubatao, Brazil 508
21/6/1984 Naval supply depot, Severomorsk, USSR 200+
19/11/1984 Gas storage area, northeast Mexico City 334
5/12/1984 Coal mine, Taipei, Taiwan 94
25/6/1985 Fireworks factory, Hallett, Oklahoma, USA 21
6/7/1986 Oil rig, North Sea 166
1/6/1988 Coal mine, Brocken, West Germany -
4/6/1988 Freight train, Arzamar, USSR -
27/6/1988 Commuter trains, Paris, France

3/7/1988 Commercial Iranian Airline, Persian Gulf -
1/4/1995 Murrah Federal Building, Oklahoma, USA 250
26/2/1992 The World Trade Center, New York, USA 150
18/7/1994 Jewish Community Centre, Buenos Aires, Brazil 125
9/2/1996 Docklands, London, UK -
4/4/1993 St. Mary’s Bishops Gate, London, UK

11/4/1992 Staple Corner, London, UK -
15/6/1996 Manchester, Bomb blast, Manchester, UK -
7/10/1996 Lisburn, Northern Ireland -
26/6,/1996 Al-Khobar, Saudi Arabia -
8/1/1968(to date)2003 Israel and Middle Eastern Countries 1600
1/1/1993(to date)2003 Pakistan and India 1200
11/9/2001 World Trade Center (WTC), USA 2630
11/9/2001 Pentagon Building, Washington D.C., USA 189

10/3/2005(to date)

Iraqi Invasion

15005 (reported killed)
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Table 1.2. Data on bomb-affected areas (1990-2003) in various countries

Target Countries

USA UKlran Iraq IndiaPakistan Israel Europe Far South Australia Afghanistan
east America

Residential 2553 150 40 300 25 15 110 210 100 200
Commercial 1468 315 40 150 200 5 210 115 200 300 - -

Vehicles 1698 200 100 3 80 3 11 50

Educational 573" 16 — - - - - - - 10 - -
Mail boxes 2712 25 - 3 - - 10 5 - 20 - -
Open areas 568 30 10 - - - - - 10 - - -
Utilities 143 40 5 10 2 10 20 - 15 13 - -
Law 108 25 15 15 19 50 150 - 10 150 - -
enforcement

State and 155 15 16 11 20 10 80

local

governments

Federal 48 40 15 10 - 21 130 - - 150 - -
government

Banks 72 10 - — 20 5 - - - 20 - -
Military 27 16 10 50 10 13 10 1110

Airports and 10 15 - 5 100 8 20 - 8 13 - -
aircraft

Apartments 244* 10 - - 2 - 16 - - 10 - -
Religious 30 10 5 8 - 50 40 10 - 5 - -
facilities’

Energy 11" 2 - - 8 - - - - 10 - -
facilities’

Parks' 89 10 30

Medical 26 2 - - - 2 - — - 40 - -
facilities’

Other? 481 - - - - - - - - - - -
Total 18,200 — — 30,0008 1300 1000 250 210 1200 250 1500 1700°

* Around 70% were other explosions.

 Hospitals and supply depots, mosques, temples, churches, synagogues.
i Shops, restaurants etc.

§ Till Feb. 2005.

impacted a building, jet fuel on board ignited. Part of this fuel immediately
burned off in the large fireballs that erupted at the impact floors. Remaining
fuel flowed across the floors and down elevator and utility shafts, igniting in-
tense fires throughout upper portions of the buildings. As these fires spread,
they further weakened the steel-framed structures, eventually leading to total
collapse.

Figure 1.12 gives a bird’s eye view of the World Trade Center (WTC)
complex with he towers dominating the Plaza and other buildings, prior to
aircraft impact-cum-explosion. Figures 1.13 and 1.14 show the collapse sce-
nario of the two WTC Towers. Figure 1.15 indicates the schematic depiction
of collapse debris impact.
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Fig. 1.12. A bird’s eye view of the WTC Complex (courtesy: Yamasaky Associates,
Architects, New York, 2002; courtesy: FEMA, New York, Washington, D.C., 2002)
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Fig. 1.13. WTC Tower with antenna-collapsed scenario: Tower I (courtesy: FEMA
2002, Washington, D.C.)
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Fig. 1.14. WTC Tower without antenna-collapsed scenario: Tower II (courtesy:
FEMA 2002, Washington, D.C.)
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Fig. 1.15. Schematic depiction of areas of collapse debris impact based on aerial
photographs and documented damage. Striped areas indicate predominant loca-
tions of exterior steel columns. Inner circles indicate approximate radius of exterior
steel columns and other heavy debris. Outer circles indicate approximate radius of
aluminum cladding and other lighter debris. Heavy Xs show where exterior steel
columns were found outside the predominate debris areas (courtesy: FEMA Report
2001, New York)

The structural damage sustained by each of the two buildings as a result
of the terrorist attacks was massive. The fact that the structures were able
to sustain this level of damage and remain standing for an extended period
of time is remarkable and is the reason that most building occupants were
able to evacuate safely. Events of this type, resulting in such substantial
damage, are generally not considered in building design, and the ability of
these structures to successfully withstand such damage is noteworthy.

Preliminary analyses of the damaged structures, together with the fact
the structures remained standing for an extended period of time, suggest
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that, absent other severe loading events such as a windstorm or earthquake,
the buildings could have remained standing in their damaged states until sub-
jected to significant additional load. However, the structures were subjected
to a second, simultaneous severe loading event in the form of the fires caused
by the aircraft impacts.

The large quantity fuel carried by each aircraft ignited into each building.
A significant portion of this fuel was consumed immediately in the ensuing
fireballs. The remaining fuel is believed either to have flowed down through
the buildings or to have burned off within a few minutes of the aircraft impact.
The heat produced by this burning jet fuel spread across several floors of the
buildings, it ignited much of the buildings’ contents, causing simultaneous
fires across several floors of both buildings. The heat output from these fires
is estimated to have been comparable to the power produced by a large com-
mercial power generating station. Over a period of many minutes, this heat
included additional stresses into the damaged structural frames while simul-
taneously softening and weakening these frames. This additional loading and
the resulting damage were sufficient to induce the collapse of both structures.

The ability of the two towers to withstand aircraft impacts without im-
mediate collapse was a direct function of their design and construction char-
acteristics, as was the vulnerability of the two towers to collapse a result of
the combine effects of the impacts and the ensuing fires.

Chronological Events Leading to the Collapse of WTC Towers

7.59 am (1159 GMT)

American Airlines Flight 11, carrying 92 people, leaves Boston’s Logan In-
ternational Airport for Los Angeles.

8.01 am (1201 GMT)

United Airlines Flight 93, carrying 45 people, leaves Newark, New Jersey,
International Airport for San Francisco.

8.14 am (1214 GMT)
United Airlines Flight 175, carrying 65 people, leaves Boston For Los Angeles

8.45 am (1245 GMT)
American Airlines Flight 11 crashes into north tower of World Trade Center

9.03 am (1303 GMT)
United Airlines Flight 175 crashes into south tower of World Trade Center

9.31 am (1331 GMT)

US President George W. Bush calls the crashes an “apparent terrorist attack
on our country”

9.40 am (1340 GMT)

American Airlines Flight 77, carrying 64 people from Washington to Los
Angeles, crashes into Pentagon. Trading on Wall Street called off.

9.48 am (1348 GMT)
The Capitol and West Wing of the White House are evacuated
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9.49 am (1349 GMT)
The Federal Aviation Administration bars aircraft takeoffs across the country.
International flights in progress told to land in Canada

9.50 am (1350 GMT)
Two World Trade Center — the South tower — collapses

9.58 am (1358 GMT)

Emergency dispatcher in Pennsylvania receives call from a passenger on
United Flight 93, who says: “We are being hijacked, we are being hijacked!”
10 am (1400 GMT)

United Flight 93 crashes 139 kilometres southeast of Pittsburgh

10.29 am (1429 GMT)

One World Trade Center — the North tower — collapses

10-11.30 am (1400-1530 GMT)

Government buildings around the US are evacuated, including the Capitol
and the White House. The United Nations closes. The Securities and Ex-
change Commission closes all US financial markets for the day. New York
City mayor Rudolph Giuliani calls for evacuation of Lower Manhattan
11.40 am (1540 GMT)

President Bush arrives at Barksade Air Force base, Louisiana, from Florida
after deciding not to return to Washington right away. He later travels to US
strategic command at Offutt Air Force Base, Nebraska

2.51 pm (1851 GMT)

The Navy dispatches missile destroyers and other equipment to New York
and Washington

5.25 pm (2125 GMT)

Second World Trade Center collapses

Aircraft Involved Impacting Towers

Plate 1.1 indicates the type of aircraft involved in impacting tall towers and
Pentagon building. The load-time function for the global analysis for these
aircraft are given in the Appendix A.2.

1.3 The Pentagon Building

1.3.1 Introduction

In mid-July 1941 it was ordered that the Pentagon be constructed. Its purpose
is to consolidate military personnel with a single structure (Plate 1.2(a)) that
would provide a temporary solution to the War Departments critical short-
age space. Construction began on September 11, 1941 and was completed on
January 1943. The compromise made, due to the Second World War, in the
use of materials accelerated not only the speed of construction, but also the
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Plate 1.1. Comparison of high-rise buildings and aircraft sizes (courtesy: FEMA
2001 Report, Washington, D.C.)
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structure’s decoration. Since this is one of the world’s largest office buildings,
the Pentagon covers 29 acres (12ha) of land and encompasses more than
613,140 m? of floor space — three times the floor space of Empire State Build-
ing and twice that of Chicago’s Merchandise Mart. The structure rests on
41,493 concrete piles — the combined length would be 322km. The complex
has been renovated. Since now it is located on a site of more than 400 acres
across the Potomic River from Washington D.C., partly on the old Wash-
ington airport and about mile south of the Lincoln memorial. The structure
became a 5-storey building with a basement and a sub-basement under apart,
and the total enclosed floor space was increased to about 4 x 10° sq.ft. The
employment of a reinforced concrete frame was decided for his huge building.
The framework in which storey heights vary from 11 ft. 41/> inches (3.4671 m)
to 21 ft. 11/> inches (6.4389 m) was slab and beam type continuous throughout.

1.3.2 Damage Scenario

The Pentagon security cameras took some useful shots, which are shown on
Plates 1.2 and 1.3. A typical floor is shown in (a) of the Plate 1.2 with aerial
photography of the building shown in (b).

At 9:38 A.M. on September 11 an airliner was flown into the first storey of
the Pentagon. The impact occurred in the renovated portion of the building
approximately 140 ft (46.672m/s) to the south of the boundary between the
renovated section and the next section scheduled to be renovated. A photo-
graph taken by a security camera shows the plane impacting the building at
ground level. The aircraft sliced through the building into the section not yet
renovated. the impact and the fire initiated by the fuel in the airplane that
immediately spread widely in the structure took the lives of all 64 people
aboard the aircraft and 125 occupants of the Pentagon.

Plate 1.3(a) shows at 4 s the spread of the fireball. On Plate 1.3(b) presents
an exterior view of the extent of the damage from the crash, including a col-
lapsed portion of Ring E at the point of impact, beyond which the impact
destruction from the decelerating aircraft continues; the subsequent devasta-
tion from the force is also evident. The superior performance of the improved
window system incorporated during the renovation is evident on the right.
Figure (c) on Plate 1.3 indicates the final damage scenario of the Pentagon
Building. Two issues of structural performance commanded attention in this
study. First, the collapse that did occur was not immediate; this calls for
an examination of the interaction between fire and structural performance.
Second, many of the first-storey columns in a portion of the structure that
remained standing were destroyed during the crash. Such performance is de-
sirable, and the reasons for it are of interest to the engineering profession.

In general, the first-floor interior columns were severely damaged immedi-
ately adjacent to the collapse area on the north side of the expansion joint on
column line 11 in Ring E. First-floor columns 11A, 11B and 11C to the North
of the expansion joint were missing. Upper columns on the north side of the
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Plate 1.2. The Pentagon (with compliments of the Pentagon, Washinton, DC,
USA)
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(a) Plan of the second floor with corridors and aisles. Note: Typical plans of the
other floors are similar in the Pentagon

(b) Aerial photograph of the Pentagon showing approaching aircraft
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Plate 1.3. Fireball, collapse, and damage scenario (with compliments of the
Pentagon, Washinton, DC, USA)

(c) Damage scenario
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Plate 1.4. Damage to fagade and exterior of the Pentagon building (with
compliments of the Pentagon, Washinton, DC, USA)

(b) Exterior evidence of fire to the (c) Exterior evidence of fire to the
north of the impact area south of the impact area

expansion joint on column line 11 were intact, except for the second-floor
columns at 11A and 11B. These columns were severed at the second floor,
which was also damaged at this location. To the south, facade panels were
also damaged.

The exterior of the building showed clear evidence of the extensive fire
that occurred within the building (Plate 1.4(a)). The limestone facade was
blackened by smoke for more than 200 ft to the north of the impact point.
(Plate 1.4(b)). Evidence of fire damage was less severe to the south and even
immediately adjacent to the impact area the facade to the south showed little
evidence of fire damage.
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Plate 1.5a. Pentagon Building structural details (with permission from Pentagon
and compliments of ASCE, U.S.A.)

Wedge 3

(a) Designation of wedges in the renovation

The west facade of the Pentagon was severely scarred by debris impact,
particularly to the south of the collapse area. As shown on Plate 1.4(a). In
the south of the impact area there is an evidence of fire on the exterior.
1.3.3 Aircraft Crash into the Pentagon
1.3.3.1 General Design Desription

Plates 1.1. to 1.5a—f show the details of the floor system of the Pentagon
Building in the area of interest for this study. Slabs, beams, and girders all



1.3 The Pentagon Building 31

Plate 1.5b. Pentagon Building structural details (with permission from Pentagon
and compliments of ASCE, U.S.A.)
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(b) Floor system

make use of straight and trussed bars. Except for the top reinforcement in
the short spans adjacent to longer spans, there are no continuous top bars.

These drawings are taken into consideration in the overall analysis and
computer program BANG-F described later on the text.

1.3.3.2 Aircraft Impact on Pentagon Building

The impacting airplane was a Boeing 757-200 aircraft whose overall dimen-
sions are shown in this text. When the aircraft departed from Washington’s
Dulles International Airport on the morning of September 11, 2001, it held
64 passengers and crew members. According to the National Transportation



32 1 Explosion and Buildings

Plate 1.5¢—f. Pentagon Building structural details (with permission from Pen-
tagon and compliments of ASCE, U.S.A.)
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Safety Board, the aircraft weighed approximately 181,5201b (82.34 MN) of
which 36,2001b (16.42 MN) was fuel at the time of impact. It was traveling
at 460 knots (780 ft/s or 240m/s) on a magnetic bearing of 700° (1.22rad)
when it struck the Pentagon.

According to Boeing engineers, much of the aircraft fuel was contained in
the wing tanks. The weight in each wing was composed of the following:

Exposed wing structure 13.5001b  (6.12MN)
Engine and struts 11,9001b  (5.40 MN)
Landing gear 3,8001b  (1.72 MN)
Fuel 14,6001b  (6.62MN)
Total 43.8001b (19.88 MN)

The balance of the weight was in the fuselage. In the normal course of use
the center fuel tank is the last filled and the first used. Thus the weight of
the fuselage at the time of impact was 181,520 — (2 x 43,800) = 93,9201b
(42.60 MN). Of this, 36,200 — (2 x 14,600) = 7,0001b (3.18 MN) was fuel
in the center tank. The load-time function for the impact analysis for the
Boeing 757-200 aircraft is given later on this text.

The aircraft entered the building at an angle, traveling in a north-easterly
direction. With the possible exception of the immediate vicinity of the fuse-
lage’s entry point at column line 14, essentially all interior impact damage
was inflicted in the first story. The aircraft seems for the most part to have
slipped between the first-floor slab on grade and the second floor. The path
of damage extended from the west exterior wall of the building in a north-
easterly direction completely through Rings E, D, C, and their connecting
lower floors. There was a hole in the east wall of Ring C, emerging into AE
Drive, between column lines 5 and 7 in Wedge 2 at a point approximately
310ft (94.5m) from where the fuselage of the aircraft entered the west wall
of the building. The path of the aircraft debris passed approximately 225 ft
(68.6 m) diagonally through Wedge 1 and approximately 85ft (25.9m) diag-
onally through a portion of Ring C in Wedge 2 (Plate 1.5a).

Along the path of the movement of aircraft debris through the build-
ing, most of the serious structural damage was within a swath that was ap-
proximately 75-80ft (22.9-24.4m) wide and extended approximately 230 ft
(70.1m) into the first floor of the building. This swath was oriented at ap-
proximately 35-40° to the perpendicular to the exterior wall. Within the
swath of serious damage was a narrower, tapering area that contained most
of the very severe structural damage. This tapering area can be represented
approximately by a triangle centered on the trajectory of the aircraft in plan,
with a base width at the aircraft entry point of approximately 90 ft (27.4m)
and a length along the aircraft path of approximately 230 ft (70.1m).

Conclusions

In this text, fuel structure interaction analysis is fully justified: After impact
the fuel-interaction with floors combined with air due to ventilation caused
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by the debris shall be a responsible factor in the collapse of certain parts of
the Pentagon Building structural elements.

Paul F. Mlakar of the U.S. Corps of Engineers of Vicksburg, MS, U.S.A.,
along with his other colleagues (Journal of Performance of Constructed Fa-
cilities, ASCE, August 2005) described the structural damage caused by the
terrorist attack on the Pentagon is as follows:

“Even though essentially all the destroyed columns were within this trian-
gular damage area, there were also a few relatively lightly damaged columns
interspersed with heavily damaged columns along the path of the aircraft de-
bris through the building. Column 1K, located 200 ft (61 m) from the impact
point, was the last severed column along the path of the aircraft. Note that
columns on grids E and K are much weaker than the other columns because
they support only one floor and a roof.

There were two areas of severe impact damage in the first story. The first
area along the path of the aircraft was within approximately 60 ft (18.3m)
of the impact point and corresponds generally to the area that collapsed. In
the collapse area and for approximately 20 ft (6.1 m) beyond the collapse area
along its northern and eastern edges, columns were removed or very severely
damaged by impact. In addition, there was serious second-floor beam and
slab damage for 60ft (6.1m) to the north of the collapse area, especially
along a strip bounded approximately by column lines B and C.

The second area of severe damage was bounded approximately by column
lines E, 5, G, and 9. In this region, which was beyond a field of columns that
remained standing, several columns were severed and there was significant
second-floor beam and slab damage. In both areas, severe slab damage ap-
peared to be caused by moving debris rather than by overpressure from a
blast.

Impact damage to the structure above the second-floor slab did not extend
more than approximately 50 ft (15.2m) into the building. This shows that the
aircraft slid between the first-floor slab on grade and the second-floor slab
for most of its distance of travel after striking the building.

Most likely, the wings of the aircraft were severed as the aircraft pen-
etrated the facade of the building. Even if portions of the wings remained
intact after passing through the plane of the facade, the structural damage
pattern indicates that the wings were severed before the aircraft penetrated
more than a few dozen feet (several meters) into the building. Ultimately,
the path of the fuselage debris passed between columns 9C and 11D, which
were separated by approximately 28t (8.5m) at a depth of approximately
651t (19.8m) along the aircraft’s path. Columns 9C and 11D were severely
distorted hut still in place: hence the wings clearly did not survive beyond
this point.

At a depth of approximately 160 ft (48.8 m) into the building, columns 3G,
3H, 3J, and 5J were damaged but still standing, although in the direct path of
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the fuselage. With a maximum spacing of less than 14 ft (4.3 m) between pairs
of these columns in a projection perpendicular to the path of the fuselage, it is
highly unlikely that any significant portion of the fuselage could have retained
structural integrity at this point in its travel. More likely, the fuselage was
destroyed much earlier in its movement through the building. Therefore the
aircraft frame most certainly was destroyed before it had traveled a distance
that approximately equaled the length of the aircraft.

The debris that traveled the farthest traveled approximately twice the
length of the aircraft after entering the building. To come to rest at a point
3101t (94.5m) from the area of impact at a speed of 780 ft /s (238 m/s), debris
experienced an average deceleration of approximately 30 g.

Several columns exhibited severe bends. However, the predominant evi-
dence suggests that these columns generally did not receive impact from a
single, rigid object. Instead, the deformed shapes of these columns are more
consistent with loads that were distributed over the height of the columns.

The analyses of the available data reveal that the wings severed exterior
columns but were not strong enough to cut through the second-floor slab
upon impact. (The fight wing did not enter the building at the point where
it struck the second-floor slab in its plane.) The pattern of structural damage
throughout the impact zone, together with the deformed shape of columns
(smooth, without cusps), suggest that the aircraft disintegrated rapidly as
it moved through the forest of columns on the first floor. As the moving
debris from the aircraft pushed the contents and demolished exterior wall of
the building forward, the debris from the aircraft and building most likely
resembled a rapidly moving avalanche through the first floor of the building.”

1.3.3.3 Response of Fire Exposure of the Structural Elements
of the Pentagon Building

At 9:38 a.m. on September 11, 2001, a Boeing 757 airliner was flown into
the first story of the Pentagon and impacted its west facade. The impacted
section, located in Wedge 1, is composed of two reinforced-concrete struc-
tural systems separated by an expansion joint. Immediately upon impact, a
large fireball engulfed the exterior of the building in the impact area. Interior
fires also began immediately. The impact caused the Wedge 1, (Plate 1.5a),
Ring E structure to deflect downward along the line of the expansion joint.
According to eyewitness accounts, the structure survived the initial aircraft
impact, that is, it was able to maintain this deformed shape and did not col-
lapse immediately. However, portions of the structural system south of the
expansion joint, directly above where the aircraft impacted (which had the
largest unsupported floor area because of loss of first-story columns), even-
tually collapsed approximately 19 min after the impact and exposure to the
ensuing fire.
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Within the interior, fire damage in areas that did not collapse generally
was similar to that normally resulting from substantial fires in office build-
ings. Most of the serious structural damage was within a swath that was
approximately 75-80 ft (23-24.5m) wide and extended approximately 230 {t
(70m) into the first floor of the building. Columns and beams along the path
of the debris and within the fire area were damaged to varying degrees. Many
columns and beams in the impact zone were completely destroyed (broken,
disconnected, or with large deformation), whereas others in and adjacent to
the impact zone sustained from heavy cracking and spalling to partial loss of
concrete cover for reinforcement, with loss of concrete cover being typical for
the beams and columns in the impact zone.

Prior to the partial collapse, the fire that was first ignited by the ejected
Jet A aviation turbine fuel bad transitioned from the growth stage and be-
come a ventilation-controlled “fully developed” or “postflashover” fire. This
is evidenced in several photographs by the Pentagon, which was taken prior
to the collapse and shows the flames projecting from the windows. In a
ventilation-controlled postflashover fire, the flames typically project from win-
dows and openings because there is insufficient air in the burning rooms to
allow all the combustible gases to burn inside the rooms.

Estimation of the fire intensity, that is, maximum temperatures and time-
temperature characteristics, of postflashover fires is important in understand-
ing the effect of fire on exposed structural elements. However, the accu-
racy of such estimation depends on a correct estimation of the fire fuel load
(hydrocarbon-based building and aircraft contents and Jet A fuel) and the
ventilation factor. This cannot be done with a high degree of exactness even
in a typical building fire. In the case of the Pentagon attack, it is further com-
plicated by the lack of complete knowledge of the available fuel load (besides
the ejected Jet A fuel) and by the unconventional ventilation factor.

In the vicinity of the impact zone, fire damage to columns, beams and
slabs was limited to cracking and spalling. The methodology of the estimation
of cracking and spalling can be seen in the senior authors’ following book:

M.Y.H. Bangash: Manual of Numerical Methods in Concrete
(Thomas Telford, London 2001) pp. 918

The fire intensity can also be estimated if the fire fuel load (MJ/m?), and the
ventilation factor, F, (ml/Q) are known. According to information provided by
the National Transportation Safety Board, the aircraft had on board about
5,300 gal (20,200L) of Jet A fuel, or approximately 36,2001b (16,000kg) of
fuel based on the density of 6.81b/gal (0.79g/cm?), at the time of impact.
Based on images captured by the Pentagon security camera, which showed the
aircraft approaching and the subsequent explosion and fireball, it is estimated
that about 4,9001b (2,200 kg) of jet fuel was involved in the prompt fire and
was consumed at the time of impact outside the building. This leaves about
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30,4001b (13,800 kg) as the estimated mass, M, of the Jet A fuel that entered
the building and contributed to the fire fuel load within the building.

The net calorific value or heat of combustion — that is, the amount of heat
released during complete combustion of a unit mass of fuel, AH. — measured
for Jet A fuel is 18,916.6 Btu/lb (44 MJ/kg). Thus, the maximum possible
energy, E, that could have been released inside the building by the complete
burning of 30,4001b (13,800kg) of Jet A fuel is

E = MAH. = 30,400 x 18,916.6
= 575,064, 488 Btu (607, 200 M.J)

It is assumed that the fuel was initially contained within the first floor, in a
“room” bounded by the path of damage caused by the impact of the airplane.
The estimated total surface area, A; (floor, ceiling, and bounding walls in-
cluding windows and openings), of the room is about 36,597 ft? (3,400 m?).
The fire fuel load, e 5, contributed by the available Jet A fuel alone can be
computed as

E 575,064,488
A, 36,597

Cra = = 15,713 Btu/ft* (178 M.J/m?)

As indicated, within the first half an hour of the aircraft impact, the fire
bad become fully developed within some compartments of the Pentagon.
This means combustible building and aircraft contents had begun to burn
and therefore contributed to the fire fuel load. The exact fire fuel load con-
tributed by the building and aircraft contents, ef , is not known because of
insufficient information on the type of occupancy in this particular section
of the Pentagon. However, a lower-bound estimate can be made using data
recommended by the International Council for Research and Innovation in
Building and Construction, or CIB, which lists average fuel loads for different
types of occupancy. The lower bound fuel load contributed by the building
and the aircraft contents, ef ,, can be about 200 MJ/m? (17611 Btu/ft?). The
combined total fuel load due to fire, eg, is about 378 MJ/m? (33,325 Btu/ft?).

The ventilation factor F, can be equal to

AR
Ay

where

A, = area
h = height of opening
= 75% accounted for existing windows

A = area of windows
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Plate 1.6. Pentagon: Fireball and disaster scenario (with compliment of Pentagon
and ASCE, Joournal of Performance of Constructed Facilities, August 2005)

(b) (Color) Northern portion of impact area before collapse




1.4 Data on Major Explosive Elements 39

Hence

h =3.05m (10ft)
A, = 0.75 x 1098 = 824 ft* (77 m?)

A Pentagon security camera located near the northwest corner of the building
recorded the aircraft as it approached and crashed into the building (Plate
1.6a). The photographs taken approximately 1s apart show the approaching
aircraft and the ensuing fireball associated with the initial impact. The se-
ries of photographs suggest that the top of the fuselage of the aircraft was
approximately 20ft (6.1 m) above the ground as it approached the building.

A photograph, (Plate 1.6b) taken by the Associated Press before the
building to the south of an expansion joint at column line 11 collapsed, pro-
vides useful information. This shows that the portion of the building that
subsequently collapsed was displaced vertically by approximately 18-24in.
(460-610 mm) relative to the building north of the expansion joint. The fagade
was missing on the first floor as far north as column line 8. On the second
floor the fagade was missing between column lines 11 and 15. The photograph
also shows that the only column missing on the second floor in the West ex-
terior wall of the building was at column line 14. The spandrel beam for the
third floor and all third floor exterior columns appeared to be intact.

1.3.3.4 Conclusions

In the Pentagon Building the hot fuel structural elements interaction com-
bined with fire due to ventilation caused the collapse scenario. The struc-
tural debris shall be treated as a responsible factor in the collapse of parts of
the building. The analytical methodology given in the text justified the hot
fuel-structural interaction as the main aspect of the disaster scenario of the
Pentagon Building.

1.4 Data on Major Explosive Elements.
Their Ingredients and Material Properties

1.4.1 Introduction

Explosives are capable of exerting sudden pressure on their surroundings as
a rapid conversion of the substance into hot gases. Their pressure, which is
raised by the generation of heat during explosion, overbalances the restraining
pressure of the surroundings. Explosions generate shock waves. Typical ter-
rorist bombs are home made types and tend to be economical and are easy
to obtain nine of readily available fertilizers, liquid and solid fuels. Bomb
affected buildings are summarised earlier. Here Tables 1.3 to 1.7 give the
summary of data on major explosives and their properties.
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Table 1.7. Explosive and crater formation data

Type of  Type of Charge data Crater data
soil/rock  explosives Weight Length Diameter Radius Depth Angle Volume
(kg) (m)  (m) (m)  (m) (degrees) (m®)
Sandstone Type A
Semi-gelatine 3.632  0.22 0.132 1.25 0.400 134 0.454
3.632  0.25 0.132 2.44 0.700 148 4.26
3.632  0.30 0.132 no crater
Type A
Gelatine 3.632 0.18 0.132 1.83 0.850 132 341
3.632 0.2 0.132 no crater
Ammonia- 3.632 0.12 0.132 0.750 0.310 130 0.176
gelatine 3.632  0.152  0.132 1.83 0.920 130 330
3.632  0.152  0.132 no crater
Ammonia- 3.632  0.23 0.132 1.02 0.310 142 0.937
dynamite 3.632  0.23 0.132 1.0 1.700 124 0.5
Granite Type A
Semi-gelatine 2.80 0.25 0.10 1.25 0.310 150 0.46
2.80 0.25 0.10 1.83 0.310 158 0.937
2.80 0.3048 0.10 0.75 0.1524 154 0.08
14.50  0.62 0.1524 1.83 0.457 105 1.306
Type B
Semi-gelatine 1.48 0.25 0.16 0.10 1.230 152 2.90
4.355  0.60 0.10 1.20 0.620 152 0.90
14.50  0.62 0.1524 3.0 0.62 154 3.55
Type B
Gelatine 8.62 0.47 0.128 3.20 0.40 164 5.26
Marlstone Type A
Semi-gelatine 1.544  0.308  0.10 1.0 0.308 138 0.44
1.544 0.308 0.10 1.80 0.62 118 1.58
1.544 0.308 0.10 0.16 0.150 112 0.0044
3.620  1.37 0.13 1.82 1.37 108 5.210
6.130 0.32 0.13 1.82 122 114 5.210
Chalk Type A
Semi-gelatine 0.908  0.22 0.08 1.01 0.4 138 0.510
0.908 0.20 0.08 1.24 0.77 114 2.08
2.040 0.22 0.13 2.10 1.524 106 7.39
3.632  0.20 0.152 3.45 1.53 112 11.36
Ammonia- 3.632  0.125 0.152 1.70 0.9 130 2.70
gelatine 3.632  0.10 0.152 1.70 1.02 118 7.73
3.632 0.152  0.152 2.10 1.52 106 8.86
3.632  0.13 0.152 no crater
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Charge depth (m)

Particle (a) or flyrock (b)
velocity (m/s)

Additional data and
velocity Vi of detonation
(m/s) of explosive

0.1 0.2 0.3 0.4
b b
60.0  60.0

0.2

90.0
0.3

75.0

0.1 0.2 0.3 0.4

60.0

0.4

0.1 0.2 0.3 0.4

0.5

0.5

25.0

0.5

0.5

0.6 0.9 1.5

b b b
30.5 15.0 2.0
1.5
b
2.0
0.6
b
30.5
1.5
b
2.0
0.9
b
29.0
0.9
0.6
1.5

0.6 0.7 0.9 1.5

1.5

1.5
1.5

1.5
1.5
0.6 0.7 09 1.5

0.6
1.5

3.0

3.0

3.0

3.0

Density = 1153.44 kg/m®
Vi = 3657.6

Depth 3.05m and greater
Density = 1361.7 kg/m?®
Ve = 6095.7

Just broke surface

Density = 1410 kg/m?
Ve = 2591

Depth 3.15m and greater
Ve = 1981
Density = 1121.4kg/m?

Charge depth 2m

Charge depth 2m
Density = 1153.44 kg/m*
Vi = 3657.6

Density = 1121.44 kg/m?
Ve = 1981

Density = 1153.44 kg/m*
Vi = 3657.6
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1.5 Explosion Caused by Impact-cum-Fire

1.5.1 Introduction

Fire is the primary cause of loss of life and property throughout the world.
During the past two decades fire has damaged hundreds of thousands of
structures. Significant advances have been made in controlling or mitigating
the effects of fire. Various methods have been developed to protect buildings.
New materials have been developed or invented. A considerable time is spent
by various researchers on the development of mathematical models to simu-
late the behaviour of structural members in fire. This is possible only if one
uses numerical and computer techniques. A large number of computer pro-
grammes that calculate the fire resistance of structural members now exist.
The input data for these computer programmes require, apart from loading
and fire density, thermal and mechanical properties of various building mate-
rials at elevated temperatures. In addition, the expected severity of building
fires and temperature-time relations has also been developed. Most of these
properties have been codified. The closet measures related to building design
are probably those for the confinement of fire. These measures include fire
barriers capable of delaying or preventing spread of fire, dimension and lo-
cations of buildings. All these measures are directly related to the detailed
knowledge of the mechanics and severity of fire. It is, therefore, essential to
outline some areas outside the domain of a structural engineer, which he or
she should be aware of. Some of these are described below:

—  Mechanics of fluids and building aerodynamics applicable to fire engineer-
ing.
— Conduction of heat in solids.
— Convention and radiation heat transfer.
— Thermochemistry
— Chemical equilibrium and thermal decomposition.
— Fire dynamics.
— Flame height and fire plumes.
— Air entrainment into buoyant jet flames.
— Ceiling jet flows, vent flows and natural convention wall flows.
— Combustion conditions, and smouldering combustion.
—  Flammability limits and flaming ignition of solids
— Smoke production, smoke and heat venting.
— Burning rates and calomerity
—  Compartment fire modelling and fire models for enclosures.
— Stochastic models for fire growth
— Explosion protection.
— Detection systems, automatic sprinkler systems.
— Foam system and foam agents.

Within the non-structural analysis, structural analysts must be aware of haz-
ard calculations, risk analysis and probability methods.
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Table 1.9. Recommended values for characteristic live load densities in various
occupancy types (Source: Holman JP (1966) Heat Transfer, McGraw-Hill, New
York. Reprinted by permission of McGraw-Hill, Inc.)

Temperature  k, ps C, a,
Substance °C W/m x°C  kg/m* kJ/kg x°C m?/s x107
Insulating material
Asbestos
Loosely packed —45 0.149
0 0.154 470-570 0.816 3.34
100 0.161
Asbestos—cement boards 20 0.74
Sheets 51 0.166
Balsam wool, 2.21b/ft* 32 0.04 35
Cardboard, corrugated . 0.064
Celotex 32 0.048
Corkboard, 101b/ft? 30 0.043 160
Cork, regranulated 32 0.045 45-120 1.88 2-5.3
Ground 32 0.043 150
Fiber, insulating board 20 0.048 240
Glass wool, 1.51b/ft? 23 0.038 24 0.7 22.6
Structural and heat-resistant material
Asphalt 20-55 0.74-0.76
Brick:
Building brick, common 20 0.69 1600 0.84 5.2
Face 1.32 2000
Carborundum brick 600 18.5
1400 11.1
Chrom brick 200 2.32 3000 0.84 9.2
550 2.47 9.8
900 1.99 7.9
Diatomaceous earth, 200 0.24
moulded and fired 870 0.31
Fireclay brick 500 1.04 2000 0.96 5.4
burnt 2426°F 800 1.07
1100 1.09
Insulating material
Fireclay brick, burnt 2642°F 500 1.28 2300 0.96 5.8
800 1.37
Cement, Portland 0.29 1500
Mortar 23 1.16
Concrete, cinder 23 0.76
Stone, 1-2—4 mix 20 1.37 1900-2300 0.88 8.2-6.8
Glas, window 20 0.78 (avg) 2700 0.84 34
Corosilicate 30-75 1.09 2200
Plaster, gypsum 20 0.48 1440 0.84 4.0
Metal lath 20 0.47
Wood lath 20 0.28
Stone
Granite 1.73-3.98 2640 0.82 8-18
Limestone 100-300 1.26-1.33 2500 0.90 5.6-5.9
Marble 2.07-2.94 2500—2700 0.80 10-13.6
Sandstone 40 1.83 2160-2300 0.71 11.2-11.9
Wood (across the grain):
Balsa 8.81b/ft? 30 0.055 140
Cypress 30 0.097 460
Fir 23 0.11 420 2.72 0.96
Maple or oak 30 0.166 540 2.4 1.28
Yellow pine 23 0.147 640 2.8 0.82

‘White pine 30 0.112 430
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The main concern of the structural engineer is the properties of the var-
ious materials involved and the analytical tools available for the design of
structural elements in fire. They are given later on in this text under various
sections.

No matter how many precautions are taken to improve the fire safety
design of buildings, they will not be complete without sufficient availability
of training in professional education and practice. The main objective is to
prepare sufficient manuals of awareness and to transfer knowledge of fire
safety of buildings to the building design practitioners by way of courses
and seminars at various institutions. Architects and engineers must place
importance on fire safety provisions and allow funds for training facilities.

The explosion can be generated due to earthquakes and aeroplane/missile
impact. For example, aircraft full of fuel can accidentally impact vital building
installations and can cause fire-cum-explosion. A typical example was the
World Trade Center (WTC) in New York when the aircraft hit the WTC
buildings and fuel around to 1000°C poured in the building creating explosion
and fire. The shear temperature (+700°C can melt the steel section and
can produce magma) and loosening of members and joints due to impact
load produced by aircraft crashes, resulted the collapse of WTC Towers.
Loading member restraints and calorific values of typical materials involved
are vital information for the assessment and re-evaluation and retrofitting
of the elements of buildings. A reference is made to Appendix A.I for the
aircraft/missile data and a separate section in this text on the fire analysis.

It is necessary to present various calorific values of materials. The recom-
mended values for the characteristic fire load densities in various occupancy
types. Tables 1.8 and 1.9 give the summary of the findings.

1.5.2 Guide to High-Rise Fire Fighting Caused by Explosion
1.5.2.1 Introduction

The purpose is to provide a complete functional command organisation de-
signed to allow for single or multi-agency use. It shows how to combine com-
mand strategy with organisational procedures and should be designed to be
used primarily for high rise fire incidents.

The key elements of the system are:

— The systematic development of a complete, functional organisation with
the major functions being Command, Operations, Planning, Logistics and
Finance/Administration.

— Designed to allow for multi-agency adoption in federal, state, provinces
and local fire agencies. Therefore, organisational terminology used in the
Incident Management System is designed to be acceptable at all levels of
government.

— Designed to be the basic operating system for all high-rise incidents within
each agency.
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— The organisation builds from the ground up, with the management of all
major functions initially being the responsibility of one or just a few per-
sons. Functional units are designed to handle the most important incident
activities.

— Designed on the premise that the jurisdictional authority of the involved
agencies will not be compromised. Each agency having legal responsibility
within its jurisdiction is assumed to have full command authority within
its jurisdiction at all times.

—  Multi-jurisdictional incidents will normally be managed under a Unified
Command management structure involving a single incident command
post and a single incident action plan.

— The system is intended to be staffed and operated by qualified personnel
from any agency.

— The system expands and contracts organisationally based upon the needs
of the incident. Span-of-control recommendations are followed closely.

1.5.2.2 Strategy and Tactics

Extinguishing high-rise fires requires aggressive fire fighters advancing 45 mm
to 65 mm hand lines. The high-rise fires are labour intensive and provide many
obstacles to rapid-fire extinguishment. Hence strategic and tactical considera-
tions for high-rise building fires must be proactive. Because of the operational
problems involved to control a vertically extending fire, containment on the
floor of origin must be the main objective.

Empirical evidence reveals that flashover can occur at 10 minutes, and the
loss of elevators typically occurs approximately 20 minutes into the operation.
The cause of elevator failure is run-off water from hose lines entering the
elevator shafts and shorting out electrical contacts. Water usage at serious
high-rise fires will result in elevator loss more than 90% of the time.

If possible, enough resources to handle the incident should be in place
at the 20-minute mark. Serious high-rise fires require a minimum of three
handlines. When necessary, this allows parallel lines on the fire floor and a
line on the floor above to cover extension.

Fire environment, fire floor location, building construction, and unreliable
water supply dramatically increase operational problems in high-rise build-
ings. The fire environment is severely affected by:

— Slab construction

— Heavy, sealed windows

— Intense heat and smoke

— Limited means of ventilation

Water delivery must be maximized to attain the most effective cooling action.
The height of the fire area requires the fire service to rely on an unreliable
means of transportation during firefighting operations. We are at the mercy
of elevators and the probability that they will not operate properly during
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fire operations. The task of multi-floor ascent via stairwells will slow down
operations considerably.

Operating Guidelines

The following suggested basic strategic operating guidelines for the high-rise
buildings:

— Locate a fire

— Simultaneously, or as soon as possible, begin the process of controlling
evacuation.

— Gain control of the building systems

— Elevators, HVAC systems, communications equipment, fire pumps

— Confine and extinguish the fire. Experience indicates any serious fire will
require a large commitment of personnel and a need for frequent relief of
personnel. Judicious placement of hose streams will facilitate the confine-
ment and extinguishing phase.

— Operate a large-calibre water appliance into the fire area from the stairwell
on the fire floor.

— Open the floor below or ceiling above the fire floor, and direct water into
the fire area.

— Flood the floor above the fire with hoselines operating from the stairwell.
This procedure will not be effective on hidden fire.

— Deploy lines on the floor above the fire to control extension. The number
of personnel and hoselines needed to accomplish this will vary depending
on the size of the building and the severity of the fire conditions.

Engine Company Operations

The many variables and complexities built into high-rise buildings may be
compounded by both the fire location and the fire load within the tenant space
on the floor. Pairing of engine companies should be considered. Companies
operating in tandem will facilitate hose stretching and relief for personnel
operating hoselines. Many fires will be within easy reach of hose streams
operated in the immediate stairway enclosure area. Other fires may require
extending hoselines, using rolled up lengths, and personnel from more than
one company to advance the first hose line. The initial commitment of en-
gine companies in two remote standpipe-equipped stairwells will allow the
following:

— An engine company in the best position to commence aggressive fire at-
tack.

— Two handlines may be operated in tandem.

— Increased stream coverage on fire floor.

— Fire may be prevented from wrapping around the core.

— Maintains the integrity of both stairwells to protect companies operating
above the fire.
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— Firefighters to assist occupants if the fire stairwell is an evacuation stair,
and ensure that the stairwell door remains closed.

— Increased fire attack options and flanking movements are made possible.

— Standby line to be available to attack fire extension on the floor above.

— Operating lines must never oppose each other.

Ladder Company Operations

Ladder companies are normally assigned to the following responsibilities at
a high-rise fire:

— Determine the life hazard on the fire floor, and initiate evacuation proce-
dures where required.
— Conduct a primary search of the fire floor.
— Provide support to the advancing engine company by:
1. Removing obstructions
2. Forcing entry.
3. Opening ceiling to expose plenum.
e Determine the number of stairways serving the fire floor and the
floor above.
e Proceed to the floor above the fire via a stairway other than the
attack stairway.
e Determine which is the best stairway to be used by the occupants
for evacuation and advice IC/ Operations.
e Examine the floor above the fire, and report to the IC/ Operations
the following:
a) The heat and smoke conditions.
b) The status of the evacuation.
¢) Any extension of the fire.
d) Presence of stairs — down to fire floor or upward to floor above.
e Examine all floors for occupants and smoke conditions.

1.5.3 Aggressor: Threats and Tactics

Aggressors are those who carry out hostile acts against personnel and assets
and steal vehicles, arms, ammunition, explosives, money etc. They can be
criminals, protesters, terrorists and subversives. Their main object is to inflict
death and injury, destroy or damage facilities, steal equipment, material and
information and finally create adverse publicity. Hence, the models and tactics
of aggressors have to be translated into the design of structures, particularly
buildings, and their important structural components.

Classification: Modes and Tactics

The offensive strategies used by aggressors reflect the function of each group.
The designers consider these strategies when selecting the modes and tactics
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of aggression that form the ‘design basic threat’. Tables 1.10 to 1.12 give a
complete picture of the modes and tactics. The flow charts given in Figs. 1.16
to 1.18 form the basis of these tables.

Table 1.10. Modes and tactics of aggressors

Vehicle mode: vehicle laden with explosives
e Cars, trucks, vans — moving or stationary
e Targets: high density of personnel, expensive symbolic value.

e Mowing car/truck bomb tactic
Aggressor tactic effective when they are driven with high explosive and when an
unobstructed approach to the targeted facility is available.
o Answer: Obstructions are created which are capable of stopping vehicles with
minimum penetration to barriers.

e Stationary car/truck or van bomb tactic
The vehicle is carrying high explosives and is parked near the facility. Explosives
are detonated by either of the following:

1. Time-delaying system

2. Remote control

Answer: The barriers shall be designed to control the energy due to the blast
effect by the following list of strategies:

1. As stand-off distance is maintained using statistics of bomb-blasts between
the installations, assets and facilities and the exploding vehicle bomb.

2. Design or strengthen that given (1) to withstand the explosion.

3. Investigate from the current available statistics improvised explosive devices,
incendiary devices and their effects.

4. For exterior mode hardening of installations is essential but cannot prevent
local damage, deaths and injuries. The hardening process shall be combined
with architectural and landscaping techniques that can detect explosives or
bombs.

5. A properly designed fence to provide both visual obscuration, conceal the
asset and prevent throwing explosives and other objects.

e Surveillance mode
The terrorist compromises information from outside using the following for
recording and for the operation of installations:
1. Visual surveillance to monitor installations by ocular and photographic de-
vices.
2. Electronic emanation to monitor frequency waves.
3. Acoustical eavesdropping to monitor voice communication and transmitted
data.
Answer: The answer for this strategy is:
1. To eliminate or minimize sight lines between vantage points and the instal-
lations — part of assets
2. Inspect and eliminate listening devices and other acoustical eavesdropping
techniques from sound areas, floors, ceilings and shielded rooms and equip-
ment
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Foot mode

The terrorists in particular can enter installations and facilities by overt, covert
or forceful means using any tools. They can penetrate walls, windows, doors, and
utility openings. Explosives are concealed in targeted areas. The terrorist can use
false credentials for legitimate access

Delivery mode
In this case, explosive and incendiary are delivered to the proposed targets by
using letters, packages and regular material supplies

Answer to foot and delivery modes

The strategy adopted shall have the adoption of the following;:

1. Detection at the earliest possible stage and providing information to the
response force.

2. Delaying the aggressor or terrorist to give the response force sufficient time
to engage and to neutralise the suspect.

3. Creating restricted areas, validating personnel and visitors.

4. Checking the premises, hand-carried items and storage locations installed
away from the main asset or installation.

5. Where detonation cannot be avoided, a bomb disposal squad shall remove
the item(s) from the asset.

Computerised database, terrorist activities and threat

A computerised database of terrorist incidents can provide the basis for a logical,
efficient and cost-effective design of installations as counter measures. Several
approaches are studied

Answer:

1. To concentrate on the review of literature related to terrorism and guerrilla
theories in order to provide an idea of possible motivations of those groups
who leave printed materials behind and are prepared to be interviewed.

2. To carry out a quantitative analysis studying characteristics of terrorist cam-
paigns and their pitfalls and to accumulate data in greater detail which are
valuable to both the analyst and the structural engineer.

3. To collect data from terrorist events and discrete incidents as the unit of
analysis, thus including actual acts.

4. To select parameters for the terror database listed as:

Year, month and day.

City, country.

Terrorist group number and its activity past and present.
Weaponry used

Target attacked.

Incident description, methods and case history.

Basic data for examination

Main building.

Secondary building.

Underground archives with electro-mechanical services.
Parking complex underground and on ground.
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Table 1.11. Managers and security staff

II.

II1.

Security staff duties and responsibilities

a) Maintenance and vigilance to spot criminal activities

b) Securing the premise at business hours

¢) Controlling the access and egress of staff, visitors and vehicles

d) Ensuring the perimeter fencing is in good condition at all times

e) Checking the functioning of the security lightings and equipment

f) Switching on and switching off alarm systems

g) Constantly in touch with police and fire brigade

Security staff integrity, training and status

a) Credentials should be carefully checked

b) A proper and effective training should be given

¢) The absolute integrity of the security staff is essential

e) The senior security staff should have properly established contacts with
management at all levels and should report to a member of top management

d) The discipline of the security staff and assignment instructions must be
clearly adhered to

e) All security staff should be immediately acquainted with changes in the
instructions

f) A log book for the security staff shall be maintained along with a security
manual

Accommodation

a) Security staff must be given satisfactory accommodation at a good vantage
point with a direct view of routes

b) The security control room in the main buildings must be sited in view of
all measures described elsewhere

¢) The gatehouse staff should be in the direct or video screen view of the
control room

Table 1.12. Owners and managers

Owners and managers
Security measures should be continuously checked by management for efficacy. The
following are important points, which should be noted for record:

1.

Check that the quality of gates, doors and shutters within the building has
been established and are in line with the new risk.

. All keys and controls for vehicles and equipment are in possession of owner and

manager.
Check that all windows are properly secured and their systems are based on
codes and insurance guarantees.

Check that walls, roof, roof lights, fixing and fastening have been secured for
vulnerable areas. No deteriorations exist. Where there is a possibility, all defects
have been removed for which records must be kept.

Check that good sight lines from the security office are not obstructed by
vehicles etc. and no parts of the premises are hidden from passers-by. Where
such premises need visibility from the street, they should be promptly adhered
to prior to handing over to security staff.
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6. Check that surveillance equipment is operational and in good order. Everyday
check is necessary.
7. Check that the means of signalling an alarm condition, and telephones are
appropriate for the new risk established.
8. Check that crime prevention officer and other police liaison contact have been
briefed on local crime pattern and the senior security officer is also aware.
9. Check that existing security measures do not negate fire precautions agreed
with local Fire Authority and in no circumstances infringe safety requirements.
10. Check that no other security exists which depend on local environments and
emergency procedures are followed.
11. Where buildings contain dangerous substances, check that explanation to haz-
ard warnings are installed.
Tables A4.8
o Ad. 11
Civil
installations
Military
installations
)
L

Fig. 1.16. Modes and tactics: flow chart A

Site Problems and Management

Any building site has special problem areas and they should be identified
and then thoroughly analysed. The type of the building concept and various
facilities associated with a building play a great part in providing a range of
counter measure to a potential set of terrorist attacks. Some of the measures
are given broadly below:

A provision of active security systems involving access control systems
combined with intrusion detection systems, alarm systems and surveil-
lance systems.

A provision of physical protection and hardening features.
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Type of
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Fig. 1.17. Modes and tactics: flow chart B

Emergency measures and crisis management.

e Evacuation, fire fighting and personnel protection including first aid

e Paramedic access

Management of the attack-included damages to equipment and building
structure.

Security guards to respond to attack and deter additional attacks.
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Fig. 1.18. Modes and tactics: flow chart C

Engineering measures are needed to protect buildings, and landscape con-
sultants are needed to give a thorough site management. The architec-
tural/engineering measures are as follows.

1) The entrance corridor is closed or access is denied by steps, large concrete
planters and other kinds of barriers.
2) Parking adjacent to the exterior walls is prohibited by means of concrete
planters.
Existing doors between the car park and service floor are strengthened.
4) Site control must be provided by means of the following:
a) Security systems and security guards as mentioned above;
b) A fence is designed to reduce direct attack on facilities and strength-
ened to act as a barrier against vehicle access and vehicle impact with
or without explosives;

w
=
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A main entrance that has been designed and strengthened using a
combination of active barriers and non-direct access roads

d) The building’s envelope, i.e., external walls, windows, doors, strength-

ened for at least three to four floors of the building;

A more secured glass such as laminated glass, laminated glass with
anti-fragmentation film, polycarbonates or a combination of these
glasses, to replace the existing ordinary glass;

Protection of the vital internal areas and exposed equipment;

g) A transformer unit located apart from the primary transformer, with

the addition of adding separate direct lines to diesel generators;

h) Prevention of unauthorised access to a protected structure by means of

security hardware such as lights, alarms, radios, phones, CCTV, vaults,
card readers and IDS systems in association with (a) to (g) above;
Where a new facility is to be conceived, all components in a building
must be designed against internal and external blast effects;

Clear zones
PR
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i \ Fence reinforced
" Blast wall | |/ with cable
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1
1

Protected
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! Active vehicle barrier
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7
Vehicle barrier
control point
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Crash beam barriers
One way tyre puncture barrier

Vehicle inspection area

Fig. 1.19. Installation or facility security protection plan
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j) The use of SIFCON (slurry infiltrated fibre concrete), an excellent ma-
terial that resists perforation by ballistics, bomb fragments and rocket
propelled grenade;

k) All systems described in (a) to (h) must not create a fortress effect.

A typical layout shown in Fig. 1.19 is the best choice of layout for the protec-
tion of the facility or installation. The layout shown on Fig. 1.19 shall be the
basis (with slight changes) of the answers to all site problems posed below.

1.6 Vehicle Barrier System Requirements

The configuration and layout of the entrance/exit route to the vehicle barrier
most certainly has an influence. It is necessary to have one route for the
entrance and one for the exit. The landscape engineer should look into the
provision for passive barriers to direct traffic with a small radius for turning
prior to the barrier location. This measure offers the following:

a) The vehicle speed is reduced by one-half owing to the kinetic energy ab-
sorbed by the barrier which is proportional to the square of the vehicle
speed will thus be by a factor of one-quarter.

b) In turning, the velocity or speed of the vehicle is limited by the friction
coefficient between the tyres and the road surface. The vehicle will skid
when the centrifugal force exceeds the friction. The smaller the radius of
the turn in the roadway, the lower the vehicle speed would have to be
without skidding. It is therefore vital to plan a curved entrance roadway.

¢) In the landscape layout, in order to achieve passive barriers, it is essential
to provide a reserve curve slope together with speed bumps and S-curves.

)
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Fig. 1.20. Installation approach design: relation ship between turning radius and
attainable velocity without skidding
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These measures would, potentially, deter the terrorists. Figure 1.20 shows
the relationship between the turning radius and attainable velocity without
skidding.

1.7 Vehicle Bombs —

City of London Police Observation List

When designing barriers, the type of potential vehicle bomb must be consid-
ered. The list below provides items that should be observed.

Beware: Terrorist criminals use flat-backs, box vans, skip lorries and cars.
Do you know what to look for when you stop an HGV?

Beware of unprofessional re-sprays. Are there paint splashes in unusual
places? Can you still see the previous operator’s name under the new
paint? It could indicate where the vehicle was acquired or last operated.
Is the rear registration plate obscured to avoid recognition?

Are there signs of sections having been cut and welded? Does the under-
side or floor section look unusually deep?

Did you know that the floor of most flat-back box lorries is made of wood?
If the one you stop has a metal floor, are the rivets new?

Does it look properly manufactured?

The Department of Transport Plate is; laminated paper, which can be
green, red or blue. Green indicates HGVs approved for international use,
red for UK use and blue for general use pre-1980.

An unusually large gap between the cab and the box/container may in-
dicate that the vehicle has been converted and the hydraulics behind the
cab removed.

Beware: On rigid vehicles there should be no cables or wires from the cab
into the box container. The manufacturer will always channel them under
the floor.

Is the vehicle clean where it should be dirty, especially on the underside
body frame?

The Vehicle Identification Number (VIN plate) will be found in or around
the driver’s cab. This plate is riveted to the vehicle at the time of manu-
facture and should stay with the vehicle throughout its life.

Beware of plates that appear to have new rivets or if the plate is unusually
clean for the vehicle.

HGVs supplied by bona-fide dealers will in virtually every case have either
the name of the dealer or the manufacturer of the plates immediately
under the INDEX NUMBER. This may even indicate the city or town
from which the vehicle originated.

Beware of plates that appear new and do not display the dealer/maker’s
name.
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Beware of new nuts or rivets on old plates or extra drilled holes or plates
held in place by Velcro.

Does the driver’s cab look ‘lived in’ or is it unusually clear of paper such
as delivery invoices, etc? Does the vehicle show signs of carrying what it
appears to trade in?

Any HGV over 3.5 tonnes will usually be fitted with a tachograph. You
should be suspicious if the tachograph has been removed.

All HGVs must have wing mirrors on each side of the cab. The near-side
may have two, or one convex mirror with the bottom portion allowing the
footway to be seen.

All HGVs must display a current road tax disc and possibly a London
Borough’s Transport Scheme disc.

Remember the vehicle registration should be shown on all the discs. Check
that they all correspond.

The operator’s licence will also have the area code of issue at the start of
the number SE or OK indicating it was issued in the South East region.
If the disc is faded contact a traffic officer who will be able to help.
London Borough’s Transport Scheme Permit Plates are displayed on the
front and rear bumpers if the owner or operator of the vehicle wants to
use it in London at night or at weekends. UK hauliers are aware of these
London regulations, so be suspicious of non-compliant vehicles during
those times.

All HGVs must comply with Construction and Use Regulations, as out-
lined in the Road Traffic Act, so look out for:

I.  Cracked or broken wing mirrors

II. Cracked windscreens

ITI. Broken headlights, etc.

IV. Bald tyres.

1.8 Selection Procedures for a Vehicle Barrier

When the threat for the barrier has been established, including explosive load
and vehicle type, a suitable vehicle can be selected. The decision should be
based on:

a)
)
)

o Ao o

—
~—

Can absorb deadly forces including impact loads.

Can be reliable for repair parts and manufacturer’s service policy.

Can be operational and shall have emergency capability.

The availability of power and working with alternative sources of power.
The manufacturer’s operator training and handling of equipment.

Cyclic and access control frequency including explosive manual for remote
control.

Manufacturer’s responsibility on legal issues.
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1.8.1 Example 1.1 American Practice

A terrorist weighing 15,0001b is to be impact a barrier with a maximum
speed of 40 mph with enough road impediments. Develop the kinetic energy
based on the crash-test formula:

KE =33.44 x 1073WV?2,
where
KE = kinetic energy (ft 1b),
W = vehicle weight (Ib),
V' = velocity in mph.
KE = 33.44 x 1073(15,000)(40)* = 802, 560 ft 1b (1088.3 kNm)

The vehicle barrier must be designed to withstand this kinetic energy.
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2 Blast and Explosive Loadings on Buildings

2.1 Introduction

Blast is a sudden release of energy and explosions can be identified as being
due to gas, nuclear, bombs or explosives. Bangash [1.13] gave an extensive
treatment of explosion dynamics and blast wave characteristics related to
structural loading. However, it is not intended to repeat this work here.

This section deals with the formation of blast waves by condensed high
explosives and bombs. Both explosives and bombs are categorized as small,
medium and high or large:

— Small explosive devices — up to 5kg TNT

—  Medium explosive devices — up to 20kg TNT

— Large explosive devices and bombs — up to 100 kg TNT

— Very large explosive devices and bombs — up to 2500 kg TNT.

These explosives or bombs are sometimes given in Ibf TNT or ton TNT
designated as YIELD. This is discussed later on in the chapter. The last load —
time relation is important for determining the blast resistance of buildings
and their components. A number of such relations for both external and
internal blasts is given. Gas and nuclear explosions do not frequently occur,
however.

2.2 Explosives and Bombs

Safety, reliability and performance of explosives and bombs are difficult to
assess for commercial explosives that are made from cheap ingredients such as
TNT or nitroglycerine mixed with low-cost nitrates. Military explosives and
bombs are made from expensive materials like TNT and RDX or HMX with
TNT. A reference is made to Chap. 1 for detailed texts on various explosives.
Terrorists often manufacture their own military explosives using Semtex in
order to attack buildings and other structures. The blast can be external or
internal. The basic characteristics of abnormal loads produced on buildings
subjected to explosives are of:

— Stationary randomness
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Table 2.1. Explosives and charge factors (CF)

Explosives Mass specific TNT equivalent (CF)
energy (kJ/kg)
TNT 4520 1.000
GDN (glycol dinitrate) 7232 7232 _ 1.6
4520
Pyroxilene 4746 1.05
Pentrinite 6689.6 1.48
Dynamite 5876 1.30
Schneiderite 3164 0.70
Dinitrotoluene (DNT) 3164 0.70
Ethylenedinitramine 5650 1.25
Compound B [0.6RDX + 0.4TNT] 5190 1.148
RDX (cyclonite) 5360 1.185
HMX 5650 1.256
Semtex 5660 1.25*
Dentolite 5, - 1.129
DENT - 1.282

* Identical

— Transient or dynamic nature
— Short duration with time histories from milliseconds to a few seconds.

The model simulations of some of these techniques are described later on in
the chapter.

The use of TNT (trinitrotoluene) is generally considered as a reference.
When the high explosive is other than TNT, the equivalent energy is obtained
by using the charge factor. This will form the value of the scaled distance
Z = R/W'3. The charge factor is equal to

actual mass of the charge
mass of the TNT equivalent

It is designated CF. Table 2.1 shows these factors. Table 2.2 show attacks on
previous sites and explosion loads.

Referring to the work done by Baker WE et al. [1.12], the CF for RDX
is computed as 5360/4520 = 1.185. Hence 100kg of RDX is converted to
1.185 x 100 = 118.5kg of TNT.

2.2.1 A Terrorist Bomb

Table 2.2 summarizes some recent terrorist attacks on buildings with bombs
of variable magnitudes and intensity. Some terrorists prefer to use vehicles
for bombing targets. A complete history is given in Chap. 1.
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Table 2.2. Terrorist attacks with explosives

No. Site/country Explosion load
1.April 1995  Oklahoma City/USA 4800 1bf (33.1ton of TNT)
2. Feb 1993  The World Trade Center, NY/USA 12001bf (0.6 ton of TNT)
3. July 1994  The Jewish Community Centre, 275kg of TNT
Buenos Aires/Argentina”
4. April 1992  St. Mary Axe, London/UKT 350kg of TNT
5. July 1994  Apartments, Israeli Embassy, 350 kg of TNT
London/UK
6. April 1992  Staples Corner, London/UK} 300kg of TNT

7. Feb 1993  The World Trade Center, NY/USA 900kg of TNT
Additional details
Determination of range or distance (R.B. Philips, REN 558, 1945)
KW0-333
{1+ (3175/W)?)
R = range in m

0.1667

W = mass of explosives in kg of TNT
K = constant ~ 5.6

Blast resistance in terms of the quantity scaled distance
R
Z = W
* 3 to 5m range
t115-160 m range
# 17 m nearest corner range

2.2.2 Blast Loads on Buildings

There are many threats to be considered in the design of civilian structures.
The most serious threat against buildings and other important civilian struc-
tures has been the explosives located inside and a large external explosion due
to the ‘car bomb’. Apart from ‘deterrence’, ‘keep out’, deception and other
measures, the idea of resisting explosive blast loads with minimum structural
modifications is to be promoted among civil and structural engineers. When a
bomb explodes, a rapid release of stored energy is characterized by an audible
blast. The energy released is divided into two distinct phenomena — thermal
radiation, and coupling with air and soil, known as air blast and ground shock,
respectively. Air blast is the principal cause of the damage to buildings. On
the other hand the ground shock-wave propagates by compressing the air
molecules in its path, thus producing the ambient overpressure or the inci-
dent pressure. The waves propagate with supersonic velocity and finally hit
the building. They reflect from the building with amplified overpressures. The
air blast penetrates through windows and doors and other openings in the
building. Floor slabs, partitions, and contents are subjected to these pres-
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Peak reflected
pressure

P, = incident pressure

t (ms) time

Fig. 2.2. Pressure on the front face versus time

sures. Columns and walls are either damaged or totally destroyed. During
this process, diffraction of the wave occurs as the shock propagates around
corners increasing or reducing pressures in these regions. The process con-
tinues until the entire building is engulfed by shock-waves and all surfaces
in a building are covered by the overpressure. Figure 2.1 shows a complete
scenario on blast loads on buildings. The pressure decays exponentially and is
time and space dependent and in some areas suction forces occur. These are
bracketed as a negative loading phase and Fig. 2.2 shows both positive and
negative phases and the behaviour of the travelling shock-wave giving the in-
stantaneous relationship between the overpressure and the stand-off distance.

A secondary effect of the air blast as given by Bangash MYH [2.27] is the
dynamic pressure or drag loading which has a very high velocity that also pro-
pels debris as projectiles. The air-blast phenomenon takes place in very short
time intervals, measured in milliseconds. The magnitude of the pressure P is
roughly proportional to the size of the explosive or bomb W and is related as

Poo% , (2.1)
where R is the stand-off distance from the centre of the charge and W is the
charge weight or yield measured in equivalent lbs, tonne, or kg of TNT.

A typical car yield bomb ranges from 0.1 ton of TNT. The bomb on usual
civilian targets as stated in Table 2.2 seldom goes beyond 500-20001b (0.25—
1ton) of TNT. Table 2.3 gives various expressions for blast-load evaluation
and modelling.
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Table 2.3. Blast loads and modelling

(A) External blast and load modelling
(i) Overpressure Pso = Pg

The overpressure Pso in its peak form acting dynamically on walls or front faces
of a building can be written as

w w2 .
Pso = 6784 5 + 93 (ﬁ) , (i)

where W = total charge weight in TNT (tonne), R = stand-off distance to the
centre of the detonation in metres.

For example

W = 1.1 tonne

R =90m
Pso = 0.1244 bar
qo = peak drag = 2.5 Cp Pso /(7 Pso + Po) (ii)

Pr = peak pressure of a reflected shock

=2Py —|—6/ (7Po —I-Pso) when Pso < 10 bar

or
= 4log,q Pso + 1.5 when Pso > 10 bar (iv)
where
Po = ambient atmospheric pressure = 1 bar,
Cp = drag coefficient = 1.0 in general.
In detail
Cp; = drag coefficient for the rear face = 0.25 to 0.5 (v)
Cpt = drag coefficient for the front face = 0.8 to 1.6 (vi)

(ii) Pressure-time relation

Notation

35
U
S =Hs when B>H

1
Tc S =Hg < QB Tc = reflected pulsetime

(vii)

P; = pressure at front face

P, = pressure at rear face

B = building width

Hs = building height

tr = time for reflected wave = 2i,/Pr

iy = total reflected pressure impulse
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Fig. 2.3. Pressure on the rear face versus time
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(B) Duration

tg = shock pulse duration = 10.23

1/3
tp = time of drag = 20.77 ( W >

1/3
tp = 14.35

v Pso
Notation

Front edge
—fBe
Rear edge
1 (ms) time
(o] L _tg tg 12ty
v - = to tg/2

Fig. 2.4. Pressure on the side face versus time

wi/s
Pso < 70 bar
v Pso

_— (viii)

= 20.77

Pso > 70 bar
vV Pso

for P 2
Pio or Pso < 2bar

for Pso > 2bar

P, = peak impulsive load

Note: 1bar = 100kN/m?

Rear edge

~ = Z e L~ Rear edge
Front edge 1 2
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(C) US Army Corps of Engineers TM5-855-1

The principle adopted in Section (A) of this table is adopted. Figure 2.5 shows a
section through a building with average pressure-time variation.

The bomb is located close to the structure. The average pressure-time curve
is constructed over a length of the building 1.3 X normal R, the stand-off distance
# 2.S. The portion of the surface loaded is L.

Cr = equivalent factor for load
% = blast wave location ratio (Refer to Fig.2.6.)
wa

= wavelength and span ratio

The pressure build-up is linear from ¢y at f point to the time t; + ¢y when blast
wave reaches point d.

P, = peak pressure = Cg Psos + Cpgo

The drag coefficient Cp for the roof and wall:
Peak dynamic pressure psi (kN/m?) Cp

0-25 (0-172.37) —0.40
25-50 (172.37-344.738) —-0.30
50-130 (344.738-896.32) —0.20
Equivalent load factor as shown in Fig. 2.6 is given by
Pso
Cp —
7 Psos
Shock front location
A—i/for maximum stress
Peod
“ // d i
= = Na ]
D —
7 7 VT
(a) i’ L _Ji
e
@ i,
3 U
a

Cg Pgob + CpYon

]
]
1
1
1
[}
[}
1

(b) '

1 L+ty t,+ by

Fig. 2.5. Roof and side wall loading (span direction perpendicular to shock front).
(a) Section through structure, (b) average pressure — time variation. Taken from
TM5-855-1 (courtesy US Army Corps of Engineers)



2.2 Explosives and Bombs 75

1.0~

0.8}

D/L or CE
o
3
T

0.4}

0.2 I I I
1.0 2.0 3.0 4.0

Wavelength-span ratio L_, /L

Fig. 2.6. Equivalent load factor and blast wave location ratio versus wave-length-
span ratio (courtesy: US Army Corps of Engineers)

49~ 27 MN/m?

11.6 MN/m?

4.2
@1.5m

35

w=2.5ton TNT

21

Incident pressure, Ps (MN/m?)

1.4

0.7 |-

0 1 Il 1 L 1 T + ; L ]
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Range, R (m)

Fig. 2.7. Load-range-time relations: incident pressure versus range

and blast wave location ratio

D
L )
where L is the width of the strip or element being considered.

The incident pressure Ps for two bombs of yield 5001b and 2.5 ton TNT for
ranges R normally required for Table 2.3 is given in Fig. 2.7.
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2.2.3 Blast Wave Scaling Laws

The Hopkinson—Cranz scaling law is commonly known as ‘cube-root’ scaling.
Two bombs of weights W7 and W5 having diameters d; and ds, respectively,
are made up of the same explosive materials. The charge weights W7 and W5
are related as

di_ (Wi (2.2)

dy  \ W, '
since W and Ws are proportional to d} and d3, respectively. Assuming the
two bombs of charge weights W7 and W5 produce the same overpressure Pso
and at certain ranges Ry and Ry respectively, with d; /ds constant and with

positive phase duration and impulse ratios.
Pressure-duration-stand-off for one tonne TNT explosion is given by

By (W) 23)
R, W, '

This leads to a scale distance Z = R/W?'/3 which is a constant of pro-
portionality. Curves can be plotted, for nuclear or chemical explosives, for
overpressures and scale distances.

The impulse of the incident pressures associated with the blast wave is
the integrated area under the pressure-time curve. Consequently, the positive
phase impulse, ig, is defined as follows:

ta+to
is= / P(t)dt (2.4)
ta
=cPsolo,

where P(t) represents the pressure — time relationship; Pso is the peak in-
cident overpressure; tq is the duration of positive phase; t, is the blast wave
arrival time; ¢ is the value between 0.2 and 0.5 depending on the equation
used to describe the variation of pressure with time P(t). Figure 2.2 gives
the exact positioning of these values.

As the blast wave propagates through the atmosphere, the air behind
the shock front is moving outward at lower velocity. The velocity of the air
particles, and hence the wind pressure, depends on the peak overpressure
of the blast wave. This later velocity of air is associated with the dynamic
(blast wind) pressure, q. For typical conditions, standard relationships have
been established between the peak incident pressure, Pso, the peak dynamic
pressure, ¢g, the wind velocity, and the air density behind the shock front
and these quantities are dependent on Psp. The net dynamic pressure is the
product of ¢ and the drag coefficient Cp.

When the shock front strikes a building, it produces large pressures on
exposed surfaces and penetrates to the inside through openings. The over-
pressure causes hydrostatic-type loads, and the dynamic pressure cases drag
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load. High refiected pressures are generated on surfaces due to reflection of
the shock wave on the front face of the building. The reflected pressure-time
variation and the peak reflected pressure, P,, are shown in Fig. 2.2. At a given
distance from the point at which burst occurred overpressure and dynamic
pressure decay with time.

As pointed out earlier, it is customary to characterize the pressure load-
ings in terms of scaled range Z as

R
2=y
where R is the radial distance between the centre of explosion and W is the
explosive weight in TNT.

(2.5)

2.2.4 Basic Parameters of a Bomb Blast

The analysis for blast effects include the following:

(a) Computation of transient overpressure from the blast wave front
(b) Reflected shocks to evaluate peak pressure loading and total impulse.

In case of buildings, the following parameters need urgent attention:

1. The magnitude of the explosion in TNT

2. The stand off distance and altitude

3. The geometry of a building structural system

4. The structure orientation with respect to the explosive and the ground.

Generally, for the design purposes a simplified blast-structure interaction
shall be developed depending upon the building location and orientation
(front, rear, sides and roof) relative to the point of burst. Where a com-
prehensive analysis suggested later on in the text, shall be adopted.

For the purpose of computational analysis, Fig.2.2 is idealized in terms
of straight dotted positive and negative phases with positive specific impulse
“is” area such that the accuracy being a parabolic curve is not sacrificed. The
idealised pressure-time relation for a blast wave profile is shown in Fig. 2.5. A
similar idealised pressure-time relation can be achieved for other case studies
exhibited in Figs. 2.3 to 2.7.

In terms of incident pressures and phase durations the following two cases
define the blast loadings:

I. Peak positive incident (side-on) pressure P;O positive phase duration ¢,
and the corresponding positive incident impulse 7] .

II. Peak negative incident pressure Pg, (suction), negative phase duration
t,, and the corresponding negative incident impulse 4 .

The negative phase is comparatively longer, the pressure will essentially re-
turn to ambient. The peak values of the under-pressure are generally small
compared with the peak positive overpressures.
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Since the degree of blast damage depends largely on the drag force as-
sociated with strong winds and is influenced by the shape and size of the
structure, the net pressure acting on the structure is called the dynamic
pressure and is proportional to the square of the wind velocity and to the
density of the air behind the shock front.

When the incident blast wave from an explosion in air strikes a more
dense medium such as land or water, it is reflected. The front of the blast
wave in the air will assume a hemispherical shape. Since there is a region of
regular reflection, all structures on the surface, even close to ground zero, are
subjected to air blast. Some of the blast wave energy is transferred into the
ground. A minor oscillation of the surface is experienced and a ground shock
is produced. For large overpressures with a long positive-phase duration, the
shock will penetrate some distance into the ground and will damage buried
structures.

When the front of the air blast wave strikes the face of the structure,
reflection occurs. As the wave front moves forward, the reflected overpressure
on the face drops rapidly to that produced by the blast wave without reflec-
tion, plus an added drag force due to wind. At the same time, the air-pressure
wave diffracts around the structure and is entirely engulfed by the blast. The
damage cause by diffraction will be determined by the magnitude of the load-
ing and by its duration. If the structure has openings, there will be a rapid
equalization of pressure between the inside and outside of that structure. The
diffraction loading of the structure as a whole will be decreased. Since large
structures have openings, diffraction and drag must not be ignored.

The loads computed for the surface explosion shall be Pso and 2.3 Pso
for roof/floors and walls respectively, where Pso is the peak incident wave
pressure. Figure 2.7 and Table 2.4 show the damage-distance relationship and
peak overpressure failure effects on structural components, respectively.

2.2.4.1 Stress Waves and Blast Waves

Stress waves represent the basis of explosion in the surrounding medium, be
it gaseous, liquid or solid. They are defined as moving parts of the medium,
being in a state of stress such that the boundaries are waves and the rest
of the medium consists of wave fronts. Stress waves are sometimes called
deformation waves. These stress waves are divided into normal and tangential
waves representing stresses in those directions. Normal waves may be divided
into pressure waves and tensile waves or rarefaction waves. The normal waves
are also known as P (longitudinal) waves and the S (tangential) waves as
transverse waves. In geological media, the surface is the interface of individual
layers of rock and soil or air and soil/rock. The interface between them is
known as the free surface. The surface waves are then classified according to
the shape and sense of the trajectories followed by movements in a medium.
The surface waves are given below.
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(1) The Rayleigh wave (R wave). This wave exhibits a planar elliptic mo-
tion in the medium such that its semi-axes decrease rapidly at a certain
distance from a given depth.

(2) The Love wave (Q wave). These waves exhibit a spatial motion in a
medium and their components are parallel and normal to the plane of
propagation.

(3) The hydrodynamic wave (H wave). These waves are similar to R waves
and propagate along the surface of the liquid and are free from shear
stresses.

(4) The composite wave (C wave). The surface particles exhibit a complex
phenomenon when compared with others.

The R wave propagation is expressed as:

6z =WaL' {exp(—qz) — 2¢5 [(5)* + (I')* exp(—sz)] } x sin(wt — L'z) (2.6)

6z =Wg L' {exp(—qz) — 2(L')* [(5)> + (L") exp(—s2)] } x cos(wt — L'z) (2.7)

where z, y and z are the co-ordinate axes

L = w/vSR
w = circular frequency
vsr = velocity of sine wave in the Y-direction
t = time
6 = particle displacement
q=w’ (ng - U??z) [V zVsz
§=w? (vdy —vhz) [V§zvhz
Wg) = work done
vsz = propagation velocities of transverse waves
vpz = propagation velocities of longitudinal waves
vRrz = propagation velocities of Rayleigh waves

The @ wave is generally propagating in the Y-direction if the z, y plane lies
on the interface of the layer and on the mass medium. The displacement d,, is
a function of time ¢ and the co-ordinates x and z. The ) wave is expressed as

8y(z,2,t) = (Acosa’z+ Bsina'z) exp [L' (vt — z)] , (2.8)

where
I/ = a wave number
A, B = constants
v, = phase velocity
o = L'\/2] 02, 1]

The phase velocity v, is determined from:
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where
Vs»s = propagation velocity of the explosion
Vs2sn = propagation velocity in the mass half space
G, Gs = moduli of elasticity in shear and mass half space, respectively.

Ezplosion of a Spherical Charge

When a charge is located at a sufficient depth below the surface, the explosion
causes vibrations to propagate in the form of spherical wave fronts in a lon-
gitudinal direction, with mass particles displaced radially. This displacement
is generally calculated as:

6, =radial displacement
720,00

- r2(Brs — ”Zp)

T T, T, T
N (T PR PR ﬂ} PP }emtrs/vzw
{ Uzp |: ( Vop  Brs — Uzp) Brs — Vgp

where
v,p = velocity in m/s
rs = radius of the cavity of the charge (sometimes known as ¢ = time)
«, B = constants for the particular type of charge

(2.10)

Explosion of a Cylindrical Charge

The following gives displacements d,, dg and dg4 in cylindrical co-ordinates for
a cylindrical cavity:

2 2 _
Or = _Fohp <1 _ M cos? (b) OF(t — R/vip) (2.11)

R dmrv,p R vZ, ot

(59 = 0; 5¢

_ R3hpsin2¢ {8F(t R/vzs)} (2.12)

4vv, R ot

where
R, = base of a cylinder with height
mpg = relative mass
0Rr, d9, 04 = displacements in cylindrical co-ordinates R, § and ¢, respec-

tively
v = Poisson’s ratio
t = time

2.2.4.2 Damping of Stress Waves

When a stress wave caused by an explosion propagates in a material it is
damped at a certain = and its amplitude X (x) is given by

X(x) = Xpe™7®) (2.13)
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X (z) = amplitude at a distance
2 Xy = amplitude of the wave at a source
v = damping ratio

For a chemical explosion, the relationships between explosion overpressure
and ambient atmosphere, duration time and impact load are compared with
those for a nuclear explosion in Table 2.4. Impulse or impact depends on
the peak overpressure, Pj,, in the shock front and on the duration of the
wave. In some cases, the rate of decay of the overpressure can influence the
impulse/impact load. The scaling principle to explosion has also been given
earlier. The scaling law for explosion is defined for the distance for uniform
atmosphere as

scaled distance = x X pé/]\?/E%{/S (2.14)

where
¢s = charge size factor V,
Vrn = actual and required TNT volumes, respectively
p, prN = actual and standard TNT atmosphere densities, respectively.

For a non-uniform atmosphere the scaled distance will be different. The
energy release, FR, is almost equal to the weapon yield.
The scaling of the overpressure is given by

actual pressure = overpressure x P, (2.15)

where P, is the atmospheric pressure.
The scaling time, ts., is given by

toe = ta X fi/Y V3 (2.16)

where f;, the transmission factor for time, is given by

1/3 1/6
_ (P T
fo= (pm) (TTN) (2.17)

and is expressed in terms of atmospheric pressure and temperature, where T,
Trn = actual and TNT temperatures, respectively Y = weapon yield, W.
The direct impulse/impact scaling per unit area is written as

Fi(t)/unit area = (scaled impulse/area)(Pso/ps(ts/tsc) s (2.18)

where P} = standard overpressure for reference explosion.

Transmission factors for distance and time for large explosions, with large
path distances and variations in atmospheric pressure and temperature, can
be written in integral form:

1 xr2 p ]/3
scaled distance = — = / <—> dx (2.19)
Y / rl PTN

A transmission factor to conform to variations of pressures arid temperatures
will be given by
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fq =transmission factor for distance

o1 ﬂ( p )1/3
=— — dx 2.20
a x /m PTN (2.20)

where z represents the actual distance. Similarly, the transmission for time
is given by

B 1 e 3, m o\ 12
=] Ge) () @21
T Jz1 \PTN Tt~

The subjects of open air, underground and underwater explosions are fully
discussed under different headings in this chapter. The above elements are
common to all of them.

2.2.5 Explosions in Air

Explosion characteristics, including duration, are based on the sudden release
of energy. An explosion maybe due to nuclear detonation, explosives, gas or
dust. As stated, the magnitude of an explosion in relative values is known as
the explosive yield. One generally accepted standard is the energy released in
an explosion of TNT (symmetrical 2,4,6-trinitrotoluene). As stated earlier,
the front of the shock wave is quite steep and, as a result, the pressure may
be treated as instantaneous. The dynamic load is then characterized by a
rapidly reached peak value which decreases as the blast wave decays. The
net effect of the load depends on the structure of the blast wave and on the
geometry and construction of the structure. The basic relationship for such
a blast wave having a steep front is given by Rankine-Hugonist, and is based
on the conservation of mass, energy and momentum at the shock front. Using
Fig. 2.13 and the above conditions together with the equation of state for air,
the blast wave pressure is written as

U 6 P\ /2

= <1+? 5 > (2.22)
u 5 pe 6 Py '/

Bl N e 2.2
Vg 7pa<+7P0> (2.23)

P _7+6Pso/Po

e 2.24
Pa 7 + P)SO/PO ( )
Dr TP, + 4Py,
P joy e (2:25)
5 Py,
42 Tso (2.26)

Pso 2 TP, + Py



84 2 Blast and Explosive Loadings on Buildings

A

Force

I
dif‘lra.ction

phase
i T
I transition phase : drag phase
1
a}—hd——-(b'l-—-—*———-—-—lc}————-b

" B
Time
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2 _ (Pso + Pa) (Pso +7P,) (2.27)

6P, + 7P,

4

SO

(

2 2
[ 25 P
Mr=(L) =2 50 2.2
( ) 7 (P + Po)(Pu + 7F5) (2.28)

?|
w

,USO

R

— —0.727P. /P, (2.29)
R,

P 4

— =_(4+7P,/Ps) (2.30)
4do 5

where
vso = speed of sound in the air behind the shock front
vs = speed of sound in ambient air
M = Mach number
P, = pressure of ambient air
Py, = overpressure
P, = reflected pressure
q4o = dynamic pressure = 1/ pu?
R = Reynolds number per foot (flow behind shock front)
R. = Reynolds number per foot for ambient air sea level (6.89 x 10°)
u = particle velocity of flow behind the shock front
U = shock front velocity
p = density of air behind shock front
pa = density of ambient air

In general the force-time relation given in Fig. 2.8 represents a true picture
which involves diffraction transition and drag phases.
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Fig. 2.9. Overpressure Pso versus P, M, and g4, for a building

Figure 2.9 shows reflected pressure, dynamic pressure and Mach number
for side-on overpressure. When the blast wave is vertical and strikes the front
face of the structure, normal reflection occurs and the entire facade of the
building or structure is instantly subjected to the reflected overpressure, P,
which is greater than Ps,, the overpressure in the immediate surroundings.
As a result, the blast air flows from the region of high pressure to the one
of low pressure, forming a rarefaction wave with a velocity u,, over the front
of the structure. It then progresses inward from the edges of the structure,
moving with a velocity vs in the reflected medium. This speed varies with
time as the blast wave decays. For example, as shown in Fig. 2.9 if one takes a
small panel of a structure, the wave varies at this panel with a corresponding
time hy/uy, where h; is the distance from the top to that panel and wu,,
is the rarefaction velocity. Assuming this time is ¢1, the relieving time, ¢,
is about twice that required for the sound wave, which is to — t1 = 2z /Uy,
where t5 is the forward time and z is the distance through which the pressure
relief is obtained for the length of the structure, L, width, B, and height, H.
Figure 2.10 gives load distributions on various faces against time. The peak
diffraction pressure, Pgs, and peak drag load, Py, are given by

Py=P,A (2.31)
Pi=PpCpA (2.32)

where A is the projected area, Cp is the drag coefficient, P, is the reflected
pressure and Pp is the dynamic pressure ~ Py,.
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The blast wind from an explosion exerts loads on structures which are
quite similar to those developed by natural winds. Nevertheless, these wind
load surfaces are transient in nature and of considerably greater magnitude
than those developed by conventional winds.” The drag coefficient is also de-
fined as

1
Cp = drag energy /kinetic energy = (Pd/p)/§u2 (2.33)

For an ideal gas explosion in air
p = density = p,/RT (2.34)

where R is the gas constant, T' is temperature, Py is the drag load and P, is
the pressure. The value of R is equal to 287 J/kg-K.
The value of Cp is also written in terms of Mach numbers as

Cp =2 Py/k.M?* P, (2.35)

The value of Pyis then written as
1 1
Py = §CDpu2 = 5er\42 Cppa (2.36)

where
k. = heat capacity ratio = C,,/C, ~ 1.4
C,, = specific heat capacity at constant pressure
C, = specific heat capacity at constant volume

The Mach number may be written as
M = u/(kRT)"/? (2.37)

An individual small panel experiences load from an explosion when the
shock front has traversed the distance L, the entire length of the structure,
and a compression wave has travelled a distance h_ from the near edge into
the panel The time for the shock will be L/u’,., where u’,., is the speed of the
shock, a value close to U. After these times the pressure on the panel increases
and becomes instantaneous pressure on the rear face equal to Pstag — Parag-
Figure 2.10c and d show the load-time function for the rear face for a small
panel and an average for the entire rear face. Similarly, for the panels along
the side or top of a structure, ignoring reflection and pgag (stagnation), the
overpressure diagram is as shown in Fig. 2.10. Figure 2.10f illustrates dynamic
drag type loading.

2.2.6 The Impulse of the Incident Pressure

The impulse of the incident pressures associated with the blast wave is the
integrated area under the pressure-time curve. Consequently, the positive
phase impulse, i, is defined as follows:
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tatto
is= / P(t)dt
ta

=Pyt (2.38)

where P(t) represents the pressure—time relationship; Pso is the peak incident
overpressure; t, is the duration of positive phase; t, is the blast wave arrival
time; and c is a value between 0.2 and 0.5 depending on the equation used
to describe the variation of pressure with time P(t).

As stated earlier the blast wave propagates through the atmosphere, the
air behind the shock front is moving outward at lower velocity. The velocity
of the air particles, and hence the wind pressure, depends on the peak over-
pressure of the blast wave. This latter velocity of air is associated with the
dynamic (blast wind) pressure, q. For typical conditions, standard relation-
ships have been established between the peak incident pressure, Ps,, the peak
dynamic pressure, q,, the wind velocity, and the air density behind the shock
front. These relationships state that the magnitude of the dynamic pressure,
shock front velocity and air density are solely a function of the peak incident
overpressure, and, hence, independent of the explosion size.

The net dynamic pressure on a structure is computed as the product
of the dynamic pressure, ¢, and a drag coefficient, Cp. The drag coefficient
depends on the geometry of the structure and its orientation relative to the
direction of the wind produced by the dynamic pressure. For a rectangular
building, the drag coefficient may be taken as +1.0. For the roof, front and
rear walls, the drag coefficient is a function of the peak dynamic pressure and
may vary from —0.4(¢, < 170kPa) to —0.2(qy > 350kPa).

The dynamic pressure ¢ plays an important role in generating the blast
loading.

2.2.7 Thickness of the Shock Front

The thickness of the shock wave is the ratio of the velocity jump between two
points u; and us divided by the maximum velocity gradient (du/dz)max in a
specific zone. In terms of Mach number, the thickness ¢4, of the shock front
using the Rankine-Hugonist equation is given by

ten = [(11 +TM)/p(M — 1)]1078 (2.39)

2.2.8 Evaluation of Stagnation Pressure, Stagnation,
and Post-shock Temperatures

The stagnation pressure, is generally, is given in (2.40) in terms of ambient
pressure and is now defined in terms of the velocity of sound, v, and vy,
which is the speed of sound after the shock front. The value of pyiag is given by

(k — 1)(vs0/v5)2] "

2Ty/Ty) (2:40)

DPstag = P2 1+
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where
p2 = shock-generated pressure
T5 = shock-generated temperature
T, = ambient temperature
Uso = blast-generated velocity

The temperature known as the blast stagnation temperature obeys the rela-
tionship
Tyag To 1 o\’
stag _ 12 +-(k—1) Uso (2.41)
T, T, 2 Vg

The value of £ is generally taken as 1.4. The post-shock temperature T
is given for k = 1.4 by

Tos _ (%)2 _ (p2/pa + 6)(p2/pa)®"
T, \vw/)  6(p2/pa)+1
where T}, is the temperature under post-shock.

Equations (2.40) to (2.42) are extremely useful when explosion occurs and
at the same time generates temperature leading to fire.

(2.42)

2.2.9 Oblique Shock

A shock wave may occur in a plane that is oriented at an angle 6 to the
direction of the blast windflow. Let that velocity be vg,; its components are vy
and vy as shown in Fig. 2.11. In this oblique shock phenomenon, the velocity
vectors are related in terms of the angle € and the angle o of the shock plane
with respect to the on-coming stream by

Vgo2/V2 = tan(a — 6) (2.43)

ax—0

Fig. 2.11. Oblique shock
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where vs02 and vy are the velocities after shock of the normal and parallel
components, respectively. The Mach number is given by

M; (normal to the shock plane) = w1 sin v/ vg1
o1 Sin o (2.44)
For the downstream component vgqz:
Ms (normal to the shock plane) = vgyo sin(a — 0)vgo
= Ugo2/ Vs (2.45)
=Mz sina(a — 0)
where vy, and vgo are shock velocities in planes 1 and 2.

The following equations may be derived along the same lines as (2.40) to
(2.42):

k-1
kM2, sin?a — —5
p2/Pa = ) (2.46)
2
For the temperature and the speed-of-sound effects, T» /I, is given by

k—1 k—1
1+T(Mflsm a) (lesm a——

k+1
<%> M2, sin® o

The Mach numbers of the upstream and downstream velocities, before and
after the shock, are related by

24 (k- )M21 sin? a

2kM? sin?a — (k — 1)
The values of p, and I, are in plane 1, i.e., P, = P, and T, = T;. The value
of k is generally taken as 1.4.

The relation between the angle of the shock plane, a, and the angle of
deflection # may be found from

tan(a —0) 2+ (k— 1)];421 sina (2.48)
tana (k4 1)M? sin* a

The maximum deflection can easily be obtained from Fig.2.12 for a given
Mach number. Using the manipulated version of (5.47), the value of « is
computed as

TQ/Ta - (7)52/1]51)2 > (247)

[Myy sin( — 6)]* =

(2.47a)

1
) 2
=—7F K+1)MZ —4
sin” a 1 31X( VM3,

U D [+ MY +8(k— M2 +16)) (2.49)

A typical example for a charge weight of 500 kg versus slant angle is given
on Plate 2.1.




92 2 Blast and Explosive Loadings on Buildings

Plate 2.1. Shock wave peak pressure versus slant range
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2.2.10 Shock Reflection
2.2.10.1 Normal Shock Reflection

The reflected shock front exhibits the same particle velocity as that of the
incident shock. Nevertheless, the characteristics of the two shocks moving
through different media are different. In a similar manner, the particle veloc-
ity ratio vso/vsol is related to Po/P, = P,/P, such that

o (P )
(Vs0/Vs01)? = W <P2 1) = (&> (E) (2.50)

(k+1) (%) k1) AV

where P, is the absolute pressure generated in the reflected shock.

Equation (2.50) can easily be written in terms of P,/P; as
Bk = 1)(/P) — (k1)

(k—=1)(P/P1)+ (k+1)
where P; is the pressure of the unshocked air =~ P,.

The Mach number, M,, for the reflected shock can similarly be related to
the Mach number for the incident shock, M, by
' (k—1)M2 +2
The relationship between P, and P;, the incident shock, and the Mach number
can be written in the following form:

(Po/P)[(Bk = 1)(P2/Pr) — (k—1)]
(k—=1)(Ps/P1) + (k+1)
_ [(3F = )M 2k — D)J2KM? — (k ~ 1) 053
a (k2 = 1)MZy +2(k + 1) '
Using k = 1.4, (2.51) to (2.53) can be modified. For example, (2.52) becomes

TMZ -1
ME=—2 (2.54)
M2 +5
and (5.52) becomes

P, 4M2? — 1) (TM? —1

oro_ ( ol 3( ol ) (255)
Pl S(Mol + 5)

The temperature after the shock is greater than the ambient temperature

Ty, = T,. The reflected value Ty, can easily be derived after algebraic manip-

ulation similar to (2.42).

oy [E0(E) i () -
) k{(k+1(%)+(k71)}

P[Py = (2.51)

(2.52)

P./P =

Tr/Tl :Ta: <

(2.56)
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The reflection coefficient is defined by

o PP reflected overpressure
" P,— P, overpressure in the incident shock
:(31671)(P2/P1)+(k+1) (2.57)
(k—1)(P/P) + (k+1) ’
~ (3k— 1)M2 + (3 —k)
(k= 1)M2 +2
For k=14
8M2 +4
C,=—2t = 2.
M2 +5 (2.58)

2.2.11 Oblique Reflection

Figure 2.13 illustrates the basic concept of oblique reflection. An incidental
shock at M, with an incident angle of « causes a corresponding reflect shock
in Mach number:

M, = M, sina (2.59)
The angle § of this reflected shock is given by
B=(a—0), (2.60)
where 6 is the deflection angle. From (2.54), the value of P,/P; becomes
P./Py = (TM? —1)(TM? — 1) — 36 (2.61)
The reflection coefficient is derived using (2.56) and (2.61) with k = 1.4:
P.—P
=5 h
2 2
_ (7TM; 4;25\2{[01 1)1) 36 (2.62)
The Mach number M5 in region II for k£ = 1.4 will be
5+ M2

[Mys sin(a — )] (2.63)

T TMZE -1
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2.3 Internal Blast Load Modelling
and Structural Response of Buildings

Plate 2.2 describes in logical and mathematical terms the modelling of the
ternal blast.

The response of a building to a large explosion occurs in some distinct
phases which, in turn, depend on the building layout, various materials itsed,
design and fixing of structural components, bomb yield, its range and dura-
tion, etc. These are some of the variables. A number of buildings subjected
to large explosions have been examined and the following are the common
features observed.

Mode (1)

As the blast wave encounters the nearest external wall of the building, win-
dows are found shattered and walls and columns are deflected under reflected
pressure.

Mode (2)

When the blast wave expands and finally diffracts around the building, it
exerts an overpressure on the roof, side walls and on the walls of the far side.
Not knowing the exact location of the bomb, each face of the building must
be designed for the worst case including the explosion normal to the face. The
internal pressure penetrating through openings, generally, is found to exert
a downward arid an upward pressure on floor slabs. All columns, beams and
slabs must be designed or checked for these pressures. In the design, if it is
possible, the number of openings must be reduced and where openings and
windows and their sizes are known, a provision for blast-resistant glazing
would be needed.

Mode (3)

The frame of the building is the last structure to respond to the blast load. In
precast concrete buildings designers are particularly aware that in tlfeevent of
explosion the buildings should not behave as a ‘house of cards’. Where large
panel construction is used, this problem becomes acute. The progressive fail-
ure’lequence is based on initial cricks, loss of support and failure progression
due to debris loading. In order to prevent such failure, connections and spe-
cial tension, compression reinforcement and shear and bending steel should
be provided.
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Plate 2.2 Explosion type

When an explosion occurs within a structure such as buildings, the requirement
is slightly different than the one at the outside. The following chart explains the
requirement:

Explosion type
Unvented building Vented building
Need structures stronger Comparatively less stronger
to resist explosion structure. Pressure relief
would be activated by breaking

of windows, doors etc

Loading cases

Detonation
{ Casell )

Case | )=
Y Y
Reflected overpressure Loading from bomb
P generated and gaseous products
reflection will occur

1 |

Personnel more Venting offers
protected little advantage

(a)

The incident and reflected waves are approximated as triangular pressure pulses
(Fig. b) with a pressure-time history can be written as

t
PR(T) = PR (1 — —) (a)
Tr
. 1
IR = iTRPR (b)
2iR
T = —
BT Py (©)
Pri + Pr2 + Pr3 = 1.75Pr1 = Prr (d)
ir1 + ir2 + ir3 & 1.75ir1 = irr (e)
Reverberation time (RT) = time delay between each blast wave arriving a the
inner face of the building
= constant when tg = 2t, (f)
where
t, = arrival time at first blast wave at the inner reflecting
surface

Reverberation phase = (Sta+1Tr)



2.3 Internal Blast Load Modelling and Structural Response of Buildings

Pay

Reflected overpressure

t

1 LT 8 3t,+ Ty 5t, 5t,+ Tq

(b) Internal blast wave propagation (Baker et al. [1.12])

97

Pre= 0.iqe =0

The pressure-time history for the internal blast loading of the bomb gaseous pres-

sure decay is given as
The value of
P(t) = (Pqs + Po)e 1%

where
_ aeASt (675}
1%

vent area

Qe = —————
wall area

tmax = blow down time

tmax
ig = bomb gas impulse / [P(t) — Po]dt
0
_ _Pos+ P [1 _ 67{2-13aeAsau/V}tmx} _ Py

- A ovtmax
2.13 a, 2320

As = total internal surface area
V' = volume of the structural part subject to blast wave
ao = speed of sound at ambient condition
t = time
Notation:
Pqs = quasi-static pressure
P, = atmospheric pressure
P, = pressure at ambient temperature
R = PQS + Pr)
ig = bomb gas impulse
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Reflected shocks

Overpressure

Approximate quasi-static
pressure = Pg,
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P(1) = (Pgq + Pole -2.137

-~~~ (Gas pressure history

Time

(c) Typical pressure-time profile for internal blast loading of a partially-vented
structure (US Army Corp of Engineers, TM5-1300)
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3 Fire and Buildings With and Without
Explosion/Impact

3.1 Introduction

Fire is the primary cause of loss of life and property throughout the world.
During the past two decades fire has damaged hundreds of thousands of
structures. Significant advances have been made in controlling or mitigating
the effects of fire. Various methods have been developed to protect build-
ings. New materials have been developed or invented. A considerable time is
spent by various researchers on the development of mathematical models to
simulate the behaviour of structural members in fire. This is possible only if
one uses numerical and computer techniques. A large number of computer
programs that calculate the fire resistance of structural members now exist.
The input data for these computer programs require, apart from loading and
fire density, thermal and mechanical properties of various building materi-
als at elevated temperatures. In addition, the expected severity of building
fires and temperature-time relations have also been developed. Most of these
properties have been codified. The closet measures related to building design
are probably those for the confinement of a fire. These measures include fire
barriers capable of delaying or preventing spread of fire, dimensions and lo-
cations of buildings. All these measures are directly related to the detailed
knowledge of the mechanics and severity of fire. It is, therefore, essential to
outline some areas outside the domain of a structural engineer which he or
she should be aware of. Some of these are described below:

(a) Mechanics of fluids and building aerodynamics applicable to fire engi-
neering.

(b) Conduction of heat in solids.

(¢) Convection and radiation heat transfer.

(d) Thermochemistry.

(e) Chemical equilibrium and thermal decomposition.

(f) Fire dynamics.

i. Flame height and fire plumes.

ii. Air entrainment into buoyant jet flames.

iii. Ceiling jet flows, vent flows and natural convention wall flows.

iv. Combustion conditions, and smouldering combustion.

v. Flammability limits and flaming ignition of solids.
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vi. Smoke production, smoke and beat venting.

Burning rates and calorimetry.

Compartment fire modelling and fire models for enclosures.
Stochastic models for fire growth.

Explosion protection.

Detection systems, automatic sprinkler systems.

1) Foam system and foam agents.
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Within the non-structural analysis, structural analysts must be aware of
hazard calculations, risk analysis and probability methods.

The main concern of the structural engineer is the properties of the var-
ious materials involved and the analytical tools available for the design of
structural elements in fire. They are given later on in this text under various
sections.

No matter how many precautions are taken to improve the fire safety
design of buildings they will not be complete without sufficient availability
of training in professional education and practice. The main objective is to
prepare sufficient manuals of awareness and to transfer knowledge of fire
safety of buildings to the building design practitioners by way of courses
and seminars at various institutions. Architects and engineers must place
importance on fire safety provisions and allow funds for training facilities.

Building codes are different in every country. In a prescriptive code envi-
ronment, designers have little choice but to follow a book of rules. With more
modern performance-based codes, designers have unlimited freedom to design
innovative solutions to fire safety problems, provided that the required levels
of safety and performance can be demonstrated to the satisfaction of the ap-
proving authorities. Whatever type of code is used, design for fire safety will
include a combination of reducing the probability of ignition, controlling the
spread of fire and smoke, allowing for occupant escape and fire-fighter access,
and preventing structural collapse. One framework for demonstrating fire
safety is scenario analysis. In this method a number of “worst case” scenarios
are analysed. In each scenario the likely growth and spread of fire and smoke
is compared with detection and occupant movement, taking into account all
the active and passive fire protection features and structural behaviour, to es-
tablish whether the performance requirements have been satisfied. As stated
earlier, fire safety objectives are usually met with a combination of active and
passive fire protection systems. Active systems control the fire or fire effects
by some action taken by a person or an automatic device. Passive systems
control the fire or fire effects by systems that are built into the structure or
fabric of the building.

The objectives for providing fire resistance need to be established before
making any design, recognizing that fire resistance is only one component
of the overall fire safety strategy. Structural elements can be provided with
fire resistance for controlling the spread of fire or to preventing structural
collapse, or both, depending on their function. The term fire design time
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is not precisely defined. Depending on the importance of the building, the
requirements of the owner, and the consequences of a structural collapse or
spread of fire, the fire design time will be selected by the designer as one of
the following:

(1) the time required for occupants to escape from the building,
(2) the time for fire-fighters to carry out rescue activities.

3.2 Loadings and Restraints

The load-bearing structures must be subjected to the characteristic dead
loads Gk and the characteristic imposed loads Qg having the same values
as for normal design. The partial safety factors for dead and imposed loads
according to BS 8110 are 1.4 and 1.6 respectively. In case of fire they are 1.05
for dead load and 1.0 for composed load. In major analysis, it is essential to
impose temperature load due to fire. Where dynamic analysis is performed,
the fire load will be treated as an accidental overload. The American Society
of Civil Engineers’ Standard ASCE7-93 is not explicit about such a load, as
fire is not treated as a permanent load. The best combination is based on the
total of the combined effects multiplied by a factor Pg:

Pe(L+ L, +*T)+ D (3.1)
where

Pr = 0.75 or 0.66
*T = forces due to temperature changes, etc.
L = live loads

L¢ = roof loads
D = dead loads.

The other indication is to include a factored *T, i.e., 1.2*T in the above
assessment of combined loads. The best combination will then be:

1.2D + 1.6L + 0.5Ly + 1.2°T (3.2)

Where thermal properties of the structural materials are known, an approx-
imate relationship has been by the Council of Tall Buildings as

L =ti/AwAr (3.3)
where

L = total weight of fireload in kilograms
ty = fire resistance in minutes
Aw = windowed area in square metres

Al = surface area of the enclosed walls and ceiling of the compartment
or room containing the fire in square metres.
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Generally the fire grading of buildings has been directly related to fire load
per unit floor area. Fire loads for domestic, office and hospital buildings are
considered as low, for shops and department stores as medium and for storage
buildings as high. For modern buildings, based on recent surveys, an average
of 25kg/m? (5.751 bf/ft?) is used. The logical conclusion would be to keep
full dead weight and reduced live load due to occupancy and its reduction in
level and full load of the fire:

(PeL+ Ly + Fr) +1.2D (3.4)

where F7, = fire load.

The BSI (British Standards Institute) in their draft code 96/540837 indi-
cate that the fire load is influenced by duration and severity of fire and the
fire load density is related to a number of different types of occupancy. The
effective fire load density is expressed in MJ/m? of the floor area as discussed
above in other cases. It is suggested that it can also be expressed in terms of
equivalent weight of wood as a function of floor area. Several methods may
be used to establish the effective fire load in a room or a compartment:

(a) direct measurement/assessment
(b) statistical survey
(c) use of characteristic fire load density.

(a) Direct Measurement/Assessment

Where the fire loading in the direct measurement is unlikely to change over
the design life of the building, the fire load density may be estimated from a
knowledge of the weight and calorific values of the contents.

The following expressions are adopted:

> mcH,

i (3.5)

qxi =

where

qi = fire load density of the compartment (MJ/m?)

m. = total weights of each combustible material in the compartment (kg)

H,. = calorific value of each combustible material (MJ/kg)

A¢ = total internal floor area of the compartment (m?).

In the case that wet or damped materials are present, the effective calorific
value H. is modified by:

H, = Hy(l — 0.01M) — 0.025M (3.6)

where

H, = effective calorific value of the wet material (MJ/kg)

H,, = calorific value of the dry material (MJ/kg)

M = moisture content (in % by dry weight).

Table 3.1 gives calorific values of typical materials.
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Table 3.2. Recommended values for characteristic fire load densities in various

occupancy types

3 Fire and Buildings With and Without Explosion/Impact

Temperature k. p. C, a.
Substance °C W/m x°C  kg/m® U/kg°C  m?/sx107
Insulating Material
Asbestos
Loosely packed 45 0.149
0 0.154 470-570 0.816 3.3-4
100 0.161
Asbestos-cement boards 20 0.74
Sheets 51 0.166
Balsam wool, 2.21b/ft? 32 0.04 35
Cardboard, corrugated 0.064
Celotex 32 0.048
Corkboard, 101b/ft? 30 0.043 160
Cork, regranulated 32 0.045 45-120 1.88 2-5.3
Ground 32 0.043 150
Fiber, insulating board 20 0.048 240
Glass wool, 1.5 lb/ft3 23 0.038 24 0.7 22.6
Structural and heat-resistant materials
Asphalt 20-55 0.74-0.76
Brick:
Building brick, common 20 0.69 1600 0.84 5.2
Face 1.32 2000
Carborundum brick 600 18.5
1400 11.1
Chrom brick 200 2.32 3000 0.84 9.2
550 2.47 9.8
900 1.99 7.9
Diatomaceous earth, 200 0.24
moulded and fired 870 0.31
Fireclay brick, 500 1.04 2000 0.96 5.4
burnt 2426°F 800 1.07
1100 1.09
Insulating material
Fireclay brick, burnt 2642°F 500 1.28 2300 0.96 5.8
800 1.37
Cement, Portland 0.29 1500
Mortar 23 1.16
Concrete, cinder 23 0.76
Stone 1-2-4 mix 20 1.37 1900-2300  0.88 8.2-6.8
Glass, window 20 0.78 (avg) 2700 0.84 3.4
Corosilicate 30-75 1.09 2200
Insulating material
Plaster, gypsum 20 0.48 1440 0.84 4.0
Metal lath 20 0.47
Wood lath 20 0.28
Stone
Granite 1.73-3.98 2640 0.82 8-18
Limestone 100-300 1.26-1.33 2500 0.90 5.6-5.9
Marble 2.07-2.94 2500-2700 0.80 10-13.6
Sandstone 40 1.83 2160-2300  0.71 11.2-11.9
Wood (across the grain):
Balsa 8.81b/ft3 30 0.055 140
Cypress 30 0.097 460
Fir 23 0.11 . 420 2.72 0.96
Maple or oak 30 0.166 540 2.4 1.28
Yellow pine 23 0.147 640 2.8 0.82
White pine 30 0.112 430
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(b) Statistical Survey

A statistical survey is needed for the characteristic fire load density of similar
buildings in question. The following points are recommended:

(a) a minimum of five buildings

(b) buildings investigated should have comparable use and similar size and
contents

(c) the buildings should be located in the same country in regions of similar
socio-economic conditions.

(¢) Characteristic Fire Loads

Recommended values for characteristic fire load densities in various occu-
pancy types are determined from data collected in European countries. They
are given in Table 3.2. For the deterministic study it is recommended that the
80% fractile be taken as the characteristic value for design purposes. If only
the average value is available, the 80% fractile may be estimated by 1.5¢;.

In the case of protected fire loads (combustible material stored within a
container such as a steel filing cabinet), the effective fire load may be less and
will depend upon the fire temperature and duration, container integrity and
the nature of the combustibles. In such circumstances, with a calorific value
of 40% of that of the total contents, the equivalent fire load density may be
expressed as:

_ ki
Ge = H, (37)

where

¢o = equivalent fire load density of wood (kg/m?)
@i = measured fire load density (MJ/m?)
H,, = calorific value of dry wood (18 MJ/kg).

(d) Safety Factors

Safety factors have already been discussed under loads. If a fire may put a
large number of people at risk, it may be appropriate to include additional
safety factors within the design. In buildings where large numbers of people
are unaware of exit routes (e.g. shopping centres), it will be appropriate to
include additional safety factors to take account of uncertainties in the distri-
bution of occupants between the available exits. The design can be considered
acceptable if the available safe escape time (ASET) is:

ASET 2 tdet + Atpre + ()\ﬂowAtﬂow) (38)

where



110 3 Fire and Buildings With and Without Explosion/Impact

taet = detection time
Atpre = pre-movement time
Atgow = flow time
Afiow = design factor applied to flow time
1 for offices and industrial premises
2 for large and complex public buildings

such that
ASET > tsec = tdet + Atpre + >\ﬂow ) (39)

where dynamic analysis using finite element technique for large buildings is
required, the value of ASET must be considered in time-steps and overall
time required for the resistance. A reference is made to Appendix 1.

Where the occupants remain in tall and complex buildings for an extended
period while fire fighting operations take place and where structural failure
threatens the life of the occupants, it is recommended that the adequacy of
the structural fire resistance should be evaluated as follows:

Lcrit 2 )\strL-, (310)
where

Lt = fire load at structural failure

L = design fire load (80% fractile)

Astr = design factor
= 1.5 for tall and unsprinklered buildings > 30 m
= 1.0 for low-rise < 30m
= 1.0 for sprinklered buildings > 30m).

However, if Atgey is estimated at 21/ minutes with an inherent factor of 2,

the ASET value will be 5min. If the travel distance is increased and Afgow

is raised to 3min, it will be necessary to increase ASET to 6 min such that
ASET ASET

base care) <
Atﬂow ( ) tﬂow

(new design) (3.11)

This increase in ASET may be achieved by a large smoke reservoir, smoke
extract system or by controls on combustible materials that would reduce the
expected rate of fire growth. If

ASET
Atﬂow
it should be checked that the base case is not unsafe and that an appropriate

fire growth rate has been chosen for the calculations. The traditional criteria
can also be looked at in the following manner.

(base care) < 1.0 (3.12)

Travel distance may be increased by a factor of 2 if a smoke control system
is provided.
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Fire resistance: The required fire resistance is increased by:

i. 1/ hour for every 10m height to a maximum of 30 m
ii. 1 hour for basement 10m deep and 1/ hour at the basement level with
sprinkler systems.

Compartment sizes: The floor area is increased by a factor of 2 where a
sprinkler system is provided.

The Russians define the fire resistance of the building as the ability of the
structure to retain its operating functions in the period of fire for some definite
time, after which the structure loses its carrying or protecting capacity. Lyalin
reported that the heat of the fire, g,which he calls warmth of the fire, is
given as:

q=20:Qun, (3:13)
where

z = factor for chemical burning
B. = coefficient of the speed of burning
Qu = the lowest warmth of burning

n = weight speed of burning.

The fire load or the ‘heat load’ can be found by:

Q- = Q.f(Bi; Fo), (3.14)
where
Q- = fire heating load during the period of time
Qa = maximum heat content of the structure

f(Bi; Fo) = function of the Bio and Fourie criteria.
The fire resistance limit corresponding to these fire load equations is given by:
Ly = Kot (3.15)
where

Ly = required fire resistance limits in hours
7 = time of the fire in hours
Ky = factor for fire resistance
= 1.5 for vertical structures
= 2.5 for fire-proof structures
= 1.25 for horizontal structures.
This criterion is taken from ‘Building Standards and Rules’ SNi 11-A.5 85.
Japan, in its State of the Art Report No. 5A 1978, recommends a fire load

of 36kg/m?, provided the duration of the fire does not exceed 45 min and the
fire temperature does not exceed 150°C.
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The Swedes, in their State of the Art Report 5B (1987), assume that tall
buildings cannot be evacuated during a fire: they insist that the buildings
should be provided with fire protection measures. They have established a
relation between effective fire load ¢ and resistance time 7 for a structure in
a fire compartment. The fire load g. initially is given by:

Ge = Aif ZmyHl, : (Mcal/m?) (3.16)
where
A¢ = floor area (m?)
m, = the total weight (kg)
H, = effective heat value (Mcal/kg) for each individual material v

qc 1s also given in terms of an equivalent amount of wood per unit area Ag.
A modified formula exists for ¢.:

1
= H .
Qe !f§ my H, (3.17)

in which A; is the total area of the surfaces bounding the compartment (m?).
The connection between the different fire load definitions is given by:
A A
qe = A—;q (Mcal/m®) and g = 4_5qu (kg/m”) (3.18)
A further development, leads to a more differentiated characterization of the
fire load. The value of ¢ is:

1
dc = Zf Z,uumyHV (319)

in which m, denotes a dimensionless coefficient between 0 and 1, giving the
real degree of combustible for each individual component v of the fire load.
The coefficient p,, depends on the duration of the fire and the temperature-
time characteristics of the fire compartment.

The range of fire load density. It is concluded that for ¢ the temperature-time
relation is very important.

3.2.1 t-Squared Fires

The growth rate of a design fire is often characterized by a parabolic curve
known as a t-squared fire such that the heat release rate is proportional to
the time squared. The t-squared fire can be thought of in terms of a burning
object with a constant heat release rate per unit area, in which the fire is
spreading in a circular pattern with a constant radial flame speed. The t-
squared heat release rate is given by:

Q = (t/k)? (3.20)
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Fig. 3.1. Heat release rate for ¢* fires

Table 3.3. Fire growth rates for ¢ fires

Fire growth rate Value of A: Value of a Typical real fire
Slow 600 0.00293 Densely packed wood products
Medium 300 0.0117 Solid wood furniture such as desks

Individual furniture items with small

amounts of plastic

Fast 150 0.0466 Some upholstered furniture
High stacked wood pallets
Cartons on pallets

Ultrafast 75 0.1874 Most upholstered furniture
High stacked plastic materials

Thin wood furniture such as wardrobes

where @ is the heat release rate (MW), ¢ is the time (s), and k is a growth
constant (s/vMW).

Values of A are given in Table 3.3 for slow, medium, fast and ultrafast
fire growth, producing the heat release rates shown in Fig. 3.1. The numerical
value of £ is the time for the fire to reach a size of 1.055 MW. The choice
of growth constant depends on the type and geometry of the fuel. Values of
A and peak heat release rate for many different burning objects are given in
Table 3.3 (Babraukas (1995)). An alternative formulation is given as:

Q=at? (3.21)

where « is the fire intensity coefficient (MW /s?). Values of a are also given
in Table 3.3.
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Fig. 3.2. Calculation of heat release rate (Reproduced from Buchanan (2001))

Calculations for a t2 fire are given below with reference to Fig. 3.2. Using
(3.20), the time t; (s) for the fire to reach the peak heat release rate Qp
(MW) is given by Qp = (t/k)?.

The energy released is the area under the curve of heat release rate vs.
time. Because the area under a parabola is one third of the enclosing rectan-
gle, the energy Ej released to time ¢y is given by

Er =tQp/3 (3.22)

If the total energy E (MW) in the fuel has not been released at time ¢; the
energy released in the steady burning phase Fo (MW) is given by

Ey=FE—-FE (3.23)
and the duration ty, (s) of the steady burning phase is given by
th =t2 —t1 = E2/Qp (3.24)

If the fuel has insufficient time to reach its peak heat release rate, all of the
fuel will be consumed in time ¢, (s) where

tm = (3EK?)Y3 (3.25)
and the burning rate @, at time t,, is given by
Qm = (tm/k)? (3.26)

Figure 3.2 shows the resulting heat release rates for a fire in office furniture
with slow, medium and fast fire growth rates. The peak heat release rate has
been taken from Fig. 3.2.
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Plate 3.1. Channel four building on fire
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3.3 Pre- and Post-flashover Design Fires

3.3.1 Pre-flashover Design Fires

The t-squared fires described above can be used to construct pre-flashover
design fires, as input for calculating fire growth in rooms.

The fires described above are generally used to describe the heat release
rate for burning of a single object. Fire can spread from the first burning
object to a second object by flame contact if it is very close, or by radiant heat
transfer if it is further away. The time to ignition of a second object depends
on the intensity of radiation from the flame and the distance between the
objects. When the time to ignition of the second object has been calculated,
the combined heat release rate can be added at any point in time to give the
total heat release rate for these two, and subsequent objects. This combined
curve then becomes the input design fire for the room under consideration.
There may be many more items involved, and the resulting combination may
itself be approximated by a t-squared fire for simplicity.

3.3.2 Heat Transfer

Some knowledge of heat transfer is essential to the understanding of fire
behaviour. Heat transfer occurs by the three processes of conduction, con-
vection and radiation, which can occur separately or together depending on
the circumstances.

Conduction

Several material properties are needed for heat transfer calculations in solid
materials. These are the density, specific heat and thermal conductivity. Den-
sity, p, is the mass of the material per unit volume in kg/m3. Specific heat
cp is the amount of heat required to heat a unit mass of the material by one
degree, with units of J/kgK. Thermal conductivity, k, represents the rate of
heat transferred through a unit thickness of the material per unit tempera-
ture difference, with units W/mK. In the steady-state situation, the transfer
of heat by conduction is directly proportional to the temperature gradient
between two points, with a constant of proportionality known as the thermal
conductivity, k, so that

¢’ = kdT/dz (3.27)

where ¢ is the heat flow per unit area (W/m?), k is the thermal conductivity
(W/mK), T is temperature (°C or K), and z is distance in the direction of
heat flow (m). The steady-state calculation does not require consideration of
the heat required to change the temperature of material that is being heated
or cooled.
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Radiation

Radiation is the transfer of energy by electromagnetic waves which can travel
through a vacuum, or through a transparent solid or liquid. Radiation is ex-
tremely important in fires because it is the main mechanism for heat transfer
from flames to fuel surfaces, from hot smoke to building objects and from a
burning building to an adjacent building. The radiant heat flux ¢ (W/m?)
at a point on a receiving surface is given by

q" = peooT? (3.28)
where ¢ is the configuration factor, ¢, is the emissivity of the emitting surface,
o is the Stefan-Boltzmann constant (5.67 x 10~ W/m?K*), and T, is the
absolute temperature of the emitting surface (K).

The resulting heat flow ¢’ (W/m?) from the emitting surface to the re-
ceiving surface is given by

q" = peo(TLTH) (3.29)
where T, is the absolute temperature of the receiving surface (K), and ¢ is
the resultant emissivity of the two surfaces, given by

1
E= 77—
1/ec+1/er —1

The configuration factor ¢ is given by

(3.30)

1
Y= 90

_r tan™! y + y tan™! _r
vz U\ Ve Voes o Ve

3.4 Temperature-Time Relation

A great deal of research, involving theory, experiment and data monitor-
ing on site, has been carried out and is still continuing with regard to the
time-temperature relation. In this section a few examples are given to show
different practices.

In general it is widely believed that the temperature course of fire may
be divided into the following three periods:

(a) the growth period
(b) the fully developed period
(¢) the decay period.

To determine the temperature course, it is necessary to know at each moment
during a fire the rate at which heat is produced and the rate at which heat
is lost to exposed materials and surroundings. Several of the parameters that
determine heat production and heat losses can be categorized as follows:
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Fig. 3.3. Idealized temperature course of fire (reproduced from Report No. 5A,
1978)

& predicted with

b) room dimensions
reasonable accuracy

(a) material properties

( }
(c) emissivity of flames

(d) exposed materials

(

(

e)) gases that burn outside the room } predicted with less

f) loss of unburnt particles
reasonable accuracy

through window

(g) temperature difference in the room

(h) temperature change with time during the fire,
which in turn depends on:

(i) amount difficult to predict
(i
(i
(

ii) surface area
iii) arrangement of combustible contents
iv) velocity and direction of wind

(v) outside temperatures
Various unpredictables and variations in approaches exist for computing fire
load densities. However, it is possible to indicate for any compartment a char-
acteristic temperature-time curve whose effect will not be exceeded during
the lifetime of the building. Such curves are useful for the fire-resistance de-
sign of buildings. A number of Japanese researchers have produced results.
Figs. 3.3 and 3.4 summarize the results of the temperature-time curve for the
resistance design.

Where &, is the emissivity of the receiving surface, x = H/2r and y =
W/2r.

The emissivity € indicates the efficiency of the emitting surface as a ra-
diator, with a value in the range from zero to 1.0. A so-called ‘black-body’
radiator has an emissivity of 1.0. In fire situations, most hot surfaces, smoke
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Fig. 3.4. Temperature curves for fire resistance design (reproduced courtesy of
ASCE)

particles or luminous flames have an emissivity between 0.7 and 1.0. The
emissivity can change during a fire; for example zinc-coated steel (galvanized
steel) has a very low emissivity until the temperature reaches about 400°C
when the zinc melts and the bare steel is exposed to the fire. Some times the
value of

@ = Ay /mr? (3.32)
is written, where

r = a distance between emitting and receiving surfaces

Ay = radiating surface area.

Example 3.1

Calculate the average heat release rate when 250 kg of paraffin wax burns in
half an hour.

Mass of fuel M = 250 kg

Calorific value AH, =46 MJ/kg

Energy contained in the fuel FEj= MAH: = 250 x 46 = 11500 M.J
Time of burning 7 =2000s

Heat release rate Q = Er/T = 11500/2000 = 5.75 MW

Calculate the fuel load energy density in an office 5m x 3 m containing 170 kg
of dry wood and paper and 80 kg of plastic materials. Assume calorific values
of 16 MJ/kg and 30 MJ/kg respectively.
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Mass of wood Myooa = 170kg
Calorific value AH. wooda = 16 MJ /kg
Energy contained in the wood FEpweoq = MAH, =170 x 16 = 2720 MJ
Mass of plastic Mplastic = 80 kg
Calorific value AH. plastic = 30 MJ /kg
Energy contained in plastic Eplastic = MAH, = 80 x 30 = 2400 MJ
Total energy in fuel Er = Erwood + Erplastic
= 2720 + 2400 = 5120 M.J
Floor area A =5x3=15m?
Example 3.2

A room in a storage building has 2500 kg of polyethylene covering the floor.
Calculate the heat release rate and duration of burning after the roof collapses
in a fire. The room is 6.0m by 10.0m. Take ¢ = 0.031 and Qs = 1.36 and
As = 60. Determine the duration 7 of burning.

Mass of polyethylene M = 2500kg
Calorific value AH, = 43.8MJ/kg
Ey = MAH. = 109500 MJ
Specific heat release rate Qg = ¢AH, = 0.031 x 43.8 = 1.36 MW /m?
Total heat release rate QQsA:1.36 x 60 = 81.6 MW
Duration of burning 7=FE/Q =109,500/81.6 = 1.342 sec

~ 22.5 minutes

Example 3.3

Calculate the radiant heat flux from a window in a burning building to the
surface of an adjacent building 5.0 m away. The window is 2.0 m high by 3.0 m
wide and the fire temperature is 800°C. Assume an emissivity of 0.9.

Emitter height H=20m

Emitter width W =30m

Distance from emitter » =5.0m

Height ratio x=H/2r=2/(2x5)=0.20
Width ratio y=W/2r=3/(2x5)=0.30

oo b [L I {L}
90 [V1+ 22 V14 a?
LYt <#>}

V1 + x2 V14 22

Emitter temperature 7T = 800°C = 1073 K

Configuration factor
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Emissivity e=09 2K*
Stefan-Boltzmann constant o = 5.67 x 1078 W/m
Radiant heat flux §"peoT* = 0.0703 x 0.9 x 5.67 x 108 x 1073

= 0.000003849

The opening factor F' which has an effect on the temperature-time relation
is given by:

AwvV H*

F=
Ag

(3.33)

where

Ayw = area of the openings in compartments or enclosures
H* = height of the opening
A; = area of the bounding surcaces (At or Af in British codes).

The rate of burning R of the combustible materials in an enclosure is given by:
R =330AwVH* (3.34)

The duration time

po A Qe (3.35)

 330AwVH*  330F

where g. = the fire load /unit area.
Here

de = 330F7. (3.36)

Table 3.4 gives information for various factors regarding the enclosure
needed in the above equations. If R = KAw+vH* then the value of K in
imperial units is 330; 5.5 to 6 kg/(min-m?®/2) for 1/44; and 9 to 10kg/(min—
mb/ 2) for small area A; has been adopted in Denmark, Japan, the USA, the
UK and the former USSR.

As an example if the window height H* is 1.8 m, Aw = total opening =
356 m? and A; = 6337 m?, the temperature opening factor F will be 0.0754.

The temperature curves for the fire resistance design can be described
by:

T = 250(10F) Y/ F" e F71 [3(1 — ¢ 0:61)

0.5
—(l—e M) +d4l—e )] 4+C <6Fﬂ> (3.36a)

where
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Table 3.4. Factors for an enclosure

Factor Description

k Thermal conductivity of bounding material:
1.16 W/mK for a heavy material (p > 1600 kg/mB)
0.58 W/mK for a light material (p < 1600kg/m?)

pc Volumetric specific heat of bounding material:
2150 x 10® J/m®x K for a heavy material (p > 1600 kg/m?)
1075 x 10* J/m*xK for a light material (p < 1600kg/m?)

A Total inner surface area bounding the enclosure including window area:
1000 m?

H Window height: 1.8 m

€ Emissivity for radiation transfer between hot gases and
inner bounding surface of the enclosure: 0.7

Qe Coefficient of heat transfer by convection between fire and
inner bounding surface area: 23 W/m?xK

Qay Coefficient of heat transfer between outer bounding surface area and
surroundings: 23 W/m?xK

c Specific heat of combustion gases: 1340 J/Nm? x °C

G Volume of combustion gas produced by burning 1kg of wood:
4.9Nm? /kg

q Heat released in the enclosure by burning 1 kg of wood:
10.77 x 10° J /kg

To Initial temperature: 20°C

\%4 Volume of enclosure*: 1000 m®

Az Thickness of elementary layers of bounding material: 0.03 m

At Tune increment: 0.0004167 hr

D Thickness of bounding material: 0.15 m

* Tt can be shown that the influence of the volume of the enclosure on the fire
temperature is negligible. Courtesy: ASCE.

T = the fire temperature (°C)
t = time (hr)
F = opening factor (m?!/?)
C' = constant based on the properties of the bounding material in fire
= 0 for heavy materials with p > 1600 kg/m?
= 1 for light materials with p < 1600 kg/m?
p = density
t =time < w + 1.
- F

0.08 0.08
t> - +1 assumet= - +1. (3.36b)
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Fig. 3.5. Comparison between temperature-time curves obtained by solving a heat
balance and those described by an analytical expression for ventilation-controlled
fires in enclosures bounded by dominantly heavy materials (p > 1600 kg/m®)
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Fig. 3.6. Comparison between temperature-time curves obtained by solving a heat
balance and those described by an analytical expression for ventilation-controlled
fires in enclosures bounded by dominantly light materials (p > 1600 kg/m?)

If F > 0.15 take F' = 0.15 for design purposes. Figures 3.5 to 3.8 show some
temperature-time curves for design purposes.
The temperature course of fire during the decay period is given by:

T = —600 (t 1) +Tr
T (3.37)
T =20 if T<20°C

The International Standards Organisation (ISO) give the following expression
for their standard curves

T — Ty = 3451og,( (8t + 1) (3.38)
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Fig. 3.8. Standard fire temperature-time used in various countries for testing of
building elements (reproduced courtesy of ASCE)
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Fig. 3.9. Temperature-time-g. curves for F-values after Pettersson

where
t = time (min),
T = fire temperature (°C) = T, and

Ty = initial temperature (°C).

In North America an analytical expression exists for temperature-time
curves in the form of an exponential function:

T —Th = ar(1 —e™") + ag(1 — ") + az(1 — e*st) (3.39)

where

a1 = 532 for °C, 957 for °F;

as = —186 for °C, —334 for °F;

as = 820 for °C, 1476 for °F;

ay = 706,

as = —3;

ag = —12.
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Fig. 3.10. Temperature-time-q. curves for F' = 0.05, British and American practice

This heat transfer equation is integrable and is used in the finite element
analysis.

A number of countries have been involved in fire-temperature-time analy-
sis and research. Harmathy is the first researcher to have collected data from
some countries and presented a comparative study graph for the temperature-
time relation. Figure 3.8 shows the graph by Harmathy with data from a few
other countries added.

The last step is to see how the fire loads ¢. can be graphically related to
the temperature-time curve. For design purposes, it is important for the load
to be algebraically added to other loads. Pettersson [3.1] has presented four
graphs for temperature-time-q. relations, for

F:L VA" 0.02y/m

At
— 0.04y/m

= 0.08y/m
and 0.12,/m

He has taken heat capacity yc, = 400kcal/m? x °C, thermal conductivity
A = 0.7kcal/mxhx°C. The value of ¢. is in Mcal/m?. Figures 3.7 and 3.8
show such relationships for four different openings.

British practice allows the opening factor F' = 0.05,/m for heavy bound-
ing materials. Figure 3.7 shows a simplified temperature-time-fire load ¢,
curve for the opening factor F = 0.054/m. This curve is in full agreement
with American practice. The standard temperature-time curve adopted by
BS476: Part 8, 1972 is shown in Fig. 3.5 and is compared with other countries
in Fig. 3.6.
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3.5 Material Properties

Now that the fire-time relation has been thoroughly reviewed, it is necessary
to look at various materials and how they react to the fire environment. The
most common materials are steel, concrete, timber and brick. The properties
of these materials must be known prior to design of building structures.

3.5.1 Steel

The material properties that affect the temperature rise and distribution in
a structural steel section are

(a) thermal conductivity
(b) specific heat.

The thermal conductivity K is given by the USDA Agricultural Handbook
No. 72 1987 as
K=-0.022T+48 for 0<7T <900°C (3.40)
=28.2 for T > 900°C,
where T' = temperature in steel (°C).

Specific heat is the characteristic that describes the amount of heat input
required to raise a unit mass of material a unit of temperature. A constant
of 600J/(kgxK) of the specific heat of steel for the entire temperature range
is a reasonable approximation.

Where thermal conductivity and specific heat are involved, thermal diffu-
sivity of the material cannot be ignored, since it is a measure of how the heat
is dissipated through the material and is the ratio of the thermal conductivity
to the volumetric specific heat of the material. The relationship for thermal
diffusivity ‘a’ is given by

a=K/pc, (3.41)
where

K = thermal conductivity,

p = density, and

¢ = specific heat.

In British practice
¢ =c¢ =052kJ/(kg—C)
p = ps = 7850kg/m3
K = K, =50W/(mx°C)

At 20°C, the elastic limit (Young’s modulus) is:

Es = 206 kN /mm”> Grade 43 A
Elastic limit at 20°C stress:  fy20 = 250 N/mm? (BS4360)
Ultimate strength: ftog = 450 N/mm2
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From these basic values, the properties at other temperatures are as given
below.

Elastic properties Temperature range

20-300°C 300-700°C 700-900°C

0 0 _ 0 _

fyr 1_ T 0.9_T 300 0‘9_T 700
Jy20 3000 500 200
FEr T T — 300 o
—_— 1-— 0.9 — —— (300-900°C
Fao 3000 500 ( )

Thus it is shown that the modulus of elasticity of steel decreases with increas-
ing temperature. The strength of hot-rolled steel depends on yield and tensile
strength. Figures 3.11 and 3.12 show these relations for British and Ameri-
can practices respectively. Lie and Stanzak [3.2-3.4] give the yield strength
of steel with temperature as

Fy = Fyo(1 —0.780 — 1.896*) (3.42)
where
0 = (Tr —68)/1800 and
Tf = temperature of steel (°F).
European Convention for Constructional Steelwork utilizes the same concept:

Fy = Fyo(1 +T./(767In(Tc/1750))) 0 < Te < 600°C  (3.43)
Fy = Fyo((108 — T/1000)/(Te: — 440))  600° < T < 1000°C  (3.44)

where

Fy = yield stress at elevated temperature
Fyy = yield stress at room temperature
Tc = temperatures of steel (°C).

Figure 3.11 shows steel strength versus temperature as used in fire resistance
based on the British practice. Figure 3.12 evaluates F values for elevated tem-
peratures based on the American practice. Figure 3.13 shows the relationship
between steels for various temperatures in F°.

The American Iron and Steel Institute gives the thermal expansion «
(temperatures up to 650°C) as:

a = (114 0.00627) x 10~°

where T = steel temperature (°C).
The Eurocode ENV1993-1-2 has an approach originally specified by ECCS
as a design guide (1983, 1985) which calculates the ratio of the required
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strength at elevated temperatures to that at ambient in order to ensure that

the structural steel components do not collapse. Hence, for beams, the elastic
design should be based on:

famax fcr R ( Wel ) <QSd.el )
=\ : 3.45
Jay.20°C <9) Wi afi,d (3.45)
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Fig. 3.13. Strength of some steels at high temperature (based on American prac-
tice)

where famax,cr/ fay,200c 1S the stress ratio, s is a factor allowing for the non-
uniform temperature distribution, geometric imperfections and strength vari-
ations, 6 is a factor, greater than unity, allowing for redistribution between the
elastic ambient moment distribution and the plastic distribution under fire,
Wp1/We is the ratio between the plastic and elastic section moduli (known as
the shape factor), and ga,q4/¢sd.el is the ratio of the design load (action) in the
fire to the elastic design load (action). In order to design a beam plastically,
the relationship is given as:

famaxﬂcr — < Qsd ) (346)

fay.200¢ d6.d

where gg q/gsa is the ratio of the fire action to the ultimate action.
The Eurocode now gives two methods for steelwork design:

(a) load-carrying capacity

(b) limiting temperature criterion.

(a) Load-Carrying Capacity

Sar < Rap) (3.47)

where Sq ¢ is the design value of the internal force to be resisted and Rq p(s)
is the design resistance at time ¢ and should be calculated in accordance
with ENV 1992-1-1 except for the use of temperature-modified mechanical
properties of steel.

For tension members (clause 4.2.21)

Rd,F(t) = kamax,ﬁRd (348)
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where kamax,e is the normalized strength reduction at a temperature of 0,
and Ry is the ambient design resistance. Note that if 6 is less than 550°C
at any cross-section, the member may be assumed to be able to carry the
fire-induced loading. Where the temperature in a member is non-uniform,
then 6 should be taken as the maximum value in the cross-section.

For beams (Class 1 and 2, clause 4.2.2.2), under uniform temperature, the
rules for tension and bending are the same except that Ry is the design
bending resistance.

Under non-uniform temperature distribution, the temperature distribu-
tion Ry p(; is:

Rareo
Rarw = k( ) (3.49)

where & is a factor allowing for temperature gradient and varying end con-
ditions (Pettersson and Witteveen), and R4 p(g) is the design resistance cal-
culated from the maximum temperature in the cross-section:

k=1.0 exposed on 4 sides

= 0.7 exposed on 3 sides } simple beams

= 0.85 exposed on 4 sides

= (0.60 exposed on 3 sides } hyperstatic beams

For compression members (Class 1 or 2 section classification; clause
4.2.2.3)

kmax,ORd
1.2

where R4 is the ambient design strength calculated using the buckling curve
c of ENV 1993-1-1, and the 1.2 factor is an empirical correction factor.

0 here is less than 510°C; for members other than tension members 6 <
350°C.

Ry p) = (3.50)

(b) Limiting Temperature Criterion

For a member to perform adequately in a fire, ENV 1993-1-2 requires that
0 < 0pcr (3.51)
where

# = actual temperature

0a,cr = critical temperature which depends on degree of loading 1 (q)-

The following formulae are suggested using plastic theory and strength re-
duction due to temperature:

1/2
1
Ooee = 783810 | (— ——— 482 3.51
’ n[(0.9674(ﬂ(0))3'833> i (3510)
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Fig. 3.14. Stress-strain curves for a mild steel (ASTM A36) at various temperatures

The parameter gy is the degree of utilization and is given by:

Sa,r
© = Baro) (3.52)
The ASTM stress-strain curve of mild steel under various temperatures is
shown in Fig. 3.14.

3.5.2 Concrete and Reinforcing Steel

Thermal properties of concrete vary with the type and quantity of the ag-
gregate in the concrete. Bangash provides a comprehensive treatment of this
subject. The thermal conductivity of concrete is invariant with respect to
the direction of heat flow and is dependent on the degree of crystallinity
of aggregate. The higher the crystallinity, the higher the thermal conduc-
tivity, which decreases with temperature. Figure 3.15 shows the relationship
between thermal conductivity and temperature for normal and lightweight
concretes. It is difficult to establish a constant value for specific heat — a value
of 1170 J/(kg—°C) (0.28 Btu/(Ibx°F)) is commonly chosen. Figures 3.16 and
3.17 show specific heat values for different concretes.

The modulus of elasticity and strength of concrete have a direct bearing
on the fire-resistance design of building structures. Again Bangash has dealt
with this subject in greater detail. British Standard 8110 gives the following
expression prior to any fire effects being involved.

B =55, ek / mm” (3.53)

m

The compressive strength of concrete is defined in terms of Grades C, i.e.,
C2.5, C5, C7.5, C10, C12.5, C15, C20, C25, C30, C35, C40, C45, C50, C55,
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Fig. 3.18. Modulus of elasticity of concrete

C60. The numerical figures are the compressive strength of concrete in N/mn
= MPa.

The ultimate strength of concrete is fou/Ym = 0.67fcu (f. cylindrical
strength = 0.78f.,). The steel reinforcement has a characteristic strength f,
of 250 and 460 N/mm? for mild steel and high-yield steel respectively. The
ultimate strength of the reinforcement is fy/ym = 0.87f,.

Since modulus of elasticity F. is reduced with temperature, Fig.3.18
shows the relationship between F. for three different aggregates and temper-
ature. Figures 3.19 to 3.21 summarize the compressive strength of concretes.
Reference is made to Bangash for an extensive treatment of this aspect of
research. The tensile strength of concrete is dealt with in detail by Bangash.
Figure 3.22 shows the tensile strength of concrete at various temperatures.
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Fig. 3.19. Compressive strength of carbonate aggregate concrete at high temper-

atures and after cooling

120

110

100~
90
80
70
60
50
40+
30
20+
10

200°C (392°F)

300°C (572°F)

400°C (752°F)

500°C (932°F)

Strength, % of original

| Lol =1t | I

11 1 1
0 1 2 3 4 5 6 7 8 9 10 11 12

Time, month

Fig. 3.20. Natural recovery of the compressive strength of the normal-weight con-
crete, heated at various temperatures

Creep of concrete is determined by various factors, the most important
being the fire temperature on concrete. For an extensive study on creep, ref-
erence is made to Bangash. Harmathy shows creep information for two stress
levels, 22.5% and 45% of the concrete strength, and several concrete temper-
atures for a period of three hours. The creep plays a significant role when the
temperature exceeds 400°C (752°F). The Eurocode ENV 1992 Design work
is not repeated in this section. However, a design example based on ENV
1992-1-2 with BS 8110 will be considered.
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3.5.3 Masonry/Brick/Block

Building brick materials do not undergo substantial physicochemical changes
on heating. The density p of the brick ranges from 1660 to 2270 kg/m?, de-
pending on the raw material used on moulding and firing technique. The
porosity of the brick is from 19 to 36%. The modulus of elasticity, F, of the
brick is between 10 x 10% and 20 x 103 MPa. Its compressive strength varies
from 10 to 110 MPa. Purkiss [3.5] takes the compressive strength as 50 MPa.
At room temperature, the coefficient of thermal expansion « of brick is about
5.5x 1076 /(mmxK). Harmathy [3.6,3.7] developed an empirical equation for
the specific heat ¢, of the medium density brick (1935kb/m?) as:

8.676 x 106
¢y = TL0.8T + 05127 — =20 — (3.54)
At room temperature, 298 K (298 Kelvin):
8.676 x 106

cp = T10.87 + 0.512(298) — = 765.75J/ (kg x K) (3.55)

(298)2
Figure 3.22a shows the dilatometric curve. Figure 3.22b shows the thermal
conductivity versus fire temperature of the brick wall. Figure 3.22¢ shows f
specific heat versus fire temperature of a brick wall.

BS 5628 Code of practice for use of masonry (1989) covers materials and
components, unreinforced, reinforced and prestressed masonry.

The materials used in the construction of masonry walls are bricks, blocks,
mortar and wall ties.

Bricks are walling units not exceeding 337.5mm in length, 225 mm in
width and 112.5mm in height. ‘Specification for Clay Bricks’ (BS 3921) has
a standard format for a clay brick of 225 x 112.5 x 75mm. This includes
allowance for a 10 mm mortar joint. The worksize of the actual brick is 215 x
102.5 x 65 mm. Concrete bricks (BS 6073: Part 2: Precast Concrete Masonry
Units) may have the following dimensions:

Length (mm) thickness (mm) height (mm)

290 90 90 Add 10 mm to
215 103 65 all dimensions
190 90 90 for mortar joints
190 90 65

Masonry walls can also be of blocks which are walling units that exceed the
sizes specified for bricks. They are solid, hollow, cellular and insulating blocks
and are of the following dimensions:

Length (mm) hight (mm) Thickness (mm)

390 190
440 215 Varies from 60 to 250
590 215
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Table 3.5. Capacity factor 8 (BS5628 Part I, Table 7) 1978

SR — het  Eccentricity of top wall ex = wall = ex

tee  Up to 0,05t 0,1t 0,2t 0,3t
0 1.0 0.88 0.66 0.44
6 1.0 0.88 0.66 0.44
8 1.0 0.88 0.66 0.44
10 0.97 0.88 0.66 0.44
12 0.93 0.87 0.66 0.44
14 0.89 0.83 0.66 0.44
16 0.83 0.77 0.64 0.44
18 0.77 0.70  0.57 0.44
20 0.70 0.64 0.51 0.37
22 0.62 0.56 0.43 0.30
24 0.53 0.47 0.34 -
26 0.45 0.38 - -
27 0.40 0.33 - -

For general purpose masonry construction a 1:1:6 cement: lime: sand mortar
will be sufficient. For high-strength load-bearing masonry a 1: 1/:3 cement:
lime: sand mortar is more appropriate. For reinforced masonry a mix not
weaker than 1: 1/: 4 1/ cement: lime: sand is normally adopted. The charac-
teristic loads are given below:

(a) design and imposed loads
(b) dead, imposed and wind loads
(c) accidental damage (this may be considered for a fire situation).

Ultimate design load

=y characteristic load
= (dead load) + ~¢(imposed load)
=1.5Gy + 1.6Qx« (356)

The characteristic compressive strengths of masonry, fx, give the values of
fi for bricks and block in conjunction with the designated mortar mix. The
ultimate compressive strength is equal to fi/ym where v, = partial safety
factor given by BS 5628: Part 1.

Vertically loaded walls and brick columns can fail by crushing or, if they
are slender, by lateral buckling. The slenderness ratio (SR) is needed if the
walls fail by buckling to crushing during a fire.

effective height (her) effective length (lef)

SR 1) =
(wall) effective thickness (tef) OF effective thickness (ter)

(3.57)

For a masonry column the slenderness ratio is:
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h
SR = t—f %27 (3.58)
ef
SR (wall) # 20 if tof < 90mm in two storeys.
If the load occurring on walls is eccentric and the load capacity is reduced
by buckling, then the capacity reduction factor 8 which is dependent on e /t¢

ratio must be applied. Table 3.5 gives the reduction factor (.

The vertical design strength of the wall = % (3.59)
pbt fi
Ym

All symbols have previously been defined except b and tf.

The vertical design strength of the column = (3.60)

b = width of column
t = actual thickness of wall or leaf and column.

3.6 Methods of Analysis and Design

A number of numerical and analytical techniques are available along with
computer packages for the analysis of building structures, with particular
reference to the fire environment. Practically every country has a fire code.
Analytical, empirical and design equations are available to assess the fire pro-
tection of structural components in major materials such as steel, concrete,
timber and masonry. In this text, the author has classified these equations in
the following manner.

1. Empirical and code analytical equations.

2. Limit state and plastic analysis.

3. Finite element analysis, finite difference analysis and boundary element
analysis.

3.6.1 Empirical and Code Analytical Equations

All calculations of fire resistance involve the determination of the tempera-
tures, deformations of the structural components and their strength during
exposure to fire. The temperature distribution analysis is generally done by
finite element, boundary element and finite difference methods since it is
time-dependent and the calculation procedure is always complex. In order to
simplify these complex procedures, numerical methods such as finite element
method and high-speed computers are very convenient.

3.6.2 Calculations of Fire Resistance of Steel Members

The temperature rise in a steel structure or its elements can be estimated
using quasi-steady-state equations by Malhotra. The equations are derived
from one-dimensional heat transfer equations.
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(a) Unprotected steel members

The equation for temperature rise during a short time period At is given by:
AT, = m(ﬂ ~T)At (3.61)
AT = temperature rise in steel (°F/°C)
a = heat transfer for coefficient from exposure to steel member
(Btu/(ft? x sec) or W/m)
D = heated perimeter (ft or m)
¢s = specific heat for steel (Btu/(Ib x °F)) or J/(kg x °C)
W = weight of steel (Ibf/ft or kg/m)
Ty = fire temperature (R or K)
T, = steel temperature (R or K)
At = time step (sec)

where
4=y + oc (3.62)
«, = radiative portion of the heat transfer.

(Mulhotra considers:
18 K
B W/D B ms psAs

where S = area, mgs = mass).

(3.63)

a. = convective portion of heat transfer
= 9.8 x 107* to 1.2 x 10~3Btu/(ft> x sec)
= 20 to 25 W/(m” x °C)

At 15.9W/D Imperial units
3.25W/D  SI units

P,/As = shape factor
A, (based on the Stefan-Boltzman law for radiation)

T; + 273 4_ Ts + 273
100 100

_ 5.77Tw,
Ty =T,

ﬂ W/(m x °C) (3.64)

wy= emissivity of flames = 0.7 for steel surfaces.
In American practice w, = ¢ and «, is given as:

ar = T?_E}S (17 = 1) (3.65)
Cy = 4.76 x 10713 Btu/(sec x ft*)R*
=577 x 1078 W/m’K*,
The values of w, or E; are given for more cases in Table 3.6 along with the
shape factor Ps/As.
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The fire temperature T} is evaluated at time t according to ASTME-119
test
T: = C1log(0.133t + 1) + T (3.66)
where ¢ is time and
C1 = 620 with T¢, Tp in °F
= 34.5 with T, T in °C

Ty = initial temperature.
(b) Protected steel members

Here the insulating material is considered along with steel for the overall ther-
mal resistance. If the thermal capacity of the insulating material is neglected,
the value of AT is given as

B k

- cshW/D

All symbols are defined above, except k and h:

AT, (T; — Ty) At (3.67)

k = thermal conductivity of the insulating material (Btu/(ft x sec x°C)
or W/(m x °C)),
h = protection thickness (ft or m).

Conditions

(a) If the thermal capacity of the material, then the following inequality
is true:

w
Co = ) > 2¢ipih (3.68)

(b) If the thermal capacity is considered when gypsum and concrete are used
as insulating materials, the value of ATy can be written as:

k T — T,
AT =5 - At .
G ((cshW/D) - 1/2qpih> (3.69)

All symbols are defined above except ¢;, and p;.

¢ = specific heat of insulating material (Btu/(Ibx°F) or J/(kgx°C)
pi = density of insulating material (Ib/ft? or kg/m?).

Figure 3.23a—d shows the relationship between D/Ag versus temperatures
and durations for various values of h/k values.

The European Commission suggests in Eurocode that the value of A/ can
be defined as follows:

25000
At 3 20000
t7 DJa.
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Fig. 3.23. Relations between D/Ag versus temperature versus duration for h/k
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Fig. 3.24. Shape factors for protected steel
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Fig. 3.25. Fire protection and endurance of steel beams (average section temper-
ature 10000°F), ASTME-119
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Fig. 3.26. Lie’s Graphs: dimensionless steel temperatures versus Fourier numbers

Generally, the shape factor for D/Ag is in the range of 10 to 300 for an average
resulting emissivity (w¢ or Er) = 0.5. Figure 3.23 shows the shape factors for
protected steel sections. Figure 3.24 gives shape factors for protected steel.

Heat transfer analyses can be very tedious and involved. Computer pro-
grams have been developed and the outputs are translated into graphs. Two
of such graphs are known as Jeanes’ Graph and Lie’s Graphs. Jeanes for-
mulated a series of time-temperature graphs of protected steel beams. The
protection is generally provided by a specific spray-applied cementitious ma-
terial with a range of 0.5in. (12.7mm) to 1.5in. (38 mm). They are commonly
used for wide-flanged beams. Figure 3.25 shows W/ Dy of the beam versus fire
endurance for various insulation thicknesses.
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Lie’s Graphs are shown in Fig.3.26. In order to use these graphs, some
dimensionless parameters have to be evaluated: Fourier number Fy for the
layer, and N and 0, defined below:

Fy= 13 (3.69a)
p.cih
N= """ 7
-(W/D) (3.70)
T T,

The mean temperature 7™ with a heating time ¢ for these graphs is calculated

from the standard time-temperature curve:
Twm = 150(In 480t — 1 7@7 T(°C
( . - (3.72)
= 270(ln 480t) — 238 — %, T(°F)

(c) Steel columns

In steel columns, the temperature due to fire is still a function of W/D,
weight-to-heated-perimeter ratio. Hence, to avoid rapid loss of strength in a
column it is necessary to insulate it. Similar to beam sections, the heated
perimeter D of some steel columns is shown in Tables 3.7a and 3.7b along
with their fire resistance formulae. Concrete encasement is another form of
protection for steel columns. Lie and Harmathy have developed methods of
protection. Figure 3.27 gives three cases for which the following equations are
given for both normal and lightweight concrete.

(a) Normal concrete protection on all sides. The resistance R is given as:

R=11 <%>0‘7+19h1'6 {1+94 [ﬁ]m} (3.73)

(b) Lightweight concrete protection on all sides. The resistance R is given as:

w7 y " 0.8
R=11 <5> +23116 01494 [m] (3.74)

All notations have been defined previously, except

H' = thermal capacity of steel column at ambient temperature
(0.11 WBtu/(ft — °F))

pe = concrete density (Ib/ft* or kN/m?).
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A
e
i g e |
I.*__.. l«-
|
"

D=2(L, +Ly

Fig. 3.27. Concrete-protected structural steel columns. (1) square shape protection
with a uniform thickness of concrete cover on all sides; (2) rectangular shape with
varying thickness of concrete cover and (3) encasement having all re-entrant spaces
filled with concrete

3.6.3 Additional Methods of Protection for Hollow Columns

There are two types of hollow column protection arrangements, as follows.

(a) Filling the hollow columns and carrying a share of the load at room
temperature. Concrete acts as a heat sink and takes more load as steel
strength is reduced.

(b) Filling the hollow columns with water. Water inside absorbs the heat
transferred from the fire to the column. The heat is dissipated by evapo-
ration of the water. Flemington R.A. [3.8] has done research on the quan-
tity of water necessary to prevent excessive temperature rise of steel. The
quantity of external storage water required to achieve fire resistance is
given by

Vav =3.92x Axgx 1077 (3.75)
where

V,, = required external storage water (m?),
A = surface area of the column (m?),
q = heat transferred to the column during a fire test per unit surface
area (kJ/m?)
= 150740 for 3/3 hour fire rating
= 225260 for 1 hour fire rating
= 580 960 for 2 hour fire rating
= 785460 for 3 hour fire rating
= 1014460 for 4 hour fire rating.
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Fig. 3.28. Sections of unprotected steel columns

Column-Water Interaction

149

A comprehensive finite element analysis is required for the heat transfer to
water while interacting with columns in the fire environment. Appendix I

gives a guidance in this direction.

Unprotected Steel Columns

Figure 3.28 shows data on unprotected steel shapes used in this section. The
ATSC gives the following formulae for the fire resistance of unprotected steel

columns:
w07
R=10.3 (E) for W/D < 10

0.8
R=8.3 <%> for W/D > 10
where
R = resistance in minutes
W = weight of steel column per ft length
D = heated perimeter of steel section (in).

The values of D are given in Tables 3.7a,b and also in Fig. 3.28.

(3.76)

(3.77)
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3.6.4 Summary of Empirical Equations
for Steel Columns Fully Protected Against Fire (USA)

Table 3.8 provides a summary of the empirical equations of columns when
they are protected by various insulations. In each case the resistance R is
given.

3.6.5 Examples in Steel Structures
Example 3.4 American Practice

A wide-flange WF 24 x 76 steel beam with 1 in (25.4mm) of spray-applied
cementitious material (British equivalent 610 x 229 x 113kg/m). The beam
has W/D = 1.031b/ft and nowhere does the temperature exceed 1000°F
(538°C) or 811 K. The insulation temperature is to be 750°F while keeping
the steel temperature at 538°C. The results obtained from

(a) Malhotra’s quasi-steady state approach
(b) Jeanes’ graph
(c) Lie’s graph

are compared. To calculate the fire resistance R for the spray-applied beam,
the following data are used:

Steel Insulation

K (Btu/ftxhrx°F) 25.6  0.067
O, (Btu/Ibx°F)  0.133 0.305
7 (density /ft?) 480 149

(a) Malhotra’s Method

csW/D > 2¢ipid

1.03 1.0
1.644 > 0.757

The thermal capacity of insulation is therefore neglected. The steel temper-
ature rise for each time step is:

0.067/3600

10 1.03
10132 x — x —22
12 112

=1.37 x 1074(Ty — Ty) At

AT =

(Tt — Ty)At

w 1.03
At(max)-l5.95 =159 x ik 195 sec
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One hour allowable time is prescribed by various codes for fire resistance. At
Tp the room temperature is around 21°C (70°F). The time step is chosen to
be 3min. The results are as follows:

Time (min) (T; — T,)°F  AT,(°F) T.(°F)

0 70

3 690 18.53  *88.53

6 937 25.16  113.69
185 764 39 1000

The fire endurance is 106 min.

Note: To convert to °C, use °C “E=32 for all values.
I8

(b) Jeane’s Graph

W/D = 1.031Ib/ft in with an insulation thickness of 1in. The fire endurance
is estimated to be 2hr or 120 min.

(¢) Lie’s Graph
Figures and equations are used.

Dimensionless Parameters

at K 0.067 )
Fr=— — = —0.014ft*/h
0=z T on T Taoxo0305 Y /hr
0147t
= 0.0147 = 2.12¢ (¢ in hours)
(1/12)2

ek 14.9%0.305 x (1/12)

= VD)~ 0a331.03/(1/12)) 04

Adopting a trial and error method with a critical temperature of 1000°F, the
fire endurance time is 115 min.

Jeane’s and Lie’s approaches are in close agreement. Malhotra’s method
is methodical and the small difference may be attributed to the equations
being dependent on one-dimensional heat transfer.

Example 3.5 British Practice

Calculate the time or duration for a beam of 457 x 152 x 60kg/m fully
protected by 25 mm sprayed fibre insulation for a temperature rise in the steel
of 270°C. Use the following data and the relevant European Codes including
the Eurocode 3 and the ISO formula for the furnace temperature 7.
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Steel:
Ay = T75.8cm?,
ps = 7850 kg/m?,
ps or D =1.254m,
s = 520J /kg°C
Insulation:
D; = 0.025m,
ki = 0.11W/m°C,
¢ = 1050 J/kg°C,
pi = 300 kg/m3.
ISO formula for furnace temperature Tt:

Tt = 3451log,( (8t + 1) + T,
25000
(Psor D)/Ag’

Ty = initial temperature = ambient temperature = 20°C,

At >

Py 1.254 16.5
— =———— =16.5m
Ay 75.8 x 10— ’
25000
At 500 152 sec = 2.5 min,

T 1.254/758 x 10 *
Cops Ay = 520 x 7850 x 75.8 x 10~* = 30942,
2eidi P = 2 x 1050 x 300 x 0.025 x 1.254 = 19.750.

30942 > 19750: The insulation has a low heat capacity.
2. A1

ATs:165>< 5X60(f_s)><0
520 x 7850 0.025

= 0.027(T; — To),

Table 3.9 shows a step-by-step calculation. It can be seen that, for a value of
270°C, the duration is around 150 minutes or 21/» hours.

Example 3.6 American Practice

A steel column is protected by 1in thick (25.4mm) spray-applied cementi-
tious material. Using the American practice and the following data, determine
the fire resistance R for the column:

w
Cy =63 Cy =36 D= 1.4 51b/ft x in



154 3 Fire and Buildings With and Without Explosion/Impact

Table 3.9. Step-by-step calculations

t (min) T: (°C) Ty T (°C) AT, (°C) Ts(°C)
0 < > 20
25
PR 359 9.70 X 29.70
2.5 486 486.3 12.32 42.02
5.0 50843  556.41 15.02

57.04
7.5 672.98  615.94 16.63 73.67
10.0 732.1 65843 17.78
20.0 8528  761.35 20.56 91.45
30.0 91325  821.8 92.20 113.65
40.0 978.4  864.75 23.35

137
60.0 1062.34  925.34 25.00

162
90.0 1148.00  986.00 26.62 188.62
95.0 1182.72  994.10 26.84 215.46
100.0 1217.46  1002.00 27.05 242,51
150 1305.01  1062.5 28.70 9271.21

Protection: contour profile type

w
=(63— h
R ( ) +36)
=(63 x 1.44 +36) x 1
=126.72 min ~ 2 hr

Example 3.7 American Practice

A column W 8 x 28 is encased in a normal concrete with all spaces duly filled
in. Using the American practice and the following data, determine the fire
resistance time for the column. Using ASTM data:

ha=h1 =h=1.5in b = 6.535in d = 8.060in

% =0.671b/(ft x in)

Protection: contour profile type
A = 8.25in?
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Thermal properties of concrete at 70°F(21°C):

Normal concrete Lightweight concrete
K (btu/(hrxftx°F)) 0.95 0.35
Cp = C. (Btu/(Ibx°F)) 0.20 0.20
pe = density of concrete 1001b/ft? for lightweight concrete
150 1b/ft3 for normal concrete

concrete cover = 1.5in
for lightweight concrete

moisture content in both concretes = 5% }
for normal concrete

If this column has a lightweight concrete for protection, what is the fire
protection time for the same column?

R = Ro(1+0.03m)

m = 5%

R = 1.15 Ry for both lightweight and normal concrete

1174 0.7 hl'G H 0.8
=10 ( — 17— ){14+26]— "
men() e () o st

h=15
PcCc
H=0.11W BiD - A.
+ g (Be )
o % 0.2
=0.11x 28 + 227 256,535 x 8.060 - 8.25).

For p. = 1001b/ft?: lightweight concrete: H = 9.25.
For p. = 1501b/ft3: normal concrete: H = 10.484.
L =1/3(bs + d) = 1/2(6.535 > 8.060) = 7.30in (185 mm)

Ry (lightweight concrete)

B ‘ (15)16 9.25 08
=10(0.67)°7 + 17 <(0,2)o‘z) {1 +26 {100 <02 x 15(73+ 1.5)} }

=199 min

Ry (normal concrete)

1.5)146 10.484 08
0(0.67)™" + ((0,2)0‘2) { 20 {100 % 0.2 x 1.5(7.3 + 1.5)}

=87 min

Adopting lightweight concrete 1.5 in thick for insulation, R duration time is
1.37 times more than that for normal concrete.



156 3 Fire and Buildings With and Without Explosion/Impact

Example 3.8 American Practice

The thickness of the sprayed applied protection material for the steel beam is
calculated on the basis of the following scaling relationship provided by the
American practice:

WQ/DQ + 0.6
h=|—"———|ho
W1/D1 + 0.6
where
subscript 1 = substitution of beam and required thickness,
subscript 2 = specified beam and protection thickness in the referenced
tested design or tested assembly R «£ 1hr.

3
Restrictions: W/D > 0.37 and h > 3 in

The existing beam is W 12 x 16 with 1.44 in protection, having W/D = 0.54;
it is to be replaced by W 24 x 76 with W/D = 1.03 /ft in owing to damage in
a fire. Determine the thickness of the spray-applied fire protection to provide
a 2-hr protection for the same rating.

Wy/Dy =054 for W 12 x 16
Wy/Dy =10 for W 24x76

ho = 1.44
hy = 054+0.6) 14— 1.0m
(1.03 4 0.6)

This is only for the beam and if it is a part of the floor or roof assembly, the
deck thickness must not be altered.

Example 3.9 British Practice

A steel column 254 x 254 x 167 kg/m is fully exposed to temperature changes.
Using the following data and the relevant Eurocode 3, calculate a step-by-step
temperature rise and evaluate the final collapse of this column:

Ag = 212cm?
D or P, =1.636m
ambient temperature = 20°C
gas temperature Ty = 345log,((0.133t + 1) + Tj

t = time (min)

I'y = initial temperature (°C)
a = Q¢ + ay

ac = 25W/(m” x °C)

— 5.75wy

(Tf - TS)

T YT !
( f1460273) _( 51460273> 1 W/ x °C)
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Steel properties:

C + s =5207/(kg—°C)
ps = T850kg/m3

2
b000 or D/AS

s
Ts = steel temperature rise at time t°C
w, = average emissivity = 0.5

Example 3.10 European Practice

157

Determine the sprayed plaster protection to a unival beam Grade S355JR
406 x 178 x 74kg/m UB for a 90-minute fire duration. Use the following data:

beam span = 9m

bending moments from each simple end at 3m are 236 and 184 kNm,

respectively

partial safety factors 1.0 and 0.8 on permanent (dead) load action and

live load, respectively

dead load 40 kN
load on one side imposed load 70 kN
concentrated {
load on other side dead load 40 kN
imposed load 70 kN

gypsum plaster p, = 800kg/m3 A, = 0.2W/(mx°C)
p = 20%
Mﬁ mMﬁ
VAR
0.89 x 236
378

R = load ratio 365 =0.433 <
Oim  (Eurocode 3) = 633°C
1.3
th.d _
Iy = ’ =0.06 x 1074
f {40(9um ~Ap/Vi= 140/m} .
py, = effective density = p,(1+ 0.03p) = 1280 kg/m®

o’ Ap\? 1280
=M [ 22) L (22) =020( =2 (9.06) x 1074(140)% = 0.579
" (pK) (42) 1250 (9.06) x 104 (140)

o) = S a.f
© Rar Rar
oy = 0.7 x 0.556 = 0.389

1 1/2

For a 90-minute fire duration, temperature 607°C and the spray thickness

should be 21 mm.
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Check
1/2 _ 172 _
Fo= (1+4p) 1 _ (144 x0.389) 1 — 076
24 2 x0.389
dp = thickness (m)
AP
= ApltFy | —
o (Vi
=0.2 x 9.06 x 1071 x 0.76(140)
= 0.0193m
=19.3mm

Adopt 21 mm as proposed.

3.6.6 Calculations of Fire Resistance of Concrete Members
Introduction

Various approximate formulae have been developed for reinforced and pre-
stressed concrete elements. The situation is not the same as for steel. Concrete
properties vary not only with time but with the location in the section and
its non-uniform character. More complicated factors become apparent when
fire resistance calculations are performed. The reinforcement and concrete
can resist different temperatures within the same section. An average rise in
temperature of 250°F (121°C) on unexposed surface is regarded in American
practice (ASTM, 1985) as failure. Hence in this case the thermal fire resis-
tance is the time elapsed to reach a temperature rise of 250°F (121°C). In a
composite slab or beam, the failure due to fire is defined when steel temper-
ature reaches 1100°F (532°C) for reinforcement and 800°F for prestressing
steel. A reference is made to the properties of concrete and reinforcing steel
in the fire environment.

American Code
Reinforced Concrete Columns

Based on Lie and Allen [3.9] and Lie et al. [3.10], the minimum dimensions
of the column are as given below:

tmin (in) =3.2 f(R+1) rectangular shape (3.78)
*tmin (In) = 3.2 f(R+ 0.75) normal weight (3.79)

siliceous aggregate (3.80)

tmin (in) = 4.0 f(R+ 1) normal weight
i (in) =3.0 f(R+1) carbonate aggregate

* Design conditions columns (2) and (4), Table 3.10.
 Design Conditions column (3), Table 3.10.
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Table 3.10. Factor f

Where kh is more than 12ft but not
more than 24 ft

(1) (2) (3) (4)
t is not more than  All other cases

12 in and p is not
more than 3%

1.00 1.0 1.2 1.0
1.25 0.9 1.1 0.9
1.50 0.8 1.0 0.8

For found columns the diameter must not be less than 1.2 times the value
determined above.

t Overdesign factor is the ratio of the calculated load carrying capacity of the
column to the column strength required to carry the specified loads determined
in conformance with ACI 318-89 ‘Building Code Requirements for Reinforced
Concrete’.

k = the effective length factor obtained from ACI 318-89 ‘Building
Code Requirements for Reinforced Concrete’

P = the area of vertical reinforcement in the column as a percentage
of the column area

h = unsupported length of the column (ft)

Cimin = minimum cover (in) to vertical reinforcements
for R < 3hr Chin = R or 2in., whichever is less

for R>3hr  Cuin = Ya(R — 3) +2

Concrete Slabs

Harmanthy [3.7] and Lie and Harmanthy [3.11] give the semi empirical for-
mula for a monolithic concrete slab (Fig.3.29a), for which the failure tem-
perature rise is 250°F (121°C) at the unexposed surface, as:

(pC)IAQLl.SS

Ry = 0.205 (3.81)

1:0-65
where

R; = fire resistance of slab based on heat transmission criterion (hr)
L = thickness of slab (ft)

p = density of concrete (Ib/ft?)

¢ = specific heat of concrete (Btu/lb x°F)

k = thermal conductivity of concrete (Btu/ft x hr x°F)
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L &
1 1
7 ¥ = ¥
/ // e
/A, Y. Y7/
04 Y
_ B N
L, L, b,
(a) Monolithic  (b) Double-layer (c) Hollow (d) Composite
slab configuration slab slab
Fig. 3.29. Different slab shapes
If
k = 1.0 Btu/(ft x hr x°F) normal concrete
= 0.45 Btu/(ft x hr x°F) lightweight concrete
¢ = 0.20 Btu/(LB x°F) both types of concrete (3.82)
then
Ry = 0.03p12 L1185 normal concrete (3.83)
Ry = 0.05p'2 1185 lightweight concrete (3.84)

For a double-layer slab (Fig. 3.29b), for a failure temperature rise of 250°F
(pe) 1 L1

Ry = 0.75- 5 (3.85)
where
Ry = thermal fire resistance of the slab (hr)
Ly = thickness of one layer of the slab (ft)
p = density of the concrete (Ib/ft?)
¢ = specific heat of the concrete (Btu/(ft xhrx°F))
k = thermal conductivity of the concrete (Btu/(ft x hr x°F))
where no data are available for k and ¢, (3.81) can be used, then
Ry = sp'' 116 (3.86)

where

s = 0.13 for normal concrete

= 0.216 for lightweight concrete.

For a hollow concrete slab in dry conditions, for a temperature, for a temper-
ature rise of 250°F (121°C), the value of R is given by Harmanthy [3.7] as:

2

1
R+ b1/ba 1 — (b1/b2) (3:87)

(Rl)l/Z + (R2)1/2
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Table 3.11. Multiplying factor for equivalent thickness

Material of top layer Base slab of Base slab of
normal-weight concrete lightweight concrete

Type X gypsum wallboard 3 21/y

Cellular concrete 2 11/

(density 25-35 Ib/ft?)

Vermiculite and perlite con- 13/3 11/

crete

(density 35 1b/ft® or less)

Gypsum sand plaster 11/, 1

Portland cement with sand 1 3/,

aggregate

Terazzo 1 3/a

R = thermal fire resistance of the hollow slab (hr)

R; = thermal fire resistance of the monolithic slab (hr)

Ry = thermal fire resistance of the double-layer slab (hr)

b1 = thickness of a web (ft)

by = distance between the centrelines of two webs (ft).

All the locations of web and cavity this slab may be considered as monolithic
and double-layer respectively. Lie [3.12] and Abrams and Gustaferro [3.13]
have carried out theoretical and experimental studies on composite slabs

(layers of normal and lightweight concrete); with a failure temperature of
250°F (121°C) at the unexposed face, the value R is given as:

6
R=0.057 (212 —dl - l> normal concrete (3.88)
4
R=0.063 (12 —dl —d* + 7) lightweight concrete (3.89)

where

R = fire resistance of slab (hr)
I = slab thickness (in) I —d A1 in
d = base slab thickness (in).

In some cases the top layer on the base slab is different from normal or
lightweight concrete. The top layer is converted to an equivalent thickness of
concrete and is added to the base slab in order to calculate fire resistance
R given above in (3.88) and (3.89). Table 3.11 gives a multiplying factor for
that top layer which has to be used to obtain equivalent thickness.



162 3 Fire and Buildings With and Without Explosion/Impact
Simply-Supported Unstrained Beams and One-Way Slab

Assuming the underside of the slab is exposed to fire, the bottom of this slab
will expand more than the top, resulting in its deflection. As the temperature
increasew, the tensile strength of concrete and steel will decrease. At the
elevated temperature, when the strength of steel reaches its limit, flexural
collapse will occur. The nominal moment strength will be constant through
the length:

My = Asfy (d - g) (3.90)

where

A, = area of reinforcing steel

fy = yield stress of reinforcing steel

d = distance from centroid of reinforcing steel to extreme compressive
fibre
a = depth of equivalent rectangular compressive stress block at ultimate

load, is equal to A,f,/0.85 fib where f{ = cylinder compressive
strength of concrete and b is width of slab.

The normal BM is:

LQ
BM:M:m:% (3.91)

where

w = uniformly distributed load per unit length

L = span length.

After the material strength has reduced, the retained moment capacity M, is

ag

Mo = Asfy, (d - 7) (3.92)

where subscript 6 defines the effects of temperature.

A and d are not affected but ay is reduced. Assuming the imposed and
dead loads are constant and the concrete strength at the top is not reduced,
Fig. 3.30 shows the two moments at zero hour and at 2 hours. Flexural
failure occurs when Mg = M. The equations indicate that the fire resistance
depends on the load intensity, strength-temperature characteristics and fire
duration. In general the cover to reinforcement is a protection and in some
cases other materials are added. Table 3.12 shows the cover in American
practice.

Continuous Beams and Slabs

A statical indeterminacy can create additional reactions of the indeterminate
supports due to fire. There will be an increase in the negative moments.
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w/unit length

lHHHHHHHH}l

i T T
fire
MI‘I
+
M
At Ch
M

MG
5, b M
IAIAQ%

Fig. 3.30. Moments for a simple beam of slab under loads and fire. M due to loads
only; Mg due to fire

Table 3.12. Minimum cover: American practice

Base slab Fire resistance (hr)
concrete type

Yo 35 1 1 2 3 4

Reinforced concrete (all types) 0.65 0.65 08 0.83 1.1 1.65 22

Prestressed-concrete, 0.8 085 1.1 1.45 1.75 2.25 2.65
normal-weight concrete
(dominantly siliceous aggregate

Normal-weight concrete 0.8 085 1.1 145 1.75 2.25 2.65
(dominantly carbonate aggregate)
Lightweight concrete 08 08 09 1.25 1556 2.0 235

Courtesy: ASCE.

These are due to differential heating which causes lifting of the supports at
the ends, thus increasing the reactions at the interior supports. There will
be a redistribution of moments. Hence, the negative moments increase, while
the positive moments decrease. The negative moments will cause yielding of
the reinforcement. It is vital that compressive failure in the negative moment
region is avoided, i.e. reinforcement should be small enough so that, based
on the ACI [3.14], A,f,/bdf. is < 0.3. A decrease in the positive moment
will mean that the reinforcement in that region can be heated to a higher
temperature before failure occurs.
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L M?
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Fig. 3.31. A three-span continuous beam under external loads and internal tem-
perature

Figure 3.31 shows a continuous beam slab loaded externally with uniform
load and subjected to fire from underneath. The reduced moment capacity
M, is given as follows. Let

M;‘e = positive moment due to fire
My = negative moment due to fire

w = uniform load.

At a distance z; from the outer support, A = M,, is given as:

wlL wx? Mg,z "
M,, = e M779 (3.93)
Hence
L M,
_ = .94
I 9 w (3 9 )
_ wI? L [2MY
Mg=——— I (3.95)

In the spans are symmetrical, then zq = L/2:

M, =9

g 6 (3.97)
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but
M,, =M}, (3.98)
_ wI?
M,y=—2= =My (3.99)

Other Beams/Slabs with Different Loadings and Restraints

Other beams/slabs under loads can similarly be examined. In this chapter,
various structures under plastic analysis are examined later on under a sep-
arate section.

Example 3.11 American Practice

A two-span continuous reinforced is to be analysed and designed for rein-
forcement to provide three-hour fire resistance. Use the following data and
the ACI Code 318:

— slab thickness: 150 mm (6 in)

— positive reinforcement: #4 Grade 60 bars @ 150 mm (6 in) spacing
— concrete grade: 28 Mn/m? (40001b/in?) compressive strength

— concrete aggregate: siliceous

—  concrete cover: 19mm (0.751in)

— each span: 4.88m (16 ft)

— concrete density: 2400 kg/m? (1501b/ft?)

— superimposed load: 1.914kN/m? (40 Ibf/ft?).

Material properties of steel and concrete in fires are given in Fig. 3.32.

Negative Reinforcement. Moments and Reinforcement

M} = positive nominal moment strength for 3-hr fire exposure

0 and fye:
As f,
+ _ 8Jye 3.100
Y0 T 085 fLb (3.100)
M7;(9 = negative moment at the interior support

L2 2M
- WT —wI?Y| wL’;" (3.101)

Ag = %(d;} —ay, /2) (3.102)
fyﬂ
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Temperaturs, °C
400 600

ASTM §-36
steel (yield)

cold-drawn wire or
‘strand (ultimate)

Strength, % of initial
3
L}

AR T
2
L 1 1
s 032 200 400 600 80D _1ﬁ |2rou
g Temperature, *F
2
Strength of certain steels at high temperatures
Temperature, *C
100 ? 200 400 600 800
S 1
-
€ so-
B
#
£
s ‘o
Temperatures within slabs during E avg. Inital f, = 3800 psi (27MPs)
— 2 20+
tests-siliceous aggregate concrete § siicous aggregate concrate AY
L 1 L
o 400 8OO 1200 160
Temperature, *F

Compressive strength of siliceous aggregate

concrete at high temperatures and after cooling

Fig. 3.32. Material properties under high temperatures

Asfyb < 0.30 (3.103)
w, = -« . .
’ bleffxd)fif =
L My
= bar top length = 22, =2 = — — & 3.104
Zo ar top leng Z1 <2 I ) ( )
fy = 460N/mm’ A, = 129mm?(0.2in%) dj = 12.7mm(0.5in)

fyo/fy = 020 ;= developing length = 0.3m.

Calculations are performed in SI units, derived from the Imperial units.
1000
Ag= =+ ]129= 2
s ( 150 ) 9 = 860 mm
loading:
w = 1.914kN/m*(401bf/ft%)
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2400 kg /m*

€
By
Il

150
w = (m) (2400)(9.8)/1000 + 1.914 = 5.442kN/m width

Mz‘e = (3-hr exposure) = A, fyo (d - %)

0, fyo and a:{ are taken from the Table given in the Code.

U = 25 mm
t = time = 3hr = 180 min
0 = 750°C
fyolfs = 0.2 or fue=0.20x 460 = 93mN/m”
d = h—cover — 1 dy =150 —19 — 2T =125 mm
Af 860 x 93

+ sJYye

o 0.85/7,b  0.85(28)(1000) —
860 x 93 3.36

+ _ _ _ .

_ 1 2(9.86)
M = 5.442(4.88)% | = — | o

no (4.88) [2 5.442(4.88)2 1

= 129.6(0.5 — 0.39) = 19.44kNm/m width
12.7

d’ = 150 19— —— =125 mm.
From the Table:
0 = 190°C
fyolfy = 94%
foo = 0.9 x 460 = 432.4mN/m’

25 mm of concrete is 760°C or higher

1
d/eff = 150 — 25 -19 — 5(12.7) = 100 mm
a, = 25mm
A 19.44(1000 N/kN) (1000 mm /m) ~ 514mm? /m width

432.4(100 — 25/2)

bars 140 mm c/c > 514mm? /m.

At a concrete temperature of 760°C:

0.38(effd") = 0.38(100) + 25 = 63 mm
t = 180 min

167
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0 = 430°
For
0 = 600°C
ol fe = 64%
flo = 0.64 x 28 = 18mN/m?
_ 921(432.4)
ay = —
0.85(18)(1000)
= 26 mm

Therefore, 25 mm is assumed to be acceptable.

. . 921(432.4)
fication: =—— 7~ =(.22 .
wp verification:  wy 1000(100)(18) 0.22 < 0.30

Both
A, = 432.4mm?

are satisfactory.

z, = length of the top bar

L M,
= 9rs =2 = - =1
o (2 wl)

4.88 19.44

=9 B
< 2 5442« (4.88)>
3.416 ~ 3.42m

Theoretically, the bars should be cut a distance | — xg + lg
lg = development length of the bar
488 —-342+4+1; = 1.46+1,
1
= 488 — 570 + 14

3.42
488 — T—‘rld =317+ 14

= 317403 =347m.

Theoretical

This is recommended for a 40% cut on either side oy the intermediate support
with 20% extended to external supports (ACI 318-83).

Example 3.12 British Practice on Continuous Slab

A reinforced concrete solid slab of 175 mm thickness, 5 m width, is continuous
over 5m spans. The nominal cover provided everywhere is 20 mm. Using the
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following data and the British Code BS8110, design this slab for bending,
shear, deflection and cracking such that the maximum fire resistance is not
less than 1 hr and hence ignore individual material properties for bars and
type of concrete.

dead weight = 47kN/m?
imposed load = 4kN/m?

span internal = 5m

concrete density = 24kN/m?

feu = 40N/mm?

fy = 460 N/mm?

d = effective depth

= 175-20-6 for half diameter of steel
= 149 mm.

Fire Resistance

Table 3.6 (BS 81 10) indicates that the fire resistance for a 175 mm thick slab
with 20 mm cover = 11/ hr > 1hr.

F = design load = (1.4 x 4.7+ 1.6 x 4) x 5 = 65kN/m width

From Table 3.14 (clause 3.5.2.4)

M = ultimate bending moment for interior span
= 0.063 x 65 x 5 ~ 20.5kNm/m.

Reinforcement

M 20.5 x 106

K = =
bd?feu  1000(149)2 x 40

= 0.0231

z=d

K
0.5 025 — — || > 0.95d
N ( 0.9)]

=149

0.9

0.0231
0.5+ \/(0.25 — )] =145 > 0.95 x 149 = 141.5.

Use z = 141.5

20.5 x 108
0.87 x 460 x 141.5
T12-300[as prov. 377 mm?/m)].

Ay = M/0.87fyz = = 362mm?

Check for Shear

0.5F 0.5 x 65 x 10
bd 1000 x 149

=0.22N/mm? <V, = 0.41
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Deflection

Span depth ratio = 26
M 2.05x10°
bd2 1000 x (149)2
fs =275N/mm? (clause 3.4.6)

=0.92

modification factor for tension reinforcement = 1.48
allowable span/depth =26 x 1148 = 38.48 (Table 3.12)

)
actual span/depth = 10705 = 33.56 < 38.480.

Cracking

3d =3 x 149 = 447mm

spacing between bars = 300 — 12 = 288 < 447 mm
h=175mm < 200mm (clause 3.12.11.2.7).

The cracking condition is satisfied. The slab will stand 1!/> hour maximum
fire duration.

Example 3.13 British Practice

A reinforced concrete T-beam is shown in Fig.3.33a. Using the following
data, determine the strength reduction factor for reinforcement and concrete
of this beam and the temperature. What is the duration of the fire resistance?

Applied moment = 50 kNm

feu = 41N/mm?  f, = 460 N/mm?
A, = 6 x 804 = 4824mm? for 6 T 32 bar

At ambient temperature

M = F Az
Z 0.95d
= 0.95 x 390 = 370.5
460 x 4824 x 3705x 106
= 822kNm.

M

Allowable strength reduction coefficient for tensile reinforcement

= 20 =0.426 =os7

ogt occurs at 600°C (Fig.3.33b). oot occurs at 0.426 at 600°C. From
Fig. 3.33b, the duration of the fire resistance is 4 hours and 30 min.
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(a)

i“____*a{io |

j 1] [rs0

390mm

2T10 | _6T32

—j280F—

—~5
(b)
Average reinforcement
temperature

4

Lightweight
concrete density
# 2000 kg/m®

-]

e Dense

2 3 08 | concrete
€ !

o density

_|, > 2400 kg/m?

|_- Conventional
steel

steel

o o
agr f /Yy === Steel
o o
n P
I

° °
ocr feuller

To be read with average
-0 temperature in steel and
/ hours of resistance only

] | | —
100 300 500 600 700 800

Temp. °C

Fig. 3.33. (a) A reinforced concrete T-beam. (b) Reduction in strength, average
temperature in the reinforcement and fire resistance duration

3.7 Deflection of Simple Beams in Reinforced
and Prestressed Concrete Exposed to Fire —
IStructE Method

External Loads as Point Loads

Figure 3.34 shows the loadings W. Take a distance z from Rp and determine
deflection y,. Let F¢ () and (1) be the Young’s modulus and second moment
area respectively.

Ry xl=wi(l—a)+wa(l =0)+...wp(l—n) (3.105)
M, =Ry, —{wi(z—a)+wa(z—b)+ ... wu(z—n)} (3.106)

d2y
EC(T)I(T)@ = —Ms (3.107)
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n
c
b Ws
Wz wn
a W, | = e
] 1 v/ z|
0i = < ir“
Ry ; Ry
Fig. 3.34. Point loads on simple beam
w/k unit length
I I 200 W
0 & 2 S B

Fig. 3.35. Uniformly distributed load on simple beam

w1

EcmyIity —y = {?(
3

~ Ry +AZ+ B
=0 y=0 . .B=0

z—a)®+ %(z —b)3+ %(z —n)3}

r=2 y=0
1 (RoL® un 3 W2 3 Wn 3
A= {BE -y )
—1 ! 3 —b)? wy(z —n)?
.yp:Ec<T>I(T> {6 {wi(z —a)” +wz(z = b)" + ... wa( )
LL{wl( a)® + wo(L —b)* 4+ .. w, (L —n)?} (3.108)
S (L P (B = P+ (L= )

External Loads as Distributed Loads (Fig. 3.35)

Moments and deflections are computed in a similar manner to that above.
See Fig. 3.34. The deflection yq is given by
wlh—z w—2z—2z

M, = — Nl
= : (3.109)
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Fig. 3.36. Determination of neural axis

Deflection Due to Fire Temperature ~.-

The force exerted by fire can be written as:

F=FEqmac(T —Ty)da

A

— Bomae(T — Ty) 5 (3.110)
1
moment My = N[EC(T)QC(T —To)A|(Y = NA(T)) (3.111)
d?y
Boerylimy o5 = —Mr (3.112)
Mrz(L — a)

= 3.113
T BEom ) (311

All parameters have been defined previously.
When all three such displacements or deflections occur, then the total
deflection is:

§=19yp+ya+u (3.114)

It becomes necessary to know the second moment of area I(T) in the above
expressions, while E(Ty can be found elsewhere in this chapter. Figure 3.36
shows the neutral axis and I() can be found as:

e — (D)

= EC(T)

A [ 2bd
n(T):m(Tb) : ( 1+mlA1> (3.115)
(1)As
3

lizy = ) — Ay (dy — ner) (3.116)
(M= 5 tmm — As (= :

In Eurocode 2, the elastic modulus is based on the following derivations. A
reference is made to Fig. 3.37 for the concrete stress-strain curve.
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Fig. 3.37. Stress-strain under compression at elevated temperature

Range I

3

et | () [ @)
cl Ec
2+ (ﬁ)
fewy 3 feo Ee(0) 1 (3.118)
Ec :
feoeo)y 2 Eciey |2+ (sclég)“

and €.1(g) to be chosen according to the values of Table 3.1 of the Report.

Range 11

For numerical purposes a descending branch should be adopted. Linear and
non-linear models are permitted.

Nt = / EabdAr = / FEabfydA (3.119)
JA JA
N = number of nodes A=>"AA=NAA
NAA = number of equal areas.
Hence
1 1
1= > EepyacAf = — > Eegyac(f — 020) (3.120)
1
02 =175 [ Beac(0 — 020)] (3.121)
1 Y;
05 =~ [ D Eerac AbyaA] -
@)
(3.122)

= % {Z Ecyac(0 — 020)(y — NA(G))}
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Hence
op1 =stresses due to direct prestressing
=—F) /A
opo = stresses due to prestressing moment
op3 =stresses due to elongation of the prestressing tendon
_ Egyoe) (0 — b2) A
— Yl b
where

Aps = area of the prestressing tendons.

All other parameters have been defined above.

Stresses Due to External Loads

A similar analysis is done previously, except that the loads are denied by 1
for point loads and 2 for uniformly distributed loads respectively and the
stresses are:

Y.
o == (le X j) (3.132)

The total stresses are algebraically added as
OTotal = 01 + 02 + 03 +0p1+0p2+0p3+0L1+0L2 (3.133)

The neutral axis depth and the I-value can be similarly computed.

dO’c(g)
FE =
4 20

Zc(s) 3 o 3Zc(6)2
0 HZ + (Zoue)) X1 =2 e(0) { 2e1(6)3 } (3.134)
= 3 .
ch(ﬁ) |:2 + (Zc(@) )3:|

c1(0)

B 3 " fe(o)
2 >
Ty =0 =0 (3.135)
c(0)

Karuna [3.15] developed a computer program on the basis of the concept.
This program has been linked to the program ISOPAR given in Appendix I.
This program is flexible enough to be part of, or simulated into any existing
computer package on the market.
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Prestressed Concrete Beams

A few changes are necessary when a simply supported prestressed concrete
beam is exposed to fire. For the purpose of analysis, a straight tendon is
adopted. Where the cables are cured, the analysis requires a cable profile
which is used for locating temperature zones. A piece-by-piece analysis of the
work described below is required. For a simply-supported beam the stresses
induced by temperature changes, using the symbols for the EC2, are:

OTotal = 01 + 02 + 03 (3.135a)
where
o1 = —Fab
o9 =NT/A
o3 = Mr(f/I)
Notes

¢ = T in the above work
6 is used in EC2

020 = T
E
mig) = 0 (3.136)
( )
h Ao — A,)d
ngy = A(h/2) + (m(e) ps pS) (3.137)

Ac (m(g) — 1) Aps

Iy = —bh bR (yo) — 1/2)7 + (meey — 1) Aps(d — yiy) (3.137a)
where

A = gross concrete area
h = height of the beam.

All other parameters have been defined previously.

Temperature Distribution

The temperature distribution in concrete exposed to fire for slabs and ribs or
beams was first given by the Institution of Structural Engineers, London, in
Design and Detailing of Concrete Structures for Fire Resistance in April 1978.
In slabs, both dense and lightweight concrete are used. It is suggested that
there where lightweight concrete is used the numerical value of temperature
(°C) corresponding to the distance from an exposed surface should be reduced
by 20%. These curves are based on data obtained from the Portland Cement
Association (PCA, 1978). It is permissible to interpolate for intermediate
sizes. The average distance from the exposed surface a,, is computed as:
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Fig. 3.38. Determination of average axis distance (reproduced courtesy of the

Institution of Structural Engineers)

Table 3.13. Beam parameters

Width of beam
Time of fire exposure
Depths of fire exposed surface
Temperature of char points:
TE1=TE(B1,D2,Th)
TE2 =TE(B2,D2,t1)
TE3 = te(b1, D2, T2)
TE4 = TE(B2, D2, T»)
TE5 = TE(Bl7 Dz,Tg)
TE6 =TE(B2,D1,T>)
TET =TE(B1,D1Th)
TE = TE(B2,D1,T1)
By interpolation:
TE5T = (T —
TE13 = (T —T>
TE86 = (T —Ts
TE24 = (T —T>
TE91 = (D — Ds
TE92 = (D — Dy

Hence:

To)(TE5 — TET)/

TES6 — TE24

TEa = (B — B))(TEa2 — Teal)/(B1 — B

( (T —
(TE3 —TE1)/(T> —
(TE6 — xTER)/(T> —
(TE4—TE2)/(T> —

)(TE57 — TE13)/(D
)( )/ (D1

Bi, B, Bs
t1, T, Ty
D1, D, D,

Ty) +TE5

T\) +TE3

)+ TE6
) +TE4
1—D2) +TE13
— Dy) + TE24

2) —|— Teal
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Table 3.14. Below and overleaf

bi = 300
T D

0 10 20 30 40 50 60 70 8 90 100 110 120 130 140 150
Lhr 860 675 530 430 350 290 240 200 160 140 110 90 70 50 49 30
Tiphr 925 750 630 530 450 380 330 280 250 220 190 170 150 140 120 100
2hr 1000 850 730 610 530 450 400 350 310 280 260 240 220 210 200 190
3hr 1025 870 750 670 600 540 480 440 400 360 330 310 290 270 260 240
4hr 1070 900 860 710 650 600 550 500 460 430 400 370 350 340 320 300
by = 250
T D

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
Thr 900 720 570 460 320 320 270 230 190 160 140 120 110 100 100 100
11bhr 950 800 660 550 460 390 340 290 260 230 200 190 170 160 150 140
2hr 1000 880 752 640 550 480 420 370 340 300 280 260 240 230 220 200
3hr 1060 940 800 700 620 550 500 460 430 390 360 340 330 320 310 300
4hr 1100 950 830 730 680 610 660 520 490 460 440 420 400 390 380 370
bs = 200
T D

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
1hr 910 760 620 500 400 350 300 260 230 200 180 170 150 140 120 100
115bhr 970 840 700 570 490 420 370 340 300 270 260 240 220 200 190 180
2hr 1060 910 790 670 580 510 460 430 400 360 350 330 310 300 290 280
3hr 1100 960 840 730 650 590 550 520 500 470 460 440 430 420 400 390
4hr 1100 1000 870 760 700 650 620 590 560 540 520 510 500 480 460 440
by = 150
T D

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
1hr 950 800 660 530 430 370 350 320 300 280 260 250 230 220 200
14hr 1010 870 730 620 520 470 450 420 400 390 370 360 350 340 330
2hr 1030 940 820 780 620 560 530 510 500 480 460 440 450 440 430
3hr 1100 1000 900 790 700 660 640 610 600 590 580 570 560 550 540
4hr 1100 1030 930 830 750 700 660 640 640 620 610 600 600 590 570
bs; = 100 mm wide rib
T D

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
1hr 990 860 730 600 510 470 450 440 420 410 400 400 390 380 370 360
116hr 1070 940 800 700 630 600 580 570 560 550 540 535 530 525 520 510
2hr 1100 1000 870 780 720 680 670 660 650 640 635 630 625 620 615 610
3hr 1100 1040 940 860 820 780 760 760 740 730 725 720 715 715 710 710
4hr 1100 1050 950 880 840 800 780 780 760 750 740 735 730 725 720 715
bg = 125 mm wide rib
T D

0 10 2 30 40 50 60 70 80 90 100 110 120 130 140 150
1hr 970 720 690 560 460 420 380 360 340 320 310 305 300 290 280 270
11bhr 830 900 760 650 560 530 500 480 460 450 440 430 420 410 405 400
2hr 1100 970 850 740 660 630 600 580 560 550 540 530 525 520 515 510
3hr 1100 1020 920 820 760 730 700 690 680 670 660 650 645 640 630 625
4hr 1100 1040 940 840 780 750 730 710 700 700 690 670 665 660 655 650
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where

A, = area of tensile steel bars or tendons
a = axis distance as shown in Fig. 3.38.

There are two ways to simulate graphs into a computer program:

(a) by curve fitting technique
(b) by transforming them into tables of numerical figures.

The former method is well known and a number of computer programs are
available on curve fitting. Karuna [3.15] has developed a computer routine
to read tables prepared from these graphs. The temperature distribution is
tabulated in Table 3.13 indicating B, D and time or duration. In order to
find temperature for a width b, time ¢ and depth d, the computational tech-
nique shown in Table 3.13 is adopted. A typical output for the temperature
distribution is given in the Appendix and in Table 3.14.

3.8 Limit State and Plastic Analysis

The resisting capacity of steel beams, girders, columns, frames and their
joints decreases as they are heated in the fire environment. Failure occurs
when stresses at reduced capacity equal those produced by the applied loads.
The strains can increase at a rapid rate without increase in stress. When the
deformation reaches its critical value, the limit state is then also reached.
This limit state of failure depends on the stress level, sectional properties
and attainment of a particular temperature. The failure of steel members
follows an elasto-plastic behaviour, after passing through the elastic limit,
and collapse does not take place until a mechanism with plastic hinges is
formed. Figures 3.39 to 3.42 give a vivid picture.

3.8.1 Basic Theory

Each phenomenon is given a numerical status.
Elastic:

d/2
M= / (fddy)y (3.139)
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f
Elastic—plastic zone Strain
e ha,demﬂg
e 0 ]
Plastic
plateau
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(a)
f f f
".-f
E E E
(b) Rigid—plastic (c) Elastic—plastic (d) Elastic—plastic

Fig. 3.39. (a) Plastic analysis. (b)—(d) There are basically three idealized rela-
tionships

E
M = fﬁbyz dy
EI /I ; (3.140)
= — = — = Ze
R Yy

where z, is the elastic modulus. (See Fig. 3.40a.)

First yield:
My = fyze (3.141)
(See Fig. 3.40Db)

Partially plastic: in plastic theory the load can continue to increase.

+dy dj2
M= fibydy + 2 fibydy (3.142)
—dy dy
elastic plastic
E
h=zy =1 (3.143)

M= fyzes + fyzp- (3.144)
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a)
a o
_ ¢ b
c
Elastic
b
) 1 %
(a)—
b
Stress
c block
'v
c)
fs|r )=
a)b
cI!'r c
Elastic
core
Plastic

fy

Fig. 3.40. (a) Elastic phenomenon. (b) Yield conditions. (c) Partially plastic phe-
nomenon

where
ze = elastic modulus, inner core

zp, = first moment area, plastic zone.

An elastic inner core provides stiffness. (See Fig. 3.40c.)

Fully plastic:
M, = fyzp (3.145)
where
M,, = fully plastic moment of resistance

z, = first moment area of whole section.

(See Fig. 3.41.)
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fy

Fig. 3.41. Fully plastic phenomenon

Shape factor:
M, oyz %

M, OyZe Ze

Zp, and z, are both related to the geometry of the section.

Rectangular section:

b b1
zp = 4zef 5 zc—y

(3.146)

(3.147)

(3.148)

Therefore, if a plastic design is used, 50% more strength is obtained out of a

rectangular section.
See Fig. 3.42 for examples of section types.

1 BT? d T\\
== = BT |24+ 2
T (12 * <2+2>>

_BT(D+T)

- D427
d/2+T

zp=ydA =2 / Byay = BT(d+1T)
Jaj2

,2'_1):d—i—2Tw1

2e d+T

(b) (c) (d) (e)
1.7 1.27 =1.15 =1

Fig. 3.42. Shapes and shape factors

e—B—=
T TC——.T

O L

(3.149)
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3.8.2 Plastic Analysis and Fire Temperature
There is a definite relationship between the steel strength and temperature
Constrado (UK) and the BRE (Garston) have carried out tests. Table 3.15

shows the effect of temperature on the elastic properties of steel.

Table 3.15. Effect of temperature on the elastic properties of steel

Elastic properties Temperature range (°C)
20-300 300-700 700-900
Fyr T° T° — 300 T° — 700
- 1— 09— —— 01— ———
fy20 3000 500 200
Eyr T° L T°—300 .
Grade 43
Elastic limit at ambient temperature 20°C fy20 = 250 N/mm?
Ultimate strength at ambient temperature 20°C Fya0 = 450N /mm?
Young’s modulus at ambient temperature 20°C FEy = 206 kN /mm?

The following steps are adopted for structures built of steel.

1. Work out moment at ambient temperature.
2. Compute

M, = elastic moment capacity
= fyze (3.150)

where

fp = yield stress
ze = elastic modulus.
3. Develop various possible mechanisms (M, < M) and compute greatest
plastic moment:
My = fozp

where

fp = stress failure in the extreme fibre
zp = plastic modulus.
M
4. My _ zfyr (3.151)
Mew Zefy20
The strength reduction factor o, is:

_ fr
o= 2 (3.152)
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5. There is no gain in fire resistance if the section is plastically designed. A
correction factor is applied when determining the fire resistance analyti-
cally. EC3 gives the following correction factors/ when the service load P
is in the range of 0.2-0.85 P, the ultimate load or the collapsed load:

Py
determinate beams: f=077+0.15 F (3.153)
Py
indeterminate beams: f=025+0.77 F (3.154)
columns: f=10.385 (3.155)

Buildings generally consist of floors with beams of simple and continuous
types and/or mixed types. Different restraints can be provided to suit the
building layout and other imposed conditions. It therefore becomes necessary
to give examples of how unprotected steel beams in the temperature environ-
ment due to fire can fail when plastic analysis is considered. Example 3.13
shows a typical simply-supported beam subjected to uniformly distributed
load. Various steps are presented in order to arrive at a temperature which,
in conjunction with loads, can result in failure of this beam. Tables 3.13 and
3.14 show tabulated results of beams and columns with different boundary
conditions and loads using the plastic analysis.

Example 3.14 British Practice

A simply supported steel beam is loaded with 25.0 kN/m service load. Using
the following data and plastic analysis, determine the critical temperature at
which this beam would fail (see Fig. 3.43).

section: 406 mm x 178 mm x 74kg/m
UB Grade 43
ws = service load = 25kN/m

section moduli:
ze = elastic = 1058 cm?
2, = plastic = 1510 cm?

allowable bending stress = 165 N/mm?
fy = fy20 = yield stress or strength at ambient temperature = 250 N/ mm?.

Shape and load factor are ignored.

Wg= 25 kN/m

7.0m |

Fig. 3.43. Simply-supported beam with uniformly distributed load
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(a) The plastic hinge occurs at the middle
Under service load:

wsL?  25.0 x 72
8 8

Myax = = 153.125kN/m

M 153.125 x 10°

maximum bending stress = fgmax = Z = 1330 x 105 =115.132
250 x 1510 x 103
M, = plastic moment = fyo0 X 2, = % 106 X = 377.5kN/m
8M, 8 x 377.5
P, = load developed due to = M, = L2p = X(7)2 = 61.63kN/m
(without a load factor)
115.132
os = = 0.46
250
(b) The hinge is formed at the centre (failure conditions)
Py 1 25.
v _ze B 13800250 ann
fy20 Zp Iju 1510 6163

correction factor f = 0.77 4+ 0.15(Ps/P,) = 0.77 4+ 0.15 x 0.4056 = 0.83
0s = 0.83 x 0.357 = 0.3.
The temperature at which this beam would fail is 680°C.

3.8.3 Beams and Temperatures — Tabulated Cases

See Table 3.16 for these tabulated cases.

3.8.4 Compression Members or Columns

The buckling curves for a steel column at high temperatures for Grade 43
and 50 steel relate the axial stress fy, to the slenderness ratio A. For normal
design purposes, the effective height is 0.7L with 0.5L between the nodes. If
the column expands, the resultant expansion dL is as follows:

P11
0L=alyxL—-—=|—=——]m 3.156
As <EO fT> ( )
where
¢ " coefficient of expansion (m/°C)
T, =
steel temperature (°C)
L = exposed length (m)
EoEr =

modulus of elasticity at ambient and steel temperatures respec-
tively (kN/mm?).
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Table 3.16a. (below and facing). Beams and temperature at failure

Case Plastic analysis and temperature at failure Beams, loadings and restraints
I Cases
Concentrated (a) M, ’Yf;ab = (42.857) i a 'I F b §
loads P = 25kN,a=3m,b=4m, .= 7m, ‘
v = 175 I L
b) M, = ~PL/4
®) M B 7(43/75) Beam 305 x 102 x 25kg/m
g UB Grade 43
v = 1.75 357
when a = b = L/2, load at the centre f= aO 42
(@) M, = T75kN/m ; *61'000
(b) M, = 76.563kN/m - dine t
76.56 % 10° i 5 . corresponding to
2p = ger—— = 306252mm’ = 306 cm s = 0.42
Adopt for both cases z, = 336 cm® and
ze = 286 cm®
Steel tables: T'= 610°C
11 Case (a):
M, 201 + 02 P
Prol?ped N o= ?p ( ) )
cantilever Y af _.,_l__&___,_m — B
y = aby = b, He—a—sbe—t ——}

. M, [201 02 ]

P a0, " b,

M, [2 1 M, (2b + a)
- 7[3 5}:T
P = 25kN, v = load factor, a = 3m,
b = 4m, L=Tm,y=1.75

Case (b):
Ifa=b=L/2
_ M, (3L) _ 6M,
P(L?/4) PL

Case (a):

M, = W = 47.73kN/m

Case (b):

My BT,

The different is small, take case (b):

zp = % = 204166, 67 mm” ~ 204 cm®
Adopted:

2 = 232cm’” } steel tables

Ze = 206 cm®

T =600°C

Case (¢): The load is 25 kN/m udl over the entire
span. The problem of finding a hinge, distance x
from the top

) Pab 4
P P (2a° + 3ab)

A ]
Plastic hinge
A 3 Y - S —
| Plastic hinge 1

Beam 305 x 102 x 25kg/m

Beam 305 x 102 x 23kg/m
UB Grade 43

f=0856
0. =0.434
T = 600°C

corresponding to
os =0.434
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Table 3.16a. Continued

Case Plastic analysis and temperature at failure Beams, loadings and restraints
Propped Assume
Cantilever wy = 25L =25xT7x 1.75 = 306.25 kN Ay W = fotal load .
(continued) M We(L — x) A=1.75 1, Le?m
v 2(L + x)
The maximum occurs at ‘
r = (V2-1)L ' — |
M, = 0686 — 0,686 x °7 = 183.83kN/m i, al =
183.83 x 10° ¢ - : Lafp i
zy = — 2 — 1753306 mm® ~ 753 cm® x
250
Adopted Beam 305 x 165 x 54kg/m
5 UB Grade 43
zp = 483cm £ = 0.856
2 = T752cm® 7_ 0 436
T = 590° =
T =590°C
corresponding to
os = 0.436
Fixed (a) = Uniform load (a)
beams w = 25kN/m, L =7m, A =1.75 wiunit length
P. = 1.75x25=43.75kN/m " § i 7
The central hinge rotation is —26, the uniform %ﬁ

load moves through an average distance %LS

v = wlL
M, = w=(1L6) = M,(40)
2
M, = % =153.125kN/m

() = (2L0) = My(0) + My (20) + My ()

M, = P;L _ 306.285 x 7 — 265kN/m

P, = 1.75x 25 x 7 =306.25kN

2 2
M. = % at ends = 25;;7 =102.1kNm
102.1 x 10° 3
Ze = T 619 cm
Case (a):
6
2 = 32 XU o500 mm?® = 6125 cm®
250
Adopted:
_ 3

# = 706 CmS steel tables

Zze = 613 cm
Case (b):

265 x 10°
= e = 106 mm® ~ 1072 cm®
Adopted:
_ 3

z = 1200 Cmg > 619cm®min. p steel tables
Ze = 1060 cm®

1
\Bﬂ\_/
B.M. diagram at wlllapse
e

ad
W
2 - = it

Case (b) section governs
406 x 178 x 60kg/m
UB Grade 43

os = 0.432

T = 580°C

Case (a) for the same total load
406 x 178 x 60kg/m

f = 306.25 kN

os = 0.425

T =610°C
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Table 3.16b. Two-span continuous beams at failure

Case Plastic analysis and temperature at failure Beams, loadings and restraints
Two-span Case (1): Case (1)
continuous AL o WL Beam 406 x 78 x 60kg/m
O T A
beams -0 UB Grade 43
o L w/unit length
g = ——

11.656 A 3
w=255kN/m, L =7.5m A =15m L L
Beam ABC (for example)
406mm x 178 mm x 60 kg/m Al-*U2*1 M’A\ f2+
UB Grade 43 W
2z, = 1058 cm® - =
2z, = 1194 cm?® Collapse T = 650°C ’

Case (2)
wol? iP iP
At yield = M, service moment = 5 = Tt fy23 i | i 1 c
—={0 T - uz—-—
When a plastic hinge is formed: e B
1.5 x 25.5 x 7.5 3
M, = -""""" = . T 5,
b 11656 184.6 kN/m Sn ws 5
2 (calculated) = 1842% 738354 NS W
‘ Elastic B.M. diagram
738.354 cm® < 1194 cm® — satisfactory
ol = reduction factor at yield ,_ o
fyr ze Ps P.L] i = [
— JyT Ze s 3 Wl
F20 2 P 2 B>
_ 8 1058 y 25.5 .
T T1.656 1198 ~ 1.5 x 25.5 . 1
= 0.4041 T D] 53
25.5
f = 0774+0.15 x 15 %255~ 0.87 2,"5 'ia
o (plastic case) = 0.87 x 0.4041 = 0.352 Gollagas machaniam
T = 650°C
Case (2): Case (2)
P =255x%x175 Beam 4576 x 191 x 67 kg/m
2xp<£9) — 60, (6) UB Grade 43
2 f=087
A =6M,/PL o = reduction factor
= 0.513
1.5 x25.5x75%x175
M, = =2 E 0T & 358.6KNm T = 550°C
6
zp (calculated) = %

= 1434375 mm® ~ 1434 cm®

Adopted:

= 1470 cm®
= 1300 Cms } steel tables
Ze = cm’
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320~
Grade 43 steel f, = 250N/mm?

280

40

| | |

1 | | | | n
0 20 40 60 80 100 120 140 160 18020

(a) Slenderness ratio

360 — ...
s 20°C 2
Grade 50 steel fy = 350N/mm
320
, 200°C
'y
280 -
240[—

200

160

_f 2
P.= l,_, N/mm

120

80

40

A
| | | 1 | | | | | 1
0 20 40 60 80 100 120 140 160 180 200

Slenderness ratio

(b)

Fig. 3.44. Buckling curves for axially loaded steel columns

The value of f, the correction factor, is between 0.85 and 0.69. The EC3
recommends f = 0.85 with A = 1.75. Figure 3.44a and 3.44b shows buckling
curves for axially loaded columns for various temperatures. The failure tem-
perature is between 500 and 550°C. Example 3.15 is given to explain the use
of these curves for a column.
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Table 3.17. (below and overleaf). Portal frames

A single-bay frame-pitched portal with and without horizontal loads
I (a) Loads:
AwL vertical uniform load
A, H horizontal load
Pinned supports:

AwL? Y(2+Y)
M, = — =T
8 N2 42N -YK?+1
z = (N-1)/K K =hy/l
Y = 20 Hho/dwL? = /[(1+ K)(1 - YK)
(b) A1 H =0, i.e. no horizontal loading: as a result ¥ =0
A AwL? [ 1 }
P8 1+K+VI+K
Numerical example based on (a)
Data:
A= A=175
hy = thh K =1
hi = 5m  hy=2=12m

L = 10m H=1.75x20=35kN
A = 1.75 x 20 = 35kN/m
w S 2x1.75x20x5
Y = ————=0.1
1.75 x 20 x 102 0

:
K = 125 o5

5

N = /(1+0.25)(1x 0.1 x0.25=0.177

M, = 35 x 100
8
y 0.1(2.10)
(0177)2 + 2 x 0.177 — 0.1(0.25)2 + 1
3500 0.21 .
= s [m} = 694.54kN/m
694.54 x 10° 3
e 2778160 mm ~ 2780 cm
553 x 210 x 109kg/m 2 (adopted) = 2830 cm?
UB Grade 43 2. (adopted) = 2480 cm”
f}'_T — 050 2o (elastic calculation) = 2450 cm®

/y20
f =0.8557 (beam) = 0.85 (leg)
T, = 610°C at failure

II  Loads AwL? = AP, A1 H is the same. The pitched portal is symmetrical. Supports are fixed. Various

failure modes are investigated and from the interaction diagrams, the final failure mode is established.

Single and Multi-storey Frames in Steel

The work is extended from a one-bay, one-storey frame to multi-storey, multi-
bay frames in the fire environment, using, of course, the plastic analysis con-
cept. Details are given in Tables 3.16 to 3.17.
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Table 3.17. Continued

L 5 1 L
meE =2 hy=-h -2 =1
i 5 3 2= gh—3 1.25
,‘3;.,5—_2 Mechanism (1):
H=—m@ ot
10M, APL
= M, = "—— =
L AP T or b 10 350 N/m
Mechanism (2):
AH + AP = 714;”"
or
L
M, = 1—4()\P+ A1H) =275kN/m

Mechanism (3):

aH =30 o, = 2 g zsiym

A1 = A2 = 1.75 as an example; for the other values, graphs can be
modified.

2p (computed) = 1400 x 10* mm?* = 1400 cm®
2p (adopted) = 1470 cm?®

457 x 191 x 67kg/m UB Grade 43

2e (calculated) = 1100 cm?

2p (adopted) = 1300 cm®

Ts = 610°C
f = 08557 beam
f = 0.85leg
DT _ o505
f20

Example 3.15 British Practice

A column of dimensions 203 x 203 x 86 kg/m is loaded with 1400 kN, which
is the ultimate load. Using the following data and BS 5950 code of practice,
determine the fire temperature at which this column collapses with sufficient
buckling.

L = 5m

Ag = 110cm?

flange thickness: T'= 20.5 mm radii of

gyration: rp = 9.27cm

ry = 5.32cm
failure length approaching = 0.5L
f = correction factor = 0.85 fire conditions: Leg = 0.7L.

The column is restrained in position (pinned) at both ends but is not re-
strained in direction.



192 3 Fire and Buildings With and Without Explosion/Impact

Since the flange thickness, 7 = 20.5mm, is greater than 16 mm?, Dy =
265 N/mm?, the following slenderness ratios apply:

Le, 0.7 %5000

= = 37. 1
i = 55 37.756 < 180
_ Le, 0.7x5000

— ey DX 6579 < 1
iy = = 25 65.79 < 180

for
iy, =37.757, p, =265N/mm? p.=223N/mm?
i, = 65.79, p, =265N/mm?, p.=133N/mm?

The case of p. = 133 N/mm? is considered:
P = Agp. = 110 x 10® x 133 x 10 2 = 1463 kN
which is greater than 1400 kN, therefore satisfactory.
Po > F
203 x 203 x 86kg/m, UC Grade 43 adopted.

At failure the effective length = 0.5L = 0.5 x 5000 = 2500

2500
53.2

The buckling temperature of the steel column at failure is, for i, = 47 and
Pe = 133 N/meI

i1 at failure = 47.

T, due to fire = 480°C
f=0.85 correction factor

Pe = 0.85 x 133 = 113.05

T, = 550°C, failure conditions.

3.8.5 Portal Frames — Tabulated Cases

See Tables 3.18 to 3.21 for these tabulated cases.

3.9 Multi-bay-Multi-storey Framed Buildings Subject
to Fire Loading

Summary of Formulae Based on EC3 1.1 and 1.2

Plastic analysis combined with EC3 have been suggested. It is assumed the
reader is now fully familiar with plastic analysis. EC3 introduced earlier,
specifies the following.
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Table 3.18. Single-storey tow-bay frame
. . P,
Single-storey two-bay frame in steel 5= A
load factor= 1.75
shape factor= 1.15
P is shown on the diagram
1.75P = P,
all loads are vertical
40kN at 7
80KkN at 8
40kN at 2
M, =32 x 1.75 = 57.225kN/m
( ted) = 57.225 x 10°
zp (compute = 7250
= 228900 mm?® = 229 cm?
Section adopted throughout:
203 x 102 x 23kg/m UB Grade 43
2, = 232cm®
ze for this section is 206 cm®
l;inal collapse mechanism . (computed) = 57_?25 « 106 100 em?
VT .5074 os = 0434 for beams 250 x 1.5
Fyo 2e (adopted) = 206 cm”
f (beams) = 0.856 T, = 620°C f (column) = 0.85
Adopted: T at failure 620°C Based on buckling requirements:
T, = 610°C
Partial safety factors
(1) Action Ultimate limit state Fire limit state
EC BS5950 EC BS5950
Self-+dead loads 1.35 1.40 1.0 1.0
Imposed loads
(permanent) 1.50 1.60 1.0 1.0
(Variable) 1.50 1.60 0.5-0.9 0.80
Materials 1.05 1.0 1.0 1.0
Structural steel
(2) np 1 = load level at time ¢, at the fire limit state
Enas _ R
e < (3.157)
Rq Rq
where
FE; = action at ultimate limit state

Eg.q4

action at fire limit state
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Table 3.19. (below and overleaf). Portal frames

A pinned portal frame under uniform load on plane projection. Rafter and columns vary in sizes.
Plastic analysis Numerical solution:
w/unit length Welastic = P=D + 1 =258 4+4.5
=7.08 N/m
w =10.8kN/m
ratio = 0.656
h1 =7.0m
hs=4m b=
L=30m a=D,=0.53m
Rafter:
406 x 178 x 54 UB Grade 43
My, = 564kN/m

Leg AB or ED:

533 x 210 x 82kg/m UB

2o = 1800 cm®

2yy = 192cm® A = 104cm?
Sew = 2060cm® 7, = 21.3cm
Syy =300cm 1, =4.38m

T =13.2mm

Rafter:

406 x 178 x 54kg/m UB GRade 43
T =10.9cm?

Zox = 925cm®

zyy = 114cm?

Sew = 1050 cm®

Syy = 177cm?

A = 68.4cm?

Myt = My = 287kN/m
Say = Saa = 286017

n = 0.057

+ho = H = 86.96kN $rs = 2050.8 cm?
! P =275 N/mm?

AwL? + My,
h

R+
Mps = (h1 —u)R  columns plastic moment

2 A
M, moment at any point = R (h,l + fZ_Z) - %(L —z)(z)
My = plastic moment in a rafter
F.=V= % = 162.15kN

P. = AgPy =104 x 275 x 10 ' = 2860 kN

R4 = member resistance at ultimate limit state

Ry1,4,¢+ = reduced member resistance at fire limit state for exposure time ¢

(3) Strength reduction factor and elastic modulus. (See Table 3.21.)
Lateral torsional buckling resistance, is defined as My, rq

My ra = B ooy (3.158)
M1

where
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Table 3.19. (Continued

195

15 000

8 @ 1450 = 11 600 . 3400 !

Il

4000

= T-Plastic hinge
& || position
o [
©
L [
o N - L
= I
o
~ ]
ol 1] Column
] 1] 533x210x 82 UB
] | grade 43
I
{
== Pinned base
Rafter:
F=0868 fu =058 p,=275N/mm?’
o =0.504 T =540°C

Leg or column:
py = 275 N/mm?
py = 119N/mm?

pe = 140 N/mm?
T = 600°C f=085

Final sizes

The purlin and rafters fail first, in 2 hours. The leegs fail in 2% hours with temperature of 600°C.

Note: Since more than one component is involved and the frame varies in size at different places, a com-
prehensive analysis is demanded using 3D finite element method. An isolated analysis for joints where plastic
hinges are predicted must be carried out using finite element or other appropriate methods.

Bw = parameter (Eurocode) for class section
Whpi,y = major axis plastic modulus = z,
7,1 = parameter for steel material
o = bending strength to be determined by EC3

i,  minor axis radius of gyration
Iy =—= -

U buckling parameter
ar = 1, X torsional index

_ ko  —

ALty = kL X ALt

E0

Brr = 0.5 [1 02100 — 0.2) + Aoy

(3.159)
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Table 3.20. Single-bay multi-storey frames

30KN A A=2.5; Oz, = 320; @z, = 400; @z, = 800;
X c @z, = 680

20kN.A @ B py for fire = 250 N/mm?

@ 36KN A @ 4m The plastic mechanism (combined) is shown in Fig. (b) and

the final plastic moment diagram is given in Fig. (¢). A series

A0KN A of computations for each member resulted in the following fire

D @ E F temperature distribution, i (Ref. BS 5950)

fire 4m
O] i @
4m 4m

(a) Single-bay two-storey frame

75kN Columns
c AD — at A =150°C
D = 250°C outside
=400°C inside

DE — at G = 560°C outside
CF — at C = 350°C outside

F = 350°C inside
FH — at F = 500°C outside
H = 560°C inside
(b) Final mechanism (combined) with
plastic loads
Beams
AC — at C =350°C
at AD =150°C
at B =435°C
DF — at D =800°C
at F =800°C
at E = 580°C
170 170
(¢) Plastic moment diagram (kN/m)
! (3.160)
TIT = ——F 5 5% .
2 2)0.5
¢+ (6% = M)
A = 2(6a)
or column = X(BA) (3.161)
0.5
L E
A= n=n(—
L Ty
Ny, rq = axial resistance
(3.162)

_ XBaAlfy
M1
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Table 3.21. Strength reduction of temperatures

Temperature Furocodes BS5950: Part 8 Elastic
(°C) 3 and 4 modulus
Kyg Kzg Kg 2% 1.5% 0.5% KEG
100 f 1.0 B
200 0 0.92 0.81 +~— 1.0 — 0.94 0.9
300 1.0 0.84 0.61 +~— 1.0 — 0.85 0.8
400 1 0.77 0.42 0.97 0.96 0.78 0.7
500 0.78 0.61 0.36 0.78 0.75 0.62 0.6
600 0.47  0.35 0.18 0.47 0.46 0.38 0.31
700 0.23 0.17 0.08 0.23 0.22 0.18 0.13
800 0.11 0.09 0.05 0.11 0.10 0.07 0.09
900 0.06 0.05 0.04 0.06 0.06 0.04 0.06

K, corresponds to 2% strain.
K¢ corresponds to 0.5% strain.

Ky corresponds to 0.1% strain.

initial tangent modulus
Kro = ;

Jz0 fvo
K= 220 Ky =2
200 kN/mm” ’ fy.20 v fy,20

x = reduction factor based on slenderness and imperfection
Ba = factor depending on section

~yMm,1 =partial factor for material

AK o
Nb,fl,tRd = M column fire limit state

M. fi

Example 3.16 Based on Plastic Analysis and Eurocode
EC3 Part 1.2

A four-storey steel building has a plan area 48 m x 48m. A typical steel
frame is shown in Fig. 3.45 which is part of the steel work of this building.
The spacings between such frames are 6 m. Steel beams support concrete
floors. Using the following additional data, determine the failure of beams
and columns where critical temperatures exceed the allowable.

Floor slab: 350 mm supported by steel beams

Fire duration: 1/> hour allowed.
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x] N 63 *
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Fig. 3.45. Unprotected steel frame

L

Compartment
boundary Failed beam
Failed column
Effective length
of column

Heated ficor

Fire on

bothsides | |

Fig. 3.46. Floor deformation and column effective length at fire limit state
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Data (refer to Fig. 3.45):

Load characteristics

@GK 1-5 kN/m2

Lateral loads

®Gk = 3kN/m? at B 20kN

199

A=1.75

@Gk 6.0kN/m? ©®Gk = 6kN/m? at E 15kN
®Qk 1.5kN/m? @Gk = 3.5kN/m?
@®Qk 4.5kN/m? ®Qk = 5kN/m?

Beams/girders * 2Zp Ze Columns * 2p Ze

(em®)  (em?) (em®)  (em?)

305 x 102 x 33kg/m 481 416 1254 x 254 x 73kg/m  X-X X-X

UB Grade 43 UB Grade 43 990 895
406 x 178 x 67 kg/m 1350 1190 same as Y-Y Y-Y

UB Grade 43 UB Grade 43 463 306
B 533 x 210 x 82kg/m 2060 1800

UB Grade 43
686 x 254 x 170kg/m 5630 4920 & same as

UB Grade 43 UB Grade 43

* zp = wp1 (Eurocode 3 symbol for plastic modulus).

Reduction load in the column for fite limits is ignored based on number of storeys alone.

W = P = axial load = b1b2(va Gk + 7q,1Qxk 1)

See Fig. 3.46.

Sample Calculations for a Typical Area

Third Floor

(a) Fully restrained beam (torsional buckling is ignored) (Fig.3.47)

Beam EM

Mg = maximum moment at fire limit state

fire load = vgaGx + ¥1,1Qk 1
— (1.0 x 3405 x 3.5)
= 4.75kN/m?

My

475 % 3 % 67

8

= 64.125kN/m



200 3 Fire and Buildings With and Without Explosion/Impact

b=3m - 6 x 3m floor

— j{ supported by a
F slab transverse beam
—

Steel beam

Fully plastic

w = udl

C
6m -

Fig. 3.47. Steel concrete composite beam

Fire limit state

ng = load level

Ky <’YM,1 ) Mg

Kt \'w,pi) Mera
Ky 105 _ 64.125
K 1.0 232.83

= strength reduction = 0.1835

_fyve Sy

B fy,29 fy

0, = critical temperature of fire = 0.1835

= 0.275

= T corresponding to Kyy = 0.1835
=1739°C
= 244.475kNm
244.475
= oo X 10°
= 889 x 10* = w1 (Eurocode symbol)

M.y — wprfy _ 244475 x 103
oR o 1.05 x 106

= 232.83kNm

Fully restrained steel beam size:
406 x 140 x 46 UB
BS Grade 43
EC3 Part 1,2 (Grade S275).
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(b) Laterally unrestrained beam (lateral buckling method)

From the transverse beam supporting 6 x 3 m concrete floor would obviously
increase the value of total load: this will be point load P. Lateral buckling
will occur.

P = b1b2(v¢Gk+q,1Qxk,1)
PL
P =1674KN  Myax(elastic) = —~ = 251 KnM

Lateral restraints are at E, C, and M. New section:

_371.25 x 10°
- 275

section (steel tables): 406 x 178 x 67 UB

= 1350 x 10> mm? = 1350 cm?

Zp = Wp

b =3

ba =6

Yo1 = 1.5

Yo2 = 1.35

[ = buckling length = 3m

M, = 371.25kNm
T = Ti(flange) = 14.3
T = ty(web thickness) = 8.8

0.5
e = (235) = 0.9235

fe
T > 16mm?
F, =275N/mm’

Class 1 (Table 5.3.1 Part 1.1):

< 73e =72 x 0.9235 = 66.492

< 10e =9.235

NIQ &

From steel tables:

= 41 < 66.492

NIQ ~«ia

=6.25 <9.235

This is acceptable, and so the class 1 section is satisfactory.
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Lateral torsional buckling resistance (based on EC3)

My, ra = bending moment at the major axis at the fire limit state due
to buckling, i.e. buckling resistance moment
_ ﬁWbe)pl,S
M1
by = 1.0 for class 1
wply = 1350 x 10° mm* = bz,

i = 51.05
f» = bending strength

based on Table 5.21 EC-3, K — 1.0:

Cy

Determination of fy:

K 0.5
( ) =0.729 (Table 5.22 of EC-3)

minor axis radius of gyration  39.9 45.341
buckling parameter - 0.88

T = iz =

arr = minor axis radius of gyration x torsional index z (steel tables)
= 39.9 x 30.5 = 1216.95

K\ L 3000
05 ( — =(1.0)%%(0.729)%> = 48.28
w (Cl) i = (L0029 x ey
L 3000
Sl =24
arr 1216.95 65
Using Table 5.20 of the code, f;, = 251.45N/mm?.
Hence
1.0 x 251.45 x 1350 x 10°
My rq = = 323.3kN
b,Rd 1.05 x 106 m

> Mpax = 251 kNm .

The beam is used for normal temperature design.
Calculation for critical temperature for beam 406 x 178 x 67kg/m UB

Beam loading at fire limit state:

YeaGx +1,1Qxk 1) X floor area
=4.75 x 6 x 3 =85.5kN

(85.5 x 6)

Mmax = 4

= 128.25kNm.



3.9 Multi-bay-Multi-storey Framed Buildings Subject to Fire Loading 203

K (z, 6] method (non-iterative method approximation):
Normal slenderness = temperature dependent slenderness

_ ) — 45.31
/\LT =T = >\L,T,0 = ——=20.53
85.5
load level = ng = EM = M
KIywgs  MpRra
1.05 _ 128.25
1.0 3233

K;p=0.38.
Using Eurocode EC-3 Table 3.1.
=Ty = 600°C.

= Mmax

Kzﬂ X

Gmax

Similar calculations have been carried out for other zones and members. Mal-
hotra [3.16] carried out experiments and suggests that unprotected steel mem-
bers collapse between temperatures of 550-600°C.

Columns

Axial load/storey
w = b1 X ba(vaGx + 7q,1@x 1)
=6 x 6(1.35 x 3.0 + 1.50 x 3.5)
= 334.8 kN
maximum load on single column line acting axially
= No. storeys x 334.8 kN
=4 x 334.8 = 1339.2kN .

Normal design of column prior to fire limit state (based on EC3 Parts 1.1
and 1.2). M, from the plastic analysis of the frame for the column:

M = 124kNm

Pmax
124 x 108
computedz, = % = 45090909 mm? = 451 cm?

2,(Y —Y) = 463 cm?®
= 92.9 cm?

d
= — =233
2

—8o4=2"
ty

TR

Initial section:
254 x 254 x 73kg/m UC Grade 43; class I section:

column fy 20 = 275 N/mm2
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9 0.5
€= ( 3 = 275> =0.924

fy,20
1 = radius of gyration = 6.46 cm (from steel tables)
AF,
Npra = XOa ALy
™M1

_ A
)\ = normalized slenderness = )\—(ﬂA)O‘5
1

E\05
A= (—) Ba = 1.0 (class 4.3 section) vy = 1.05
= slenderness

A
L buckling length
C

radius of gyration
5000
=—="77.34
64.6 73
T34
©93.9x0.924
6 =05(1+a(x—0.2)+X) = 1.067

a (buckling curve C, Eurocode) = 0.49.

>

(1.0)%° = 0.892

Hence
1
X=— = 0.605
6+ (62 0
0.605 x 1.0 x 9290 x 275
Nora = XX X2 1479kN,

1.05 x 103
which is greater than P = 1339.2 kN.
Adopt column section

254 x 254 x 73kg/m UC.
Fire resistance
we1 = by X ba.
Fire limit state (approximation method):
w1 = by X ba(yaGx + ¥1,1Qk 1)
=6x6(1x3.0+0.5x3,5) =171kN
Prax on column = 4 x wg =4 x 171 = 684 kN
buckling length lg = 0.7L

_ _ k 0.5 B
AMmax = A = <ky"> =0.7Ap = 0.7 x 0.892 = 0.6244
Eo0
¢p = 0.5 [(1 4 0.49(0.6244 — 0.2) + (0.6244)?]

1
—{0.7989 + [(0.7989)2 — (0.6244)2]0-5}
adaptation factor = 1

Xfi =0.771
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Xfi
No,1,erd = T 5Ake0 fy.20

0.771 /9290
C L0 (1—m> kiz,0(275) = 792.9kN

0 =T, =620°C
If the entire frame is enveloped by fire, the temperatures on beam and column
at failure will be 600 and 620°C. The maximum 620°C is adopted.
Where the fire is on one floor, such as floor II, all other components have
been reanalyzed and the following table gives the developed temperatures
and temperatures they can sustain at failure:

T. =86 0, = capacity at failure temp
(developed) =T
Beams: BN and NC 50°C (580°C)
EM and MF 600°C (600°C)
GL and LH 80°C (750°C)
IK and KJ 30°C (850°C)
Columns: BE, NM and CF 50°C (600°C) buckling
EG, ML and FH 620°C (620°C) criteria
GL LK and HJ  30°C (620°C)
JA, KO and JD  20°C (620°C)

3.10 Finite Element Analysis of Buildings on Fire

3.10.1 Introduction

Structural solutions of building response to fire have been demonstrated in
earlier sections. A comprehensive analysis of fire response of buildings is
needed for the following reasons.

1. Evaluation of the temperature distribution history of buildings in fire
environments. This involves:
(a) heat transfer analysis of both linear and non-linear planar and ax-
isymmetric heat conduction problems
(b) type of analysis such as steady-state or transient with initial and
boundary conditions using one-, two-, and three-dimensional ele-
ments.
2. Thermal properties and dimensional changes due to the intensity of fire.
Types of changes characterizing degradation and the influence of both
convective and radiative mechanisms.
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3. Partial and complete damage of the overall building structure predicted
by the finite element package, involving correlation and corroborative
results.

A number of finite element packages can offer such options. The best

package should indicate the following major evaluations:

(a) material behaviour and dimensional changes caused by temperature
differentials;

(b) non-linear direct stiffness evaluation coupled with time-step integra-
tion should form the basis of the program:;

(¢) correct formulation of fire environment;

(d) efficiency in producing complex results using a combination of a va-
riety of elements where possible;

(e) it should be interactive.

3.10.2 Basic Heat Transfer Analysis

The governing equation for heat conduction is the heat balance equilibrium
equation:

po= (G + 01T IIT) + (W b =1

where
p = density
= specific heat
T = temperature (= T(z,y, 2,1))
t = time

T" = transpose of the matrix

pc%—f =é (3.163)
or .
—— _7T .164
B (3.164)
9
ox
{L}= aﬁ = vector operator = V (3.165)
y
0
a7

{LYT=vT or [L]"{qg} =V x{q}

{¢q} = heat flux vector

g = heat generation rate per unit volume.
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The heat flux vector to the thermal gradients can be determined using
Fourier’s Law:

{g} =~ [K],VT

K. 0O 0
[K]; = conductivity matrix = | 0 K, 0 (3.166)
0 0 K..

t

Ky, Kyy, K., = conductivity in the element x, y and z directions, respec-
tively.
Combining (3.160) and (3.166) and writing in a more familiar form:

( or or oT 8T>
pPC\ o7 V=75

ot v or Ty T s
_ 0 oT 0 oT 0 oT

Boundary Conditions

(3.167)

(a) Specified temperatures acting on surface 1 (S1):
T =T (3.168)
(b) Specified heat flows acting on surface 2 (S2):
{a}7{} = ¢ (3.169)
where

{m} = unit outward normal vector

q* = specified heat flow.
(¢) Specified convection surfaces acting on surface 3 (S3):
¢ = —hs(Ts = T) (3.169a)
where

S

hy = film coeflicient at temperature for the element

T = bulk temperature

T, = temperature at the surface of the model
Equation (3.169a) for ¢* can now be written as:
{7 [K]VT = ¢* = he(Ts — T) (3.169b)

Integrating (3.167) over the volume of the element and combining with the
finite element formulation:
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/ (pcéT (%—f + {U}T{L}T) + {L}T((ST)([D]{L}T))d(vol)
vol (3.170)
= / 6Tq*d(Ss) + / 6Thy(Tg — T)d(S3) + / §Tgd(vol)

vol

vol = volume of the element
oT

an allowable virtual temperature (= 67'(z, vy, 2,t)).

Heat Flow. In a fire situation, temperature T varies in both space and time. In
the finite element formulation given in the Appendix, the following equations
assume a major role.

The temperature T is written as:

T = {N}""'{T.} (3.171)
Where

T ="T(z,y,z,1)
{N} ={N(z,y,2)}
{Te} = {Te(t)}

" = transpose.

temperature

element shape functions

nodal temperature vector

The time variation is written as:

T = %—f = {N}YI{T,} (3.172)
0T has the same form as 7"

8T = {0T.}T"{N}. (3.173)
The combination {L}T is written as:

VT = {L)T = [B}{T.} (3.174)
where [B] = {L}{N}T".

The variational equation (3.170) can now be written as:

[ pelSTY T (NHNYT (N ) (o)
vol
+ / pel6T YT (N Hw) ™ [BI{T. }d(vol)
vol
+ [Ty (BT DB (o)

vol
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/ (6T} (N}q"d(S5)
/ (6T} {N}he(Tys — {N}T"{T.})d(Ss) (3.175)

/ (6T} {N}gd(vol)

vol

The quantities outside the matrix symbols, ¢ and ~ in particular, do vary over
the element. {T.}, {7’} and {07, } are nodal quantities which do not vary and
they are taken outside the integral. Equation (3.175) is to be multiplied by
an arbitrary term {67,} and may be dropped where {§T,}{6T.}7" appears
out of the rest.

Equation (3.175) is reduced to:

p / ANHNYT d(vol){T2} + p / (N} [Bld(vo) {T)

vol vol
+ / [B]”" [D][Bld(vol){T,}

vol (3176)
:/{N}q*d(Sg)+/TBhf{N}d(S3}

S S3

- / BN}V (T }d(S5) + / g{N}d(vol)

S3 vol

Equation (3.178) now assumes the following form, involving element specific
heat, total conductivity and heat flow matrices:

[CITY + (K™ + (K + [KEDAT} = {Qe} +{Q5H +{QI}(3.177)

where

[Cl] = p/c{N}{N}T//d(Vol) = element specific heat (thermal damping)

o matrix evaluated from enthalpy curve

(K = p [ ANHY (B)a(vol
vol
(K] = p/[B}T” [D][B]d(vol) _ total element conductivity

matrix
vol

K= [ BNV s,

S3
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@Q:/Whﬂwﬁ
Sa

Q] = /TBh’f{N}d(S3) = total element heat flow vector
Sa

@ﬂ=/mwmmm

vol

Based on the Stefan-Boltzmann Law, the radiation heat flux from the
surface, i.e. heat transfer rate, (), between two surfaces ‘i’ and ‘j’ due to
radiation is given as:

Qi = 05 Fyj Ay(T} — T}) (3.178)
where
Q; = heat transfer rate from surface 4
o = Stefan-Boltzmann constant
g = effective emissivity
F;; = view factor from surface to surface j
A; = area of surface ¢

T;, T; = absolute temperature at surface ¢ and surface j, respectively.

If the surface considered is small compared with the surrounding environment
at uniform temperature 7}, the effective or resultant emissivity €; = e, the
surface emissivity. The effective value of ¢; is calculated when radiation is
between two infinitely long parallel planes as

1

g, =—=—" (3.179)
1 1
—+—-1
E; Eg

where £, = gas or flame emissivity.
The total heat flux at a boundary
=q" +Q; convection and radiation. (3.180)

The shape functions and other parameters are given for elements in the Ap-
pendix. The heat flow equilibrium equation in matrix form given above can
be solved by time integration. The critical time increment At., is taken to be:

2
Atey = —— (3.181)

Amax

When Apax is the maximum eigenvalue and is given by:
1
¢ th
Amax < max; |/ | Kif+ 5 ZKfi_i (3.182)
J

the upper limit to the critical time increment is:
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Atey = ming |/ [ K+ % > Ky, (3.183)
J
where
ct, = specific heat matrix given above
K = element conductivity matrix

Kfu = stiffness matrix.

All these parameters are fully discussed in the preamble of this section on fire.

3.10.3 Computer Subroutines

Some important subroutines given in the Appendix are reproduced from
TASEF-2, a two-dimensional FE program on temperature analysis of struc-
tures exposed to fire, linked with the program ISOPAR, the description of
this 3D finite element analysis program (Appendix).

3.10.4 Applications

(a) Concrete beams and columns. The program ISOPAR has been tested on
beams and columns. Heat is transferred from three faces. The temperature
rise and isotherms are examined. Figures 3.48 and 3.49 show a more rapid
rise in beams than in slabs. The I-beam has a much higher temperature rise
than do rectangular beams or square beams. The higher temperature exists
in the central part of the I-beam. Figures 3.50a and b show isotherms for
various RC columns. The finite element results shown indicate that inside of
these columns the temperature rise is more rapid than that in beams of the
same cross-section.

(b) Steel and composite beams and columns. Figures 3.51a and b show
isotherms for steel and composite sections. In the case of composite columns
with embedded steel profiles, and due to reduction in strength and stiffness
in the outer part of concrete portions with temperatures above 300°C, the
stresses in steel are enhanced or augmented and early collapse occurs before
the steel reaches temperatures up to 500°C, a critical temperature. The fail-
ure theory of concrete is chosen to be the Ottoson failure criterion in the
three-dimensional finite element analysis given in the Appendix.

(¢) Full-scale prototype building under fire using three-dimensional finite el-
ement analysis. Two types of buildings have been examined; the description
of each of them is given prior to the analysis. The following points are kept
in mind when a building is on fire.

(a) A finite element method in connection with a time-step integration is
used to calculate the temperature distribution in any component of a
building. The Appendix gives the basic finite element technique.
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Fig. 3.48. Temperature versus distance for T-beams
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Fig. 3.49. Temperature versus distance for reinforced concrete beams and slabs

(b) Knowing the temperature distribution, it is possible to determine the
relations between loads and deflections of the building system.

(¢) The procedure takes into account the geometric effects, thermal material
laws and material non-linearity.

(d) Any frame composed of interconnected columns and beams is divided
into discrete elements. The beam elements are given in the Appendix. In
order to decide what type of element is used, it is necessary to take into
account the heat balance between adjacent mesh elements.
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Fig. 3.50. Isotherms for various reinforced concrete columns

At ambient temperature the fire resistance of composite concrete slabs
with profiled steel sheets as shown in Table 3.22 can, in the absence of
a suitable flooring system, be simulated into the finite element program.
Such composite slabs transmit tensile stresses due to positive bending
moments. The temperature of the steel sheets will increase in fire, and
material properties will decrease. At a certain temperature, dependent
on load level and frame static system, the steel may no longer be able to
transmit tensile force and, as a result, the slab fails for no load-bearing
capacity. These facts include the failure associated with the insulation,
if any.

All research work indicates that static continuity of beams or columns
has an explicitly favorable, increasing effect on the fire-resistance time of
these structural elements. The global behavior of real structures during
fires, although fires remain localized through the use of building compart-
ments, is important, since there is a probability of not inducing global
collapse at an early stage of the fire. All structural components are as-
sumed interconnected.

It is assumed no wind and snow loads occur simultaneously during fire.
Generally, the global safety factor recommended must not exceed 1.9 for
100 minutes of fire, after which global equilibrium failure occurs due to
structural mechanisms. The service loads, in that case, are to be increased
by 1.9.

The same conditions are considered in composite construction for the
local fire simulation.
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Fig. 3.51b. Isotherms for steel and composite sections (three-dimensional finite-
element analysis)
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Table 3.22. (Below and facing). Fire resistance of composite concrete slabs with
profiled steel sheet without additional means of fire protection

Laboratory tests Cross-section™ Statical system Live Fire Fire
and report no. (dimensions in mm)  (span in m) load resistance resistance
(country) (m/m?)  criteria time
regarding (min)
load-bearing
capacity
4 r
1 -> — 4
TNO ﬂ{ SRR Rostrainod 2700 L - 900H 0
DV R e
BV73-74 Ay It
(The Netherlands) R
1
2 00 2L 55
EMPA - L2
66356/1 I LS e
(Switzerland) =
3 10100 é > L 69
EMPA ‘ “,I — b=1 L0
66356/2 T i=
(Switzerland) E—
1 w00 O L 33
Cuict ol o o
——
74V58/T41 o
(France) Ap=———-
5 2500 % > % 35
CTICT ,,,I = =
TAV64/T4AT W feo
(France) ==
6 2500 % > % 37
CTICT ,,,I e A
74V59/T42 SR L =i
(France) L&
7 3830 % > % 38
G238 = ) fad
66.2385D e o
(France) ==
§ 1
8 3800 - > — 44
sS—em—a——l——— L~ 20
CSTB o =
66.2478A - e
(France) m——
9 6880 % > % 38
CSTB mI_'ﬁ-:u;-t*]_
70.4018 = 8 I”
(France) mp—-
10 10100 % > % 40
CSTB IMIW;
b/
60.2505 - L
(France) e
11 3300 é > . 40
EMPA ,wI Lo 30
58
11009 160_100 !
(Switzerland) LA
12 3500 % > L 43
VTT/PAL 200 load fm 30
A83T8 ASATAWE L
(Finland) Py

* Dense concrete, unless otherwise started.
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Fig. 3.52. Typical finite element mesh for the pyramid

3.11 Case Study for Global Analysis Based
on Finite Element Method — Canary Wharf
Building

3.11.1 Introduction to the Analysis

The Canary Wharf tower shown in Fig.3.53 is located in the East London
docklands area. Figures 3.54 and 3.55 show particular features of this tower.
The tower consists of a three-level substructure. Plant floor level is on the
2nd floor.

The tower is a square of 58.5m sides in plan, with its reentrant corners
rising to 235.8 m above ground level. There is a total of 49 floors, 45 of which
are allocated for offices. The total height at the tip is 245.8 m above ground
level. The remaining floors are allocated for penthouses, mechanical plant
and cooling towers. Figure 3.56 shows floor-to-floor height and structural
details. Typical floor height is 4.11m, including an allowance of 140 mm for
an access floor. Two setbacks all around are considered, one on the 45th floor
of about 4 m and the other of 3.5 m at penthouse level. The perimeter framing
consists of closely spaced columns and deep girders of the dimensions shown in
Fig. 3.57. The wind-resisting system is located on the perimeter of the floors.
In each tube, identical tree-like framing units exist. A floor system identical to
that shown in Fig. 3.57 is used for all office floors. The interior framing of the
service core takes only gravity loads. The lower portion of the substructure
consists of concrete floors, columns, encased steel columns and walls. The
building is assumed to have a fire somewhere in the uppermost levels.
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Fig. 3.53. Canary Wharf building

3.11.2 Data

structural steel: Grade 50 for perimeter tube, others Grade 43

maximum column plate: 150 mm

composite deck: 60 mm acting with 465 mm deep floor beams at 3 m on centre
spanning from the core to the perimeter tube

office floor area: 32.51 x 29 m with spans 14.23 and 12.17m

total gravity load on foundation: 2664 x 103 kN.

Figure 3.58 shows the finite element mesh scheme of the entire building.
The steel sections are three-noded isoparametric elements; each node has
a two-degrees of freedom system. All concrete elements are represented by
four-noded brick elements. A reference is made to the Appendix for steel and
concrete failure criteria. Based on tables given earlier, the fire resistance time
is taken to be 35 minutes. The following data for the elements are taken into
consideration:

Steel 350 000 elements

Concrete 290 000 elements

Others 15 000 elements.

The program ISOPAR covers material criteria given in the Appendix and
in the above mentioned paragraphs. Pseudo-fire is assumed to occur on and on
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Fig. 3.54. Diagrammatic elevation of tower using finite element mesh
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Fig. 3.58. Finite element mesh scheme for the Canary Wharf building (with-out
canopy) — 3D layout from the East/West side

the 25th floor and on the 45th floor simultaneously. The time assumed prior to
the arrival of fire fighters is 35 minutes. The black band on the finite element
scheme is the area of the transfer floor. The temperature developed in the
concrete of the flooring system is 360°C (see Table 3.23) and a great deal of
the yielding has occurred in the steel complex. The floor system has collapsed
but no serious damage has occurred to the tubing system. Some additional
floors shown by hatched zones have been affected. The steel complex has
reached 600°C within half an hour in most areas on the 25th and 45th floors.
Floors 24 and 23 have reached 55°C to 65°C in all areas. The pyramid is
not affected but the temperature in most areas is 45°C. This example was
computed in 75 minutes of a Cray 3.

The computer program FIRES-T3 (Fire Response of Structures — Ther-
mal, Three-dimensional),* in association with ISOPAR, which conducts the
fire scenario at the floor level, is demonstrated by Fig. 3.59. The fire scenario
is illustrated in Fig. 3.60.

The procedure is to excite fire at a specific floor and then produce a sce-
nario and damage at floors above and below. The procedure is continued
from the bottom floor/basement to the canopy in successive stages by arti-
ficial generation of fire. A 1-hr limit is established prior to the arrival of the
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Fig. 3.59. Fire damage at particular floor levels for a portion of the building

fire ambulances. A typical damage zone of the floor and verticals is shown
by brown colours. In the elevations, the green colour represents floor levels
which show temperatures from 80 to 120°C and are still robust. No damage of
serious consequence occurs. It appears that the structure has been designed
for much worse conditions. Concrete elements in the floor receive cracking,
as shown by blue lines along the walls. Again no bursting of reinforcement
occurs elsewhere. Overall, conditions of the building for a 1-hr continuous
fire affect very little. If the fire is extended for 4 hr, the floor segments fall
where the red rectangles are shown. The corresponding temperature rise to
550°C. Yellow total indicate total damage in areas at 550°C but the steel
has yielded and is not collapsed. The limiting time of 4hr is sufficient. The
overall performance of this build-up is very satisfactory.

This program is similar to TASEF given in the Appendix has been mod-
ified extensively to link with BANG-FIR and FEMVIEW in order to create
a disaster scenario due to fire in the said building as a formal test case. This
is shown in Fig. 3.60.
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Fig. 3.60. Fire scenario (typical example on assumed calculated fire) — initial
example on Canary Wharf, London 2003
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Table 3.23. Initial temperature distribution for columns-atypical example

A column 203 x 203 x 60kg/m is protected on all four sides by 2 5mm insulation of
vermiculite slabs. Using the following data and the relevant Eurocodes, calculate
the time for protection such that for the furnace temperature T¢ of 950°C, the tem-
perature rise Ty on the assembly is no more than 340°C, which is the temperature
for column collapse.

Column 203 x 203 x 60 kg/m
As =T76cm

Steel properties < Cs = 250J/(kg x °C)
ps = 7850kg/m”*

depth of section = 209.2 mm
breadth of section = 205.2

di = 0.025m
ki =0.15W/(m x °C)
Insulation properties & = 12001/ (kg x °C)

25000
(= AtE T
P 7 Dor P/A,

Tt = initial furnace temperature = 330°C
for 1 minute based on ISO standard T = 345log(8t + 1) + To

To or Ty = ambient or initial temperature = 20°C at zero time.

European practice

Column size 254 x 254 x 60kg/m
D 1.636

Ps OIKS = W =77.17Tm
25000
At ¥ ——— =324
? o C Ssec

Adopt

At = 300 sec(5 min)
A, = 300)(77.17)
520 x 7850

T, = temperature rise (°C)

T = 345108,(0.133 X t + 1) + Toyg 59 = 113.20
At ¢t = 5min

T = 34510g(0.133 x 5+ 1) + 20

a = ac + ay
577%05 | (T +273\"  [Ts+273\" 2 o
( 100 )7( 100 )}W/(mxc

(Ty = T5)

(Tt — Ts) = 0.00596 or (T — T2

Qy =

According to the temperature rise (500-600°C), this column when fully loaded will
collapse after about 85 minutes.

D or P, =2(a+b) = 2(205.2 4+ 209.2) = 828.8 mm = 0.8288 m
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t (min) T; (°C) a = ac+ ar (W/(m? x °C)) T; — Tx(°C) AT, (°C) T (°C)

0.00 20
500  113.20 29.92 76.40 16.80 :
36.80
10.00  163.54 31.17 126.74 23.55 :
60.35
15.00 224.71 33.6 164.36 32.92
93.27
25.00 312.69 38.0 219.48 49.75
: : : : 143.02
35.00 402.61 44.83 259.59 69.36 :
: : : : 212.38
44.00  529.73 57.70 317.36 109.14
321.52
75.00  680.46 81.38 358.94 174.1 :
: : : : 495.62
100.0  894.21 134.08 398.59 318.52 :
814.14
di  0.025 Dor P, 0.8288
= =" —-0.1 = =1
K~ o1 Ol A, 6x10-7 109
At = 29900 999 sec Ay =76 % 10" m?
109
At = 4min as time interval
Ar, = DTE=Ts A GsPs .
As  csps Cote 4+ pdiB T d
s Ps i 214g
109 x 4 % 60(Tr — T2)
520 x 7850 s
520 x 7850 [a5s

Hence

520 x 7850 + 1200 x 300 x 0.025 x 9
= 0.064(T; — T.)(0.8)(6)

= 0.0307(Tt — T%)
AT, = 0.0307(330 — 20) = 9.5°C ~ 10°C.

Ty =20+ 10 = 30°

On the lines suggested the following table can be utilized
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Time (min) T: (°C) T: — Ts (°C) AT, (°C) Ts (°C)
0 20
330 310 10 30
60 950 632 25 340
Check

P . . . . .

1= 109 ignoring thermal capacity of the insulation

d;

— = 0.17

K; 0

Ts at 60 minutes = 360°C

Hence the protection time is around 60 minutes.
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4 Structural Response to Blast Loadings —
Methods of Analysis

4.1 Introduction

It is important to check that all plans for safety are in agreement with the
proposed measures to be adopted which include protection to receive to the
occupants, contents, essential building functions, emergency functions and
essential repairs and retrofitting etc. The most important items under obser-
vation are:

(a) exterior walls and columns inside the buildings,
(b) exterior columns in buildings,
(c) elastic, plastic instability and P — A effect.
(d) Roof structures
The roofstructure, apart from normal design, shall consider the following
loading cases:
(i) down ward overpressure — primary load
(ii) suction due to negative pressure (negative loading phase)
(iii) upward blast pressure arriving from penetration through windows,
doors and other openings.
(e) Floor structures
The floors are to be designed to withstand blast loadings and pressures
acting from above and from below independently.
(f) Framed structures and shear walls
The frame must be designed to withstand both the total blast on the
building and also the ground shock. Soil structure, interaction must be
the basis for the analysis and design. Both vertical and lateral loadings
must be considered simultaneously. Progressive collapse criteria must be
satisfied as part of the global analysis.
Where shear walls and a lift core are used, they must adequately re-
sist the blast and assist the frame in transmitting the total load to the
foundations, thus minimizing the P — A effect.
(g) Foundation structures
Foundations are not directly in line of blast loads unless the bomb ex-
plodes in the basement or underground car parks. All vulnerable areas
are to be included in the overall performance of the building. The design
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of such components of the foundation must include anchors, piles and
embedded items such as prestressing cable galleries, pipes and others.

In the design of all these elements, the blast loads are combined with dead
loads with a partial safety factor for load of 1.0 when upward pressures due to
blast are considered. For downward pressures, regular partial safety factors
must be added. For P — A and lateral effects, all loads in given design codes
are to be considered. The inelastic deformation is also considered. For strain
rate effects, a reference is made to Appendix for detailed input on a specific
material.

Since bombs, plastic explosives and other incendiary devices are extremely
sensitive to the geometry of the target, the analysis becomes complex and
costly. Diffraction becomes a big problem. Therefore, final element and other
numerical methods are adopted for the analysis of the global behaviour of
the building subjected to blast.

4.2 Methods of Analysis and Design

Methods of analysis have been fully explained in Chaps. 2 and 3 and sections
elsewhere of this text. However, there is an additional proviso that whatever
methods are used they require adequate resolution in space and time to ac-
count for high intensity and short duration loading. The following methods
are recommended:

(a) The modelling of components such as beams, slabs, columns and walls
can be carried out by a single or two-degree-of-freedom system. The re-
sponse of such components can be found by using standard charts and
handbooks. Limit state analysis and a plastic method of analysis can be
useful tools.

(b) For complex structural components, or for the entire building, nonlinear
finite element analysis using explicit or implicit or mixed hybrid modelling
on micro- or main-frame computers should be carried out. The Appendix
provides guidance for such an analysis of complex building problems.

(¢) The use of discrete elements or a mixture of discrete and finite element
method described later on in this text.

Any numerical and analytical methods cannot be justified exclusively unless
they are coupled with the structural response analysis. It is also essential to
develop some simple structural response analysis.

4.3 Structural Response Analysis to Blast Loading

Bangash and TM5-1300 have given detail the response of building structures
to explosions. The structural response is dependant on a number of fac-
tors including layout, structural detailing, damping characteristics, material
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properties, explosive charge source and its range and degrees of freedom and
individual components and the entire structure. The vibrations produced can
be based on single-degree-of-freedom situations. The vibration can be free or
damped. Sometimes to simplify the analysis the analysis, standard charts are
prepared to evaluate certain parameters needed for the explosion analysis.
Based on Table 4.1 where single-degree-freedom equations are summarized,
a blast load with triangular load approximation is taken into consideration.
Figure 4.1 gives the elastic-plastic response in which resistance and displace-
ment functions and the Cy, work done ratio are given for the blast load with
triangular formation. Similarly Fig. 4.2 gives a similar plot for a rectangular
formation of the blast load. These graphs have been produced by the USA
Army Corps of Engineers. Referring to Table 4.1, and the idealised blast load
impulse given in Fig.4.3 (the details of which are given in Fig. 4.1, a deriva-
tion for the dynamic load factor (DLF) was developed and plotted by Baker
et al. for a single degree in Fig. 4.4 and for a corresponding ., /T, relation in
Fig. 4.5 for all value of tq/Ty, where tq and T, are the maximum blast time
and natural period, respectively. Examples 4.1 and 4.3 explain these concepts
in detail.

4.4 Design Examples

4.4.1 Example 4.1

Define step-function and ramp-function loads. Determine in both cases the
response equations for a single-degree-of-freedom system. If the step-load
response with time-rise is given in various figures, determine the maximum
response.

Solution: Responses for step-function and ramp-function loads.

(a) Step-function load
This is a suddenly applied load that remains constant and is non-periodic
(see Fig.4.6). The equations of motion with and without damping are
given below:

M +Cé+ Ké=F damped
. (4.1)
M6+ Ké =F undamped

(b) Ramp-function load
A ramp load increases linearly with time (Fig.4.7). The equation repre-
senting this situation is given by

ot

=4

where ¢; = time to reach F'.

F. (4.2)
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Table 4.1. Response analysis equations

1. Single-degree of freedom systems

Equation of motion

F(t) = M§5 + C§ + K6 L 5. (a)
M = mass l
§ = displacement

i K Cc
¢ = velocity T

6 = acceleration

. Equilibrium M
C' = damping position
K = structural resistance l

(spring constant) 8t F(n

If C = 0, the structure is undamped. F(t) = applied force; if F(¢) = 0 the structure
of the building will have fundamental vibration.

(A) For free vibration

At t = time = 0, 8o = velocity at time 0. The complete solution for displacement is
)
§(t) = =2 sin wt + 8o coswt (b)
w

where

K
w =4/ i (undamped circular frequency)

Where damping is not ignored, the damping factor £ is involved, the value of
& = C/2Mw. The displacement §(¢) can be written as

5(t) = et [Cl sinwy/1 — &2t + Cacoswy/1 — §2t] (¢)
Consider wgq = damped frequency then

w,
T
if ¢ <1 underdamping
> 1 overdamping
£ =0 undamped
£ =1 critical damping = 2Mw

C, and C5 are coefficients. The larger the value of £, the greater is the recovery
period.

(B) For forced vibration
If 6 = 0, then 8o is the initial velocity, and the displacement at time 7 is
F
Azr = % sinw(t — 1) (d)

The total displacement between ¢t = 0 and ¢ can be written by substituting the
right-hand side
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o(t) = /Amdr = Jstw / f(r)sinw(t — 7)dr (e)
0 0

where

0st = static deflection due t F = F

<t = static deflection due to = M N
The blast load is generally idealized as a triangular load. The displacement §(¢) is
then

0(t) = do coswt + % sin wt
w

t
+0stw / f(r)sinw(t — 7)dr (9)
-0
f=1-= (h)
d
After integration and simplifications
F t 1
5(t) = X {1 LT coswt + o sin wt (2)
The dynamic load factor (DLF) or dynamic increasing factor is given by
DLF = Oayn =1—coswt+ smwt 1 (4)

st wtq ta
Note: § = x or y on graphs.

For second-stage response for times in excess of the positive-phase duration of
the blast load

F inwt
do = initial displacement = — SN coswty (k)
K wtd
. F t 1
do = initial velocity = — | wsinwat + coswita 1 )
K tq ta

and f(7) =0.
Substituting into the §(¢) equation, the dynamic load factor is

1
DLF = o [sinwtq — sinw(t — ta)] — coswt (m)
Wiq

If Th = (27 /w) is the natural response period, the DLFmax versus tq/7Tn plot can
be given in graphical form as shown in Fig. 4.3. Similarly time to reach maximum
displacement (tm) can be related to tq/Ta and is shown in Fig. 4.3.
Types of classification
ta short

04 > wtq ——
v dTn long

— Impulsive I or i

tq long

4 tg—
0<w 1Tn short

— Quasi-static

0.4 < wtq < 40 {;—d ~ 1} — Dynamic

n

(C) For forced vibrations of a damped structure

The incremental displacement Ax due to an elemental impulse and the final dis-
placement § at time t can easily be derived and are given below:
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Ff(r)dr

Azr = “Mon e 0 ginwa (t — 7) (n)
5(t) = e fwt [m sin wqgt + dg cos wdt}
wd
9 t
I /f(T)efg“’“*T) sinwa(t — 7)dr (0)
Wd
0

The dynamic load factor (DLF) can also here assume the form
6max 1

F/K) 272 2 (p)
) e
w w
where w¢ = forced vibration frequency.
Other relevant blast loading cases can be gathered from examples.

4.4.1.1 Step-Function Load
A complete solution is the sum of complementary and particular solutions
F
§ = e “S(Acoswst + Bsinwst) + 7 (4.3)

where A and B are constants from a stage at rest; the arbitrary constants are:

A= ,g : B = 7§:}u—i with damping
Hence
5= r {1 — e “(coswyt + Yy Esinwdt)} (4.4)
K wr ‘

Here wf = wyq, the frequency with damping or delay, Generally §/FK is
plotted against ¢/T;, where T, = 27w /wy (Fig.4.8).

The time over which the maximum peak occurs, t,, is computed from
F 2
I e Wt {% + wf} sinwet, =0 (4.5)

ort,=Nm/wy N=0,1,2,...
The peak occurs when N =1 (see Fig. 4.9); ¢, = m/ws. The equation for
Omax 1S given as

F
P - ?(1 + efw&r/wf) (4.6)

The response can also be evaluated using Duhamel’s Integral
t

0(t) = — /Fef“’g(tﬂ') sinwe(t — 7)dr (4.7)
0
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F(t)

Fig. 4.3. Idealized blast load impulse

| 1 1 | S ] L O ] e

10-1 2 5 100 2 5 107
ty/t

Fig. 4.4. Maximum dynamic load vs tq/7T, for elastic SDOE system
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Fig. 4.5. Time to reach maximum displacement vs tq/T, for elastic SDOF system

Ramp-Function Load

The response is obtained from (4.7). For an undamped system, the Duhamel’s
Integral can be simplified to

¢
1 Fro.
o(t) = Vo / . sinw(t — 7)dr (4.8)
0

Equation (4.8) can also be written as for the displacement at ¢ caused by the
impulse of T

F(r)dr
M

d4(t) = e~ €=
(1) = eeve-n) | 20

sinw(t — ) (4.9)
Each impulse in Fig. 4.6¢ will assumingly produce a vibration of this form.
Since the vibration equations are linear in this case, each impulse is inde-
pendent of another one and the total resulting motion can be calculated by
the principal of superposition. Equation (4.9) maybe integrated form to give
vibration at time t¢. Looking at (4.8), the following comparable equation is
obtained.
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t
1
() = <1 / F(r)sinw(t — T)e &0t (4.10)
0

Equation (4.10) is the Duhamel Integral. This equation is useful evaluating
response of the structures to impact and blast loading of the damping is
neglected (£ = 0), then

t
F
o(t)= M—(; /sinw(t —T)dr
0

4.11

=04 (1 — coswt) (4-11)
R L & 1

since= - = < - )w = Ostw (4.12)

The displacement curve is shown in Fig. 4.6b, in Fig. 4.4, where DLF is 2.0, it
is an upper bounce. With the shock loading is often a finite rise time before
maximum load is reached, it reduces the value DLF.

If (4.8) is directly used, then the solution is given by

F [t sin wit
=% (a‘ ot )

Note that w = w, for damped cases, and that ¢; = t4 on the graphs.

4.4.1.2 Step-Function with Time

For an undamped system where ¢ < ¢; and ¢ > ¢; the responses can from
previous equations be derived as

F /t sinwt
t)y=—= | — — ; t<t 4.13
(=" (u n ) <1 (4.13)
F sinwt  sinw(t —t1)
S(t)==—(1- Lt t 4.14
() K ( wtl + wt1 ! ( )

The maximum value of the response occurs for time ¢, by equating the time
differential of (4.14) to zero

F
?{ — coswt + cosw(t —t1)} =0 (4.15)
% —1 (4.16)
tan w—

2

N t
ty=—+2  N=01,2,... (4.17)
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By

BVANYA
Fwy=Fo t=>0 8 \/
t (time)

(a) Step function

F(y

t
(b) Response to suddenly applied load
F

| T\

v

L 1
r % _‘I'E'r

() Arbitrary forcing function

40-|
y@ =ef“TF(r)coswt = 30-
=z Force
s 20+
i~
€ 104
0 s
|51y, T T Tote
T T
SN
(d) Numerical evaluation of Duhamel integral
104 Undamped
N
E
£
-§ 0 T T T [
8 0.05 01 03 0.35
5 Time (s)
o
-10-

(e) Response to Blast loading

Fig. 4.6. Response and numerical solution method
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When t =t,

(5m X — T~
@ K wt1

F 2sin(Nw — w(ty/2

{1+ SN —w(t/ ))} (4.18)
A proper value of N giving (2sin(N7 — w(t1/2))/wt1 = « positive value will
give a true maximum value of Oy ax.

Numerically, for example, an explosion load is represented by a triangular
forcing function as shown in Fig.4.3 and decays linearly to zero. Assuming

the structure is of a one-of-freedom and keeping £ = 0, determine maximum
response when Fy = 30kN and tq = duration oft he impulse = 0.165.

Basic theory:
The forcing function must be described in two parts, namely during the
application of the force, and after it has decayed to zero. Therefore

Foyy=Fo(1—-t/ta); 0<t<tq (4.19)
=0; t <tq (4.20)
Neglecting damping, the displacement while the load is being applied is
given by
t
d = (Fo/Mw) /(1 —7/tq)sinw(t — 7)dr
0 (4.21)
=gt [1 — (t/tq) + (1/wtq) sinwtq — coswtd} ; 0<t<ty

The vibration after the loading has decayed to zero may be found by first
obtaining the displacement and velocity at tq. These can be determined

O(ed) = Ost [(l/wtd) sin wtq + cos wtd] (4.22)

O(ed) = Ost [w sinwtq 4 (1/tq)(coswtg — 1)] (4.23)
Substituting (¢ — tq) for the elapsed time while neglecting the damping

1

d(t) = Ost { {Sinwtd + (E) (coswtq — 1) sinw(t — td)}
d

(4.24)

1
+ Kt) sinwtg — coswtd} cosw(t — td)} t>tq

wid
A graph of tq/t against DLF as stated earlier can be plotted:

(a) If the blast duration is long compared with the period of vibration — a
case for constant suddenly applied load — a case for a constant suddenly
applied load and the DLF i.e. §()/ds tends towards 2.0.

(b) If the blast is for a brief duration compared with period of vibration the
inertia of the structure will play part to prevent it to respond to the load
quickly, the DLF < 2.0
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When damping is considered, (4.24) can be written as

Sty = e;:t {c1(t)sinwt — co(t) coswt } (4.25)
Where
Ci(t) = fte5“tF(T) cos wrdr (4.25a)
0
t
Cy(t) = Ofeg‘”tF(T) sinwrdr (4.25b)

The integral C(t) and Cs(t) need numerical integration. Trapezoidal Rule
for these integral is suited better. Now consider the integral C(t), evaluate
(see Fig.4.6b), the value pfY = ef“'F(7)coswT at equally spaced interval.
C4 (t) for a complete response history is evaluated by performing summation
incrementally

At
Cit = C1(t — At) + 7(ynfl + yn) (4.26)

value of the integral
at the previous step

By replacing cos wt and sin wt, the integration of Cs(t) is simply performed on
the lines suggested for C(t). The displacement 0(¢) in (4.25) is evaluated at
each time step. Program D. RESPONSE is written to salve Duharnel Integral
numerically is documented on Plate 4.1. Referring to Plate 4.1, the frequency
f computed as 4.50 Hz, the period T is

1 1

T— 2 — — —0.2222:
Fooap o 02

tq(given) = 0.165

tq  0.16
T 02222 0.72

K =4 x 10> kN/m; M = 4000 Kg
Using Fig. 4.4, the DLF is computed as

DLF =1.41

) _prp— 141
(Sst

§(t) = 10.6 mm

Figure 4.6e gives then the response to this blast loading.
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Plate 4.1. Computer programs Simpson approach for blast load cases
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10 REM

20 REM

30 REM

40 REM

50 REM

60 REM

70 REM

80 REM

90 DIM
100 DIM
110 READ
120 DATA
130 FOR
140 READ
150 DATA
160 DATA
170 DATA
180 NEXT
190 PRINT
200 INPUT
210 IF

220 C1

230 YO
240 A
250 FOR. I
260 P

270 E

280 C

290 Y1

300 Z1

310

320

330 A
340 YO
350 NEXT
360 PRINT
370 J

380 FOR
390 J

400 IF

410 INPUT
420 J

430 PRINT
440 NEXT

450 GOTO
460 STOP

PROGRAM LOADING

N = NO. OF STEPS
L = STEP OF LENGTH
A% = CIRCULAR FREQU.
M = MASS
D =CRIT.DAMPING
F = FORCE
A =DISP.
F
A
N, L, W, M
32, 0.01, 28.2600, 5000
=1 TON + 1
F

30, 28.125, 26.25, 24.375, 22.5, 20.625, 18.75, 16.875
15, 13.125, 11.25, 9.375, 7.5, 5.625, 3.75, 1.875, 0
0,0,0,0,0,0,0,0,0,0,0,0,0,0,0
1

“Type in crit. damping”

D

L <0 GOTO 460

=0:C2=0

=F(1):Z0 =0

=0

=2TON+1

=W*(I-1)*L

= EXP (D * P)

= COS(T) : S = SIN(T)

=E*F(I) *C

=E*FI) *S

=Cl+4+ (YO + Y1) *L/2

=02 + (20 +71) * L/2
=(C1*S-C2*C)/ (M*W *E)
=Y1l:Z20=171

1

“TIME DISP.”

=0

1=1 TO N+1

=J+1

J <20 GOTO 430

“—more—", J$

=0

Ay * 1000000!

Go to

Simpson

180
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F(t)

Fig. 4.7. Ramp function

F(t)
SIFK

SIFK

uT

n

Fig. 4.8. Step function load §/PK and t/T, relations

4.4.1.3 Additional Response for Shock Loading

The response to shock loading is vital and evaluation is required if the loading
is represented by a rectangular pulse load or a triangular pulse load. Since
these loads are of short duration the effect of damping shall be ignored.
Define clearly these loads and derive expressions for both cases for maximum
response.

Rectangular Pulse Load

A rectangular pulse load of duration ¢; is shown in Fig.4.9. When ¢ < t; ,
it is in fact giving the same response as that indicated by the step-function
load (zero damping)

F T,
i(t) = ?(Z —coswt)t <t or tq< > (4.27)

where tq is the duration of a rectangular pulse. For ¢; will be

F
d(t)=—=( — coswty)
K " (4.28)
d(t) = velocity = ?w(sin wtq)
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F(1)

[ e —— etk F 0= force

1 t (time)

Fig. 4.9. Rectangular pulse

SnaxdF

Shock spectrum

4/To

Fig. 4.10. Shock spectrum location

Forced time vibration 0 <t < tq
Ri(t) =1—coswt (4.29)

Second forced-time era: t > t1 or tq <t

o(t)

0 =06(t1) cosw(t —t1) + Tsinw(tftl) (4.30)
Residual vibration era:

§=Ra(t); 6(t1)=Ri(ta); 6(t) = Ri(ta) (4.31)
Substituting various values in (4.30)

§= %{ cosw(t — t1) — coswt } t>tiortg <t (4.32)

The maximum response (Fig. 4.10) will be at the maximum time ¢,
P nwt, =0
— sinwt, =
K (4.33)
tp, = — <tjorty
w

t1 or tg > %Tn where Tj, is the natural period. When

t=t,
F
6max =2—
K

Differentiating (4.19), ¢, becomes
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= Tn tl
Py T2
(4.34)
F .t 2F t1
Omax =2—sSinw— = — sinm—

Note that t; = tq on the graphs.
Triangular Pulse Load

The pulse load is of triangular shape of total duration ¢t; = tq and it is a
superposition of a three-ramp function. The first ramp has a slope of 2F't/t;
at time ¢ = 0. The secondary function applied at ¢t = ¢1/2 has a slope of
—4F/t1. The third ramp has a slope of 2F/t; at t =t; (see Fig.4.11).

2F t sin wt t1
i(t)=— — = t< — 4.35
( ) K + (t1 wtq ) -2 ( )
2F t 2sinw(t— (t1/2))
(t)=—|1——— 4.36
0= 1- 1 o (4:36)
2F [ sinwt = 2sinw(t — (t1/2)) sinw(t —t1)
ot)y=— |- — t1 <t
( ) K |: wtl + wtl wt1 !
(4.37)
Maximum response dmax for ¢ = ¢, in (4.37) obtained as
t
oS <wtp - %) =0 (4.38)
t 1
tp:% + 51 = §(t1 + 2T5,)
(4.39)
B = |2 (1 PV for 2> L within <t <
max — 7- | 5 - ~ T — S within — s 7 5
Kot ' 772 o, T2 '
The ratio of dpax/(F/K) can now be plotted against ¢;/T;,. Thus:
6max
Rinax = (4.40)

(F/K)

The term is a response.
Special Application of Duhamel Integral for Impulse Load

Referring to (4.10) using Duhamel Integral. The responses of a system for
undamped damped cases are summarised as:

Undamped:
t

i(t) = Vo /F(T) sinw(t — 7)dr (4.41)
0
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F(1)
F ’
/
," t=t,
12 t
;’\
/)‘
t.
t, t !
¥, &

4F (bt
( -'3).:‘1

Fig. 4.11. Triangular pulse load

(a)

—d

M — F(t)

ks
(b) F(1)

" e
cII. = F(r)dr

-——— T ———

dr "C:t]

Fig. 4.12. Duhamel’s integral method

Damped: Referring to Fig. 4.12 it follows

t

1
o(t) = —— / Froye rt=md7 gin gpdr (4.42)
f
0

Referring to Fig.4.6 when t; = 0.5sec of a triangular impulse for a portal
frame displaces by 8 mm.

(a) F(t)=F (1 - ) 0<t<t (4.43)

(b)  F{t)=0 t <t (4.44)
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When 0 <t <t
t

5(t) =L sinwt/ (1 - tl)
0 ! t (4.45)
x coswrd(wr) — £ coswt [ (1 - %) sin wrd(wT)
0

Upon integration

5t) = £ lsinwt dsinwt — (L) sinwt — — 4
= — |SInw s wit — — SIN WL — —— COS W E——
K t t

1 wtl wiq
(4.45a)
t 1
— COSWT {cos wt+14+ —coswt — — sinth
tl wtl
Simplifying
t 1 Ko
R1(t)=1—E—COSWt+w—tlSiHWt R:?; f:% (4.45Db)
fti=0 05 150 1.80 2.0 2.10 (4.46)

Rpax =2 125 1.0 150 2.0 2.50
When t1 <t
Same as above but it is evaluated at time #; since F(7) = 0.

When t =t

5(t)—F inwt ! bt — td - L gine (4.47)
_K S11n W n COS Wiy n COS W n S Wiy .

wiy wiy Wity

On simplification

1
Ry(t) = o [sinwt(1 — coswty) — coswt(wty — sinwty )] (4.48)

With damping, £ = 0.05.

Numerical case

K 2 % 10 x 109
o 2T 3 623~ 31,
SV 50 <100 ° 6
w

f=—=05.03Hz
2

ft1=5.03 x 0.5 = 2.515

substituting into the above expression and/or by interpolation of the values
computed for R,.x against ft; gives:

) 2x5x%x107 x 8
— g Smax _ _3
Oma Ronoe ( 2.10 ) x 10

=31.095 MN
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4.5 Finite Element Method of Analysis

4.5.1 Dynamic Finite Element Technology

Bangash M.Y.H. 3D Finite Element analysis BANG-BLAST in order to assess
the structural integrity and structural response. Appendix I gives through an-
alytical study of the dynamic finite element analysis using Blast Loads with
and without fir loading. The program BANG-BLAST can be applied to struc-
tural elements and global or prototype structures. Loading defined in Chaps. 1
and 2 can be simulated and create damage scenarios. The detailed study on
WTC Buildings New York has been carried out using BANG-BLAST. A sep-
arate section on case studies on the collapsed scenario of the World Trade
Canter in New York.

4.5.2 Combined Finite Discrete Element Method

Bangash T. has developed a combined finite-discrete element modelling of
structures when they are in distress. This method which was originally ini-
tiated several researchers for rock mechanics has been thoroughly modified
by Bangash T. for his Ph.D. work and applies to concrete structures under
blast loading. Bangash T. analysed the Alfred Murrah Building and used
blast pressure loading provided by Kirkpatrick Consulting Engineers of Ok-
lahoma, U.S.A. the detailed case study on Murrah Building is included in
this text.

4.5.3 Element Technology
4.5.3.1 Introduction

In this chapter a simple element is introduced which can be used in the
discretization of structural elements.

a2

Fig. 4.13. Beam structural element
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A structural beam is shown in Fig.4.13. It’s orientation is described by
local element axis al and a2.

This beam can be discretised into nodes and elements as shown in
Fig.4.14.

290900090090

Fig. 4.14. Discretised beam structural element

The mass of each node is taken to act across half of the adjoing elements
to either side of the node, as shown in Fig. 4.15.

9

- »
* L

Fig. 4.15. Area over which mass of node acts

Each element has end nodes ¢ and j at either end. The local orientation
of the nodes is described by the local nodal axis. For example, at node ¢ this
would be e;(;) and ey(). The element length is represented by vector r;. 7 (i)
and r(j) are the respective nodal vectors in the global axis as illustrated in
Fig.4.16.

Yt €2(i) €2(j)

ey T €1(j)

Node i Node j

r(i) r(j)

Z
Fig. 4.16. Typical element with nodes-showing local nodal and global axis

This element can then be used to discretise walls, beams, columns and
slabs, as illustrated with a simple structure as shown in Fig.4.17.

The nodal rotation is found as follows. Figure 4.17 shows a simple element
with applied moments at each node. The nodal orientations are thus found.

If the element length, L is small it can be can asserted that

L =2¢r (4.49)
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@ 2
EdgeBea
________________ .
B
.................. @
-

9 O

2¢

Fig. 4.18. Derivation of the formula for nodal rotation

where ¢ is the angle and r is the radius of curvature. Rearranging (4.49) gives

1 29
—_ == 4.
T (4.50)
The first term in (4.49) is equal to the curvature ¢,.
1
e 451
bu= (451)
Hence the moment, M can then be computed using (4.42)
ET
M="" =¢,EI (4.52)

R
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Therefore by substituting (4.50) and (4.51) into (4.52) the expression for
moment can be given as

M = % EI (4.53)

Rearranging (4.53) gives

ML

= (4.54)

¢

4.5.3.2 Element Accuracy for Various Loading
and Support Conditions

In the following examples the deflection is derived for particular loading cases,
each with a varying number of elements. In each case the error is calculated
and compared with the exact result.

Example 1. Cantilever with a Moment at the Free End

-
L

BMD [

<

Fig. 4.19. The BMD and deflected shape for a cantilever with end moment

The exact deflection, v in the standard case is given by (4.55)
- MIL?

= 3BT (4.55)
Case with 1 Element
The angle ¢ is found using (4.54).
o= ML (4.56)

2ET1
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Fig. 4.20. Deflection using one element

The deflection, as given in (4.57) is derived by multiplying the angle ¢ with
the length of the element, which in this particular case is L
2
Al ML ML
2ET 2ET
where A = the deflection in our case, £ = the Youngs modulus of elasticity,
I= the second moment of inertia.
As is seen this expression for deflection is the same as the theoretical
prediction for the deflection and hence no error is found.

(4.57)

Case with 2 Element

A similar principle is employed for the case where two elements are used, to
calculate the deflections A; and Ay of the first and second elements respec-
tively.

Fig. 4.21. Deflection using two elements

For equilibrium at the middle node as shown in Fig.4.22 the following
conditions apply.

a=0 and (=057 (4.58)

The respective element rotations ¢, and ¢o are obtained using (4.53) and is
shown in (4.59) and (4.60)

4y = M L ML (450)

YT 9FEr 2 4FEI1 :
M L ML

P2 = = (4.60)

2FET 2 4FEI
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Fig. 4.22. Moment equilibrium

The respective element deflections are A and As are obtained using equation
and is shown in (4.61) and (4.62)

M L MI? (461)
YT 9FET 2 4EI :
M L MI?
_ L 4.62
2T 4EI 2 4EI (4.62)

Therefore the total deflection is found from the sum of the individual element
deflections.

ML ML _ ML
AET  4EI ~ 2EI

As in the first case a zero percent error is found to exist between the obtained
and exact deflection values.

A=A+ Ay =

(4.63)

Example 2. Cantilever with an End Point Load
P

W

PL

BMD

Fig. 4.23. The BMD and deflected shape for a cantilever with end point load

The exact deflection, v in the standard case is given by (4.63a).
B pPL?
YT BRI

(4.63a)
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Case with 1 Element

Fig. 4.24. Deflection using one element

The moment, M is calculated as

M= PL (4.64)
Hence referring to (4.53) the element rotation is calculated according to (4.65)
PL PL?
6=zt L=z (4.65)
Thus the deflection is found as
PL? PL?
A=t .
2FT1 2FKT1 (4.66)

The error between the obtained deflection and the exact deflection is now
calculated

pPL? PL?
2FI 3EI 3
3BT
Case with 2 Elements
& L2 & L/2 P
PL
PL2
BMD

Fig. 4.25. Deflection using two elements

Using the above procedures the element angles and deflections are as follows.
The element length in this case is L/2.
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PL L _ PL?

T ORI 2 4EI (4.68)

b1

For the second element a moment of PL/2 acts at the node. Hence accounting
for this in the calculation for the element rotation ¢, gives

1 PL L PL?

-~ Z9g__"
%2 =355 3 AET

The deflections are found by multiplying the element rotations by the distance
of the rotated node to the deflected end of the beam

PL? PL3
— L —

(4.69)

AN =—L=— .
Yol 4ET (4.70)
PI? L PL?
_ L_ 471
27 8EI 2 REI (4.71)
The total deflection is then found to be as
PIL3 PL? 3PL?

4F1 + S8EI S8EI

The error between the deflection given in (4.72) and the exact deflection is

3

1
8 _31100=125% 473
1
3
Case with 4 Elements

Each element length is now L/4. The bending moments at each node are
shown in bold in the boxes in Fig. 4.26. The respective element rotations and
displacements are given in (4.74) to (4.81)

¢1= % % = ggi (4.74)
¢3:%%§2:%§ (4.76)
A1:P—L2L _re (4.78)
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[ pe | [spu] [P2] [Pa] [ 0 ]
/4 14 14 /4

[ ]
[ ]
L[ ]
L]

Fig. 4.26. Deflection using four elements

9PL?
pr— 4.
> 7 G4BT (4.79)
PL3?
ST 16ET (480)
= pL? (4.81)
4T G4ET '
Hence the total deflection will be
11PL3
A:A1+A2+A3+A4fm (4.82)

The values for wg and w, obtained are exactly the same as in the first case.
The values of area and mass have reduced in proportion.

It is also seen that w, is less than wg. This will mean that rotation will
govern the time step. Therefore the time step 1/2mw will be smaller. This
will result in greater CPU time. If they are both equal we then

We = Wa (4.82a)
AER?  [2B
pLt \[ pL?

L=hV2.

Thus
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Error %
8

20

10

1 2 3 4 5 6 7
No Elements

(o]
w

Fig. 4.27. Error versus No elements

Therefore as long as L < h+/2 axial rotation will govern.
The error in this case is calculated as previously and found to be 3.125%.
1 1

32315100 = 3.125% (4.83)

3

The error is estimated to be of the order of L2.

Example 3. Cantilever with a Distributed Load

qlm?'

++$$T44$$¢¢+?

Fig. 4.28. The BMD for a cantilever with distributed load

The exact deflection, v in the standard case is given by (4.83).
_ et

V=] (4.84)
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Case with 1 Element

q/m2

SEEEEEEREEE

A

Fig. 4.29. Deflection using one element

Referring to (4.53) the element rotation is calculated according to (4.85)

qL? 1 qL?
— L — 4.85
¢ 2 2FI 4FET1 ( )

From this we can find the deflection to be as per equation
_ qL3 I qL4
" AEI T 4EIT

The error difference is calculated as
1 1

48100 = 50% (4.87)

A (4.86)

Case with 2 Elements

q/mz
Jll&i;lhi#;@

[
4

Fig. 4.30. Deflection using two elements

The element angles and deflections are derived as shown in (4.88) to (4.91)
B gL?> 1 L B qL?

M= 3T 8EI (4.88)

gL 1 L qL?

= — 2 = .
2= 73" 95T 2 16E1 (4.89)
qL*
A = — 4.
=BT (4.90)
L4
Ay= L (4.91)
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The total deflection is then found to be as per equation

5qL*
A=A Ay = ——_ 4.92
1+ Ao BEI (4.92)
The error between the deflection and the exact deflection is
5 1
32815100 = 25% (4.93)
8
Case with 4 Elements
L/4 L/4 L/4 L/4

Fig. 4.31. Deflection using four elements

The element angles and rotations for this case is described as per (4.94) to
(4.101)

_qL2 1 L qL?

V= 5EI 1 16EI

L 9qL? 1 L 9qL3

= —_ 2 =
%2~ 35 3BT 1 128ET

(4.94)

(4.95)
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qgL? 1 L qL?
S Z 9= 4.
0= OBl 42T 32ET (4.96)
1 L qL?
_ 72 L, _
o=l o 12T TsET (4.97)
qL*
= 4.
' 16EI (4.98)
27qL*
= 4.
> 512E1 (4.99)
qL*
Az = 4.1
° TG4BT (4.100)
_ qlt
4= S 9RT (4.101)
Hence the sum of the individual deflections gives the total deflection
17¢L*
A=A+ A+ A3+ Ay = 4.102
L Ao+ Ay Ay = oo (4.102)
The error in this case is
17 1
128 815100 = 6.25% (4.103)
8

The error in all cases so far reduces as the number of elements employed
is increased and appeals to be converging to the exact result.

In the subsequent examples the bending moments are calculated at the
nodal points and compared to the standard result.

Error %

No Elements

Fig. 4.32. Error versus No elements



262 4 Structural Response to Blast Loadings — Methods of Analysis
Example 4. A Simply Supported Beam Under Distributed Load

Case with 2 Elements

Fig. 4.33. Simply supported beam with distributed load using two elements

The distributed load is made equivalent to point loads using the equivalent
load theorem.
Assuming rotations are small the angle ¢15 is found to be

120 21/2
4.104
b= o = (1104)
The moment M12 is found as
2ET 2 EI
My = 2B~ e _ Sl (4.105)

(L/2) L L?

By symmetry M is equal to M35. Therefore the provisional bending moment
diagram in terms of deflections will be as shown in Fig. 4.34.

8v,El 8v,El
L r
|+
8v,El 8v,El
& I

Fig. 4.34. Provisional BMD for simply supported beam with distributed load using
two elements
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The shear at node 2 is given by (4.56)

SVQEI 8V2EI . L - 32V2EI
( 2 2 ) T3 = "8 (4.106)
The shear at node 2 is now equated with load as per (4.107)
321, K1 qL 32 1
L3 2 L3
2 ET qL
2 == 4.1
( 2 ) ! (4.107)
Rearranging (4.107) gives the deflection v5 as
qL*
- 4.1
"2 98BI (4.108)

Therefore (4.58) is substituted into the values shown in Fig.4.23 to produce
the final bending moment diagram illustrated in Fig. 4.35
8Bl qL* g
- L? 128E] 16

The end moments are found to differ from the exact result by 25% and the
centre moment is found to differ by 50%.

(4.109)

ql? gL’
16 16

aL
16

Fig. 4.35. Final BMD for simply supported beam with distributed load using two
elements

Case with 3 Elements

Once again rotations are assumed small, hence the rotation of element one
Ge1 is

3v
b1 = (4.110)
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gL gL gL

3 3 6
L3 L/3 L/3

ql
6
' v v v
EEEE R R R R R RN AT PRRR AR

ool oldd

Fig. 4.36. Simply supported beam with distributed load using three elements

The nodal rotation at 2 is represented as ¢,o. The rotation of element 2 is
zero, hence

Pe2 =0 (4.111)
Taking the basic equation for moment to be
2ET
M=—2=9 (4.112)
L
And equating moments at node 2 gives
2FE1 (31/2 2E1
272 ¢n2) = = o (4.113)
(L/3) \ L (L/3)
This gives the nodal rotation at 2, ¢,2 as
3U2
Do = 5T (4.114)

Therefore our provisional BMD in terms of deflections is shown in Fig. 4.37.
The shear at 2 is

qL
f’
v ET 18, ETY\ 3 qL
- == 4.11
( L2 + L2 )L 3 ( 5)

Hence

2Bl 3
( ’222 )Z—qL (4.116)
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LIEN 261 (30,
L3\ L L3\ L

AN /|

2E1 [3& ]

(z/3)\ 2L

Fig. 4.37. Provisional BMD for simply supported beam with distributed load using
three elements

By rearranging (4.65) the deflection v will be
_ _al!
 243E1

Combining this result with the provisional bending moment diagram in
Fig. 4.37 results in the final BMD as illustrated in Fig. 4.38.

s (4.117)

2q12 2417

N P

o
27

Fig. 4.38. Final BMD for simply supported beam with distributed load using three
elements

The error at node 1 is

2 1
20 12150100 = 1% (4.118)
12
The error at node 3 is
2 1
20 12150100 = 14% (4.119)
12

The error is seen to reduce significantly by just adding one element to the
analysis.
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Case with 4 Elements

a a a a a
8 4 4 4 8
L/4 L/4 L/4 L/4
| ! ! }

T I T T}

o O Oe M

Fig. 4.39. Simply supported beam with distributed load using four elements

The rotated angles are calculated as follows
4V2

Pe1="—"7- (4.120)
b= = Ly ) (4121)
02 = = —(v3 — v .
2 (L/0) 7 \Ws— 1o
By equating moments about node two ¢e3 is found to be zero
2ET 4 2F1 (4
T D (s — = =(v3 — 4.122
As the equation is the same on both sides the rotation at node three is zero.
Pe3 =0 (4.123)
By equating moments at node three
2ET (4vy 2ET 4
— | = =2 | = — | P2 — = (v3 — 4.124
L/4<L ¢>2> L/ (¢2 L(V3 V2)> ( )
This gives
2v
bno = T* (4.125)

Equating moments about node three proves that our assumption in (4.125)
is correct
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- (o) 51 ()

This now gives the bending moment diagram in terms of deflections as de-
scribed by Fig. 4.40.

il 7)

\br—; t ot

2EI [4»2 2v,]
2E (4v, 4,
W(T"T]

(£/4)
Fig. 4.40. Provisional BMD in terms of deflection using four elements

L

The shear on the left of node 2 is found as

[

32E1 8EIT

Iz I
Which gives

64EIvy, 16EIvs] 4

[G4B1es_ 1681 4 (1)

The shear on the left of node 2 is found as

Q——l

(v — 21/3)} % (4.127)

SET SET 4
[( 12 (4V3 41/2)) — ( 12 (4V2 - 4V3)>:| Z (4129)
Which gives
SET 4
[ o (6vs 8u2)} 7 (4.130)

By subtracting Eq. (4.128) from Eq. (4.130) and equating them with the load
gives
8ET
12
This simplifies to

(6vs — 81/2)} % (4.131)

qL*

16ET

12805 — 64vs) = (4.132)
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Equating the shear with load at node three gives

tes

S8EIT 4 L
K?(w3 - 81/2)> Z} 2 = qz (4.133)
This simplifies to
_ L
9613 — 128v) = T (4.134)
Solving Egs. (4.132) and (4.136) will give us v and v3.
5qL*
= 4.1
72T 2048ET (4.185)
qL*
= 4.1
T 956 ET (4.136)

Combining these results with the provisional BMD in Fig. 4.40 give the final
BMD as shown in Fig.4.41.

SqL
64

-

o
64

Fig. 4.41. Final BMD using four elements

The end moment error is

5001
64 12150100 = 6.25% (4.137)
12
The centre moment error is
31
64 1215100 = 12.5% (4.138)
12

They are again seen to converge to the exact result.
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qL gL

L/s 5 L/s 10

| i N
EilH,‘lHHEHHgHHLHH.

qL ql. gl
5

0 L5 L’s 5 LS

— &

ole e e lke s

Fig. 4.42. Simply supported beam with distributed load using five elements

Case with 5 Elements

The rotations are given in (4.139) and (4.140)

51/2

o1 =~ (4.139)
o= 22 _ S (4.140)
02 = /5 L 3 — V2 .
Equating moments about node 2 gives
L/4 ((Ibel ¢n2) L/4 (¢n2 ¢62) (4141)
Solving (4.141) gives
5V3
o = o3 4.142
$n2 = o7 ( )
Equating moments about node three
2E1
n n n 4.14
Solving this gives
5
¢n3 oL (1/3 — l/Q) (4144)

Therefore the provisional bending moment diagram in terms of deflections is

as shown in Fig. 4.45.
The shear on the left of node 2 is found as

L o
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Fig. 4.44. Rotation at node 3

50E[l/2 50E1 V3 5

[ ot (e 2)} I (4.145)
Which gives

125FE1

T[4V2 — V3] (4146)
The shear on the left of node 2 is found as

95ET 50ET s\ \1 5

[(L—( - ”2)) - (L_ (v2- 3))} I (4.147)
Which gives

125E1

T[Sl/g — 3V2] (4148)
By subtracting (4.147) from (4.146) and equating them with the load gives

125FE1 L

5 (Tv2 = 33) = % (4.149)

This simplifies to
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2E]

@)™
; 21 4
2EI
o8 m(\% -$.2)
mﬁ.s

Fig. 4.45. Provisional BMD in terms of the deflections

qL*
— = 4.1
a3 = skl (4.150)
Equating the shear with load at node three gives
125E1 L
(v~ 32) = % (4.151)
This simplifies to
qL*
2 _— = .
Vs 3V2 625E1 (4 152)
Solving (4.150) and (4.152) will give us v5 and vs.
qL*
= 4.153
"7 G25E1 (4.153)
2qL*
= 4.154
"3 625 E1 (4.154)

Combining these results with the provisional bending moment diagram gives
the final bending moment diagram as illustrated in Fig. 4.46.
The end moment error is

2 1
25 12150100 = 4% (4.155)
12
The centre moment error is
11
25 12150100 = 4% (4.156)
12
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2gl*
25

gL’
25

Fig. 4.46. The BMD and deflected shape for a cantilever with end moment

4.5.3.3 Error Convergence Result

Figures 4.47 and 4.48 give plats for errors versus central and end moments.
Here too it is seen that the results appear to be converging to their exact
values.

4.5.4 Static Condensation

Let us say that our applied load is p and that our equation of motion is given
in (4.157)

Kx+ Mi=rp (4.157)

Equation (4.157) can be written more fully as

My 0 | & ke ki | | @t D
o o5 e w5 -8 (159

The suffix t denotes translation and rotation is referred to using suffix 6.
kit are the forces on the translational degrees of freedom due to translation.
ktg are the forces on translation degrees of freedom due to rotation. Other k
matrices are hence easily inferred.

The rotational degrees of freedom in the mass matrix can be eliminated
by static condensation, because the kinetic energy corresponding to the rota-
tional degrees of freedom is insignificant compared with those corresponding
to translation. This assumes that there are no loads in the rotational degrees
of freedom and hence no spring forces along these degrees of freedom.

Equation (4.147) can now be written as

M@t + ke + KtoTro = P (4.159)
and
kotxt + koore =0 (4.160)

Equation (4.160) is rearranged to give xg and then substituted into (4.161)
gives
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Fig. 4.47. Centre moment versus No elements
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Fig. 4.48. End moment error versus No elements
Mttjt + k*mt =D (4161)
k* is the condensed stiffness matrix, given by
k* = ke — keokpg Kot (4.162)

The stiffness matrix for a general element shown in Fig. 4.49 will now be
derived.

The force displacement relationship is now given in (4.163).
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Fig. 4.49. Simple general element

/4 Unit Rotation at i

Unit Rotation at j}\
=

4EU/L 4EUL
BMD
}ULJ EUL

6EI/L? -6EI/L? -6EV/L? 6EI/L?
SHEAR

___Unit Translation at i Unit translationatj
6EI/L* -6E/L?
12E1/L} -12EI/L? -12EV/L? 12E1/.2

Fig. 4.50. Bending moment and shear diagrams due to unit translation and rota-

tion at each node

T 12EI  —12EI  6FEI  —6EI
JE JE 12 12
2 _12ET 12EI —6EI  6EI X,
Fy L3 L3 L2 L2 Xy
M|~ | 6EI  —6EI 4EI  2EI b1 (4.163)
M, 12 JE L L b2
_6EI  GEI OFT  4EI
L 12 L2 L L

Referring to Fig.4.49 the force displacement relationship for the adopted

element will now be derived.
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Fig. 4.51. Bending moment and shear diagrams due to unit translation and rota-

tion at each node

The force displacement relationship for this element is

[ 4EI  —4EI 2EI —2FI]
L3 L3 L2 L2
F —4AFEI 4AEI 2EI —-2FI| [X,
Iy L3 L3 L2 L2 Xo
M, | | 2EI —2EI 2EI b1 (4.164)
M, 12 12 L 0 ¢2
—2EI 2FEI 2T
Nz 2 L

It can be seen from (4.163) that the kgg part of the global stiffness matrix is
completely full. Inverting this to obtain the condensed stiffness will require

complex coding and take up much CPU time.
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Fig. 4.52. Unit translation and rotation at node 1 of the five element beam

As shown in Fig. 4.50 the element used will assume zero moment at the
opposite end to the applied moment. Equal moments at each end will be
assumed for applied translation. This results in the kgg matrix being diago-
nal. Hence it is much simpler to invert. Using the lumped mass matrix also
contributes to saving on computation.

Taking the five element beam which has already been dealt with earlier
the condensed stiffness matrix can be derived as follows.

Figure 4.52 shows the unit translation and rotation as applied to node
one. The unit translations and rotations as applied to the other nodes will
result in similar bending moment and shear diagrams.

For the example under consideration the global stiffness matrix is de-
scribed by (4.165)

Iy X1
Iy Xo
I3 X3
Fy kee ki | | Xa
My| [ket kee} o (4.165)
My ¢2
M3 ¢3
| My | | P4 |

where
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T 8EI  —4EI 1
5 0 0
“AEI 8EI  —4EI
k L? L3 L? " 4166
[eve] = —4AEI 8EI —4FI (4.166)
0 L3 L3 L3
_4EI  SEI
0 L3 L3
2FT 1
( 0 =3 0 0
—9ET 2FT .
REE L2
[ecol = —2EI 2E1 (4.167)
12 12
“9ET
L 0 0 = 0 |
( “9E] 1
0 - 0 0
2FT —9ET
=) £ 0
kot = | & L2 (4.168)
[kt 2FT —9EI :
0 0 =
2FT
L 0 0 — 0
(4EI . 0 0]
L
AET
0 = 0 0
[koo] = . I (4.169)
L
AET
o0 o

Substituting for (4.116) to (4.118) in (4.112) will give the condensed stiffness
matrix as in (4.120).

74 1 0

o EIl-4 6 -4 1

=1 4 6 o (4.170)
0 1 47

This example has shown the relative ease with which the condensed stiffness
matrix is obtained. Thus the main advantage of this new simple element is the
fact that static condensation is easily performed to eliminate the rotational
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degrees of freedom with the need for complex matrix inversion. This reduces
the overall CPU time without any appreciable lass in accuracy providing a
suitable number of elements are used.

4.5.5 Forces and Moments Along the Element

The element presented is intended for use in the numerical simulation of struc-
tures and structural elements subjected to hazardous loading. Such hazardous
loading will induce stresses and forces along the length of the element. They
are calculated as follows.

Vector r; represents an element in it’s initial position, with coordinates
«, (3, v the global axis. The local axis is shown as el, e2 and e3.

Y A

Z
Fig. 4.53. Initial vector in the local and global axis

Initially the projection of ; on to the local axis is the same as it’s pro-
jection on to the global axis. Therefore initially

T, = e —+ 662 + ’)/63 = OLX + ﬂY —+ ’)/Z (4171)

Once r has rotated the coordinates will change only in the global axis, pro-
vided that there is no relative rotation between the node and the element.
The current position of vector r, can be found from

€x1 €2 €23 « €x1 €22 €x3 Ty
[r]=|en ey eys Bl = ey ey ey T, (4.172)
€21 €22 €23 Y €21 €z2 €23 Ty i

The e matrix is known as the rotation matrix where e, is the projection of
el on to the x axis, e, is the projection of el on to the y axis and e,3 is the
projection of el on to the z axis. The others are similarly inferred.

Therefore since the initial projection on to the local axis is the same as
to the global axis the initial rotation matrix [R] for the element is
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Fig. 4.54. Current position of stretched element with relative nodal rotation

{é 2 ﬂ (w179

If we now assume that along with stretching of the element there is relative
rotation of the node, then the calculation to obtain re is as follows.

Figure 4.54 shows that the element has moved to it’s current position, 7
but the node has also rotated to vector r,.. This can be substantiated from
the coordinates of the nodes.

[re] = [R] [ri] (4.174)

where [R] is the rotation matrix.
The vector 7, is used to calculate r. using vector product. The cross

product of 7. and 7. will produce a vector acting out of the plane of paper.

If this is taken as a unit vector, then the sin of the angle between 7, and 7

is derived as follows

e X T

(re) (TC)

As the angle is considered small the sin ¢ can be taken as ¢, thus giving

sin ¢ = (4.175)
(4.176)

After obtaining the r;, 7, and r. the nodal mass, m, for both nodes are
subsequently calculated.
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my, =7; X 0.5A4p (4.177)

The second moment of inertia, I, is found by integrating over the length of
half the element as shown in Fig. 4.55.

L2 L2

Fig. 4.55. Element rotational velocity

I, = / z?pAdz = [pA?} = pA— (4.178)

In this case the initial length of the element is r; thus (4.178) becomes
Apr3
[ Aer
24
The next step is to calculate the relative velocity of the nodes along the
element, v,, and then to calculate the damped axial force, f,.

(4.179)

Va = (Vex X Tox) + (Vey X Toy) + (Vg X Tez)

Where v,y is the relative velocity of the two nodes of the element and 7.y
is the component of the r. vector projected on to the x axis. The other
notations of equation are similarly inferred. The axial force is given by

fa=EAX (TC — Ti) (4.180)

Ty

Cross product of the r, and 7, vectors will give the rotation ¢ in the global
system.

oo (1.181)
The rotation vector is then found in the local element coordinate system to
give ¢r.. The local element rotations are then obtained
The cross product of the unit vectors vyg and ¢ will give the direction
of the element rotational velocity. The magnitude is found by multiplying by
the ratio v, /7
v,
w = (19 X Uno) (—) (4.182)
T
This therefore gives

w = (ro x vy) (%) (4.183)



4.5 Finite Element Method of Analysis 281
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r

Fig. 4.56. Element rotational velocity

The horizontal component of velocity, v, has no influence on the rotational
element velocity and hence is not included.
The resultant rotational velocity of the nodes, w,qs is then found

Wres = W1 — Wo (4184)

The local moments, M, at any point along the element, in each of the axis
direction is calculated using
_ 20EI

T

M (4.185)

If node one is assumed to rotate by 1 then the stiffness of the node is
2ET

Ti

ki (4.186)

The moment due to the rotational velocity is damped by multiplying it by
(4.187). The final equation is shown in (4.192).

C =2mw (4.187)
Since
k
= _— 4.1
w - (4.188)

The damping coefficient C' is given by

C = Zm\/ﬁ (4.189)
m

Taking the equivalent mass to be given by (4.178) and combing it with (4.186)

gives
ApEI?
C =4/ % (4.190)

A parameter s is introduced to the equation. At £ = 0 the damping is non-
existent and at £ = 1 the damping is critical.

ApEIr?
C= 5\/% (4.191)
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The local moments are thus calculated
M = Cwr; (4.192)

These local moments are then found in the global system, M g. Shear is
found from
1
s=Mg— (4.193)
e
This procedure is first applied to node 0 and then to node 1. Then nodal
forces and moments are then updated with the calculated moments, shear
and axial forces. A generalised flow chart is shown in Fig. 4.58.

4.5.6 Damping of the Stretching Movement of the Element

Damping is introduced when the element is stretched. The element is assumed
to be equivalent to anode attached to a spring as shown in Fig. 4.57.

f

® ® —»
4
@ ®* —>»

Fig. 4.57. Equivalent spring and node

The force f is found from

AEA
F=%2 (4.194)

The element forces and moments are now calculated flowchart shown in
Fig. 4.58 has been devised.

The applied nodal velocities can be split as shown if Fig. 4.59. The bending
component does not contribute to the stretching of the element and therefore
we will ignore it for now. The velocity of stretch, v4 is found from the dot
product of the resultant velocity with ..

vy = (v — va)re (4.195)

Let us now assume that the axial velocity components are the equivalent
of one node moving away from a fixed node as shown in Fig. 4.60.

The velocity of stretch will move the node in one second a displacement
of A.

A = pdt (4.196)
Where dt is the time step.
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Get axial velocity and force
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!
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!

Get shear
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v
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Fig. 4.58. Generalised flow chart to calculate element forces and moments

The strain rate can be calculated as
_de g

_ = _ 4.1
c dt T ( 97)
The stress can be found from
o =¢c (4.198)

where ¢ is the damping constant. If the initial displacement is one then the
stiffness is calculated as

1
k=—EA (4.199)

Ti
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Fig. 4.59. Components of applied velocity
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s L st

Fig. 4.60. Equivalent velocity of stretch

The mass of each node is taken as the elements’s cross sectional area multi-
plied by its initial length and its density split across two nodes

o Arip
2
Hence the frequency w, will be given by

| k [2EA 1 |2F
— = -, /= 4.201
“ m rAp T P (4.201)

The element is now replaced with a spring system.

k (4.200)

Fig. 4.61. Equivalent spring system
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The equation of motion of such a system is
kxr+mi+Czt=0 (4.202)

Critical damping will occur when the damping coefficient C = 2mw. Equa-
tion (4.202) is divided through by m giving

2
SR Wy (4.203)
m
Since
k
— =2 (4.204)
m
Equation (4.202) reduces to
wir 4+ F 4 2wi =0 (4.205)
If
x=eM (4.206)
Then
=XeM  and  # = A% (4.207)
Therefore
W AT 420N =0 (4.208)

The solution of the quadratic equation becomes
r=—et (4.209)

This shows that at critical damping there is no oscillation. Therefore for one
element there would be no oscillation if the critical damping were:

Arip 1 |2F
Corit = 2mw = 2 ;p —\ /= = AV2Ep (4.210)
p

i

The force due to damping is found as

s 1
fZAECZAV—C:A—C.T (4.211)
Ty Ty
Where
Vg =1 (4.212)
Therefore the critical force at which damping will occur is
1
fcrit =2mwi = Cfcritjj =A—ct (4213)
. . 1 .
fcrit =2mwi = Ceit® = A —Cerit™ (4214)
T

Hence critical damping at which no oscillation occurs is
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Corit = % Corit = %Ax/ 2Ep =r1i\/2Ep (4.215)
The actual damping force, f is then given as

f={Eferiv = EAV2Epx (4.216)

¢ is assigned a value of zero if there is no damping or 1 if damping is critical.
The equivalent mass can be found from

Apr3
Im = 4.217
ol (4.217)
The rotational stiffness is given by
2FET
k= 10) (4.218)
i
where [ is the second moment of Inertia.
N
h
A4
i
- ——
=

L

Fig. 4.62. Structural beam member

If the rotational and axial displacements are one then the axial and ro-
tational velocities are calculated as follows. The second moment of inertia,
I is

bh3  h?
[=—=— .
13 13 (4.219)
The stiffness of the beam element is then
1) 1 2t 1E  ER3
k=2F-=2F]— = — — = —— 4.22
L L 12 h 6 ( 0)
The generalised mass, mg can be taken as
Apr3
e = 4.221

Hence the rotational velocity, wy is found from

1 |4E
wy — k1 J4E (4.222)
mg h\ p
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A similar approach is taken to calculate the rotational velocity along the axis,
wa,. Assuming the mass to be split equally across the two end nodes of the
beam this becomes

m = pAg (4.223)

The stiffness, k is found from

1
k=cA= W Eh? = Eh (4.224)

Hence w, becomes

[k 1 |2FE
== =2 4.225
wa m  h\ p ( )

The above calculations are now repeated for the situation where the cross
sectional width is now reduced to h/2. Therefore w, is found from

e oall — BB pl?
TP T Py Ty
1 _n® Eh
h—eA—-p 20 4.22
S s (4.226)
k1 [4E
Wa=A\l—=—4/—
m h\l p

The value of wy is found as follows

CbRE R R h

1

T 12 212 24
1 h*  ER?
k:2EI%:2EIEZ—4:%
(4.227)
_Apr3 B h? B3 1 _ph5
Mg = TP T g

24
|k 2 |FE
W= mg R\ p
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5 Blast Response Resistance —
Design of Structural Elements

5.1 Introduction

The influence of assumed deformed shapes on the stresses and stains is well
known. A number of attempts have been made on simple beams subjected
to elastic and plastic bending. Several tables and charts have been prepared.
The resistance Rpax is related to dynamic design factors such as load factor
K1, mass factor Ky, load-mass factor Ky and assumed spring constants
K and Ky. Ultimate moment capacity M}, is determined, which will reveal
whether or not the structure or its components can have the capacity to
resist blast loads. Tables 5.2 to 5.7 indicate these factors and the resisting
capacity of structures having various boundary conditions. These tables are
equally applied to steel-plated structures. Baker et al. [5.1] have in addition
developed P-I diagrams based on extensive databases containing blast dam-
age observations for typical homes and factory buildings in Britain during
the Second World War. Table 5.1 including Figs.5.1 to 5.4 summarize the
background to these iso-damage diagrams.

For global and integrated analysis, dynamic finite element analysis and
discrete element analysis in which the entire building structure can be anal-
ysed for damage assessment is utilized. Material non-linearity, failure criteria
and critical distance for the bomb are just some of the factors to be included
in the global analysis. This aspect is included in the text and is recommended
only for prestigious and expensive buildings since the costs involved in the
finite element damage analysis are very high.

5.2 Practical Design Examples

5.2.1 Example on British Practice

(a) A reinforced concrete wall is loaded by a blast from a vehicle bomb
of 100kg actual mass. The wall is rigidly connected at the foundation
and free at the top. Using the following data, calculate the required
reinforcement for the wall:
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Table 5.1. The P-I diagram

The P—i or P-I diagrams are based on both mathematical and experimental results
obtained from a variety of bomb-damaged structures. With reasonable confidence
they can predict the damage to structures such as small office buildings and light-
framed structures. Jarrett (1968) curve fitted an equation

KW'/ :
SN ENVYIGERE K

where

R is the range in metres or feet. i.e. the stand-off distance
W is the weapon yield in kg of TNT;
K = 3175

K = an empirical constant that changes with various level of damage.

In empirical units the same equation is valid but the value of K = 7000.

Applying the Jarrett curve fit to bomb-damaged houses resulted in the estab-
lishment of the Isodamage curves produced by Baker et al. [5.1]. Examples are
shown in Figs.5.1 and 5.2.

The damage curves based on bombs dropped in Britain have been plotted and
are categorized as

Category A — Almost complete demolition

Caregory B — Such severe damage as to necessitate demolition of external brick-
work destroyed or unsafe

Category Cy, — Damage rendering house temporarily uninhabitable — partial col-
lapse of roof and one or two external walls. Loadbearing partitions
severely damaged

Category C, — Relatively minor structural damage yet sufficient to make house
temporarily uninhabitable

Category D — Damage calling for urgent repair but not so as to make house un-
inhabitable. Damage to ceilings and tiling.

Simple equations describing the damage curves (single-degree-freedom system)
based on pressure-pulse are explained below.

E =2 or 5o
K

To acquire velocity 50, the impulse

6max 6max —9 (11)

Tori=dM (iii)
and its kinetic energy
1 o I?ori? .
KE = - Mo, =
2 6() 2M (IV)
then
2 2
Lo L Kb ™)

2M 2
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Boundary
v conditions ¥p ¥ (A Yo
10° - Simple support 10.000 0.913 1.250 0.2083
Clamped - clamped 23.100 0.861 1.925 0.0625
Clamped - pinned  15.830 0.885 1.979 0.0867
Cantilever 3.333 0.577 1.000 0.5000
IE €0
10! - HZ
Yy rco,
ib\/El 40
apJpA o Z 2.0
1.0
0.7
]
10° |- 0.4
Hw, 0.2
=Vw 0.1
e o
10—? ok | 1 1 1 J
1072 107" 109 10 102 10°
pbi2
¥, 9,2

Fig. 5.1. Elastic-plastic solution for bending of blast-loaded beams. From Baker
et al. [5.1]

o 4

Ornac “Cw (——g‘“)xw’

IHV 2.666

T Cy 2,000

B 1.333
0.6666

ibH
B A 0.333

an/pEIH
' 0.1666
Boundary
1074 0.0666 conditions a a, Cu Cu
Cantilever 1.1550 3.333 0.50000 4.0
0.0333 Simple support  1.4610 8.000 0.20830 8.0
Pinned — clamped 0.8944 8.000 0.08667 10.0 (Clamped end)
Fullyclamped  0.8944 12.000 0.06250 6.0 (Pinned end)
10—5 | 1 1 1 ]
1075 1074 107 1072 107! 10°
pbHIZ
abEi

Fig. 5.2. Stresses, shears and deflections in bending of blast-loaded elastic beams.
From Baker et al. [5.1]

It is now easy to superimpose on these curves range-weapon or resistance-weapon

yield (R-W) overlay. The effects of weapons at different ranges can be assessed.

Take GP 2000 bomb weighing 895 kg. The explosives it contains amounts to 542 kg.
Note that in order to bring continuity of symbols, z = § and it follows that

6max 1 1 .
Jan = §wtd (vi)
E V KM (g )

The equation is asymptotic and dmax/(F/K) versus wtq can be drawn for all load
regimes. From here several P—i or P-I curves are drawn in Fig.5.3 and 5.4 as
predicted in Figs.5.1 and 5.2. In order to assess a specified level of damage, the
following procedure is adopted:
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Fig. 5.3. Impulse versus pressure diagram for a constant level of building damage.
From Baker et al. [5.1]
i
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Fig. 5.4. P—i curves for elastic and plastic cases. From Baker et al. [5.1]

Komax
2F
The blast force F' moving to a distance dmax is then equated to the strain energy
I? 2 .
Fémax = ROmax = onf Ol (vii)
or
% —1 (vii)
Hence
lori
Omax M R

Using F/R and I or i/v/0max MR axes, the iso-damage curves are drawn with
further explanatory notes in Fig.5.1.
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390 kPa

18 ms

Fig. 5.5. Triangular pressure-pulse function

Wall height = 4m

Vertical reinforcement psy = 0.5% at each face

R = R'=range = 4.0m

Hemispherical charge factor = 1.8

[y = Static yield stress of the reinforcement = 460 N/mm?

fay = Dynamic yield stress of the reinforcement = 1.2,

Concrete grade = 40
Type III category rotation of the base allowed during explosion: § = 12°.
Justify the impulsive load analysis.

(b) If the same wall is fixed at the top as well as at the bottom and is
subjected to a quasi-static load of a triangular shape’ shown in Fig. 5.5
and adopting BS 8110 and other relevant criteria, check the reinforcement
and the wall thickness while behaving as a single-degree elastoplastic
system.

(¢) If the wall is subject to vehicle bombs of 50, 100, 150, 200, 250 and 300 kg
of TNT at a random range R’ of 1m to 10m from the explosion to the
centre of the wall, draw curves for

T (Wall deflection

T > versus R’

wall span

for various vehicle bombs given. The wall is assumed damaged when
T 1

L~ 60

Calculations

The vehicle bomb mass produces a hemispherical charge of mass 1.8 X
100 kg = 180 kg where 100 kg is the actual mass.

R’ =range = 4.0m

Z = the scaled distance = =0.705 m/kgl/3

4.0
1801/3
iy, = I, = reflected overpressure
impulse = 5095 kPa-ms.
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o / / As = ﬁ's
Reinforcement

|1V each 0.5 %

Fig. 5.6. Reinforced concrete wall

For category type III behaviour, the material properties are:

fy = reinforcement yield stress = 460 N/mm? (static value)
fay = 1.2f, = 1.2 X 460 = 552 N/mm” ~ fq, (dynamic value)

I 2 fasd? ) tan 6
———— = | = pvfasdi | tan
Wipde  \H P4
6 = rotation of the base of the wall = 12° (Type III category)
tan = 0.2126

pv = 0.5%, i.e. reinforcement on both sides is equal
Kim = load-mass factor = 0.66

(5095)2 2 05 6o
— 2 22 552 % 1082 x 0.212
3% 0.67 x 2400d, _ 2.0 ~ 100 < 002 ¥ 107dc < 02126

de. = 0.302m = 302 mm

T. = d = overall thickness
= d. + 2 x cover of 40 + 2 assumed-size bar halves
=302 +80+25
= 407 mm

Adopt 425 mm or 17 in RC wall (T;) (see Fig. 5.6)
Ag = 0.005 x 302 x 1000 = 1510 mm?/m = width of wall.

The reinforcement should be generously placed to account for the cover vari-
ations of the material and blast load and is a principal design assumption. A
total of 25% steel on top is recommended.

Adopt T25-250 where Ag . = 1963 mm?/m = width of wall.

prov



5.2 Practical Design Examples 301

When checking for shear:
r4(4.0 — 0.302)

v=-" T 122457,
0.302
ra = 2 % 0.005 x 552 x 10%(0.302)>
O '
= 31465.38

v = 0.3853N/mm”

100A
- 52065  fou=40N/mm?> 1, =059  (BS8110, Table 3.9)
Using Table 13 of B88110
0.59
v < 05w £ —— =0.295 N/mm?
A minimum shear link is needed when
0.59
T <v<UV:—+ 0.4
0.295 < 0.3853 < 0.7853 N/mm2
~ 0.4bys,
087,
= 45 mm?
Take
fas = 1.1 x 250
= 275N/mm”
by, = 150
sy = 300

Then, the ultimate shear = 31465.38 x 4 = 125861.52N/m
= 126 N/mm”
fas = 1.1 x 460 = 506 N/mm?
b= 1.50mm to match up with stirrups

Aq = area of the diagonal bars @45°
126 x 150
= ~37.35mm’
506 e
Therefore, 1 row of R8-1.50 bars needed.
For the delay time = tq = Ty = 50 ms:

tm I 5095 x 1000

ta  rata  31465.38 x 50
Hence the impulsive load analysis is valid.
For the instance where a quasi-static load is applied to the wall restrained
at top and bottom, it follows:

=3.24> 3.0
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(a)

of

c) -
g Eg; & \ \\\\\ i Wall fails
? (a) 1/20
E U (b) 1/30
Z (c) 1/40
2 o - (d) 1/50
§ 9 (e) 1/60
‘E ) k- Key Car bomb () 11100
$ b1 S0k (g) 1/200
o [ 2 100kg (h) 1/300
3 0F 35 s kg (i) 1/400
2 4 200kg () 1/500
® Whk 5 250kg (k) 1/1000

6  350kg () 1/2000
U} , : | Stand-off distance (m)
1 2 10
R(m)
Fig. 5.7. /L versus stand-off damage assessment
o S(MPS + M Pm)

H2

M, = Mpg + Mpy,

Ags = AL =1.963mm?/m
2 = depth of neutral axis

d—z d—0.95d

045 045
0.05d = 0.45x
0.05 x 302

Ignoring the contribution of the compression reinforcement (K = K’ = 0.156)

M, = 1963 x 552(302 — 0.45 x 33.6) x 103
= 310856.28 Nm/m

Hence
_ (Mps+ Mp)® 2 x 310856.28 x 8

Tu = (4)2 42
= 310856 N/m*
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200 GN
L= 0. - — 6.67
ps = 0005 n="7E
I = Fbd?
KinvMy

F =0.0246 T =2m

My = 2400 x 0.425 = 1020 kg/m”
Kin = 0.66

Ky (for both ends fixed) = equivalent stiffness

307 ET 2
= 1 = 15l x 105(N/m*)/m
T =0.025 = 20ms

For a single-degree-of-freedom system (elastoplastic system)

re 310856
P30 5100 - ‘”f; =08
d
. d S )
=30 Xe= ;;—“E — 0.206 m or 206 mm

Xm = 3.0 x206 =618mm < 4000 x tan 12° = 850 mm

Similar analyses have been carried out for various ranges or stand-off dis-
tances and explosive weights. The final results are plotted in Fig.5.7.

5.2.2 Example on American Practice

A laterally restrained, simply supported W16 x 50 beam (wide-flanged type;
see Fig. 5.8) is subjected to a blast load caused by a bomb detonation. A tri-
angular load-time function Fig. 5.9 is assumed for the elastic analysis. A check
is required for any rectangular load-time function as given in the following
data:

P(t) distributed load

f 7 ' i
Beam
I

Fig. 5.8. A simply supported laterally restrained beam

- L
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(a) Elastic analysis

F = 50001b/ft
Weight /ft of the beam = 6001b
L =13ft
(b) Plastic analysis
F = 150001b/ft
L =121t
(¢) Confirmation is required if, at some location, the same beam span (L)
receives F' = 150001b/ft based on a rectangular load-time function of
T = 0.1 sec of the same duration.

Numerical data

E =30 x 10° psi
I =659in?
For the real beam:

Rume  TA880
Ry = = " —117001b
Kr 064

dynamic load = 1.8(65000) — 117000 1b
Ry x L 117000 x 13

maximum bending moment =

8 8
=190125ft1b
M 190125 x 12
i bendi t =—=—=2 i
maximum bending stress Z- 3070 356 psi

dead load stress = 1706 psi
total bending stress = 29873 psi
shear in the beam = dynamic reaction at ¢, (max) = 0.02 sec :

R, = 1170001b

0.1
Max V = 0.39R,, + 0.11P = 513501b
dead load reaction = 39001b

(51350 + 3900)
(d=16.25) x (t,, = 0.38)

Fep— (M) % 65000 = 52000 1b

maximum shear stress =

= 8947 psi

(b) Plastic analysis

The span is decreased by 1ft and a bomb capacity with 150001b/ft peak
over-pressure is considered.
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Plastic analysis is performed based on the following data:
oay (steel) = 41.6 ksi
op (max) bending stress can now be evaluated
M, = 1.050qy X 2
= 1.05 x 41600 x 80.7 = 3.525 x 10° in Ib
8M,

R, = 7 for a beam under UDL
8 x 3.5 x 25 x 108
= =1.9584 x 10°1
519 9584 x 05 b
1.9584 x 10
7 = limiting deflection = ~—— = = 0.0408 f

For transformation factors Ky, and Ky in the equivalent system:

F =P, = K, x 15000 x 12 = 0.57 x 15000 x 12 = 102600 1b
me = Ky x my = 0.415 x 242 = 100.431 1bsec? /ft

[ 100.43
f =T, = fundamental frequency = 27 177108 0.029 sec

Ruye = KLRy = 0.57 x 1.9584 x 10% = 1.1163 x 10° 1b

T 0.10
— = =34
T, 0.029 3.4
R 1.1163 x 10°
Cr = = = = 1.088
R="p 102600 8

weight per foot = 6001b
Ky, = 0.57
Kr = 0.64
o4y = dynamic yield stress = 41.65 ksi
DLF =1.8

For case (c¢) K1, = 0.50, Ky = 0.33.
A dead load of 10001b/ft plus the weight of the beam are to be added.
Note the following conversions for changing these figures into SI units:

lin = 25.4mm
11bft = 0.4536 kg = 4.448 N
1psi = 6.89476 kN/m”
1t = 0.3048 m
11t Ib = 1.356 kNm
linlb = 0.113Nm
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=

40 kPa

- 1
40 ms

Fig. 5.9. Load-time function

15 000 Ib/ft
F

1
T = 0.1 second

Fig. 5.10. Load-time function — triangular

15 000 Ib/ft

t
T = 0.1 second

Fig. 5.11. Load-time function — rectangular

Asimilar operation can be performed using a specific bomb yield for which
load-time triangular function of 40 kpa on 40 ms as shown in Fig. 5.9. These
calculations can be performed again for a specific load-time function replacing
that of Figs. 5.10 or 5.11.
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(a) For weight/ft of 600 b

600 x 13

= 2421b sec? /ft
32.2

Total mass = My or my =
E =30 x 10° psi
I = 659in*
total peak load F' = p; = 5000 x 13 = 650001b

 384E1 384 % 30 x 10° x 659

= 4.8 x 10° 1b/ft
5L 5(13) x 144 8 x 1071b/

k

For the equivalent system:
mass me = Kymg = 0.50 x 242 = 1211b sec? /ft
F = p; = 65000K, = 65000 x 0.64
= 41600 1b
ke = Krk = 0.64 x 4.8 x 10% = 3.072 x 10°1b/ft

T, = natural period = 2/ % = 0.039 sec
T 0.0 ‘
— = =256
T, 0.039
T = duration of load
T, = fundamental frequency
DLFax  (dynamic load factor) = 1.80
tm
— =0.20
T
Rye = 1.8 x 41600 = 74880
T = Rue __ TA880 ) osagy

k. 3.072 x 106

Assume initial deadload of the beam is stress oqecaq = D ksi. Then:

M, 120.25 x 12
Zn = =
P 1.05(adg — Odead)  1.05(41.6 — 5)
= 37.55in
< 80.7in”

Therefore, best available beam is W16 x 50.

5.2.3 Example on British Practice

A simply supported steel beam is one of a number at 1.5 m centres making up
a roof structure. The beams carry a cladding material of density 23.4 kg/m?
and a span of 8 m. Imposed load from the roof is calculated at 42.5kN/m.
Assume initially the self weight of the beam to be 1.125kN/m. The beam is
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restrained at the centre and at the ends. Design this steel beam in a grade 43
material, using the following initial data:
Moment capacity Mcx = pySx
= torsional buckling resistance (lateral)
M:ﬁlMSMb:pb:SX
My, = lateral buckling resistance
M = equivalent uniform movement

After designing this beam, it is the client’s requirement that due to bombing
incidents, all structural components of a building need to be checked. This
beam is one part of this requirement. The consultant specified the following
blast load-time function for the building components. Check that this beam
is adequate for the potential blast effects. Take the increasing dynamic factor
as 1.3. The ductility factor, p, is 3.0:

E = 200 GN/m?

,rll

KLY
7 =10

imposed load = 42.5kN/m
assumed self weight of the beam = 1.125kN/m

(a) Suitable Grade 43 section

Referring to Fig. 5.12, it follows:

2
M =
8
82
= (425 +1125) x —
= 349 kNm
Trial section: 457 x 152 x T4kg/mUB (Sy = 2z = 1620 cm?)
M = pny

= 265 x 1620 x 10% x 1075 = 429.3kNm > 349 kNm
Py = 265N/m” for T > 16 mm

The section is adequate for bending torsional buckling resistance, i.e. the
following expression is met:

Imposed 42.5 kN/m

ﬁxxxxxxnxim

A — B
Beam

-— L=8m—— .

Fig. 5.12. A simply supported beam with unrestrained length
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m 945

Tel

Tm = 2.45 x 0.0408 = 0.10 ft
The maximum resistance at peak load is now considered. The following equa-
tion in the absence of a more rigorous analysis will give a conservative max-
imum dynamic reaction:

max V =039R, +0.11 F
= 0.39(1.9584 x 10°) + 0.11(15000 x 12)

=96177.61b
Vinax 96177.6

shear stress = =
daty, 16.25 x 0.38

= 15575 psi

(¢) For a deadload of 10001b/ft

Dead weight of the beam = 600 1b/ft

DLiota1 = 1.6 kip/ft
1.6 x 13
2 — 0646

me = equivalent mass = 0.646 kip—sec?/ft
Liota1 = total impulse = 15 x 13 x 0.1 = 19.5kip-sec
Ioq = equivalent impulse = Iiota1 X 0.5 = 9.75 kip—sec

, L 9T
Wpe = maximum work done = ome 3% 0.646 7.55 kip/ft

Practically for the designer Wy,e/Wpe shall be taken as 0.2

We = energy absorbed by the beam
Wine = 0.2Wpe = 0.2(0.75) = 1.51 kip/ft
Since the behaviour is largely plastic

Wie = Rme(zm) or

1.
R = % — o1
T 0.0408
= 37 kips

Ty = maximum allowable deflection

= 0.0408 ft ~ L in
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M = 348 kN/m

b
e—d4m—

Unrestrained length

Fig. 5.13. Load-time function for the unrestrained length of a simply supported
beam

Thus, for the actual beam:

w

7

m = — = T4kips

R 05 74 kips
Ry L 74 x 13

M, (plastic moment required) = - Z

= 120.25 kip/ft

For a simply supported beam, the end moment is zero (Fig.5.13)

smaller end moment = 0

A= larger end moment = 349 B
m = (Table 18 BS 5950) = 0.57

n=10 (Table 5.8) BS 5950
M = equivalent uniform moment = mM = 0.57(349)
= 198.93 kNm
M, = buckling resistance = py, Sy
py = 265N/mm”  (Table 5.5 BS 5950)
Now
ALT = NuvA
= 1.0 x 0.87 x 0.856 x 122.7
= 91.38
L = distance between restraints

pp = 138.24N/mm®  (Interpolation of Table 5.5 BS5950)

\_ e _ 10L
~ry  326cm

~1x4000
© 326 x 10
=122.7

A122.7

C = —4.09

T 30

v = 0.856 (Tables 5.6, 5.7 BS 5950)
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My, = 138.24 x 1620 x 1032106
= 223.95kNm > 198.93kNm

Therefore with M < M, the lateral buckling resistance of the section is
adequate.

(b) Beams at 1.5 centres

Tu

=1.0
F

This value is assumed for a new beam replacing the damaged one, i.e.

R,=7r,=1,0x40x 80 x 1.5
= 480 kN
M, = plastic moment = % = 480 kNm
(Sx + 2e)oay = 2M}, (from the plastic analysis)

2 x 480 x 103

= 137265 % 105 — 2787 x 107 m? or 2787 cm”

(Sx + ze)

The existing section is 457 x 152 x 74 kg/m. Therefore:
(Sy + 20) = (1620 4 1410) = 3030 cm® > 2787 cm®
Mass of the beam + weight of cladding is given by:

My =m =74 x 8.0+ 23.4(8 x 1.5)
= 592 4 280.8 = 872.8 kg < 1.125kN/m.

Taken initially:

0.72 x 872.8
=y [
975 x 104
=~ 0.0505 sec or 50.5ms
b 384ET 384 x 200 x 109 x 32500 x 10~8

¢ 5L3 5(8)3
=975 x 10*N/m
Ky = 0.72
tqa 40

4o 0792
T, = 505 070
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8MP  8x3030 x 1075 x 265 x 10% x 1.3

u — Ru =
" L 16(or 2 x 8)
=522x10°N or b5.22 x 102kN
e 522
2= 22— 1.0875
F, 480

The beam can be used. Check for shear:

V,, = ultimate shear capacity = oqyAw

= 1725 = 172.25 x 4028.31 x 10 % = 693.876 kN
o4y = dynamic yield stress in shear
< =0.51 x 1.3 x 265 = 172.25 N/mm2>

Ay, = area of the web = (9.9 x 406.9) = 4028.31
But

V =0.393r, +0.107F

= 0.393 x 5.22 x 102 4 0.107 x 480 = 256.506 kN < 693.876 kN

The beam is therefore adequate.

5.2.4 Example on American Practice

A roof slab of dimensions 15ft x 10.5ft restrained on an edges is subject to
a peak pressure ps, + Pdrag- Calculate using the following data:

(a) the velocity of the shock front,
(b) clearing time ¢. and rising time ¢,,
(¢) the maximum resistance Ry,
(d) the final thickness of the slab.

10.
% = aspect ratio = T = 0.70

. . a
R,,, = maximum resistance based on — ~ 0.7

3

1
= a [(12MPfa + MPsa) + 98(Mpfb —+ MPsb)]

1
= 1o [12(2M, x 10.5) +9.8(2M; x 15)]

= 52M,

M, = bending resistance of slab per unit width, i.e. plastic moment per unit
width. Thus:
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406080
My =—;

= 7809.2311b ft /ft

= 7.809231 kip ft ~ 7.81 kip ft

M, = pbd2aq, (1 — Ps0dy )

1.70),
ol = 3.9ksi
o4y = 52 ksi
pe = 0.015

0.015(52)

M, = 0.015(52)(12)d? [1 -~ 1.7(3.9)

} = 8.25d%kipin

Now

8.25d% = 7.81 x 12kipin
d = 3.37in; take d = 3.5in
h =5in

bd? 12(5)3 .
IGross = E = 1(2) =125 1114

Transformed moment of inertia (cracked section)

I, = 38.8in*
slab Lm =5
Tel

I, = average moment of inertia

1
= 5(125 +38.8) = 81.9in"
216F1, 216 x 3 x 10% x 81.9

k = stiffness =

a2 (10.5)2 x 144
150 x 1 x 10.5 x 15
m; = mass of the slab = 12386 35.7 Ib-sec’in

The required data are:

Pso + Pdrag = 20 — 4pao = 20 — 0.4 x 7.8 = 16.88 psi

6p 1/2
U = velocity front = 1120 { 1 >
velocity fron 0( + 103)
,_3
C U
. slab short side

U

313

= 33.43 x 10°1b/in
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1 = ductility factor = 5.0
R

‘Mmax

1
Rmrc vired P, 1
q 1 _ 5#

PsOd
M, = pbd2ody (1 — y
oo y( 1-703)

1
= g [(12MPfa + MPsa) + 98(Mbe + MPSb)}

0. = 3.9ksi ps = 0.015
o4y = 52ksi
The blast is along the short direction of 10.5ft. Roof slab dimensions are
15 ft x 10.5 ft restrained on all edges.
total pressure on the RC roof slab = overpressure + drag
peak pressure = P (initially) = pso + Pdrag = 20 — 0.4pdo
=20—-04x7.38
= 16.88 psi

U = velocity of the shock front

6 1/2
— 1120 <1+ 1%;’) = 1650 ft / sec

t. = clearing time for the pressure p.

103 + 4pgo .

r — 2 SO e - 594

Pr=2p (103+p50) pat
3 x 12

te = 1650 = 0.022 sec or 22ms

t, = the rising time of the loading on roof slab

_ spanning short length  10.5

U —16502000686C

The load on the slab in this short transit time is assumed to be uniform. Now
= ductility factor = 5.0

R, = resistance required, i.e. strength calculated based on ductility

1 >
=P = 18.8 psi
<1 —u

Total resistance of the slab = R

= 18.8 x 10 x 15 x 144
= 4060801b

Mtotal
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Ky = the load mass factor = 0.73

0.73 % 35.7
T = o |2 2 g,
T\ 3343 105 OIE e

the appropriate response chart is used

tde 0.48
— = —— = 26.
T 0.018 6.67
R, 18.8
= ——=1.11
F, =P 16.88
and read
nw=25.0
tIl’l
— =0.1
tq

tm = 0.1 x 0.48 = 0.048 sec

A slab of 5 in (125 mm) thickness is sufficient since the computed p is close
to the desired value.

5.3 The Use of Baker et al. Charts for Evaluating
Blast Parameters

Figures 5.14 and 5.16 give scaled distances versus Ty /W '/, t,/W/3 i JW/3,
ta/W1/3 and P, and P,.

Figure 5.14 is developed to a side-on blast; Figure 5.15 is for a normally
reflected blast; and Fig.5.16 is for an additional side-on blast. In each case
the above parameters are evaluated. Figure 5.17 shows z versus all other
parameters in S.I. units developed by Bangash.

Several examples are given in order to allow the reader to become fa-
miliar with the computations ofthese parameters, using these semi-graphical
methods.

5.3.1 Example on American Practice

Determined for the stand-off distance R = 6 m when W = 27Kg of TNT,

determine the scaled distance z, t., Ps, Ty, i, and P, using Bakers charts of

27kg RDX at the same standing distance R = 6 m, calculate P, is, Ty and t,.
R=6m, W =27Kg

6 m
z=——= =1998 ———
271/ Kg%?\IT
P, = the incidence overpressure = 1.649 x 10° Pa
ta 9

TNT kgrnt
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1010 = 310
. P, x 108 E
10°k 4108
- i, /W3 x 108 ]
103 = 107
= B
& 107 10°
o F
=
1% H10°
105 | 3 104
104 1 1 1 ] 10°
1072 10! 10° 10 102 108

Scaled distance Z = R/W'3, m/kg'®

Fig. 5.14. Normally reflected blast parameters for TNT

where t, = arrival time (sec)

i 'fwﬂs

Pa*s
kg 1/3

_ S 1/3 —
ta = 1.8455 x 102 —— x Bkgyyy = 5434 x 10 %
T TNT
s _ _9 S 1/3 -2
e = L8455 X 1070 x Bkl = 5434 x 10 s = 1,
TNT STNT

where T, = time in seconds.
Figure 5.15 now gives reflected pressure P, and sealed reflected specific
impulse 4, /W1/3:
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107" 108 3104
L Py E ]
w3 (Pa)| .
102 107 J10?
10 108 102
E 3
B N
104 105 E A
E E Pass
o . kgl-'!!
10°  10tf H10°
10 103 H107
- W3 x 10-8 .
-2
10—-? 102 1 1 1 1 [1]
1072 107! 10° 10! 102 101’

Fig. 5.15. Side-on blast parameters for TNT

P, =7.3291 x 10° Pa

. Pa.
ll—/3 — 2.795 x 102%
TNT Kgrnt

2795 x 10% - Pa x s

br 173

x 3Kghd . = 8.385 x 10°
Kgrxr

(b) The bomb charge 27 Kg RDX (spherical charge)

in TNT = 1.185 x 27 = 32.0 KgTNT
P, = 4.0 x 10*Pa (N/m?)
is = 24 x 10 = 240 Pa-s
T, = 80ms
ty = 5.5ms
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10° - 7102
Q, I ]
- 6 -1 b
(Pa) Q,x 10 i
103 E 3 101
: :
] E 4 0
107 = 3 109
- g, 2
bx 10" ]
1081 Jo
: P :
E T Q, x 10°7]
105 : ) = 1072
- " =
=
- PPy
104k 107 |
B b—v—
" . Pressure-time profile 4
10° L 1 1 I 130—4
1072 1071 100 10! 102 10

Scaled distance Z = R'W'?, m/ka'?®

Fig. 5.16. Additional side-on blast pressure in TNT

using Fig. 5.16

—0.35
Psuc =
z
z>1.6
—0.35
— =0.185P
18y _ 18Pa

Thwe = 1.25W1/3 = 3.91 ~ 4.0

Isuc = is (1 - i) = 176.5Pa-s
2z
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10° < 1 P, KN/m2
NG g -0 P, KN/m?
- | = i KN/m2-ms/kg!/3
E: O=O= is KN/m2-ms/kg!/3
* === T ms/kg!/3
104 i - to or TO ms‘}'kgﬂs
U or Ug m/ms
10° 4 - ot
10% 4
10'
10° -
107 4.
g i
10~2 ] : ! - ; i !
0.01 0.1 1 10 100

Scaled Distance Z=R/W1/3

Fig. 5.17. z versus parameters in S.I. units (calculated converted in S.I. units by
Bangash from Baker’s chart)

5.4 Glass and Glazing

5.4.1 Introduction

Glass, plastic glazing sheet and glazing must be designed to receive some
impact of the explosive load. The performance of glazing under explosive
loading depends upon type, thickness, pane sire and support conditions. The
glazing specification chosen should meet the design and performance require-
ment of any code of practice. Glass and plastic glazing sheet material must
be secured to the window or door structure in such a manner that it cannot
easily be removed. The following describes types of glass used generally in
various buildings.

(a) Annealed glass
(b) Toughened (tempered) glass
(¢) Laminated glass
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(d) Blast-resistant glazing using US Technical Manual 5-1300: Structures to
Resist the Effects of Accidental Loads (1990).

(e) Keenan and Meyers method using a suspended polycarbonate shield in
windows and doors.

(f) Global finite element method

5.4.2 US Technical Manual 5-1300

The US design is based on toughened glass for a load duration of less than
one second. The following gives design stress criteria:

% failure toughened glass (psi)
< 1% 110 MN/m? (16000)
50% 160 MN/m? (23150)
> 99% 209 MN /m? (30300)

The US regulation recommends that the glass needed to resist the blast load
(for toughened glass) must involve charge weight, stand offs and the static
design resistance r, of the selected glass pane at the design stress, using thin-
plate large deflection concepts. Graphs and charts are included. Similar to
the design of the frame to resist the equivalent static load r, transmitted by
the glass while sustaining it must have:

1
264

( span or g in (3.2mm),
(ii) a factor of safety of 1.65 on the yield stress,
(
(

i) serviceability deftection limit

iii) a factor of 2 on the fixings, and

iv) a value of load as if r, were acting on the exposed frame

in order to achieve a probability of failure, i.e. cracking, of less than ﬁ (in

effect to attain survival with the glass uncracked and frame serviceable).
The US method uses simply charge weight, stand offs and frame load.

The most popular pane is 1.55m x 1.25m. The following gives frame loads

and stand off for this pane dimension:

Glass thickness Stress Frame load® 100kg TNT

(mm) (N/mm?) (kN/m?) @ stand off in metres
Toughened (8) 110 25 85

Laminated toughened’ (9.5) 110 25 85

* The values are to be multiplied by 1.65 or 2.0 where appropriate as stated above.
It should have a resistance 75% of the equivalent monolithic thickness.
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5.4.3 Keenan and Meyers Method for Hardening Buildings

The main purpose of this method is to harden the envelope of buildings so
that a full spectrum of protection is provided against blast, fragments and
debris. Keenan and Meyers indicate the main objective is the use of sus-
pended polycarbonate shield to increase the resistance capacity to tolerate
increased blast loads. The Naval Civil Engineering Laboratory, Port Huen-
eme, California conducted blast load effects on glazing. The shield is made up
of polycarbonate layers with a polyurethane or silicon interlayer. The shield
is mounted in a steel frame and is suspended from two steel cables behind
the window opening which are connected to the ceiling above. The glass in
the glazed window is generally covered with plastic security film. Figure 5.18
to 5.20 show shield components for blast resistance and their available pa-
rameters.

5.4.3.1 Explanatory Notes on Shield Design

(a) Figure 5.18a shows a design chart prepared by the US Army Corp of
Engineers for predicting incident blast overpressure P, inside a room by
a blast overpressure P, outside. This involves parameters such as the
opening area = A and A = ab, P, = 0.25 P,.

(b) Figure 5.18b gives a chart to reduce the value of P, by a suspended poly-
carbonate shield behind the opening. This involves the positive pressure
gap X7 needed for the shield to provide some prescribed reduction in P,
The parameter Xt is the horizontal shield displacement, X, at time of
zero overpressure, T, outside the building.

Additional pressure reduction

Pdesi
gn
Pred = 1 - T

Pdesign =24 pSl (1655 kN/mz)

(¢) The shield weight or load (unit weight = ) is needed to achieve the
prescribed value of the displacement Xr. A bomb at a stand-off distance
R detonates. The bomb NEW (¢ = T') will give the volume of X using
the chart in Fig5.18b. While knowing +, it is easy to obtain the value
~vA. The sequence for the path is to be found.

(d) Figure 5.21 gives the design of the suspension cable, knowing the value
of the cable force T and design stress Fg or Fg. Design diameter of the
cable is therefore determined. A practical cable diameter available in the
market is then chosen.

Design Example: On Keenan and Meyers Method

A terrorist bomb equivalent to 2000 1bf (8.896kN) detonates 6.10m (20 ft)
from a building having glass windows. Using the Keenan and Meyers method,
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Po
e
z e
58% Blast wave
o cno 60
559 50
EEG 40
o £ S
c 30
S0 o
c S £
22c
§8F 20
BCo
d ®E
55
[=8
° 40 J
3 4 56 810 15 20 30
Distance behind window opening, R (ft)
(a)
oy
cd Shield
e Blast load displacement
=3
W o
x @
=]
e 2 1
53 | Time
R
= = T
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c 2
[=]

A=ab

i
'

Area of window
opening, A (ft2)
o

20 — b —»
30~ Window opening
gg‘ b=24in 30 36 424:3;80

(b)

Fig. 5.18. (a) Peak-side overpressure inside room compared to peak overpressure
outside window opening with no cover; (b) Reduction in peak overpressure inside
room caused by suspended polycarbonate shield
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Interior Exterior

Glazing (thermally tempered

M20 grade B.8 Tube glazing stop
" glass polycarbonate layers)

Frame bolts
Frame angle
(200 x 150 x 18 mm
Embed plate x 47.2kg/m grade 43 steel)
|
20 mm thick PL grade 43 Shims
300 mm RC wall Shear stud
L
(@)
Crushable honeycomb Suspension cable
cushion
Steel frame

\ Decorative snap
/ on sheath

.

Suspension

cable
//

Security clip

|~

Hinge pin.

Laminated polycarbonate

Neoprene shield with fine wire mesh

gasket

Decorative snap
on sheath

(b) N T ant spin bar

Fig. 5.19. (a) Generic-blast window glazing and frame detail; (b) Shield compo-
nents for blast testing according to Keenan and Meyers
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20
15

s
~ ©

7psi

w

w

Positive blast pressure
gap, X; (in)

Blast load
o Shield
displacement, X

(=]

(=]

(=]
TTIv 0

Net explosive weight,
NEW (Ib TNT)

:

Fig. 5.20. Design criteria for shield weight

design a suspended polycarbonate shield to protect glass from having frag-
ments. Use Keenan and Meyers graphs and the following data:

explosion at the exterior face as an incident blast overpressure

= 172.369 kN /m” (25 psi)

window dimension/opening = 1.83m x 0.762m

work space located behind window (R) = 2.38 m

maximum incident blast pressure limitation = 16.55kN/m? (2.4 psi)
P, =0.25 x 172.369 = 43.1kN/m” > 16.55kN/m”

window area A = 1.395m?

cable tensile force = T to determine

P, = leaking pressure is related as

P, =0.25P,
— : _ Pdesign
Pyeq = pressure reduction = 1 — 5
Pesign = 2.4psi = 16.55 kN /m”
fs = fc = cable design stress

= 1000001bf /in* (psi) = 689.5 MN/m”
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50 30 20 108 654 3 2
Cable anchoring force, T (kips)
1

o

Cable diameter, D (in)

Net explosive weight

]
1.0 800

NEW (Ib TNT)

o 2
g &

800
1000

20004

TTTTTd

h-

Fig. 5.21. Design criteria for cable anchoring force and cable diameter
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Step 1

If no shield exists

a=1.83m
b=0.762m
Vab = /1.83x 0.762 = 1.181m
R =238m
P
FO = 25%

Using Fig. 5.18, the value
P, =0.25P,
= 0.25 x 172.369
= 43.1kN/m?
> 16.55kN/m” (2.4 psi)

The shield is designed to provide required mitigation.
Step 2

Controlling maximum overpressure in a protected room.

Use Fig. 5.18 for maximum blast gap X for the shield loaded during time
T by a positive blast pressure.

Additional pressure reduction within the interior room is:

Posign 16.55 ,
P YEW 0.62, ie. 62%

From Fig.5.18 A = 1.395m? and the smaller dimension b = 0.762m. Read
in the upper panel X+ for a 62% reduction:

X1 = 127mm or 0.127m
A maximum bottom swing of the shield of 0.127 m will probably contain glass
fragments. In practice fragment hazards affect the design.

Step 8

Weight of the shield per square metre v to control the effects of the blast.

From Fig. 5.18 a net explosive load of 8.896 kN = NEW equivalent to the
net explosive weight and a stand-off distance R = 2.38 m, gives a value of
v = 1.38kN/m?.
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Step 4

Cable size and the load with v = 1.38 kN /m?.
Calculate the load on the shield

~vA =1.38 x 1.395 = 1.924 kN

Read across to “yA’ and note each cable force T¢ for yA = 1.924 kN.
From Fig. 5.21

Tc = cable force = 25 kN

Cable diameter for fs design stress 689.5 MN/m? (100000 psi) = 7mm diam-
eter.
Therefore, adopt 10 mm HTS bars.

Stand-off Distances R

Small packets to suitcases 10-30 m
cars 60 m
vans and lorries 150 m

The above criteria were used throughout for the 150 samples analysed.
Panels having areas 0.6 m?, 1.934 m?, 2m? and 3m? were chosen. The finite
element mesh scheme was kept the same for all these windows; only sizes
and material properties and loads due to blast effects were varied. A 30 m
stand-off distance was adopted for all cases of hidden explosives in cars. The
distance chosen for vans and lorries was between 60 and 150 m.

Finite Element Analysis Parameters

The following lists provide the thickness (¢) and area (A) dimensions of the
glazing used in the analysis. The stand-off distance is 30 m.

Single glazing Double glazing
t (mm) A (m?) max t (mm) A (m?) max
4 0.2 4+4 0.6
6 1.8 5+5 1.2
10 3.3 646 2.5
12 5.0 10 + 10 5.0

Loads up to elastic conditions = 1.5 kN/m? are permitted and in addition:
For window pane dimensions 1.55m x 1.25m, i.e. A = 1.934m? (8 mm
toughened glass (T*) and 10 mm laminated glass (L*))
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Fig. 5.22. Finite element mesh

frame loads x 2.0 (SF* = safety factor) = 50kN/m?
equivalent static yield stress = 1.65 x 110 = 181.5 N/mm? for the frame

1
deflection limitation ¥ %64 span

the average edge reaction at edge nodes (kN/m)
(equivalent ultimate static load)

equivalent ultimate static load x area

perimeter of the panel

Global Finite Element Analysis of Doors and Windows

Windows and doors are important functional elements, but they represent
weak links in the blast resistant design. The blast resistant design for doors
is usually accomplished with a single degree of freedom model. This is due
to the fact that in many cases the resistance of the door matches that of the
wall in which it is located. An important consideration in the door analysis
is the life safety egress requirement. The simplest way to treat the door is
as a plate supported around its frame. In this case the rebound phase of the
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Fig. 5.23. Mode shape with glass window panel

blast response is sometimes important to keep the facility secure following a
blast event.

Windows with certain products can resist blast pressures of certain mag-
nitudes. The adaption of window products to resist blast pressure or to min-
imize the amount of fenestration, plays a great part in controlling fragments
of flying glass.

A generic blast resistant window system has been shown in earlier ac-
counts. A reference is made to the Appendix for finite element literature.
Figure 5.22 shows a typical finite mesh scheme for window and window
steel/aluminium frame design. A typical damaged window system is demon-
strated in Fig.5.23 under the blast effects from the explosive SEMTEX. A
layered polycarbonate system described earlier was not used in this case. The

rolled-steel frame was anchored to the wall. Toughened and laminated glass
was used and their material properties form an input to the finite element

analysis. These data are given in the next section.



330 5 Blast Response Resistance — Design of Structural Elements
5.4.3.2 Finite Element Analysis of the Windows
A 3-D finite element with four nodes on each face is considered.

Material Properties

Glass:
E = 61GN/m?
v =0.25

t = varies from 6 mm to 12mm
p = density = 2224 kg/m?
Steel frame and fixings:
E =209 GN/m?
v=20.3
t = varies from 0.8 mm up
p = 7800 kg/m?

Minimum load to satisfy the protective system criteria for a minimum cen-
trally applied load without:

(a) fracturing = 1.35kN if any length is 900 mm or
(b) deflecting | = 1.1kN if under 900 mm length

(¢) permanent distortion

(d) displacement of the whole system.

Nodes and Elements

The window is made up of a finite element mesh:

Glass: four-noded solid element isoparametric

constant thickness and single layer 115 mm

Frame elements: four-noded solid element isoparametric 138 mm

four-noded trapezoidal 84 mm
four-noded triangular 84mm
nodes 4300 mm

Various case studies involving blast resistant glass windows or pans have
been examined using 3D F.E. Standard Rc30 is taken into consideration.
A graph is plotted for glass thicknesses versus an equivalent static loads
representing blast loads for quick solutions available to the designers. However
for accurate analysis, a comprehensive numerical method of the designer’s
choice shall be considered.
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Fig. 5.24. Blast resistant glass window panes: case studies
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6 Contact or Gap Elements
for Blast-Fire Structural Interaction

Introduction

The contact or gap elements are the interface elements in engineering dis-
ciplines. In soil-structure interaction in blast-and fire these elements play a
very important role in bringing about close relations between various struc-
tural elements under stress and between structural and other elements of
a medium. In concrete mechanics example, bond between concrete and re-
inforcement, aggregate interlock in discrete cracks, friction in concrete, steel
and aluminium connections (rigid and semi rigid), structural composites, air-
craft/missile impact on vital installations and many other vital cases. This
section reviews some methods which are well known and are recommened for
static, dynamic impact and blast load analysis. Some are listed below:

(a) “Bangash T Contact-Element” using Finite Discrete Element Analysis.
(b) Hallquist et al. Method

(¢) DELFT Interface Friction Type Element

(d) ANSYS Contact Elements

(e) ABAQUS Gap Contact Elements

(f)

e
f) LS-DYNA Gap/Contact Elements

6.1 Introduction to Bangash T. Contact Elements

Discrete Element Method relies on the free interaction of a large number of
separate and unconnected bodies. Each body can then be discretized using
the finite element method. The number of discrete elements, their density
and their shape will change in time.

Various contact detection algorithms are suited only to particular prob-
lems such as quasi-static or dense packing. Most algorithms are suited to
quasi-static problems where the relative motion of the bodies is restricted.
Dynamic problems, however, involve a large number of bodies with no sig-
nificant restriction on their motion. This will inevitably increase the CPU
time, T (total detection time), generated by such algorithms, as contact de-
tection will now be performed a number of times as opposed to just the single
occasion for quasi-static problems.
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Hence the optimum algorithm would need to minimise the CPU time
and memory requirements, M, in terms of the number of elements and their
packing density. It will also need to be flexible enough to account for the
change in M and T with packing density.

Most of the algorithms referred to above have total detection time T
directly proportional to

T « NIn(N) (6.1)

where N is the total number of discrete elements.
In the case of the NBS algorithm the time 7" is found to be directly
proportional to the number of bodies, N.

T x N (6.2)
The memory requirements are
1
M x N for 2D 6.3
7 (63
1
M x N— for 3D (6.4)

/P
where p is the packing density.

The NBS algorithm is equally effective for dense and loose packing, while
CPU time is not influenced by packing density. For example in the case of
3D a 125 fold decrease in packing gives a less than 5 fold increase in memory
requirement.

This sections presents the NBS algorithm as applied to problems of a
multidimensional nature. Examples are run on a medium size workstation
for purposes of algorithm demonstration.

6.2 NBS Contact Detection for Problems
of a 2D Nature

The reader is referred to [6.1], where a more detailed delineation of this topic
is presented.

In this instance the system will consist of a number of discs, which rep-
resent the discrete element system, within a defined rectangular shape. The
rectangle is then divided into smaller shapes of dimension ncelx by ncely.

Each disc will have its centre within one of the smaller rectangular shapes

(Fig.6.1).
Each of the numbered discs is mapped
E={0,1.2.3,...N} (6.5)
to the set of cells
(0,0) (0,1) e (0, ncely — 1)
C= (1,0) (1,0) (1, ncely — 1) (6.6)

(ncelx —1,0) (ncelr —1,1) ... (ncelr —1,ncely — 1)
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A ncelx Vinax

wn

(&)

E ncely

iy=0

\ 4

L Xomax

ix=0 1 2 3 4 5 6 7

Fig. 6.1. Mapping of discs onto cells

For example the cell (ix,iy) may have disc with centre coordinates (z,y).
Therefore from Fig. 6.1 we may say disc 5 is assigned to cell (2,4). The discs
are numbered and then assigned to a particular row and then to a particular
column of cells.

Incorporating the use of linked lists reduces memory requirements. Firstly
each disc is looped over in ascending numerical order and it’s integerised iy
coordinate is found. Therefore from Fig. 6.1 we can see the disc 0 is the first
to be found when iy = 1. The next disc found will be disc 2 and then disc 4
followed by disc 6. At each disc is found, it will push along the previous disc
as shown in Fig. 6.2. Here only the sequence for iy = 1 is shown. Such lists
will further be referred to as Y lists.

Fig. 6.2. List formation sequence for iy = 1
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heady nexty

0 0 -1
6 I -1
-1 2 0

3 ~]
-1 4 15
-1 5 I
-1 6 4

Fig. 6.3. Numerical representation of single dimension arrays used for the 2D case

The negative one indicates the end of the list. This process is effectuated
by the use of two single dimension arrays as shown in Fig. 6.3.

The heady array is ncely large and the nexty array is N large, where
ncely is the number of cells in the y direction. In the case of 7y = 1 the head

array begins as heady[l] = 6. The nexty array represents the next disc in
the list for iy = 1. Therefore it can be read as nexty[6] = 4, nexty[4] = 2,
nexty[2] = 0, and nexty[0] = —1.

A loop over each particular Y list is now performed in order to create
a 2D (X,Y) list by checking it’s integerised iz coordinate. This is shown in
Fig.6.4. Each disc for the Y7 list is placed by it’s integerised iz coordinate
thus creating a 2D list as illustrated in Fig. 6.4.

N I W

Fig. 6.4. 2D (X,Y) list
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As no loops over cells is carried out we can assume that CPU time re-
quired is not a function of ncelzx or ncely and hence not a function of packing
density p.

Contact detection is carried out where the cell has one or more discs
mapped to it. A check of the neighbouring cells for contact detection is then
carried out. Once again in all operations involved T is not a function of ncelz
or ncely.

As no loop over the cells is performed at any stage we can assume CPU
time, T' to be directly proportional to the number of discs, N.

6.3 NBS Contact Detection Algorithm for 3D Problems

The NBS algorithm for three dimensions replaces the discs with spheres in a
finite defined cubic system as shown in Fig. 6.5. The boundaries are defined
by Tmin, Ymins Zmins Tmaxs Ymaxs and Zmax. The centres of each sphere will
never fall outside these boundaries. Once again the NBS algorithm will find
spheres with distances between their closest points less than or equal to zero,
i.e. they touch or they overlap (Fig.6.5).

Zmax _{ e

z /" ——————— . vp— ——Y¥max

Zmin
et LE = I Y min
x =

Fig. 6.5. 3D contact detection problem

6.4 3D Implementation into the Combined
FEM/DEM Method

The NBS algorithm as has been shown relies upon space decomposition. In
this case the cube is subdivided into smaller cubes of dimension ncelx by
ncely by ncelz. Each sphere is identified by an integer number {0,1,2,3, ...,
N — 1}. Similarly each cell is recognised by integer co-ordinates (ix,iy,iz),
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Fig. 6.6. Mapping of spheres on to cubic cells

where iz = 0,1,2,... ;ncelr — 1 and iy = 0,1,2,... ;ncely — 1 and iz =
0,1,2,... ,ncelz — 1. ncelx — 1, ncely — 1, and ncelz — 1 are the maximum
number of cubes in the z, y and z directions.

Tmax — Lmin
necelr = — 5 (6.7)
Ymax — Ymin
Jy = 2222 I 6.8
neely 5 (6.8)
Zmax — Zmin
lz = ———— .
neelz o (6.9)
Mapping from the set of spheres
E=1{0,1,23,...,N} (6.10)
to the set of cubes
(0,0,0) (0,1,0) . (0, ncely — 1,ncelz — 1)
C= (1,0,0) (1,0,0) (1, ncely — 1,ncelz — 1)
(ncelz — 1,0,0) (ncele — 1,1,1) ... (ncelx — 1, ncely — 1, ncelz — 1)
(6.11)

is defined in such a way that each discrete element is assigned to one and
only one cell. For instance, the sphere with co-ordinates (x,y, z) is assigned
0 the cubic cell (ix, iy, iz), where

L — Tmin
i = Int | — 0" 12
i n< e ) (6.12)

iy = Int <y_2i{m“) (6.13)

Z — Zmin
iz = Int | ———— 14
i n< = ) (6.14)
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Fig. 6.7. Linked lists, Z;

iz, iy and iz are said to be integerised relative co-ordinates, here on referred
to as integerised co-ordinates. For example sphere eight can be seen to map
on to layer 1, column 3 and cell (3,0,1) (Fig.6.6).

Mapping may also be represented by a 3D array

ncel = ncelz.ncely.ncelz (6.15)

This undoubtedly would require increased memory, especially for cases where
the number of spheres is thinly spread over the cubic space.

This problem is solved, as in the two dimensional case, by using linked
lists. Firstly the spheres are mapped on to layers in the z direction. For each
layer in the z direction a linked list iz is constructed. For example layer iz = 2
is referred to as Z,. This is shown in Fig.6.7.

A loop over each of the spheres is used to place them on to their respective
z layer by ascertaining the integerised iz coordinate.. For example when iz =
1 i.e. Z1, the sphere 8 is first placed and then pushed along by sphere 6 and
further pushed along by sphere 2 once found to lie on this layer.

This done using two 1D arrays which we will call headz and nextz as
shown in Fig. 6.8. Hence for iz = 1 headz[l] = 2, nextz[2] = 6, nextz[6] = 8
and nextz[8] = —1. Similar analogous methods are used to form X,Y and
lists for any other dimension.

Loops over the non empty Z lists are done to obtain a list of spheres in
the y direction — Y list. These will be placed according to their integerised
1y co-ordinate. A loop over the non empty Y lists is next performed to place
each sphere onto an X list by using its iz value. By this procedure each
individual sphere is placed onto a list in each of the axis directions.

Once the X. Y and Z or N then the head and next arrays are reset to —1
indicating no spheres present. The subsequent layer is then formed. It can be
seen no loop over the cubic cells is carried out and so the CPU time is not
a function of ncelx. ncely or ncelz and so is not a function of the packing
density p.
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headz nextz
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-1 3 -1
-1 4 2
-1 5 4
-1 6 8
-1 7 -1
1 8 -1

2
A /S 7 A B
N : AR L/
5 //
. /|
s — X
A 47
1 AV
. g
o 1 2 B | | S= &
4

N A
L S | _?

Fig. 6.9. Contact detection in neighbouring cells
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6.5 NBS Algorithm — Detection of Contact

Each sphere can only be mapped on to a single cubic cell and only neighbour-
ing cells can have any contact. The next stage is to detect contact between
the spheres. Once the sphere has been mapped it is marked so that the check
against neighbouring cells is not repeated in the loop.

The next step is to search for contacts with spheres in surrounding cubic
cells. For example (0,0,2) will check itself against cells (0,0,2), (0,0,1), (1,0,1)
and (2,0,1). It will also check itself against all the cells directly beneath each
of it’s neighbouring cells lying on the same layer.

6.6 3D NBS Algorithm — Implementation

The code is able to identify which particular nodes are in contact with each
other. A flow chart of the algorithm is shown in Fig. 6.10.

This algorithm ensures no cell is checked twice, thus keeping CPU time
to an optimum.

START

LOAD ALL NODES ONTO THEIR RESPECTIVE
CELLS (MAKE CELL LISTS)

Y

DETECT CONTACT USING CELL LISTS AND
SOLVE INTERACTION FOR A DETECTED
CONTACT

Y

REMOVE NODES FROM THEIR RESPCTIVE
CELLS (DELETE CELL LISTS)

!

PROCESS CONTACT WITH GROUND

END

Fig. 6.10. Flow chart of contact algorithm
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START

inc =0

. inc<nnode ——
N
Y

Define current coordinates of
the node inc

¥
A Get the cell the node currently '

is — ix iy iz

2

If the node is inside the space
boundary add inc onto the list
for cell (ix iy iz)

inc=inc+1

Fig. 6.11. Flow chart detailing the procedure for creating nodal lists for each cell

The algorithm, next processes the interaction between the “contactor”
node and the “target” node, once they have been found.

Fig. 6.12. Contact between contactor and target node

The vector p is found by adding the vector radii of the two nodes.
p=C,+T, (6.16)

It is then transfonned into a unit vector.
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Contact will occur if there is overlap between the two nodes and p is less
than the sum of the vector radii.

Contactor

r-re

Y A

Point of Intersection

A 4

Z
Fig. 6.13. Point of intersection between contacting nodes

The 7 vector at the point of intersection is obtained from the vectors r¢
and rp. The component of rotational velocity for both nodes contributing
to contact is obtained by cross product of the rotational velocity and the
respective 7 vector. This is shown in (6.17).

hc=wx (r—r¢ (6.17)
A similar equation applies for the target.
hr =w x (r —rr) (6.18)

These components are then combined with the translational velocities to
obtain the relative velocities in the z, y and z directions (6.19).

v=hg+ve—hr—vr (6.19)

Dot product between the relative velocities and the unit vector p will give
axial component of velocity in the direction of p, v,.

Uy =0-P (6.20)
The tangential velocity, vr in the x, y and z directions is found from
VP =0V —Vy P (6.21)

The next step is to obtain the frictional and normal forces (ff and f, re-
spectively), from the penalty function method]].



344 6 Contact or Gap Elements for Blast-Fire Structural Interaction

=y

Contactor

Z

Fig. 6.14. Tangential and axial components of relative velocity

The penalty function method in simple form is
f=axA (6.22)

where A is the overlap. In our case let us assume the overlaping spheres to
be represented by a cuboid.

Cr+Tr-A

Fig. 6.15. Cuboid representation of contacting spheres

Where

D=Cr+Tr (6.23)
Assuming the overlap is small the force is easily calculated as

f=FEAD (6.24)
The damped force is calculated as

fa=cEDVEmu, (6.25)
However we know

w= X (6.26)

m

and
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1
k= ) D?E = DE (if the displacement is 1)
and
c=2mw

fa=26VDEm (6.27)
Therefore in our case o will be
o = (6.28)

The normal force is multiplied by p to give it direction. The friction force
is multiplied by vt to obtain it’s direction. The result is then combined to
obtain the force vector f.

f=fup—Ffi-v (6.29)
The contribution of each node to the moment are then found by Cross product
of f and 7.

Mic=f x(r —rc;)
Mir=f x(r—rm)

The resulting M and f vectors are then added to the applied moments and
forces respectively to update the global force and moment vectors.
The procedure is illustrated in the flow charts of Figs.6.16 and 6.17.

(6.30)

START

| ino=o l

ino<nnode

h'd
| Get a non empty cell ]

-

Check if it is already been visited
y N | ; y B A4
v Y

| Check against neighbouring cells J

v

Obtain forces & moments and update
them

v

#l ino=ino+1 |

Fig. 6.16. Detecting contact between spheres
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START

Get geometry of contact

Get relative velocities

Get normal force

Get tangential force

Update global vector

END

Fig. 6.17. Procedure to update global force and moment vector

At this point contact with the wall of the box needs to be considered. To
do this the lists for each cell must first be deleted as shown in Fig.6.18.

In the case of contact with the the box wall the node is now regarded as
the target. A similar procedure, as outlined before, is followed to obtain the
friction and normal forces. A force vector is then obtained using (6.29). The
moments are obtained using the second equation of (6.30). The global target
force and moment vector is then updated.
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START

inc=o0

inc<nnode

Supply current coordinates of
a node

A y

Ascertain it’s respective cell

!

If index>0

Supply list as —1 rendering
list as void

)

inc=inc+1

END

Fig. 6.18. Deleting cell lists
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Fig. 6.19. Contact with the box

START

U

Locate target node

v

Obtain contact geometry

|| between node and wall v

Y

Obtain forces and
moments as per Figure

=

inta=inta+1

Fig. 6.20. Flow chart for contact with the box
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FATN
Slave surface

Master surface

x (i)

k,— Interface normal stiffness m D material stiffness matrix
Values varied as 10" to 10 N/mm”

Fig. 6.21. Hallquist contact method (modified by Bangash)

6.7 Hallquist et al. Method

Hallquist et al. developed a useful concept of master and slave nodes sliding
on each other. As shown in Fig.6.21 slave nodes are constrained to slide on
master segments after impact occurs and must remain on a master segment
until a tensile interface force develops. The zone in which a slave segment
exists is called a slave zone. A separation between the slave and the master
line is known as void. The following basic principles apply at the interface:

(a) update the location of each slave node by finding its closest master node
or the one on which it lies.

(b) for each master segment, find out the first slave zone that overlaps.

(c) show the existence of the tensile interface force.

Constraints are imposed on global equations by a transformation of the nodal
displacement components of the slave nodes along the contact interface. Such
a transformation of the displacement components of the slave nodes will
eliminate their normal degrees of freedom and distribute their normal force
components to the nearby master nodes. This is done using explicit time in-
tegration, as described in the finite element solution procedures. Thereafter
impact and release conditions are imposed. The slave and master nodes are
shown in Fig. 6.21. Hallquist et al. gave a useful demonstration of the identi-
fication of the comact point which is the point on the master segment to the
slave node ng and which finally becomes nontrivial during the execution of
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the analyses. When the master segment f is given the parametric represen-
tation and t is the position vector drawn to the slave node ng, the contact
point co-ordinate must satisfy the following equations:

o7
23
or
on

(Ec’nc) X [i - f'(fcanc)} =0
(6.31)

(fcﬂ?c) X [tA - f(gcync)] =0

where (&, 7.) are the co-ordinates on the master surface segment S;. Where
penetration through the master segment S; occurs, the slave node ng (con-
taining its contact point) can be identified using the interface vector f

to the degree of freedom corresponding to ng, and

foo = Niesne) fs - if1<0 (6.33)
where

L= f;- [t = #(&,me)] <0 (6.34)
A unit normal

g = ﬁi(fcv nc); ti =1, Nj (Fl)j(t) (635)
j=1
ki = [ Ki A7 |V (6.36)

where

(F1)7(t) = impact at the jth node
K = stiffness factor
K;, V;, A; = bulk modulus, volume and face area, respectively
fsi = scale factor normally defaulted to 0.10
N; = 1(1+&&)(1 + nn;) for a 4-node linear surface
Bangash extended this useful analysis for other shape functions, such
as N; for 8-noded and 12-noded elements. On the basis of this theory and
owing to the non-availability of the original computer source, a new sub-
program CONTACT was written in association with the program 1SOPAR. The
subprogram CONTACT is in three dimensions.
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6.8 DELFT Interface Fraction Type Element

This is suited to isoparametric quadrilateral two-dimensional elements as
shown in Fig.6.22. This gap or contact element is dealt with in detail by
Rots and Schellekens using traction profile.

Consider the general case of an isoparametric two-dimensional interface
element that connects two isoparametric solid elements. Figure 6.22 shows

one example. The element geometry x and the element displacement field u
are interpolated as

x = Hux; (6.37)
u= Huj; (6.38)
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Interface
elements

Notch

Fig. 6.22. Quadratic two dimensional quadrilateral interface element

where x; is the nodal geometry vector in global co-ordinates, u; is the nodal

displacement vector in global co-ordinates and H is a logical grouping of the

shape functions N which are expressed in the natural co-ordinates £ and 7

along the surface. The same interpolations are adopted for top and bottom

sides of the interface, which implies that the nodes should overlap. If the nodes

do not overlap, interpolations should be set up with reference to mid-plane.
The relative displacement field Au is defined as

Au = Lu (6.39)

with L being a 3 x 6 matrix, filled with 1, —1 and 0 such that the relative
displacement is the displacement at the top side minus the displacement
at the bottom side. Here, the interface elements deviate from continuum
elements, where L contains differential operators.

The interface constitutive behaviour is described in terms of a traction-
relative displacement law in the local co-ordinate system at integration points.
This requires the global relative displacements Au to be transformed to local
relative displacements u as

A =60"Au (6.40)

© contains the normalised local axes n, s and t as columns. These local axes
are set up according to (6.37).

Substitution of (6.38) into (6.39) and of the result thereof into (6.40)
yields

Au = Bu; (641)

where the notation B = ©TLH has been introduced for the local rela-
tive displacement—nodal displacement matrix. Introducing the local traction-
relative displacement law as

t =DA% (6.42)

the stiffness matrix can be written in standard form:
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Fig. 6.23. Interface element — behaviour checked with other researchers based on
DELFT

E=+1 n=+1
K = / / BT DB det(J)dédn (6.43)
E=—1 n=-1

with det J being the determinant of the Jacobian operator.

In the case of three-dimensional analysis, Fig.6.23 shows the interface
element for three-dimensional elastic analysis of a beam. Element interaction
schemes are described in the text. This element has been tested with other
methods of analysis by Newton-Cotes, Lobatto, Gauss and node-lumping
schemes, The comparative study of results is given in Fig. 6.23.

6.9 ANSYS Contact Elements

CONTAC52 — Three-Dimensional Point to Point Contact Element

CONTACS2 represents two surfaces which may maintain or break physical
contact and may slide relative to each other. The element is capable of sup-
porting only compression in the direction normal to the surfaces and shear
(Coulomb friction) in the tangential direction. The element has three degrees
of freedom at each node: translation in the nodal z, y and z directions as
shown in Fig. 6.24.
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Fig. 6.24. CONTAC52 three-dimensional point-to-point contact element

The element may initially be preloaded in the normal direction or it may
be given a gap specification. A specified stiffness acts in the normal and
tangential directions when the gap is closed and not sliding.

The geometry node locations and the co-ordinate system for this element
are shown in Fig. 6.24. The element is defined by two nodes, two stiffnesses
(KN and KS), an initial gap or interference (GAP) and an initial element
status (START). The orientation of the interface is defined by the node lo-
cations. The interface is assumed to be perpendicular to the I J line. The
element co-ordinate system has its origin at node I and the z-axis is directed
towards node J. The interface is parallel to the elenlent y—z plane.

The normal stiffness KN should be based on the stiffness of the sur-
faces in contact. The sticking stiffness KS represents the stiffness in the tan-
gential direction when elastic Coulomb friction is selected (u > 0.00 and
KEYOPT(1) = 0). The coefficient of friction u is input as material property
MU and is evaluated at the average of the two node temperatures. Stiffness
may also be computed from the maximum expected force divided by the
maximum allowable surface displacement. KS defaults to KN.

The initial gap defines the gap size (if positive) or the displacement inter-
ference (if negative). An interference causes the nodes to separate. The only
material property used is the interface coefficient of friction pu. A zero value
should be used for frictionless surfaces.
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Table 6.1. CONTAC52 input summary

Element name CONTAC52

Nodes ILJ

Degree of freedom UX, UY, UZ

Real constants KN, GAP, START, KS
A negative value of GAP assumes an initial interference con-
dition

If START = 0.0 or blank, initial status of element is deter-
mined from gap input

If START = 1.0, gap is initially closed and not sliding (if
MU ## 0.0), or sliding (if MU = 0.0)

If START = 2.0 gap is initially closed and sliding

If START = 3.0, gap initially open

Material properties MU

Surface loads None

Body loads Temperatures: T(I), T(J)
Special features Nonlinear, adaptive descent
KEYOPT(1) Used only with MU > 0.0

0 Elastic Coulomb friction (KS used for sticking stiffness)
1 Rigid Coulomb friction (resisting force only)
KEYOPT(4) 0 Gap size based on gap real constant
1 Gap size determined from initial node locations (ignore
gap real constant)

KEYOPT(7) Used with automatic loading to control contact time pre-
dictions
0 Predictions are made to achieve the minimum time (or
load) increment whenever a change contact status oc-
curs
1 Predictions are made to maintain a reasonable time (or
load) increment (recommended)

Table 6.2. Output for gap element

Name Definition

UT(Y. Z) Displacement (node J-node 1) in element y and z directions

FS Tangential (friction) force (vector sum)

NN N|O
mmw;@

ANGLE  Principal angle of friction force in elementary-z plane

1 — if the value of START is:

2 — siding contact

3 — gap open (not given in Table AXIII.2)
2. If MU > 0.0
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The force-deflection relationships for the interface element can be sepa-
rated into the normal and tangential (sliding) directions as shown in Fig. 6.21.
The element condition at the beginning of the first sub-step is determined
from START parameter. If the interface is closed and sticking, KN is used in
the gap resistance and KS is used for sticking resistance. If the interface is
closed but sliding, KN is used in the gap resistance and the constant friction
force uFN is used for the sliding resistance.

In the normal direction when the normal force (FN) is negative, the inter-
face remains in contact and responds as a linear spring. As the normal force
becomes positive, contact is broken and no force is transmitted.

In the tangential direction for FN < 0 and the absolute value of the
tangential force (FS) less than pu|FN|, the interface sticks and responds as
a linear spring. For FN < 0 and FN = pu|FN]| sliding occurs. If contact is
broken, FN = 0.

A summary of the element input is given in a step-by-manner in Table 6.1.

Output Data

The solution output associated with the element is in two forms:

(a) nodal displacements included in the overall nodal solution, and
(b) additional element output as shown in Table 6.2.

The force displacement curves are generally illustrated.

6.10 ABAQUS Gap Contact Element

The following overview underlines various sters and options for gap elements.

Overview

Gap elements:

allow for contact between two nodes;
allow for the nodes to be in contact (gap closed) or separated (gap open)
with respect to particular directions and separation conditions;

e are always defined in three dimensions but can also be used in two-
dimensional and axisymmetric models;

e allow contact to be defined on any type of element, including superele-
ments and user-defined elements;

e provide the contact forces, not stresses between two points in a local basis
system;

e require that some limitations be placed on the rotation of the contact
direction (GAPUNI and GAPCYL elements only) and

e can be used to stimulate an inextensible cable (by using GAPSPHER
elements).
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n

Fig. 6.25. GAPUNI contact element

Choosing and Defining a Gap Element

(a) GAPUNI elements model contact between two nodes when the contact
direction is fixed in space.

(b) GAPCYL elements model contact between two nodes when the contact
direction is fixed in a plane.

(¢) GAPSPHER elements model contact between two nodes when the con-
tact direction is arbitrary in space.

(d) Gap elements are defined by specifying the two nodes forming the gap
and providing geometric data defining the initial state of the gap.

GAPUNI Elements

The behaviour of the interface being modelled with a GAPUNI element is
defined by the initial distance (clearance) d of the gap and the contact direc-
tion, n.

Clearance between GAPUNI Nodes
ABAQUS defines the current clearance between two nodes of the gap h as
h=d+n(u* —u')

where u' and u? are the total displacements at the first and the second node
forming the GAPUNI element. Figure 6.25 shows the configuration of the
GAPUNTI element. When h becomes the gap contact element it is closed only
when the constraint h = 0 is imposed.

Gap Element Library
This section defines the gap elemellts available in ABAQUS.
References

e GAP contact elements
*GAP.
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Element Types

GAPUNI unidirectional gap between two nodes
GAPCYL  cylindrical gap between two nodes
GAPSHER spherical gap between two nodes

Active degrees of freedom —1, 2, 3(uy, uy, us).
Additional solution variables — three additional variables relating to the
contact and friction forces.

Nodal Co-ordinates Required

GAPUNTI: if the contact direction n is specified on the *GAP option, the nodal
co-ordinates are not relevant; however, it is useful to define the co-ordinates
of the two nodes for plotting purposes.

GAPCYL and GAPSPHER: X, Y, Z
Element Property Definition

Use the *GAP option to specify the initial clearance or overclosure in GA-
PUNI elements; a negative value indicates an initial overclosure. For GAP-
CYL and GAPSPHER elements, specify the maximum separation as a posi-
tive number or the minimum separtion as a negative number.

Element loading
None.
Element Output

S11 force in the gap

S12  first friction force normal to the gap direction

S13  second friction force normal to the gap direction

E11 current opening h of the gap element

E12 relative displacement (slip) in the first direction orthogonal to the con-
tact direction

E13 relative displacement (slip) in the second direction orthogonal to the
contact direction.

The increments of shear slip are the relative displacement increments
projected onto the two local directions that are orthogonal to the contact
direction.

In two-dimensional or axisymmetric models when the contact direction is
along the first (X or r), the active slip direction is E13 and the active shear
force is S13. In any other two-dimensional or axisymmetric case the active
slip direction is E12 and the active shear force is S12.
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Nodes Associated with the Element

Two nodes: the ends of the gap.

The behaviour of a GAPCYL element is defined by the initial separation
distance between nodes, d; the current positions of the element’s nodes, and
the axis of the GAPCYL element. The axis of the GAPCYL element defines
the plane in which the contact direction n lies. Specify d and the direction
cosines of the GAPCYL element axis on the data line of the *GAP option.

The value d = 0 is not allowed: it would enforce the distance between the
nodes to be exactly zero at all times, which does not correspond to a contact
problem.

Case 1. Defining the Gap Clearance When d Is Positive

If d is positive, the GAPCYL element models contact between two rigid tubes
of different diameter where the smaller tube is located inside the larger tube.
In this case, d is the maximum allowable separation. Each tube is represented
by a node on its axis with the axes connected by the GAPCYL element and
d corresponds to the difference between the radius of the tubes. The gap
between the tubes closes when the two nodes become separated by more
than d in any direction in the plane defined by the axis of the GAPCYL
element.

ABAQUS defines the current gap opening, h in GAPCYL elements for
Case 1 as

h=d—|z* -z with 2N = 2N — a(az™) (6.44)

where 2V is the current position of node N; d is the specified initial separation
and «a is the axis of the GAPCYL element.

If the initial position of the tube axes is such that the distance between
them is less than d the GAPCYL element is open initially. If the distance is
equal to d the element is closed initially and if the distance is greater than d
an initial overclosure (interference) is defined.

Case 2. Defining the Gap Clearance When d Is Negative

If d is negative, the GAPCYL element models external contact between two
parallel rigid cylinders. In this case, d is the minimum allowable separation
of the nodes.

Each cylinder is represented by a node on its axis connected by the GAP-
CYL element and d corresponds to the sum of the radii of the cylinders.
The gap closes when the two nodes approach each other to within d in any
direction in the plane defined by the axis of the GAPCYL element.

ABAQUS defines the current gap opening h in GAPCYL elements for
Case 2 as

h=|2z%—z'| —|d with 2™ =2 — a(az™) (6.45)
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if the initial position of the cylinder axes is such that the distance between
them is greater than |d| the GAPCYL element is open initially. If the distance
is equal to |d| the element is closed initially; and if the distance is less than
|d| an initial overclosure (interference) is defined. Details about modelling
interference fit problems with GAP elements are discussed below.

Local Basis System for GAPCYL Element Output

ABAQUS reports the force across the gap and the shear forces that are
orthogonal to the contact direction as element output for GAPCYL elements.
It also reports the current clearance in the gap, h, and the relative motions of
the elements’ nodes that are orthogonal to the contact direction. The relative
motions and the shear forces are reported in local surface directions that are
formed using the standard ABAQUS convention for defining directions on
surfaces in space. The contact direction defines a surface in space on which
the local axes are formed and the slip is calculated from the relative motions
in the surface directions.

ABAQUS updates the contact direction for GAPCYL elements based on
the motion of the nodes forming the elements. However, the orientation of a
is not updated during the analysis.

GAPSPHER Elements

GAPSPHER elements can be used to model two very different contact situ-
ations: contact between two rigid spheres where the smaller sphere is inside
the larger, hollow sphere and contact between two rigid spheres along their
external surfaces.

The behaviour of a GAPSPHER element is defined by the minimum or
maximum separation distance between the nodes d and the current positions
of the element’s nodes. Specify the minimum or maximum separation distance
d on the data line of the *GAP option. The contact direction is defined by
the current position of the nodes.

The value d = 0 is not allowed: it would enforce the distance between the
nodes to be exactly zero at all times, which does not correspond to a contact
problem.

Case 1. Defining the Gap Clearance When d Is Positive

If d is positive. the GAPSPHER element models contact between a rigid
sphere inside another (larger) hollow rigid sphere. In this case d is the max-
imum allowable separation of the nodes forming the gap. Each sphere is
represented by a node at its centre, with the centres connected by the GAP-
SPHER element; and d corresponds to the difference between the radii of
the spheres. The gap closes when the two nodes become separated by more
than d.
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ABAQUS defines the current gap opening h for Case 1 as
h=d—|z* -z (6.46)

with 2N the current position of node N and d the specified separation.

If the initial position of the tube axes is such that the distance between
them is less than d, the GAPSPHER element is open initially. If the distance
is equal to d, the element is closed initially, and if the distance is greater than
d an initial overclosure (interference) is defined.

Case 2. Defining the Gap Clearance When d Is Negative

If d is negative, the GAPSPHER element models extend contact between
two rigid spheres. In this case d is the minimum allowable separation of the
nodes forming the gap. Each sphere is represented by a node at its centre
connected by the GAPSPHER element and |d| corresponds to the sum of the
radii of the spheres. The gap closes when the two nodes approach each other
to within |d|.

ABAQUS defines the current gap opening h for Case 2 as

h=|z? — x| —|d| (6.47)

If the initial position of cylinder axes is such that the distance between them
is greater than |d|, the GAPSPHER element is open initially. If the distance
is equal to |d| the element is closed initially and if the distance is less than
|d| an initial overclosure (interference) is defined.

Local Basis System for GAPSPHER Element Output

ABAQUS reports the force across the gap and the shear forces that are
orthogonal to the contact h and the relative motions of the elements node
that are orthogonal to the contact direction. The relative motions and the
shear forces are reported in local surface directions that are formed using the
standard direction that formed using the standard ABAQUS convention for
defining direction on surfaces in space. The contact direction defines a surface
in space on which the local axes are formed, and the slip is calculated from
the relative motion in the surface directions.

ABAQUS updates the contact direction for GAPSPHER elements based
on the motion of the nodes forming the elements.

Defining Nondefault Mechanical Interactions with Gap Elements

The default mechanical surface interaction model for problems modelled with
gap elements is hard frictionless contact. Optional mechanical surface interac-
tion models can be assigned by using the appropriate options in conjunction
with the *GAP option defining the elements properties. The following me-
chanical surface interaction models are available:

(a) friction
(b) modified ‘hard’ contact, softened contact and viscous damping,.
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Modelling Large Initial Interference with Gap Elements

Specifying a large negative initial overclosure (interference) may lead to con-
vergence problems as ABAQUS tries to resolve the overclosure in a single
increment. Use the *CONTACT INTERFERENCE, TYPE = ELEMENT
option to allow ABAQUS to resolve the overclosure gradually.

Usage: *CONTACT INTERFERENCE, TYPE = ELEMENT

Specify d on the data line of the *GAP option. If a positive value is provided
the gap is open initially. If d = 0 the gap is initially closed. If d is negative,
the gap is considered overclosed at the start of the analysis and an initial
interference fit problem is defined.

Specifying the Contact Direction

The user can specify the contact direction on the data line of the *GAP
option. Otherwise ABAQUS will calculate the gap direction n by using the
initial positions of the two nodes forming the element, X' and X2:

n=(X?-Xx/x? - X! (6.48)

An error message is issued if X2 = X! (if the two gap element nodes have
the same initial co-ordinates). In this situation the user must define n on the
*GAP option. The normal n usually points from the first node of the element
to the second, unless the gap is overclosed at the start of the analysis. In
that case, specify n so that the correct contact direction is used for the gap
element.

If the user specifies the gap direction n rather than allowing ABAQUS to
calculate it, the contact calculations consider only the displacements of the
gap elements nodes and the ordering of the nodes in the element definition.
The initial co-ordinates of the nodes play no role in the calculations.

The output from the GAPUNI gives force across the gap and shear forces
orthogonal to the contact direction. GAPCYL elements and GAPSPHER
elements are treated as outside the scope of this book since contact examples
between rigid steel tubes internally or externally contacted have not been
included in the text. For an in-depth study the reader is referred to analytical
and users’ manuals of ANSYS, available from Swanson’s Incorporation of
USA.

6.11 LS-DYNA Gap/Contact Elements

Introduction

The gap elements or contact elements are based on the Hallquist method
given above. The number of slave segments and number of master segments
are defined by interface control cards. IREAD flag is to read additional control
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cards. Ties interface contact definitions are based on offset option which can
be used with rigid bodies. Typical letters and numbers are given below as:

Type number (the letters ‘a’, ‘m’; ‘0’ and ‘p’ must be in col. 13)

1 —sliding without penalties

pl - symmetric sliding with penalties (recommended)

2 —tied

02 — tied with offsets permitted, see note 1 below

3 —sliding, impact, friction

a3 —sliding, impact, friction, no segment orientation

m3 — sliding, impact, friction-metal forming option

4 - single surface contact

5  — discrete nodes impacting surface

ab — discrete nodes impacting surface, no segment orientation
m5 — discrete nodes impacting surface-metal forming option
6  — discrete nodes tied to surface, see note 1 below

06 — discrete nodes tied to surface with offsets permitted

7  —shell edge tied to shell surface, see note 1 below

07 — shell edge tied to shell surface with offsets permitted
8  —mnodes spot welded to surface

9  —tiebreak interface

10 — one way treatment of sliding, impact, friction

al0 — one way treatment, no segment orientation
m10 — one way treatment of sliding, impact, friction-metal forming option

11— box/material limited automatic contact for shells
12— automatic contact for shells (no additional input required)
13— automatic single surface with beams and arbitrary orientations

al3 - like above but with extra searching for airbag contact
14 - surface to surface eroding contact

15 - single surface eroding contact

16 —node to surface eroding contact

17— surface to surface symmetric/asymmetric constraint method
18 — node to surface constraint method

19 - rigid body to rigid body contact with arbitrary force/deflection curve
(this option may be used with deformable bodies)

20 - rigid nodes to rigid body contact with arbitrary force deflection curve
(this option may be used with deformable bodies)

21 - rigid body to rigid body contact with arbitrary force/deflection curve;
unlike option 19 this is a one-way treatment (this option may be used
with deformable bodies)

22 — single edge treatment for shell surface edge to edge treatment
23 — simulated draw bead
25 —force transducer contact for penalty based contact types — not for

types 2, 6, 7, 17 and 18, see type 27 below for the constraint type
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26 — automatic single surface, beams to beams, beam to shell edge
27 — force transducer contact for constraint based contact types; applies
to types 2, 6, 7, 17 and 18 only.

Static coeflicient of friction pug

EQ.-1: part based friction coefficients are used. Applies to contact types a3,
ab, al0, 13, 15 and 26 only.

Tying will only work if the surfaces are near each other. The criteria used
to determine whether a slave node is tied down is that it must be ‘close’. For
shell elements, ‘close’ is defined as distance §, less than:

01 =0.60" (thickness_slave_node + thickness_master_segment)
J2 =0.05" min (master_segment_diagonals) (6.49)
o= max(&l, 52)
If a node is further away it will not be tied and a warning message will be
printed. For thermal control card
hraq =radiation conductance
lgap =length or thickness of gap between sliding surfaces
h =heat transfer conductance
h=heont, if the gap thickness is 0 < lgap < lmin (6.50)
h=hcond + hrad, if the gap thickness is lmin < lgap < lmax (6.51)
h=0, if the gap thickness is lgap > lmax (6.52)
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7 Aircraft and Missile Impact —
Data and Analysis

7.1 Introduction

Impact of aircraft and missiles is considered. Basic impact dynamics is ini-
tially introduced. About the free falling bodies and missiles ejecting out of
the building structures. The impactor can be an aircraft or a missile. It is
therefore essential for a reader to have a readily available data of all these im-
pactors so that he/she can easily simulate them in the finite element analysis
in the form of a load-time function. They are given in Tables 7.1 to 7.3. Pro-
gram BANG-F has been developed which is an extended version of ISOPAR,
reported earlier in which facilities exist for the direct interaction of Blast or
Fire effects. When the aircraft/missile impacts a building structure and its
elements, columns, frames, floors and other parts are scanned for dislocation,
plasticity, cracking and damage scenario in the main zones and at joints. A
stability check is asked for whether or not the time-dependent projectiles
ejecting and pulling under impactive force with and without fire effects and
finally impacting targets at certain distances. PROGRAM BANG-F written
in Fortran and FEM/DEM written in ‘C’ have such facilities.

7.2 Direct Impact/Impulse and Momentum

An impactor in the forming the form of missile is first given an initial velocity
and it is then possible to assume that it is moving under the action of its own
weight. If the initial velocity is not vertical, the missile will move in a curve
and its flight can be evaluated in terms of horizontal and vertical components
of displacement, velocity and acceleration.

An impulse is defined as a force multiplied by time, such that

Fi(t) = /th (7.1)
where F(t) is the impulse, F' is the force and ¢ is the time. The momentum
of a body is the product of its mass and its velocity:

momentum = muv (7.2)

where m is the mass and v is the velocity = dz/dt. Both velocity and mo-
mentum are the vector quantities; their directions are the same. If a body is



368 7 Aircraft and Missile Impact — Data and Analysis

moving with constant velocity, its momentum is constant. If velocity is to be
changed, a force F' must act on the body. It follows that a force F' must act

in order to change the momentum.
F =mdov/dt

or
Fdt = mdv

tQ v
[ Fdt = [ mdv
t1 u

Fi(t) =m(v —u)

Where u and v are the velocities at times #; and ¢ respectively. If the initial

velocity u = 0, (7.3) becomes

I =mv

Thus the impulse of a force is equal to the change in momentum which it

produces.

Data on Civilian and Military Aircraft

Table 7.1. Civilian aircraft

Civilian aircraft normally in servise include Concorde, Airbus, Boeing, Antonov,

Ilyushin and Tupolov.

S = span; L = length; H = height; Ay, = wing area; P, = payload;

V = speed; w, = weight at take-off or landing.

Basic parameters of Concorde

Power plant

4 x 380501b (169kN)
Rolls-Royce/Sneema Olympus
593 Mk60 two-spool turbojet

S (m) 25.61
L (m 62.10
H (m) 12.19
Ay (m?) 358

P (kg) 11340
V (km/h) 2150

w, (kg) 186800




Data on Civilian and Military Aircraft

Table 7.1a. Data on the Airbus family
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Type

Power plant

S (m)

L (m)

H (m)

A, (m?)

Pr, (kg)

V (km/h) wa (kg)

A300B2-100

A300B2-200

A300B2-100

A300B4-200

A310-202

2% 510001b (227kN)
GE CF6-50C
turbofans

2 % 510001b (227 kN)
GE CF6-50C
turbofans

2 % 510001b (227 kN)
GE CF6-50C
turbofans

CF6-50C1

turbofans

2 x 480001b (218 kN)
GE CF6-80A
turbofans

44.84
44.84
44.84
2 x 525001b (233.5kN)

44.84

43.

53.75

53.57

53.57

53.57

9  46.66

16.53

16.53

16.53

16.53

15.80

260

260

260

260

219

14900

34585

35925

35600

32400

869 34585

869 142900
869 158400
869 165900

780 132000

Table 7.1b. Data for Antonov aircraft

Type

Power plant

S (m)

L (m)

H (m) A

w (m?)

Py (kg)

V (km/h)

wa (kg)

An-12
An-22

An-24

An-26

An-28

An-72

4 x 4000 ehp Ivchenko
A1-20K turboprops

4 x 15000 ehp Kuznetsov
NK-12MA turboprops

2 x 2500 ehp Ivenchenko
A1-24 Seviiny 11
turboprops

2 x 2800 ehp Ivenchenko
A1-24T turboprops

2 x 970 ehp Glushenkov
TVD-10B turboprops
(similar to An-14)

2 x 143301b (6500 kg)
Lotarev D-36

turbofans

38

29.4

21.99

25.83

37

57.8

23.53

23.8

12.98

26.58

9.83

12.53

8.32

8.575

4.6

8.24

119.5

345

74.98

74.98

39.72

74.98

10000

80000

13300

5500

1550

7500

550 54000

679 250000

450 21000

435 24000
350 6100

720 30500

¥ An-30 and An-32 have similar status to An-26.

Table 7.1c. Data for Boeing aircraft

Type

Power plant

Py (kg) V (km/h)

wa (kg)

727-200

737-200

767

747-2008

747-200B

747-200B

3% 160001b (71.2kN)
Pratt and Whitney
JT8D-17

turbofans

2 % 160001b (71.2kN)
Pratt and Whitney
JT8D-17

turbofans

2 % 443001b (1.97kN)
Pratt and Whitney
JTID-7R 4A
turbofans

2 % 374001b (166.43kN)
Rolls-Royce
RB211-535C

4 % 500001b (222kN)
Pratt and Whitney
JTID-TF (wet)
turbofans

4 % 530001b (236 kN)
Pratt and Whitney
JTID-7Q

turbofans

4% 525001b (234kN)
General Electric
CF6-50E2

turbofans

28.3

47.24

37.95

59.6

5

48.46

47.32

70.5

11.4

.0

13.

19.3

19.3

19.3

5

1

91

200

56

512

3.2

181.28

18594

15422

40224

I

5 5:

71

I

bk

69900

69080

883

775

800

899

907

907

907

95238

53297

128030

298880

366500

373300

373300

* For B767-200ER
° For B747-400

46.55
65.00

48.46
70.71

16.155
19.

18

For other details reference is made to Section 4
For other details reference is made to Section 4
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Table 7.1d. Data on the Ilyushin aircraft

Type Power plant S(m) L(m) H(m) Ay (m*) Pu(kg) V (km/h) wa (kg)
Ilyushin II-18  4x Ivenchenko A1-20M

turboprops

4250 ehp 37.4 359  10.17 140 14000 625 64000
Tlyushin 11-62 4 x 250001b (113kN)

Solovier

20-30-KU turbofans 43.2 53.1 12.4 280 23000 860 165000
Ilyushin II-76T 4x Solovier D.30KP

turbofans, each with

264551b St

(12000kg) 50.5 46.59 14.76 300 40000 850 157000
Ilyushin II-86  4x Kuznetsov turbofans,

each with 286351b St

(13000kg) 48.06 59.54 15.81 320 42000 900 206000

Table 7.1e. Data on the Tupolev series of aircraft

Type

Power plant

S(m) L(m) H(m) Aw (m°) Pu(kg) V (km/h) wa (kg)

TU-104

TU-124

TU-134

TU-144

TU-154

2% 213851b (97kN)
Mikulin AM 3M500
turbojet

2 x 119051b (54kN)
Soloviev D-20P
turbofans

2 x 150001b (66.5kN)
Soloviev D-30 turbofans
4x440001b St
(20000kg) with
Kuznetsov NK-144
turbofans

3 x 210001b (93.5kN)
Kuznetsov NK-8-2
turbofans

34.54 2585 119

25.5 30.58  8.08

29 34.9 9

28.8 65.7  12.85

37.5 48 11.4

174.4

1.19

127

438

202

900 800 76000

3500 800 26300

77000 849 45200

14000 2500 180000

20000 900 91000

Table 7.2. Military aircraft

S = span; L = length; H = height; A, = wing area; P;, = payload;

V = speed; w, = weight at take-off or landing.

Table 7.2a. Data on the Tornado IDS and ADV aircraft

Power plant

Interdictor Strike (IDS)

Turbo-Union RB 199-34R (101 or 103)
after burning turbofan MK 8090 1b
(3670kg) to 159501b (7253 kg) after
burning thrust

S (m) 8.60 max swept
13.90 max unswept

L (m) 16.67

H (m?) 5.95

Ay (m)

P, (kg) 9000

V (Mach) Mach 2 at high level
Mach 1 at low level

wa (kg) 28000

Armament 4x MK 13/15 10001b (454.74kg) bombs

2 AIM-9L missiles

8 MK 83 retarded bombs

2 CBLS-200 practice bomb containers
4 Kormoram ASM

8x BL755 cluster bombs

Air Defence Variant (ADV)
As for IDS, with MK 104

8.60 at 67° sweep
13.90 at 25° sweep
18.68

5.95

9000
Mach 2.2

28000
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Table 7.2b. Basic parameters for the F-5E and F-20 aircraft
Power plant
Engine 2GEJ 85-21 Engine GEF404-GE100
50001b (2268kg) thrust each 18001b (8164 kg) thrust each
S (m) 7.98 with missiles 8.5 with missiles
8.53 without missiles
L (m) 14.45 14.42
H (m) 4.07 4.10 (4.73 with wheels)
Ay (m?) 28.1 27.5
P, (kg) 6350 7263
V (miles/h) 850 1300
w, (kg) 11213.8 12700
Armament Air-to-air 2 No. 20 mm guns and AIM 9
Sidewinder missiles
Air-to-ground 2 No. 20mm guns and 9 bombs of
3020 kg
Table 7.2c-1. Data on the F-16 series of aircraft
F-16A and F-16B F-16C and F-16D F-16N TF-16N
Power plant Pratt and Whitney — F100-PW-200 F110-GE-100 F110-GE-100
turbofan two shaft F100-PW-220 25000 1b 250001b
240001b (10885kg)  F110-GE-100 (11340kg) (11340kg)
thrust F100-PW-100 250001b (11340kg) thrust thrust
thrust
S (m) 9.45 9.45 9.895
10.01 10.01 (without Sidewinder)
(with Sidewinder) (with Sidewinder)
L (m) 14.52 15.03 15.10
H (m) 5.01 5.09 5.10
Aw (m?) 27.87 27.87 27.87
P, (kg) 330001b (14969kg)  375001b (16781kg) 375001b (16781 kg)
V (miles/h) 1300 1300 1300
wa (kg) 120001b (5443 kg) 124301b (5638kg) 172781b (7836 kg)
Table 7.2c-2. Data on the F-15
Power plant
2 No. Pratt and Whitney
F-100-PW-220 each with
240001b thrust
S (m) 13.05
L (m) 19.45
H (m) 5.64
Ay (m?) -~
P (kg) 7000
V (km/h) 2500
wa, (kg) 20000
Armament 4 AIM-9L/M infra-red-guided Sidewinder missiles; 4 AIM-7F/M

radar-guided Sparrow missiles: 8 advanced medium-range

air-to-air missiles (AMRAAMs); M-61 20 mm Gatling gun with 940
rounds of ammunition. Accommodates a full range of air-to-ground
ordnance.
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Table 7.2d. Data on the F/A-18 Hornet

Power plant

Armament

2 No. F404-GF-400
low bypass turbofan
engines each in 1600 1b
(70.53kN) thrust and
with a thrust/weight
ratio of 8:1

11.43
17.06
4.7
37.2
2700
24402

Up to 7711 kg maximum on nine stations: two wing-tips for Sidewinder heat-
seeking missiles; two outboard wings for air-to-ground ordnance; two inboard
wings for Sparrow radar-guided missiles, air-to-ground, or fuel tanks; two
nacelle fuselage for Sparrow missiles or sensor pods; one centreline for
weapons, sensor pods or tank. Internal 20 mm cannon mounted in nose.

Table 7.2e. Data for the Grumman F-14 Tomcat

Power plant

F-14A F-14B, C

2 % 209001b (9480kg) 2 % 280901b (12741kg) thrust
thrust Pratt and Whitney Pratt and Whitney F401-400
TF30-1412A

Two shaft after-burning turbofans

S (m) 11.630 (68° sweep) safely landing
19.54  (20° sweep)

L (m) 18.89

H (m) 4.88

Ay (m?)  —

P, (kg) 17010

V (km/h) Mach 2.3 or 1564 mph maximum speed, 400-500 km /h cruise speed,

wa (kg)

125 km/h approaching speed
27216

Armament AIM-54 Phoenix missiles

AIM-7 Sparrow missiles
AIM-9 Sidewinder missiles
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Table 7.2g. Data on the British Aerospace Jaguar

Power plant

2 No. Rolls-Royce
Turboméca Adour

two shaft turbofans
73051b (3313kg) to
80001b (3630kg) thrust

8.69
15.4 to 16.42
4.92
6800
1450
1550

Armament and other data

2 No. 30mm DFA 553 each with 150 rounds

5 No. pylons with total external loads of 4536 kg with guns
2 No. 30 mm Aden for its T-2 model

Matra 550 Magic air-to-air missiles

Jaguar A and B and EMK 102 Adour engines

Jaguar 5 %E igg: } Adour engines Using digital quadruplex fly-by-wire
control system

Jaguar Act

Jaguar FBW

Table 7.2h. Data on the Dassault aircraft

Type and power plant S (m) L (m) A (m) Ay (m?) P (kg) V (km/h) wa (kg)
Dassault Breguet F1
Single-seater multi-mission fighter, 8.4 15 4.5 - 7400 1472 14900

7200 kg thrust, SNECMA Atar,
9K-50 single shaft turbojet
Estendard IVM and IVP
Single-seater strike fighter, 9.6 144 4.26 - 5800 1083 10000
4400 kg thrust, SNECMA Atar,
8B single shaft turbojet

Super Estendard

Single-seater strike fighter, 9.6 14.31 4.26 6300 1200 11500
5110kg thrust, SNECMA Atar,
8K-50 single shaft turbojet

Mirage 3 and 5

Single-seater or two-seater interceptor, 8.22 15.5 4.25 - 6156 1390 12000
trainer and reconnaissance aircraft,

6000 kg thrust, SNECMA Atar,

9B single shaft turbojet

Mirage 2000

Mirage 315 and F-1 improved version 9 15 4.5 - 7800 2200 9000
of these aircraft with engines
SNECMA turbofans

Mirage 4000

SNECMA M53, single shaft bypass 12 187 45 13000 2300 16100
turbofan 8 stage axial compressor
2 x 145001b (2 x 6579 kg) thrust

Armament Mirage 4000 Bombs: anti-runway Durandal up to 27
Internal cannons 2 x 30 mm clean or retarded (250kg) up to 27
4 long-range missiles laser guided (250kg) up to 27
4 air-to-ground missiles Rockets 68 mm

2 air-to-surface missiles
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Helicopters

Helicopters are more vulnerable than aircraft in warfare. In peace time a helicopter

may crash after losing a rotor or hitting objects such as offshore platforms, bulidings,

helipads or their surrounding structures. Table 7.3 gives useful data for some types

of helicopters.
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Table 7.4. Simplified missile analysis

Fig. 7.1a—c. Simplified analysis for missile as a projectile

Figure 7.1a shows a missile projected at a velocity u from a position 0. At 0, x,
& and % are all zero. The only force on the flight is equal to mg. Hence y, the
acceleration in the vertical direction, is —g.

The general forms of the velocity and distance equations are:

v=u+ at

1 0
s=ut + —at’

2
T =wucosa, y=usina — gt (Fig.7.1b) (2)
z = (ucosa)t; y = (usina) — %th (3)

By elimination of ¢ from (3), the trajectory equation is written in a parabolic form as
y = xtana — (gz° sec’ a/2u”) (5)
The velocity v of the missile during flight at any instant in time is given by
v=+(&*+7%) with a=tan " (y/&) (6)
since
3/ = (dy/dt)/(dz/dt) = dy/dz

The direction of the velocity at any instant is along the tangent to the path for that
particular instant. If the missile is projected from the aircraft at an angle below its
level in order to hit the target at the ground level (the aircraft level is treated as
horizontal), (5) becomes

y = xtana + (gz° + sec’ a/2u’) (7)

and all negative signs in (2) and (3) related to g are positive.
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Case 1

If the missile is projected from the aircraft impact at an angle of o/ = 30°, from a
distance of 700 m, and hits the target at 200 m distance, the speed and the direction
are computed from Fig. 7.1d.

19 Fig.7.1d
y = ztan 30° + (g2 /2u?) sec? 30°
9.8 x 2007
700 = (200//3) + == x 1.34
u=21.2m/s l
dy/dz = tan 30° gz sec? 30° /u?
9.8 x 200
= (1//3) + =51 55— x 1.34
= 6.42

o’ =tan"'6.42 = 81.15°

Case 2

If the missile is projected 4 m above the basic level of impact with a velocity of
100m/s at an angle of 45° to the horizontal, the horizontal distance x at which it
hits the ground is computed follows:

y = xtana — gr?sec® a/2u’
or —4 = — (gx?/2u?)
or —4 =1 — (gx?/2 x 100?)

Rejecting the negative root, x = 2045 m.

Case 3: flight time

As shown in Fig.7.1a, the time taken by a missile to travel along its path from 0
to A is to be computed. At any time ¢:

1
y = (usina)t — §gt2
At A, y=0

t =2usina/g (8)

The other value of t = 0 cannot be true at A, as was assumed to be the case at 0.

Case 4: mazimum height and horizontal range
Reference is made to Fig.7.1c. At any time ¢, at any point B,

y=0=usina — gt
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Hence

t=usina/g 9)
Substituting ¢ into (3) of y

y = usinat — %gt2

h = (u’sin® a/g) — Lg(usina/g)?

h = u?sin® a/2¢
The maximum range = is obtained as

x = utcosa=u(2usina/g)
=2u’sinacos a/g (10)

=u”sin2a/g
When sin2a = 1 or a = 45°

Tmax :u2/g (11)

[ —

u coso

[
TITTTTI T I Ir I AT Tt
ot = _{

r

”|_; “—_:_j

e} Fig.7.1e

Case 5

A missile hits the target at a distance x when travelling horizontally. The distance
[ at which the missile hits the ground after bouncing is computed below.

As shown in Fig. 7.1d, by using the coeflicient of restitution e, the speed after
hitting the wall = eu cos « in a horizontal direction. The maximum height reached
is given by

h = susina/g

The time taken to reach ground level is calculated by

g 1 2 1
y—h—ut+29t =0+ 2gt
t = /(2h/g) = /(2u" sin® a/2¢%) (12)

=usina/g
When the missile hits the ground level at a distance [ from the wall
l/z=e(ucosa)/ucosa
(13)

l=ex

where e is the coefficient of restitution.
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It can easily be proved that if the same missile hits a building floor vertically of
height h with a velocity v, rebounds from there with coefficient of restitution e
and rebounds to the floor with a coefficient of restitution f, when the value of v is
given by

v=[2gh(1 = f* +e*f7)] /e’ f (14)

Example 7.1

A windborne missile of mass m strikes a building wall and ricochets off at 120°
to its original direction. The speed changes from v = 40m/s to v = 35m/s.
Calculate the resultant impulse of the system. Assume no damage occurs.

(Fe),

(Ft),.

[ 35 cos 60°
35 sin 60°

Fig. 7.2. Missile striking a wall

Since the direction of u and v are different before and after the impulse, the
components of the impulse and the velocities in two perpendicular directions
are considered.

(Ft)y, = m(+35cos 60°) — m(—40)

m[40 + (35/2)] = 22.5m where m = mass
m(35sin 60° — 0)
m35(1/3/2) = 30.31m

(Ft)y

Therefore the resultant impulse or impact

Fu(t) = V{[(F0).)° + [(F1).] )
=64.9m
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7.3 Two Columns/Girders Falling and Impacting Each
Other in Contact in Elastic Medium

When two columns/girders are in contact, they exert equal and opposite
forces or impulses on each other and they are in contact for the same time.
If no external force affects the motion, the total momentum in the specific
direction remains constant. This is known as the principle of conservation of
linear momentum. When two bodies, m; and ms collide (Fig. 7.3), the mass
ratios are then calculated from (7.1):

F]l(t) = ml(yl - 11,1) = /Fldf

(7.4)
F[Q(t) = mQ(VQ — UQ) = /ngt

Since / Fidt + / Fydt = 0, the relationship between velocity change and
mass becomes:
ma/my = (v1 —uy)/ — (va — ug) (7.5)

During the collision process knowing the momentum is conserved there is a
loss of energy on impact, which is determined using the concept of coefficient
of restitution, e.

o
msy &

m
™ ¥ 4 ' ! ]

Fig. 7.3. Desect-impact

Example 7.2

Under impact, one of the falling girders weighing 1195kg and travelling at
50km/h comes to rest in 10 seconds at the ground level; calculation is nec-
essary for the ground reaction.

Total mass = 1195kg; u = 50km/h = 13.89 m/sec
F(t) = Ft =mv —mu

=0—1195(—13.89)

= 16.598 x 10°

=2F

Hence
F =83x10%kg
= 9.0856 x 8.3 x 10°N
= 0.07541 KN

This is the force that the ground soil must tolerate if it necessary to avoid
penetration.
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Which is defined as the relative velocity of the two masses after impact
divided by the relative velocity of the two masses before impact. Before im-
pact:

e = (Vl—VQ)/—(Ul—UQ):O
when the relative velocity vanishes, and
e= (1)) — (w1 —uz) =1 (7.6)

Where e < 1, it is related to the loss in kinetic energy, and where uy = 0
(refer to (7.6))

mi(vy —up) +ma(e) =0

(7.7)
v — vy = —euy

hence

vi=ui(mi — emz)/(m1 + ms) (7.8)

vo=ui [(1+ e)mi/(ms +m1)] (7.9)
The original kinetic energy (KE)' = 2mju}
The final kinetic energy (KE)” = £ (mivf + mov3)

(KE) — (KE)" = J(myu — & (mvf + mas) (7.10)
Substituting the values of v and vo:

(KE)' — (KE)” = (KE) [m1 (1 — €*)/(m1 4+ mo)] (7.11)
The displacement resulting from a short-duration () impact is given by

x=>b(t—T1) (7.12)

where t is the time beyond 7.
For dynamic analysis. tbe impact time is divided into n small segments
and, using (7.3a)

1 n
= — I —
T - EO Un Ly (t — 1)
(7.13)

t
1
:E/F(t—r)dr
0

If the impact is divided into two phases such that in the first, from time ¢; to
to, there will be compression and distortion until (v; 4+ v») are both reduced
to zero (the two bodies moving together), in the second. the elastic strain
energies in the bodies are restored and are separated by a negative velocity,
—Va = (11 + v9). During the second phase the impulse relation between the
bodies (Fr— Frg) will be proportional to Frg and the coefficient or restitution
e defined above is written as
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e = (Fr — Fro)/Fro (7.14)
where Fr is the total impulse during the impact and Frpg is the impulse in
phase one.

At time tg
F F
V0:V10+V20:V1+<ﬂ+1/2—£>:0 (7.15)
mi mo
hence
1 1
V =1 —|— Vo = (— —|— —> FTO (716)
mi mo
Similarly, at time ¢5 the relationship becomes
1 1

Vo-Va=Fp|—+— (7.17)

mq mo

Using (7.14), the expression given in (7.6) may be written in the form:
—(B/V)=c¢ (7.18)

Equations (7.7) and (7.9) result from the above method. However, from (7.14)
the total impulse is rewritten as
Fr=—""1"2" (1 o)y + 1)
mi + mo
(7.19)
=M(1+e)V

where M is the equivalent combined mass of the bodies.
The changes in velocity after impact of the bodies are written as

M M
AVi=—A+e)(rn+1rr)=—0+¢)V
my mq

(7.19a)
M
AVo=—14+¢e)V

ma

7.4 Oblique Impact

When two bodies collide and their axes do not coincide, the problem becomes
more complex. With oblique impact, as shown in Fig. 7.4 two impulses are
generated: the direct impulse, Frr, and the tangential impulse, F.. The latter
is caused by friction between the impacting surfaces and by local interlocking
of the two bodies be 0; and 05 respectively. If F;./Fr = X' and the body’s cen-
tre of gravity has a coordinate system X and Y, the components of the vector
velocity, v1 and uq, normal to the impact surface may be written as follows
T1 — Y1 System

v = |11 cos 64 (7.20)
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Fig. 7.4. Oblique impact

uy = || sin 6y

where

| =/ (f +ui)
a = tan"!(u /1)

Similarly, vs written as
72l = /(3 + ud)

B = tan "t (uz/vs)

The momentum equations for the bodies are summarized below:

mw{ — FT = m]Vé
myu) — N Fr = mqul
mlR%Qi + FTy1 — )\’FTxl = mlR%QQ
where v, 4, u] and u}, are for ¢t; and to.
T — Y2 System
m21/{’ — FT = m21/§’
maou] — Fr = moul)
nggeé + FTy2 — )\/FTIQ = m2R§0’2

body 1

body 2

383

(7.20a)

(7.21)

(7.21a)

(7.22)

(7.23)

where mR? and mR3 are the second moment of inertia about the vertical axis
passing through the centre of gravity. The rate of approach and the sliding

of the two surfaces at the point of contact can be

written as
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AV1 =V + V2 — élyl — égyg (724)
AVo=wuq + ug — 0.111 + égl‘g (725)

The addition to these equations is the restitution given by (7.18) in which,
when (7.24) is substituted and then, in the final equation, (7.22) is substi-
tuted, the value of Fr is evaluated as

V(l+e)
Fr= ——~ 7.26
T C1 — )\CQ ( )
where
1 yi 1 Y5
=—(1+ = — 1+ = 7.26
“ m1(+Rf)+m2(+R§ (7.268)
ZT1Y1 ZT2Y2
- 7.26b
©2 <’I’)71R% + TfuR%) ( )

Using (7.22) and (7.23):

vy=vy — (Fp/m)

(7.27)
uy =y — (N Fr/mq)
: sy — N1
Oy =0+ ——>F—F
2 =01+ -z T
2
/ (7.28)
uy =uf — A'br
2 =m e
Y Y2 — N
o=+ 22"
2 1T s T

Figure 7.5 shows plots for (7.27) and (7.28). It is interesting to note that
larger values of A’ show greater interlocking of the surfaces of the two bodies
and with e reaching zero, a greater plastic deformation occurs.

Case Studies

(1) One body impacting a rigid barrier with no angular velocity.

1/msy =0; v =0; ur = 0; 6, =0 (7.29)
1= 1 1+ y—i) ; co = x1y12 (7.29a)
mq Ry my Ry
vy=vi (y7 — Nz — eR?) /A (7.29b)
uh=uy — 1] <>\/(1+€)R2> : 6, = (1+ 6)@; —Nm) (7.29¢)
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Fig. 7.5. Velocity versus X" for oblig. Problems

where

A=y? —Nryy + R? (7.29d)
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(2) Circular impactor with radius ;.

1 =11 and y1 =0 (7.30)
vh=ev] (7.30a)
ub=u; — Nvi(1+e) (7.30b)
01=—V,Nri(1+e)/R> (7.30c)

For a circular impactor, R? = 2r?/5
01 = —vi (5N (1 +e)/2r) (7.30d)

(3) Inelastic collisions. The value of e = 0 in the above case studies.
Case study (1)

vy=vi(y; — Na1yi)/A
uy=uj — vy (NR?*/N) (7.31)

01 =(y1 — Nw1)/A
Case study (2)

vy =0; uy =uy — Ny
. (7.32)
01=—v{Nr/R* = =250\ /ry

(4) Where no interlocking exists, A’ = 0 in the above expressions.

7.5 Aircraft Impact on Structures — Peak Displacement
and Frequency

A great deal of work has been carried out on the subject of missile and air-
craft impact. Tall structures are more vulnerable to civilian, wide-bodied jets
or multi-role combat aircraft. A great deal of work on this subject will be
reported later. In this section a preliminary analysis is given for the determi-
nation of peak displacement and frequency of a tall structure when subject to
an aircraft impact. As shown in Fig. 7.6 the overall dimensions of the build-
ing are given. Let A be the base area and h be the maximum height of the
building. According to the principle of the conservation of momentum, if m
is mass and v is the velocity of the aircraft approaching the building, then
using a linear deflection profile:

Fi(t) = muy = (pAh/2g)vag (7.33)

where p is the density or average specific weight and v is the velocity of the
tip of the building.

The initial velocity, v2g, of the building can thus be evaluated from (7.5).
The time
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d(t) = (vao/w) sinwt
= [v20/(27/T)] sinwt (7.34)

= [va0/+/(ke/me] sinwt

where w is the circular frequency and k. and m. are the equivalent building

stiffness and mass, respectively.
Using (7.33) for v and sinwt = 1 for dmax(t), the peak dynamic displace-
ment, dmax (), is given by

Omax(t) = murgT/mpAh (7.34a)

The equivalent point load generated for the peak dynamic displacement is
given by (7.34a). If that load is F;(t), then work done is equal to the energy
stored and

1
Fi(t) X Smax(t) = 51% 62 (1) (7.35)
from which
1
Fi(t) = 5k:c Smax (1) (7.35a)

While momentum is conserved, a portion of energy of the aircraft is lost on
impact. The loss of energy F; is then written as

By = L (pAh/mg) (vao )’ (7.36)

Equations in case study (1) and (7.31) for inelastic collisions are applied with
and without the interlocking parameter, \'.
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Fig. 7.6. Model aircraft impacting against a rigid surface
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7.6 Aircraft Impact: Load-Time Functions

7.6.1 Introduction

Many sensitive installations are to be found in areas where heavy air traffic
exists. Hence aircraft crashes cannot be entirely ruled out in such areas. Much
effort is now being devoted to studies of aircraft impact with a clear aim of
facilitating design to minimize damage to the aircraft and to the installa-
tions. Accident investigations, experiences and records are briefly discussed
in Chap. 1. In this section some useful impact models are given which can be
easily linked to both simplified and complex methods.

7.6.2 Stevenson’s Direct Head-On Impact Model

Work has been carried out on the remaining undamaged length of 45m
(150 ft) long DC-8 jet which crashed into a rigid-surface, as shown in Fig. 7.4.
A simplified equation of motion is written as
V(dV/dz) [k(L — Zer) + mC] = Fi(t) (7.37)
where
V = speed of the aircraft at time ¢ after impact
Zer = crushed length
k = mass per unit length of fuselage
m. = concentrated mass at wings including engines and others
Fy = impact force or resistance at the crash level.
Equation (7.37) is integrated:

Vv

Fi(t) = % A% (%) - 11 /log [1 — e /(L 4 me/k)] (7.38)

where Vj is the aircraft speed prior to impact.

7.6.3 Riera Model

The response of the structure was assessed by Riera. The aircraft was replaced
by an equivalent force-time function. The aircraft impinges perpendicularly
on a rigid target and it is assumed that it crashes only at the cross-section
next to the target. The cross-sectional buckling load decelerates the remain-
ing rigid uncrushed portion. The total impact force Fy(t) is the sum of the
buckling load and the force required to decelerate the mass of the impinging
cross-section. Since it is a one-dimensional ideal plastic impact approach, in
his model only the buckling load and the distribution of mass are needed.
The equation of motion is written as:

Fi(t) = Reer + Meter(de, /dt)? (7.39)

where
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Boeing 707 320 3D finite. element analysis
mass 127.5 Mg . — — goriginal by Riera

impact area 37.0m” =-= spproximation by Riera
impaet velogity
120m/s

" lmpact force (MN)
@
o

] 1 | L | —
1

4 I L] _

0.050 0.100 0.150 0.200 0.250 0.300 0.350 Time, tis)

Fig. 7.7. Force as a function of time (Boeing 707-320)

me = mass per unit length of the uncrushed aircraft at impact
T = crushed length
dze/dt = Vi = velocity of uncrushed portion
R, = resistance to crushing, i.e. crushing strength.
Non-linear equations for R., and m are set up and numerical procedures are
adopted for the applied forces at discrete time steps. The deceleration of the
uncrushed mass m is written as:

L

MeLerdTer (7.40)
)

Zer)n

Gd =i= _Rcr(-rcr)n/
(

In order to determine the current acceleration, current states of (z¢), and
R, at time t,, can be used. Similarly, the common kinematics relationship be-
tween acceleration, velocity, displacement and time can be used to determine
conditions at time ¢, 41 = t,, + dt.

(Zer)nt1 = (Ter)n + Fndt (7.41)
1
(Ter)nt1 = (Ter)n + Terdt + §$n5t (7.42)

Equation (7.39) is used to calculate the current force. The force-time history

can thus be determined. A typical force-time history is given in Figs. 7.7
and 7.8.

7.6.4 Model of Wolf et al.

Wolf et al. developed a lumped mass, elasto-plastic model, as shown in
Fig. 7.9. Just prior to impact on a target of mass m¢, Fig, 7.9a , spring stiffness
ki and damping coefficient ¢, the model has the mass of the fuselage which
is lumped in n nodes Fig.7.9b. The mass m, or the part of the wing will
be assumed to break away when a certain crushing length is achieved. The
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IL mass 30 Mg :Iotal'forc-e .
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Fig. 7.8. Force as a function of time (Phantom)
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Fig. 7.9. Aircraft impact on chimney

nodes are connected by springs k; of length L;. The springs work in tension
and compression. For a spring next to the target, only contact in compression
is allowed. In tension, after reaching the yielding force Ry;, the spring ide-
ally become plastic, with a rupturing strain e,. At the buckling load Ry;(z)
the springs are allowed to crush completely at ¢, = —1. When the spring
k; (Fig.7.9c) reaches the value of —1, the masses m; with mass m; + mjyq
(Fig.7.9c). The spring stiffness k; and its jth degree of freedom are deleted.
Using the conservation of momentum, the velocity uij just after impact is
computed:
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(b}

{c)

u,
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(d) {e}

Fig. 7.10. Aircraft impact on deformable target (lumped-mass model)
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+ - — o« —
iy = (g mier + 15 m;)/ (mia + my). (7.43)

where uy s the displacement of the jth node, and — and + superscripts for
before and after impact. (Note: the symbol u for displacement adopted here
is the same as x, in this text.)

The equations of motion with discrete time steps are adopted for the force-
time relationship. The total impulse I(¢) from the individual mass point m4
to the target at time ¢; is given by

I (t) = meit —uy] = (mg +mp) [ —ug . (7.44)

Since the mass my is distributed along the axis of the aircraft, the time for
the momentum transfer dt, is given by

1
o0ty = E(te,1 — tg+1) (7.45)

where t,_1 and ¢y are the times of impact of the mass points m,_; and
myy1. Hence the value of Fy(ty) is given by

Fi(ty) = Ro + I, (t) /5ty (7.46)

where Ry is the force in the spring k.
For a deformable target, as shown in Fig. 7.10,

Fi(t) = Rp(t) + m(t)[ta.(t) — (t)]2 (7.47)
where
Ri(t) = [ma — my(t)]4a(t) (7.48)

where m,, my and m are the total mass of the aircraft, the mass of the
crushed part of it and the mass per unit length of the crushed part next to
the target, respectively and w1, and w; are the velocities of the aircraft and
the target respectively. The equation of motion is written as

[mi(t) + milii(t) = P(t) — F(1) (7.49)

where P denotes the force in the impact spring transmitted to nodes of the
target. The velocity of the new target for the ideal plastic impact is given by

U = [(mp(t) + my)d + met; |/ [mp(t) + 2my] (7.50)

Again the superscripts + and — indicate just after and just before impact.
Wolf et al. tested their work on rigid and deformable targets. Data used
in their work are reproduced below:

Rigid target

Boeing 707-320

m, = 127.5 Mg

my = 38.6 Mg included in m,
ey =2x107% 6, =5x1072
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mass distribution

----- buckling load distribution
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Fig. 7.11. Assumed propertics of a Boeing 707-320
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Fig. 7.12. Force-time diagrams for an FB-111

Deformable target
Impact area = 37.2 m?
Rt = yielding moment /elastic moment

Figures 7.11 and 7.12 show a comparative study for two aircraft, a Boe-
ing 707-320 and a combat aircraft FB-111, impacting on rigid targets, Fig-
ures 7.11 and 7.12 illustrate force-time relationships for deformable targets,
such as these two aircraft.



394 7 Aircraft and Missile Impact — Data and Analysis

rigid target
----- elastic spring
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Fig. 7.13. Force-time diagram for a deformable target (frequency 50 Hz) mass
model

7.7 Military, Air Force, and Navy Missiles
and Impactors

7.7.1 Introduction to Bombs, Rockets, and Missiles

Different versions of bombs, rockets and missiles are available in the defense
markets. Table 7.5 summarizes the characteristics of a number of shells and
bombs.

Different missile systems exist in a number of countries. The range ca-
pability determines their category. Missiles with a maximum range exceed-
ing 550 km are classified strategic and those with ranges between 1000 and
5500 km are known as intermediate missiles. Missile systems with ranges less
than 1000km are called short-range missile systems. Above these are the
inter-continental missiles.

Certain symbols used in the explanatory notes for the missiles are defined
as follows:

ICBM Intercontinental ballistic missiles or strategic missile
IRBM Intermediate range ballistic missile

SRM Short-range missile

SSM Surface-to-surface missile

NSA Naval surface-to-air missile

ADM Air defense missile

AAM Air-to-air missile

ASM Air-to-surface missile

RO Rocket

B Bomb
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e Parameters L: Length; S: span; d: diameter; wy,: weight; V: speed; R:
range in miles (km); SG: self-guided; Pp,: payload

It is important to mention a few of the missiles. A typical example of
the ICBM/IRBM is Patriot, a SAM, and three shoulder-mounted missiles,
namely Stinger, Blow Pipe and Javelin missiles. Others are described in Ta-
bles 7.5 to 7.14.

7.7.1.1 Patriot: A SAM

In March 1972, Patriot was underway with modifications in radar, computer
and guidance hardware. In July 1973, demonstration model file control group
(DMFCG) was tested. In January 1979, the program was redesigned XMIM-
104 Patriot. A full-scale development commenced in August 1979. First firing
in CM electronic counter measures (ECM) was carried out in December 1976.
A Patriot fire unit consists of a fire section (FSC) and its launchers. The
individual sections of the weapon from nose to tail are given below:

(1) nose redone

(2) terminal guidance system
(3) warhead section

(4) propulsion system

(5) control section

The nose random is fabricated from 12mm thick slip-cast fused silica and
tipped with cobalt alloy.
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7.8 Empirical Formulae for Structural Elements
in Damage Scenario

7.8.1 Introduction

It is important first to define certain terms prior to their influence on concrete
structures. This section pertains only to local effects largely independent of
the dynamic characteristics of the building structures. Local effects consist
of missile penetration into and perforation through building structures, and
spalling and scabbing of particutarly concrete structures. They are defined
below.

(a) Penetration — the measure of the depth of the crater formed at the level
of impact.

(b) Perforation — full penetration through the structure.

(¢) Scabbing — the peeling off of the material from the opposite face to that
at which the impact occurred.

(d) Spalling — the ejection of target material from the face at which the
impact occurs.

Analytical and rational mathematical prediction of these effects is extremely
difficult. This is due to the complex nature of the transient loads. Various pa-
pers have been published in recent years which have described new ideas and
methods for analysing and designing against impact on concrete structures
connected with nuclear plant facilities. Owing to complexities in evaluating
structural damage due to impact loading, design criteria so far developed
have been mainly dependent on experimental tests and empirical formulae.

There are various empirical formulae that used to be employed in con-
nection with missile impact problems on nuclear plant structures, but most
of them have been discarded because over the years new, more relevant test
data have been made available and these empirical formulae did not give
good or realistic results in comparison.

However. there are some older and newer formulae which are still very
much applicable. Of these, some empirical formulae are given in the next few
paragraphs.

7.8.2 The National Defence Research Committee
(NDRC) Formula

This formula is really the only one of the older formulae still applicable to
nuclear plant facilities for design against impacts. It was put forward in 1946
by the National Defence Research Committee (USA), and proposed a theory
of penetration for a non-deforming missile penetrating a massive concrete
target. This theory enabled one to calculate the penetration, scabbing and
perforation thickness for given missile data, and also gave the thickness that
would be required to prevent scabbing and perforation.
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The modified NDRC formula for penetration is given below

Vo \'® v x

x= [4KNWd (1000(1) for = <2.0 (7.51)
Vo \'® .

x= KNW(IOOO(J,) +d forEZQ.O (7.52)

where all the symbols are defined below.
The NDRC formula for perforation thickness is given by

e T 2 T
Z=319(=)—o0. = S <1 .
: 319(d) 0718(d) for = < 1.35 (7.53)
This formula is applicable for z : d ratios less than 1.35 only, and for other
x : d ratios the results are very conservative. For other = : d ratios the US
Army Corps of Engineers put forward the formula

% —1.32+ 1.2 (%) for 1.35 < 3 <135 (7.54)
where
W = missile weight (1b)
x = penetration depth (in.)
e = perforation thickness
esc = scabbing thickness
d = missile diameter (in.)
Vo = impact velocity (ft/s)
f1 = concrete cylinder compressive strength (psi)
K =180//f!
N = missile shape factor
= 0.72 for flat-nosed bodies
= 0.84 for blunt-nosed bodies
= 1.00 for spherical-ended bodies
N = 1.14 for very sharp-nosed bodies.

The formula for scabbing and perforation thickness zs. and x,, respectively
for a solid cylindrical steel missile and infinite thickness of the target are given
below

Too/d=2.12 + 1.36x,/d  for 3 <t./d <18 (7.55)
xp/d=1.32 +1.24x,/d  for3 <t,/d <18 (7.56)
Tee/d=T7.91(2p/d) — 5.06(zp/d)*>  forty/d <3 (7.57)
x,/d=319(x,/d) — 0.718(z,/d)>  fort,/d <3 (7.58)
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Modified NDRC' Formula

A modification of the NDRC formula to take into account the finite thickness
of a target is proposed. For large diameter missiles impacting on targets of
finite thickness the perforation and scabbing thicknesses are given below
z,/d=319(x/d) — 0.718(x/d)*  for x/d < 1.35
7.59
Tee/d=T.91(2z/d) — 5.06(x/d)*  forz/d < 0.65 (759
Equations will have a range of 0.65 < z/d < 11.75 and 1.35 < z/d < 13.5,
respectively. In any case, t/d < 3 gives comfortable results.

It should be stressed that the above formula for perforation within the
stated z : d ratios are not strictly NDRC formulae but are based on the
penetration thickness x, as obtained from the original NDRC formula.

The values of x and x4, in the formulae are the calculated values of the
target thickness to prevent perforation and scabbing, respectively. It has been
suggested that a factor of safety be used with these values so that the de-
sign thickness of the concrete target is 20% or 30% greater than the value
calculated.

For example, if a 20% safety factor is used, the design thickness to prevent
perforation, ¢, would be given by

ty =12z (7.60)
Similarly, the thickness to prevent scabbing is given by
ty = 1.2z (7.61)

where xs. = scabbing thickness.

It is up to the designer what he or she considers most important for design:
the perforation thickness or the scabbing thickness. Usually the larger of two
values obtained is used.

In most cases, if the structure is designed against perforation then it is
automatically made adequately safe against punching, and further analysis
for punching shear is not necessary. This is strictly true for non-deformable
missiles such as steel rods but also holds good for most deformable missiles.

7.8.3 The Bechtel Formula

This formula is sometimes used to determine the thickness to prevent scab-
bing. It was developed by the Bechtel Corporation and is based on recent
test data applicable to missile impacts on nuclear plant structures. However,
the formula is restricted to essentially non-deformable missiles such as solid
steel slugs and rods. It is only moderately applicable to hollow pipe missiles.
There are two formulae for scabbing thickness which are given below. The
Bechtel formula for scabbing thickness for solid steel missiles

15.5 <W0'4‘/00'5 )

_ m 03 (7.62)

'/L‘SC
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The Bechtel formula for steel pipe missiles (scabbing)
B 5.42 W0A4‘/00.65

o \/ f/ d0-2

The variables given above are in imperial units. The Bechtel formulae are

also written for scabbing and perforation thickness in metric units using a
new reference velocity v* (60.96 m/s):

xSC

(7.63)

U 0.13 (my2)0'4
%\ 0.25 .
t,=0.90 (%) % (7.65)

where v = Vj.

The variables given above are in imperial units. The symbols again are
defined earlier. d is the nominal missile diameter. The formula was strictly
developed with 200mm (8in.) diameter pipes but also holds true for other
diameters.

Again, x4 obtained from the formula is the target thickness to prevent
scabbing. A factor of safety may also be used to convert to design-target
thickness.

7.8.4 The IRS Formulae for Penetration and Complete Protection

The IRS formula for penetration is expressed as
x = 1183f.7%° + 1038 f.~ %1% exp(—0.82£.0-1%) (7.66)

The IRS formula for total protection of a target against penetration, perfo-
ration and scabbing is:

SVOLL = 1250 f.7%5 + 1673 f.~ 18 exp(—0.82f/0-1%) (7.67)

where SVOLL is the minimum wall thickness to provide complete protection.
(Note: the units of the penetration and concrete strength are not imperial.
The penetration is in units of centimetres and f/ is in the units kg force/cm?
— 1kg force/cm? ~ 100 N/m?).

In the IRS formula the value of SVOLL is the equivalent of design thick-
ness as obtained from the other formulae. The penetration depth is the same
as those in the other above-mentioned formulae.

7.8.5 The ACE Formulae to Prevent Penetration or Perforation

The formulae for penetration and perforation are as follows.
(a) The formula for penetration

282 (W o\



410 7 Aircraft and Missile Impact — Data and Analysis

(b) The formulae for perforation and spalling thicknesses are

e=1.23d+1.07z (i)
(7.69)
ep = 2.12d + 1.362 (i)

The symbols used are those previously defined. The units of the variables are
imperial. The ACE formula for perforation gives the thickness of target to
prevent perforation. Together with a factor of safety of, say, 1.2, the value of
e can be used to determine. the target design thickness.

to=1.2¢ (7.70)

This is because e is the minimum wall thickness of the target to prevent
perforation.

7.8.6 The Stone and Webster Formula
Scabbing thickness (s) = (Ww/C)"/3 (7.71)
C is a coefficient (Table 7.15).

7.8.7 The CKW-BRL Formula for Penetration and Perforation

6Wd? ( Vo

4/3
T=— 1000) (imperial units) (7.72)

The perforation thickness is given by
e=13z (7.73)

e is the minimum thickness to prevent perforation.
Table 7.15 shows comparisons of scabbing thicknesses.

7.8.8 Modified Ballistic Research Laboratory Formula

The modified Ballistic Research Laboratory formula gives the perforation
thickness of infinitely thick targets impacted by a non-deformable missile
with high velocity as

ty = (42TWd°2) /(d*\/f2)Vo/1000) "33 (7.74)

where
t, = perforation thickness (in.)
W = missile weight (1b)
d = missile diameter (in.)
fi = concrete compressive strength (psi)
Vo = missile velocity (ft/s)
Zgp = 22 is the spalling thickness.
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Table 7.15. Comparison of predicted scabbing thickness and known low velocity
test results

Missile Missile  Test results Calculated scabbing
velocity scabbing thickness
thickness NDRC Bechtel
(m/s)  (mm) (mm) (mm)
200 mm slug 0.95 kN 60 305 360 315
75 mm pipe schedule-40 0.35kN 61 300 285 343
300 mm pipe 3.3kN 60 450-600 607 627
75 mm slug 0.06 kN 30 127 129 129
75 mm diameter pipe 0.005kN 59 133 141 151
Stone and Webster: C' coefficients 1b/in. /s
s/d 1 1.5 2.0 2.5 3.0
Solid C — 900 — 950 —
Hollow C

2t/d = 0.125 2.250 2.450 2.500 2.550
= 0.08 3.00 3.250 3.350 3.400
0.06 3.600 3.750 3.900 4.050

7.8.9 Chalapathi, Kennedy, and Wall (CKW)-BRL Formula

The penetration depth is calculated using the CKW-BRL method as
t, = (6Wd%2/d?)(V,/1000)*33 (7.75)

where ¢, = thickness to prevent perforation = 1.3z,. All units are imperial,
as defined earlier.

7.8.10 Dietrich, Furste (DF)-BRL Formula

The formula [Dietrich F., personal communication] gives the thickness to
prevent perforation as

ty = (3 x 107%//foi)(Wd ®)(v/1000)*/3 (7.76)

where d and ¢, are in m, W is in kN, f is in kN/cm? and v is in km/h.

7.8.11 Modified Stone and Webster

The scabbing thickness is given, as for the infinitely thick concrete targets, by
tee = (W12 /c)) (7.77)

where the values of W and v are in b and ft/s respectively and c¢f is a
coefficient depending on the ratio of ts./d. The range for which this formula
is considered is 3000 psi < f. < 4500 psi and 1.5 < t./d < 3.
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7.8.12 Modified Kar Formula

The equation for predicting the penetration depth, X, in concrete structures
is given as

G(X/d) = [a/(f)*°] No(E™/E)'2° [W/D(d"®)(V/1000)"*]  (7.78)
where
G(X/d) = (X/2d)? for X/d < 2.0
G(X/d)=X/d—-1 for X/d > 2.0

N = 0.72 for flat-nosed solid bodies, and
N = 0.72 + 0.25(n — 0.25)%5 < 1.17 for missiles with special nose shapes;
n is the ratio of the radius of the nose to the diameter of the missile,
and
N =0.72+[(D/d)—1](0.0306) < 1.17, for hollow pipe or irregular sections
E™ is the modulus of elasticity of the material of the missile (psi)
E; is the modulus of elasticity of mild steel (psi)
f1 is the ultimate compressive strength of the concrete test cylinder (psi)
d is the projectile diameter (in.)
D is the outside diameter of a circular section (in.)
W is the weight of the missile (Ibs)
V is the impact velocity of the missile (ft/s)
a is a constant depending on the type of units used
(& = 180.0 when using imperial units)

The thickness x, to prevent perforation, and the thickness x4 to prevent
backface scabbing are determined by

(0 —a1)/d=3.19(X/d) — 0.718(X/d)*  for X/d < 1.35 (7.79)
p(Tse —a1)/d=T7.91(X/d) — 5.06(X/d)*>  for X/d < 0.65 (7.80)

in which p = (Es/E™)(p = 1 for steel missiles), and a; is half the aggregate
size in concrete (in.) x, = e in this case.

For X/d ratios larger than those shown in the previous equations, the
perforation depth and the scabbing thickness can be calculated using the
following equations:

(0 —a1)/d=1.32+1.24(X/d) for 3 < z,/d < 1.8 (7.81)
B (2sc —a1)/d=2.12+ 1.36(X/d)  for3 < ze/d <18  (7.82)

7.8.13 Petry Formula
Petry’s formula is used for predicting the penetration depth z,, for infinitely

thick concrete targets. This formula is derived from tests concerning high
velocity impact on infinitely thick concrete targets. Where thickness governs
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the failure mode or the impact response is influenced by the size and shape of
the missile and the presence of the reinforcement, this formula gives accurate
assessments.
zp = KnAV'R (7.83)
where
xp, = depth of penetration in a concrete slab of thickness h
K., = material property constant (L3/F)
= 4.76 x 1073 ft* /Ib = 2.97 x 10~* m? /kg
A = sectional mass weight of the missile per unit cross-sectional area
of contact (F/L?)
V' = velocity factor = logy, [1+ (Vi/V*?)]
Vy = initial velocity of missile at impact
V*2 = reference velocity equal to 215000 ft? /s2(19973 m? /s?)
R = thickness ratio
Zp/Dp = 1+ exp[—4(a’ — 2)]

where o = h/D, = h/K,AV' and D, is the penetration depth of an in-
finitely truck slab. The penetration depth is restricted to less than h, to
satisfy the inequality below. In order to prevent penetration and spalling

h>CiA x 107°ft or an equivalent value in SI units

where C1 is taken from Fig. 7.14. The time required for penetration is derived
from the modified Petry formula

F =mz =mv(dv/dz) = —1.15(V*? /Ky A) exp(2.32,/KnA)  (7.84)

Velocity (m/s)
o 3(._) __60 90 120 150 180
1 T T T T T 30
400 - —25
5 0 2
= 300 T
y $)
g 15 g
200 - .
S — 10
100 =
135
I 1 | 1 L 1

100 200 300 400 500 600

Fig. 7.14. Minimum thickness needed to prevent penetration and spalling
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7.8.14 Modified Barr, Carter, Howe, and Neilson Formulae

Experiments were undertaken on circular reinforced concrete slabs at three
different scales (1x, 0.38x and 0.128x prototype). Transient loads, deflec-
tions and impactor velocities were measured during impact. The bending re-
inforcement in the targets varied between 0 and 0.5% each way on each face
and the missile velocity varied from 50 m/s to 300 m/s. Based on these tests,
a modification of the CEA-EDF formula was suggested. Thus, the velocity
to cause perforation V can be calculated by

V =1.30"2DY5(de? Jms5)?/3r)-2T . (7.85)

Because of the limited test data, it was proposed that the formula be re-
stricted to the following range:

160kg/ m? < reinforcing steel
20m/s < impact velocity < 230m/s

0.5 < slab thickness/projectile diameter.

7.8.15 Modified CEA-EDF Formula

Tests were carried out for the French Atomic Energy (CEA) and Electricité
de France by Berriaud on a series of slabs subject to impactors with varying
velocities (from 20m/s to 200m/s), thickness, concrete strength and rein-
forcement quantities. The empirical formula for a thickness to resist perfora-
tion is given by

= 0.82(f1) "/ (pe) /B (W/d) Vg (7.86)
where p. is the density of concrete and the following ranges apply

30 MPa < f! < 45 MPa

03 <azp/d<4

75 kg/m3 <p < ?)O()kg/m3

where p is the reinforcement quantity. The perforation velocity v, for the
target thickness is given by

v L 7f (pe)'/3(dh? /W) (metric) . (7.87)

The CEA-EDF residual velocity formula v, based on several tests with a
correction factor Ky is given below with all values in imperial units:

1 2 9
Lim(y —vp) (7.88)

14 —1
+W

- W 1/2
Kovy = |v2 — 1?2 <1 + Wlﬂ (7.89)
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where
F' = the resisting force, equal to Ry,
2z = penetration at any time

V* = missile velocity at any time

h = penetration depth.

Due to the nonlinear nature of the equation of motion, a numerical in-
tegration is necessary to determine the velocity as a function of distance.
Then

Y = —1.15(V*? /Ky A) exp[2.3(z — §) / K A (7.90)
hence
My = My + kd (7.91)

where
x = missile displacement

6 = target displacement
k = target stiffness
m, my = mass of the missile and target respectively.

7.8.16 Chang Formulae

Chang has proposed two semi-analytical formulae for predicting perforation
and scabbing thickness of concrete targets impacted by hard steel missiles of
non-deformable type:

tp = (u/v)" 2 (mug /d f0) " (7.92)
tse = 1.84(u/vo) ™15 (f0)"* ()2 (mag)™* (7.93)

These formulae are probably validated over the following range based on
random variable by Bayesian statistics:

16.7m/s < vy < 311.8m/s
0.11kg < W < 343kg

2.0cm < d < 30.4cm
232kg/em” < f! < 464.2kg/cm’
5.0cm < h < 60.9cm

where u is a reference velocity (200 ft/s or 60.96 m/s) and f., d, m and v are
defined in other sections. The scabbing velocity Vi ft/s, is written as

Vie = [(1/2 x 469)(d"2 {1/ w4 2 (7.94)

where 14, v, Ko and W; are the residual velocity of the missile, perforation
velocity, correction factor and the weight of the target material removed by
impact, respectively. The mean and minimum values of K are 1.45 and 1.225
respectively.
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7.8.17 Haldar, Miller, and Hatami Method
The impact formula of the NDRC type associated with a non-dimensional
impact factor I are presented in imperial units as

I =WNv?gd®f! (7.95)
where g = 32.2ft/s? and, when substituted, the above equation becomes

I =12NWv?/32.2d° f!

where N is the missile nose-shaped factor and all other notations are as
defined earlier.

For various impact factors, the NDRC test results were examined using
linear regression analysis for x,,/d and ts./d ratios.

tsc/d = —0.0308 + 0.22511 0.3<71<4.0

(
tse/d = 0.6740 + 0.05671 40<1<210 (b (7.96)
tee/d = 1.1875 + 0.02991 21.0 <T<455 (c) '
tse/d = 3.3437 + 0.03421 21.0 < 1<385 (d)

7.8.18 Takeda, Tachikawa, and Fujimoto Formula

Takeda et al. proposed a formula for predicting the penetration depth into
reinforced concrete slabs subject to hard missiles:

2o = [a/(B+1)] ()" (7.97)
where

a = 2nml7n/clw

6=1-2n
zp = maximum depth of penetration (cm)

m = mass of projectile (kg~*" /cm)

vy = impact velocity (cm/s)

1 = circumference of projectile (cm)

¢, n = constants.

Since the formula is based on the kinetic energy as input, it is valid for
an energy range from 20 x 100 kg/cm to 200 x 105 kg/cm.

7.8.19 Hughes Formulae

These formulae have been developed using the dimensional analysis and test
analysis results of NDRC and ACE described earlier. Front and back faces are
reinforced (front face 0-0.15%; back face 0.3-1.7% each way). The penetration
depth calculated for a concrete barrier, assuming no scabbing or perforation
occurs, is given by
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xp/d = 0.19NI/s' (7.98)
where

N =
nose-shaped coefficient = 1, 1.12, 1.26 and 1.39 for flat, blunt, spher-

ical and very sharp noses, respectively
I = impact parameter = (mv?/0.63+/f.)d?
s' = strain-rate factor = 1 4 12.3log(1 + 0.031).

The thickness of the concrete target necessary to prevent scabbing and
perforation is written as

oo /d=1.74(zp/d) + 2.3 (7.99)
2y /d=1.58(xp/d) + 1.4 (7.100)

7.8.20 Modified Kar Formulae

It is claimed that most of the formulae described earlier do not include dimen-
sions, shapes of the missiles, material properties of the missiles and targets
and the size of the coarse aggregate in concrete. Kar gives the penetration
depth (in inches) in the concrete targets as

G(zp/d) = ok, N(W/D)(r/10000d)"3 (7.101)
where the range for G(x,/d) is given as

{ (xp/2d)*  forzp/d < 2.0 (7.102)

(xp/2d) —1 forxz,/d> 2.0

and where D = diameter of the actual missile in the case of a circular section
or is equal to the projectile diameter d in the case of a rectangular section.

7.8.21 Perry and Brown Formulae

For solid missiles on concrete targets, the penetration depth is given in
Fig.7.15 by
zp/d = 9.605\/m[v\/(Eod*)] 4 0.06 (7.103)

where z,,, d and v are as defined earlier and m is the missile mass. If L < 50,
the scabbing thickness does not occur. If L > 70 the scabbing thickness
certainly occurs.

L = [ym(v/\/d)h(1+ h/d)|\/Ecos (7.104)

where
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Fig. 7.15. Assumed barrier failure mechanism and derivation of hinge radius

h = target thickness
FE. = Young’s modulus
0s = maximum value of nominal shear stress before damage
= Utm\/[l + (Ucm/o'tm)}
oiym = mean tensile stress in concrete
Ocm = compressive stress
oo = 0.900.,
— 0.9[0.52(1 — 12)/(1 — v2)] (B /E) /2By (1, /)]
FE = Young’s modulus
FE; = tangent modulus
F = secant modulus
t, = pipe thickness (in.)
r = pipe radius (in.)
= Poisson’s ratios for elastic and plastic, respectively.

vV, V

» 7P

Geometry

tanf = Ry x r/x =2

2 =Ry xr

Ry = 2(htxp) +r
Ry = Cyts

Ry, = MyDy

where

M, = ultimate curvature = eu/Cy ~ z,/Ch
Dy, = hinge length (or RoRy)
(Ry or Ry)max = ru/M, = 0.07/0.003 = 23.3
(R2)max =Ry +23
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The thickness to prevent spalling is given by

lop =2p +x+c (7.105)
6W2V2 — W 1728
2 m 2 1
x(x+7r)° > { S, ] (,OCW ) R;C (7.106)

where
pe = 0.15kips/ft?
r, = ultimate rotational capacity at hinge (rad)
C' = cover (in.)
M, = ultimate moment capacity at hinge (inkips/in.) (1kip =10001bf)
Ry = Ry + 23
v=uwyif vy >}
v=vhifvy <vh <
if v5 > 11 not applicable

the spalling equations are not applicable if t5, = h < 12in.
For pipe missiles on concrete targets, the penetration depth is given by

zp/d = 8[y/mv/\/(Ed®)] +0.24 (7.107)

where d is not outside the diameter of the pipe missile. The scabbing thickness
can be achieved if L > 60 and is unlikely to occur if L < 50. The value of L
in this case is expressed by

L = v/mdv/[dh(1 + h/d)] (v/Ee/os) (7.108)

where the various elements of the equations have been defined previously.

7.8.22 Formulae for Deformable Missiles Impacting on Concrete
Targets — McMahon, Meyers, Sen Model

The model evaluates local damage including penetration and back face
spalling of reinforced concrete targets subject to the impact of deformable,
tornado-generated missiles such as pipes, etc. The total penetration is given by

Tp =1 + 22+ T3 (7.109)

where
r1 = penetration during time t; = Ft7/6m) + vot1
F = interface body = o, x A
t; = rise time = 3.2 x 1076 F
A = pipe area
vy = missile velocity at the initial time g
m = mass of the missile

29 — x1 = T, (plastic missile deformation during to — t1)
M 2
= gple—n) + 0 (7.110)
= 53 )

2F
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11, V9 = missile velocity at times t; and o
v = (Ft1/2m)+1/2 (7111)
Vg = (F/m)(tz — tl)tV1

x3 = xo(penetration during ts — t2)

7.112
= —mv3/2F ( )
to =1/v/(E1/p) +1/\/(E/p) = wrinkling duration (7.113)
plastic wave elastic wave
ts = (—mue/F) + to = final time (7.114)
where
p = material density
| = missile length
7.8.23 Rotz Damage Model
Rotz predicted scabbing thickness using Bayesian estimators as
tsp —_ KP(W0‘141/0'65/\/fé(10'2) (7.115)

where
K, = empirical constant = 5.42
v = impact velocity in imperial units (ft/sec)
d = missile diameter (in)
= concrete compression strength (Ib/in?
W = missile weight (Ibf)

7.8.24 Missiles on Steel Targets
Missiles and Targets

Missiles as projectiles with non-deformable nose shape are given in Fig. 7 16.
Non-deformable projectiles are assumed to be either spherical or cylindrical,
with a nose of one of the shares shown in Fig.7.17. The calibre or ballistic
density p is generally given as W/d?, where W is the weight of the missile
and d is the diameter. Owing to changes in the value of W, a longer missile is,
therefore, more dense than a short one with the same diameter and material.
Metal targets are generally restricted to hard missiles of non-deformable type
striking the plate.

Slow Speed Indentation of Steel Targets
(1) Conical Missile

Assume a conical missile is striking a steel target with a low velocity, vy,
leaving a permanent indentation of diameter dy (Fig.7.17). The yield stress
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Fig. 7.16. Projectile shapes. (a) flat; (b) conical; (c) ogival; (d) spherical

conical steel
missile
of mass m

steel target

Fig. 7.17. Conical missile striking steel target

of the target steel o, = 30y, where ot is the uni-axial stress flow of the target
material. The equation of motion is written as

mi, = mv(dv/da,) = —aomry (7.116)

where v is the missile speed after penetration x,, is achieved and r( is the
final radius of the crater = x, tan a.

After substitution of the valuc of r¢ into (7.116) and integration, the crater
radius and depth are written as

ro = (0.4772m/ 0 tan® o)/ (tan a)vg’* (7.117)
xp = 2rg cot /2 (7.118)



422 7 Aircraft and Missile Impact — Data and Analysis

(2) Spherical Missile

Equation (7.116) is still applicable when z,/d is small. It is assumed that
ro & xpd, the equation of motion expressed in (7.116) is integrated and the
final penetration obtained as

zp = /[(m/oc)nd]v (7.119)

where v is the final velocity at the time of the formation of the crater.
(3) Calder and Goldsmith Velocity Model (Preliminary Report, 1979)

The impact velocity at which the projectile penetrates a steel target com-
pletely, but comes to rest in the process, defines the ballistic limit. The for-
mula for the residual velocity, v, developed is based on both impact velocity
and ballistic limit and is given for a sharp-nosed missile as

ve =/ (Vg + V) (7.120)

where v is the initial velocity and vg is the ballistic limit.

In (7.120) it is assumed that the missile carries no material from the
steel target. The residual velocity for a blunt-nosed missile carrying a plug of
material ejected from the steel target is given by

m 2 2

vy =4/ (vg —vg) (7.121)

/
m—|—mp

where m and m; arc the masses or the missile and the plug, respectively.
(4) Ballistic Research Laboratory Formula (BRL)?

This formula is based on the impact of small-diameter, high-calibre, high-
density non-deformable missiles striking thin steel targets:

(tp/d)** = Dv? /1120000K 2 (7.122)

where
t, = perforation thickness (in or mm)
d = 4A,,/m = effective missile diameter (in or mm)
Ay, = missile area (in? or cm?)
v = impact velocity (ft/s or m/s)
D = missile diameter (in or mm)
W/d? = calibre density of missile (Ib/in® or kg/m?), from which d can be
evaluated
K, = steel penetrability constant depending upon the grade of the steel
target; the vulue of K, is generally taken as 1.0
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(5) The Stanford Research Institute (SRI) Equation

Like BRL’s formula, the following equation is for small-diameter, hard missile
striking a thin steel target.

(tp/d)* + (3/128)(B/d)(t,/d) = 0.0452D,, /o, (7.123)

where t,,, d, D and v are as defined in the BRL formula

B = width of the steel target
ot = ultimate tensile strength of the target steel (Ib/in? or Pascals)

The formula is based upon tests with the following range of parameters:
0.1 <tp/d <038
21b/in” (550 x 102 kg/m®) < D < 121b/in” (3300 x 10% kg/m®)
0.062in (1.6 mm) < d < 3.5in (89 mm)
70ft/s (21m/s) < v < 400ft/s (120 m/s)
2in (50mm) < B < 12in (300 mm)
5<B/d<8
8 < B/t, <100

For design purposes, the design thickness due to ¢, or tsc must be increased
by 20%.

(6) Kar Steel Target Formula

For mid-to-medium-hard homogeneous steel plates, the barrier may have a
ductile failure. When steel target Brinell hardness numbers are above 350,
failure by plugging may occur. For inferior quality steel, flaking may occur on
the back face of the steel targets. According to Kar, for a good quality steel,
back face phenomena do not generally influence the depth of penetration.
The penetration or thickness to prevent perforation is given by the following:

t, = a(E£/29000)(0.72 + N) K, (mv?*)*%7 /1067(D + d) (7.124)

where m is the mass of the missile (Ib-s?/ft) and v (ft/s), D (in) and d (in)
are as defined. B
The penetrability coefficient K, is determined from the following:

K, = (0.632BHN + 94.88) /275 (7.125)

where BHN is the brittle hardness number of the steel target material and is
limited to between 0.37 and 1.0. The above equation is still relevant if BHN
< 0.37 or > 1.0.
a = 1.0 if imperial units are used
= 0.0035 for m (kg-s?/m), v (m/s), d (cm), E (kN/m?), t, (cm)
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(7) de Marre Modified Formula

de Marre proposed a relationship between the specific limit energy h/d and
the target penetration:

mv?/d® = a(h/d)’ (7.126)

where
m = missile mass (g)

v1 = limit velocity (m/s)

d = missile diameter (cm)

h = steel target thickness (cm)
a = constant between 1 and 2

3 = constant approximately 1

h is replaced by hf(6)

f = incidence angle

f = a function of obliquity, usually secant

(8) Taub and Curtis Model

A perceptive analysis by Taub and Curtis derived the following formula for
back-face spalling or petalling type of failure:

mvi/d® = a[(h/a)+B] B <0 (7.127)
(9) Lambert Model

The development assumes back-face thickness where petalling occurs and d
to be constant and 3 becomes complex as a quadratic function. To overcome
this, Zukas replaced 8 by e /¢ —1; d® by d* °1° and 6 as stated in the case
of the de Marre formula, by h seck” 6. Both ¢ and k' are constants. Using
Lambert’s limit velocity database containing limit velocities for 200 cases
involving:

range of mass % to 3630 g
diameter é to Hcm
l/d 4 to 30

h % to 15cm
0 0° to 60°

ps (rod material density) 7.8 to 19g/cm?
a=4000%; c¢=0.3; kK =0.75
the following predicted model is established for the limit velocity vy:

ve = u(ljd) 5| / (2)d° /m] m /s (7.128)

where z = h(sec)%7/d, u = 4000 for rolled homogeneous armour (RHA)
and m depends on the density ps
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f)=z+e?-1=3(-2)/j

Jj=2
0, 0<v<y
vV =
a(? —v)H)YV2 vy,
(7.129)
ve = max{v: v, =0} = inf{v: v, > 0}

0, 0<v<uy
e p _ ;,P\1/p
a(wP —v))'P . v >

where the value of p is generally 2 and v, vy and 1, are striking velocity.
ballistic limit and missile residual velocity, respectively.

(10) Winfrith Perforation Energy Model

Using dimensional analysis, the perforation energy of the steel pipe is related
to the geometric parameters and material properties by

E,/(0ud*) = A(h/d)*(d/D)" (7.130)
where

E, = perforation energy

o, = characteristic strength of the material = o,

d, D = missile and pipe diameter, respectively
h = target thickness
a, b, A = constants given in Table 7.16

Tests have been carried out on target thicknesses of 7.1 mm and 11 mm.
For a 25 mm diameter missile the perforation energy varied as the 1.8 power
of the target pipe thickness and for a 60 mm diameter missile an exponent
of 1.4 was obtained. At an impact energy of 41.5kJ, the 60 mm diameter
missile displaced a shear plug in the pipe wall thickness by a distance of 3 to
11 mm. Figure 7.18 shows a graph of the perforation energy plotted against
pipe wall thickness and the missile diameter. In the case of E, versus d, an
exponent of 1.9 is obtained for a 7.1 mm pipe wall and 1.7 for an 11 mm pipe
wall thickness, averaging both sets to 1.8. Exponents ranging from 1.5 to 1.7
have been suggested for plain steel targets. The test results based on the BRL
formula are also plotted. On the basis of these tests, the perforation energy
is assumed to vary as

E, =Bh'"d"® (7.131)

where B is a constant.

In another expression, the exponent is given as 1.7. If this normalized per-
foration energy variation is imposed on the pipe perforation, the correlation
as shown in Fig. 7.18 becomes

E,/oud® = A(h/d)""(d/D)"® (7.132)

where the parameter Ao, has a value of 8 x 10%, if SI units are chosen for
Ey, d, h and D.
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Table 7.16. Permanent deformation of pipe

n'ﬂ

= <D, @7«@ ﬂ

Test a (mm) b (mm) A (cm ) dy (mm) 0 (mm) v (m/s

255 75 115 1 7 93 .
256 70 100 170 148 21 1.7 67 7.4
257 140 215 158 115 65 7.5 75 7.3
258 170 310 99 7 112 7.3 108 7.2
259 140 250 172 114 60 7.39 69 7.1
260 165 325 113 86 104 7.29 104 7.1
264 130 220 151 111 64 4.0 105 7.3
265 135 200 159 113 67 4.0 104 7.4
266 145 280 121 93 94 4.0 136 7.1
267 135 225 - - - 4.0 142 7.0
268 105 - - - - 4.0 117 7.2
269 130 - - - - 4.0 112 7.2
270 105 - - - - 4.0 108 7.2
271 100 110 108 144 35 4.0 108 7.6
272 - - - - - 4.0 108 7.7
273 120 220 - 100 83 4.0 114 7.5
274 135 250 - 100 82 4.0 114 6.9
275 140 300 135 92 93 4.0 113 7.0
276 100 120 - - - 4.0 108 7.4
477 80 90 - - 1.7 130 10.5
478 45 50 11 1.7 203 18.2
479 70 80 - - 1.7 129 10.7
480 55 60 17 0.6 325 18.6
481 110 - - - - 4.0 180 10.6
482 105 - - - - 4.0 236 18.6
483 135 200 - - - 4.0 136 11.0
484 90 125 36 4.0 144 18.6
485 110 165 - - - 4.0 143 7.2
486 110 140 - - - 4,0 87 7.1
487 110 145 - - - 4.0 113 8.1
488 105 130 - - 4.0 67 7.2
489 90 160 36 3.1 75 7.4
400 95 180 46 3.1 84 7.2
491 100 200 55 3.1 99 7.2
492 110 220 - 3.1 143 7.2
493 . . - 4.0 180 7.3
194 } oblique impact 40 120 70
495 185 230 231 43.0 78 7.4
496 105 180 55 34.9 49 7.5
497 155 250 95 37.5 46 7.4
498 170 380 196 44.0 78 7.3
499 170 270 350 54.2 100 10.9
500 175 385 150 29.5 70 7.1

Courtesy of A.J. Neilson, UKAEA, Winfrith, UK.
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Fig. 7.18. Effect of pipe wall thickness on perforation energy of solid billet missiles

(Courtesy of A.J. Neilson, UKAEA, Willfrith, UK)
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8 Aircraft Hot Fuel-Structure Interaction
During Impact Condition

8.1 Introduction

Finite element formulations for the dynamic analysis of aircraft hot fuel struc-
ture interaction are presented and evaluated. The hot fluid is assumed to
be incompressible and viscous and is described using updated Langrangian
formulation. Three dimensional isoparametric elements with lumped or con-
sistent mass idealisations are employed in the finite element discretisation.
Dynamic equilibrium equations are solved using explicit/implicit time inte-
grations. The interaction is assumed entirely mechanical which means that —
they are needed to describe the fluid response. The body fluid is assumed to
undergo large deformations and the solutions are dependant on discrete time
points. On the transient analysis of hot fuel structure systems the employ-
ment of hybrid or isoparametric elements discretisation with lumped and
consistent mass idealisations are effective in the representation of the hot
fluid.

8.2 Aviation Fuels

The fire hazard properties of aviation fuels are identified according to sus-
ceptibility or ease of ignition, flash points, flammability limits, distillation
range (initial and end boiling point), and electrostatic susceptibility. (Note:
octane rating has no relation to the degree of fire hazard of a fuel). Table 8.1
summarizes the characteristics of the more common aviation fuels.

After an impact when major structural damage occurs to aircraft fuel
tanks, the fuel may be released as a mist due to forward momentum, splash-
ing, and wind shearing. Regardless of the type of fuel involved, this mist is
easily ignitable from disrupted electrical circuits, hot engine surfaces, or ig-
nition sources on the ground. The resulting fireball then acts as the ignition
source for other combustibles in the area, including pools of high flashpoint
Jet A fuel. If antimisting additives can be successfully developed, they are
intended to reduce misting an ease of ignition, or if ignition does occur, to
prevent the propagation of flame throughout the mist cloud. In some aircraft
accidents where deceleration forces are low, liquid fuel flowing from ruptures
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Table 8.1. Summary data on the fire hazard properties of aviation fuels

Gasoline Kerosane Grades
JET A, JET A-1,

Characteristics AVGAS JP-5, JP-6, JP-8
Freeze Point* —T76°F —40°F —58°F
Vapor Pressure! 5.5 to 7.0 psi 0.1 psi
(Reid-ASTM D323-58)
Flash Point* —50°F +95°F to 145°F
(By Closed-Cup Method at Sea Level)
Flash Point™ —75°F to —85°F None
(By Air Saturation Method)
Flammability Limits
Lower Limit 1.4% 0.74%
Upper Limit 7.6% 5.32%
Temp. Range for Flam. Mixtures™ —50°F to +30°F +95°F to +165°F
Autoignition Temperature™ +825°F to +960°F +440°F to 475°F
Boiling Points™
Initial 110°F 325°F
End 325°F 450°F
Pool Rate of Flame Spreadt?: 700-800 fpm 100 fpm (or less)

Note: Figures vary for some of these values in different data sources. Those
shown herein are average figures based on the latest available measures

*5/9 (°F-32) = °C
 psi = 6.894kPa
¥ 1fpm = 0.3 m/min

§ In mist foam, rate of flame spread in an fuels is very rapid.

fuel tanks or broken fuel has been vapourised and ignited by hot-engine sur-
faces, hot brakes, heavy electrical arcs etc. thus, antimisting additives solve
only a portion of the post crash fuel spill fire problem.

Most aircraft make extensive use of the internal wing volume to store fuel.
In larger aircraft, the wing structure is sealed and forms the fuel tank. This
is commonly called integral tank, or wet wing construction. Older and light
aircraft may incorporate a flexible bladder to contain the fuel within the wing
structure, using the wing structure only for support. Separate metal tanks or
fiber reinforced nonmetallinc tanks are not widely used, and they are mainly
located in light aircraft and older transports.

With integral tank construction, and only to a slightly lesser extent with
thin wall bladder tanks, it becomes apparent that disruption of the wing
structure by ground impact or other damage will result in the release of fuel
and the potential for ignition. This may occur even though occupied portions
of the aircraft may be only slightly damaged. Thus, fire becomes the prime
threat to the occupants.
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Open called foam blocks, cut to fit and placed meticulously in the tank,
are used on some military aircraft. While primarily intended for explosion
protection after projectile penetration (incendiary bullets, etc.) of the vapor
space, they also were tested for improvement of the postcrash fire situation.
The tests showed some resulting improvement for tank interior maintenance
and loss of available fuel volume have precluded their use in large, long range,
civil, and military aircraft.

Several design principles which affect basic aircraft firesafety and crash-
worthiness (excluding cabin furnishings and evacuation systems) are men-
tioned in the Federal Air Regulations and were developed as a result of acci-
dent investigations. They include:

1. When the same structure supports fuel tanks and landing gear, shear pins
must be incorporated in the landing gear support structure, allowing the
gear to be wiped off without applying structural loads to the fuel tanks.

2. The metal aircraft structure must have electrical continuity to prevent
accumulation of static electrical charges, particularly in the fuel tank
areas. This is extremely important when designing an all metal aircraft
since the aircraft structure acts as a Faraday Cage, shielding all contents
from lighting strikes.

3. Static discharge devices and lighting divertors must be located and in-
stalled correctly.

4. Fuel lines supplying rear fuselage mounted engines must be designed to
ensure proper fire resistance and have the flexibility to resist rupture in
a crash situation.

5. Fuel lines and main electrical leads must be segregated.

6. Main electrical power cables in the fuselage must be shrouded in fire
resistive flexible conduit.

7. The hydraulic system must be designed properly and use fire resistive flu-
ids. Such fluids presently in use have autoignition temperatures in excess
of 1000°F (538°C) are only slightly flammable. (Older types of mineral
oil based hydraulic fluids are still in wide-spread use, particularly in the
military, and have been responsible for many serious fires).

8. Other consideration such as the improvements in the cargo compartment
fire detection and extinguishing systems, escape system and devices as
well as aircraft rescue and fire control.

8.3 Fuel-Structural Interaction —
Basic Analytical Formulations

Fuel with high temperature from the aircraft impacting the structure, it is
necessary to develop fuel-structure interaction analysis, which includes fuel
pressure load acting also at the interface. The structure equation is written
as follows:
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[Me]{ée} + [Ce]{éé} + [Ke]{(se} = {Fe} + {Ffe’r (81)

The fuel pressure load vector {FP"} at the interface S is obtained by inte-
grating the pressure over the area of the surface:

(= / S{N'}P{n}d(S) (8.2)

where

{N'} =

~ shape functions employed to discretize the displacement compo-
nents u, v and w (obtained from the structural element)
{n} = normal at the fuel boundary

Substituting the finite element approximating function for pressure given by
(F2ry = [ANHVY b)) (83)
s

By comparing the integral equation (8.3) with the matrix definition of
po[Re]T, it becomes clear that:

(27} = [RIP 5.0
where:
(Rel” = [{NHN) {n}(s)
S

The substitution of (8.4) into (8.1) results in the dynamic elemental equation
of the structure:

8.3.1 Velocity Pressure Formulations

Vm:{N}T/{V:re} (86)
vy ={N}T"{vyc} (8.7)
v, ={N}T"{v,.} (8.8)
T—{N}T'{T.} (8.9)
P={N}T'{P.} (8.10)
where
{N}, = element shape function for velocities and temper-
ature

{N}, = element shape function for pressure

{Vxe}s {Vye}, {Vze} = nodal temperature vector

{T:} = nodal temperature vector

{P.} = nodal pressure vector



8.3 Fuel-Structural Interaction — Basic Analytical Formulations 445

While vy, v, and T are approximated using the same set of shape functions
{N}p, the pressure is interpolated using a different set of shape functions
{M?} which are at least one polynomial order less than {N},. This is a re-
quirement based on the theoretical conditions for stability and convergence
of the solutions. The time derivatives are written as, for example, using vy
as an example:

ov, T
o {N}p {Vme}

vy = {N}" {6v4e}

bz
{LY(wa) ={LHNY {vze} = [Bal{vae} = | 1by] | {vne} (8.11)
[b-]

{Vare} {Vme}
(LYY ={LYT{NYT S {uged b = [1ba) Lby] [02]] S {vye} ¢ (8.12)
{Vze} {’/ze}

bl = {ba} = (N
5] = by} = 5 (V)

/ 0
b |7 ={b,} = —{N
BT = b} = (N}
Let the matrix operator [Ly] applied to the variables be denoted by:

) {vae} {Vze}
[L{V}=[L{NYT ¢ {vye} o = [Ba] § {wye} (8.13)
{Vze} {Vze}

The finite element equation (8.12) is written assuming dvye and dp, are the
virtual change in nodal velocity vector {vy} and nodal pressure {p.}, which
are not zero, as follows:
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3 / (V)N dlwol) e} + 5. / (N}, {N}T [Bald(vol) {vs)

vol vol

{Vﬂce}
+ / (Bl [D,](Bald(vol) { (e} } - / (b} MY d(wol) (P}
{Vze}

vol vol

4098 [INHNYT dlwod){T.) (8.14)

vol

— B / {N}pd(vol) + pgo (1 + BTy) / (N}pd(vol)

vol vol

+{n)T { o, } / (N},d(52)

s
0L, ) S2

{Vxe}
/{M} | Bp |d(vol) { {vye} } =0 (8.15)
{Vze}

vol

The finite element equation can be written now as follows:

{Vwe}
[CINvme} + {[KS*] + [K]"] { {vye} } + [KET{ P} + [KZTH{T. }
{Vze}
= (K] 4 (K2 4 (K] (8.16)

{V:re}
[De]]§ {rye} p =0
{vze}

where
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[Cf1=p /{N}F{N}Zd(vol) = capacity matrix

vol

[K:*)=p /{N}p{V}T[Bg]d(vol) = momentum matrix due to mass

vol transport

(K27 = [ 1Bl (D) Bd(wol) =

momentum matrix due to

vol diffusion

Kexr] — bT M Td I _
K / w {M] 7 d(vol) pressure gradient
vol

matrix
(K9] = pg.3 /{N}p{N}gd(vol) = buoyancy matrix
vol
[FP*] = Fy, /{N}pd(vol) = body force load vector due to
vol non-gravity effects such as an

electrostatic field

(F97) = pgo(1 + BT) / {N}d(vol) =

buoyancy force load

vol

vector
o;
F5o} = (n)7 4 o3 N},d(S) =
{Fey = i} J:y / {NV}pd(S) load vector for element face
Oz ) vol stresses
[D¢]
DT = Byld(vol) | [DY]| =
[De] /{m}L ald(vol) | (D] divergence matrix
vol [Dg}

[K/*] is not a square matrix, and therefore, is further divided into submatri-
ces, for notation purposes, as follows:

(L) = ([ (K72 (K] (8.17)

The complete finite element discretized equations for the fuel-structure in-
teraction problem are written in assembled form as:
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M) (o T ) {0 Ce] lo] ] J {0
jM”]w@}{gai}+ b]KE}{féi}
(8.18)
Tmuwﬂ{wa}{au}
Lol (K2 | AP {o}
where
[M7%] = po[R.]"
[K7) = ~[R]

For a problem involving fuel-structure interaction, therefore, the fluid element
will generate all the submatrices with superscript p in addition to the coupling
submatrices p,[R.]T and [R.]. Submatrices without a superscript will be
generated by the compatible structural element used in the model. Combining
the momentum and continuity equations with to the energy equation, the
coupled thermal flow equation is given below in a matrix form:

©f] 0 [0 0] [0 ] [ et (K] [ [0] [0] [0]

o] [cf] o] (0] [o] | | {¥wed o] [K*] [o] [0] [0]

o] o] (e o) | = bl ] o) o) (Ko (ol

o 0] [0 [ o | |{~} o o [0 [0 [o
Lon o o oen) ({21 \Lo o o o]
[szfl] (Kfe?) (ki) (Keo) [Kee) T\ [ {Peed

(K1) (K2 (K] Ko [Kgv) ||| (et

K1) [RF) (kA=) (ke (i) | | ] (vee) (8.19)
(KE|T (Ke2|T (KET (o] [0 {r.}

U U R OB Ol VA R

{Fo"}y + {2} +{F}
(P2} + {Fgv} + {FP}
= {AFF+{Fee +{Fr)
{0}
{Q?}
The elements of the submatrices [K3%], [K2Y], [K5?], and [K!™] are functions
of the element velocity vector {V}.
The matrix equation in (8.19) is highly non-linear, which requires inter-
active solutions.

The convergence criteria, element stiffness formulation and Newton-
Raphson interaction are to be seen in the Appendix Al
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Some notations used above are defined below:
p = density
[ = volume expansion coefficient
9z, 9y, 9. = gravitational constants along the X, Y, Z global Cartesian
coordinate directions
Fy, Fyy, Fy. = body forces along the X, Y, Z global Cartesian coordinate
directions
V x = divergence operator
V = gradient operator

Second, consider the flow continuity equation:
Vx{V}i=0 (8.20)

Finally, consider the energy equation:

pc <%€ + {V}T{VT}> =V x ([DHVT}) +q

where
¢ = specific heat

{Km 0 0 W
[Dl=1] 0 K, 0
0 0 KZZJ

K., Kyy, K., = thermal conductivities in the element z, y, z directions
q = heat generation rate per unit volume

Vg
{V} =4q v, p = velocity components in the three orthogonal coordi-
v, nate directions (vx = vi(x,¥,2,t), vy = vy(x,¥,2,1),

Vz = VZ(Xa ya Za t))
T = temperature (T =T(x,y,2, t))

8.3.2 Stress Vector

{Tz} = Oy = . .
stress vector on a plane perpendicular to x axis

{ry} = ¢ oy ; = stress vector on a plane perpendicular to y axis

{r.} = { 0y. p = stress vector on a plane perpendicular to z axis

t = time
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Table 8.2. Development of wave equations

Fuel-pressure packing on structures with displacement components u, v, w. The
Finite Element shape function is for the spatial variation of the pressure and dis-
placement components are given by:

P={N}; {P.} (2)
U= {N}"{U.} (b)

where
{N}, = element shape function for pressure
{N'} = element shape function for displacements
{P.} = nodal pressure vector
{0} = {ue}, {ve}, {we} = nodal displacement component vectors

From (a) and (b), the second time derivative of the variables and the virtual change
in the pressure can be written as follows:
9*P
ot?

O oy =15} @

— (N} p{E.} (c)

OP = {N}; {sP.} (e)

Let the matrix operator { L} applied to the element shape functions { N} be denoted
by:

[B] = {L}{N}, ()

Substituting (a) through (f) into (i), the Finite Element statement of the wave
equation is given by:

/ ;12{5Pe}T'{N}p{N}ﬂd(vol){IZ}+ / (6P} [B]™'[Bld(vol){ P.}

vol / / vol (g)
+/Po{5Pe}T {NHn} (N} d(S){U} = {0}
where ‘

{n} = normal at the fuel boundary
virtual change in nodal pressure {0P.} # 0

= [ dwon (B + [ 187 Bldwvo )
vol / / vol (h)
oo / (N}, {n)™ (N} d(5){5} = {0}
S

The equation (h) can be written in matrix notation to get the discretized wave
equation:
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[MIWPY + [KE){PY + pol Re)™ {8} = {0} (i)
where
[MF] = %2 /{N}p{N}Z,d(vol) = fuel mass matrix (fluid)
vol
[KF] = [B]" [B]d(vol) = fuel stiffness matrix (fluid)

polRe] = po /{N}p{n}T/{N}T/d(S) = coupling mass matrix (fluid-structure
Z interface)

When the losses at the interface occurs, the discretized wave equation becomes:
[MIH{Pe} + [CTUPY + [KIH{ P} + polRe]” {63 =0 &)

If D = Dissipation factor is:

p=ior)™l [Ny nTas)ir) (k)
S

to account for the energy loss equation (h) is added to equation D, the loss activity
boundary surface is absorbing boundary surface becomes:

cripy =5 [ nyas) ey 0

[CP] = g /{N}p{N}Zd(S’) = (fluid damping matrix)
s

B and {0P.} are constants over the surface of the element.

po = density, B = volume expansion coefficient;

{1} = {8—(‘1, (,%, %J = vector of divergence

P
{n} = outward unit normal vector; {P.} = (?9_15
B = prc = boundary absorption coefficient

r = damping resistance of the material at boundary surface




452 8 Aircraft Hot Fuel-Structure Interaction During Impact Condition

8.4 Output Quantities

The pressure gradient is evaluated at the element centroid using the computed
nodal pressure values.

(0N ) -
{2 e (5.24)
where 63—1;., 88—];, g—f —gradients in z, y, and z directions, respectively. Other

terms are similarly defined.
The element fluid velocity is computed at the element centroid for the full
harmonic analysis

J oprP
j 0P

Vo= = (8.26)
j 0P

where
Vz, Vy and V, = components of the fluid velocity in the z, y, and z di-
rections, respectively
w =2rf
f = frequency of the oscillations of the pressure wave
J

=+v—1

The discrete time points are assumed 0, 6t, 2 dt ..., to establish the numer-
ical equation of virtual work from which the unknown static and kinematic
variables at t + At can be solved. The displacement-based Finite Element
procedure has been employed numerically. In explicit time integration equi-
librium is considered at time “t”, where implicit time integration equilibrium
is considered at time ¢t + At. The Pressure P at time “¢” is used for virtual
variation of the volumetric strain at time “¢” must be computed.

In order to reduce solution errors and in some cases instabilities, equi-
librium iteration can be used. Equations are solved for incremental displace-
ments. In the entire work 3D 20-noded elements are used both for fluid el-
ements and structural elements of floors. For the columns and beams, 3D
two-noded elements (Appendix I) have been adopted. The shape functions
N for these elements are given in Tables 8.3 and 8.4. Various Gauss integra-
tion schemes associated with the two types of elements are considered. For
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columns 2 x 2, the Gauss integration is used. The hourglass patterns corre-
spond to zero eigen values. The idea is to remove hour glass instability. For

NO of Ei 1 43
3D 20-noded elements O of zero Higenvalues is kept 60 and for 2-noded

NO Degrees of Freedom
bar elements, the ratio is kept 5/8.

8.5 Input Data and General Analysis of WTC-1
and WTC-2 (World Trade Center)

8.5.1 Geometrical Data

The World Trade Center and adjacent affected buildings were located on
the West Side of New York, adjacent to Hudson River at the south tip of
Manhattan. Here geometrical details are given for only two buildings, namely
WTC-1 and WTC-2.

WTC-1

(a) up to roof height = 1368 ft = 417m
total main height: Each floor height = 12ft (3.675m)
total floors = 110
H = effective height = 402.336 m
(b) WTC-1
Floor plan area:
Larger — 207 ft (63.1m) x 207 ft (63.1m)
Smaller —
Regular service core — 87 ft (26.517m) x 137 ft (41.7576) = 1107.31134 m?
Corners chamfered 6’ — 11’ (2108 mm)

WTC-2

This building was 6 ft (1.829m) less than WTC-1
H = effective height = 400.5072 m.

Up to roof height = 415.1376 m

Areas (same as of WTC-1)

8.5.2 Aircraft Impact Areas and Speed

(a) American Airlines, (Flight 11) and United Airlines (Flight 115)

Boeing 767-200 ER
Maximum take-off weight = 178,170 kg

Gross weight = 124,284.3 kg

Max range = 12,200 km

Cruise speed = 850 km/hr (530 mph)
Wing span = 156" — 1”7 (47.6 m)
Overall length = 159" — 2" (48.5m)

Interior cabin width =15 — 6" (4.7m)
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Aircraft area = 48.5 x 47.6 = 2308.6 m?
Flight 11, departed time: 7.59 a.m. and crashed time 8.46 a.m.
Flight 175, departed time: 8.14 a.m. and crashed time 9.03 a.m.

(b) Impact Areas

(i) North Tower WTC-1 =4 x12 =48 (14.6304 m),

Height: Impact Area between
Maximum Impact Area

Impact between floor 98 and 94 = 30 m?

centred on north face

Speed at impact = 470km/hr = 131.6 m/s
(taken for the analysis)

(i) South Tower WTC-2
Floors under impact =78 to 84 =6 x 12 =72 (21.9456 m)

Maximum Impact Area assumed as 30 m?

Speed at impact = 590km/hr = 165.2m/s
(taken for the analysis)

(¢) Time Durations

WTC-1 — 47 minutes (2820 seconds) collapsed at 10.29 a.m.
Time duration 10.29-8.46 a.m. = 1 hr — 43 minutes
=1.717hr
= 103.02 minutes
= 6181.2 seconds
WTC-2 — 49 minutes (2940 seconds) collapsed at 56 minutes after impact
ie. 9.03 +56/60 = 11.223 = 9.063 a.m., time at which collapse occur

(d) Load-Time Function

The load-time function as explained in the Appendix I is to be created with
At, the time interval for the dynamic Finite Element will be the base values
against impact loads. Simpson rule or others can be used to develop the
response of the entire structure of WTC-1 or WTC-2.

At the central zone, the impact corresponding to the air plane fuselage and
engines is the worst zone. Away from the central zone, outer wing structures
create also an impact zone.

(e) Ezisting Loads on WTC-l apart from Those Due to Aircraft Impact
The upper 55 stories of the building’s exterior-wall frame were explicitly mod-

eled using beam and column elements. This encompassed the entire structure
above the zone of impact and about 20 stories below. The lower 55 stories of
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the exterior were modeled as a “boundary condition” consisting of a perime-
ter super-beam that was 52 inches deep (1321) and about 50 inches (5270)
wide, supported on a series of springs. A base spring was provided at each
column location to represent the axial stiffness of the columns from the 55th
floor down to grade. The outrigger trusses at the top of the building were
explicitly modeled, using truss-type elements. The interior core columns were
modeled as spring elements.

An initial analysis of the building was conducted to stimulate the pre-
impact condition. In addition to the weight of the floor itself (approximately
54 psf (259 kN/m?) at the building sides), a uniform floor loading of 12 psf
(0.76 kN/m?) for partitions and an additional 20 psf was conservatively as-
sumed to represent furnishings and contents.

At the impact area, all columns are damaged. The assumption is valid in
the impact analysis.

(f) Fireball and Temperature

Fireballs erupted and jet fuel across the impact floors and down interior shaft
ways igniting fire. The term fireball is used to describe deflagration or ignition
of fuel vapour cloud. As a result, give raged shroud out the upper floors of
the Towers. Program BANG-FR is invoked to get necessary quantities in
terms of pressures of loads and are algebraically added to those pressures
produced from aircraft-impact specifically floors receiving hot fuel and floors
should be analysed using the above analysis. In this analysis for the jet-oil-
Tower structure interaction, based on FEMA Report — 3000 gallons escaped
with 4000 gallons remained on the impacted floor. The total peak rate of
fire energy per Tower is assumed as 3-5 trillion Btu/hr (1-1.56 GW), with a
ceiling gas temperature 1100°C (2000°F). growth of fire balls with final full
size of 200t (60.96 m) occur after 2 seconds.

(g) Concentrated Loads

BANG-FR for fire analysis is initially concentrated on 80the floor level. The
columns above the damage area are predicted to act as tension members,
transferring around 10% of the load carried by the damaged columns upward
to outrigger trusses and this load is assumed back on core columns.

(h) Chunks Dismantled

As predicted on site, chunks with dimensions around 12’ (305mm) have
landed at a distance of 15ft (4.572m) from the face of the building. The
distance is assumed always for the computation of forces of chunks. The max-
imum length and width as observed were 40t (12.2m) and 30ft (9.144 m).
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8.5.3 Connection Details, Structural Sizes, and Other Parameters

The behaviour of a typical fully rigid, partial strength wind-moment connec-
tion about the strong axis of the column was studied. The connection of the
W18 x 50 girder to the W15 x 426 column between girder line 7-8 at frame
line D on the 14 floor was modeled as a representative connection. The top
and bottom moment plates (estimated as 5/8 inch x 6 inches x 24 inches
(15.875mm x 152mm x 610mm) and 3/8 inch x 10-1/2 inches x 24 inches
(0.56 mm x 267 mm Xx 610 mm), respectively, were welded to girder flanges
with a 1/4-inch weld. The shear plate (estimated as 5/16 inch x 3 inches x
12 inches; 1.938 mm x 15mm x 300 mm) was bolted to each girder web with
four 7/8-inch-diameter (6.36 mm) bolts. The designs of the bolts are taken
to be A 370 bolts.

Similarly, the behaviour of a typically fully rigid, partial-strength wind-
moment connection about the weak axis of the column was studied. The
connection of the W24 x 68 girder to the W14 x 426 column between girder
line C-D at frame line 7 on the 15th floor was modeled as a representative
connection. The top and bottom moment plates were estimeted as 3/8 inch x
12 inches x 14 inches (9.5 x 300 x 355 mm) with a 1/4-inch (6 mm) weld with
a 3/8-inch x 8-inch seat plate (12mm x 125 mm x 355mm). The connection
capacity was estimated to be 7.500 kip/in (8011.5 KNm), thus confirming that
the frame design was governed by stiffness and not strength.

8.5.3.1 Columns, Plates, and Spandrels

(a) The columns are built up by 4NO plates. 14" (955.6 mm)x 14" (355.6 mm)
welded plates spaced 3" — 4 (1016 mm).
Adjacent parameter columns are interconnected at each floor level by
deep spandrel plates of 52 (1320.8 mm) depth.
In alternative stories, an additional column can be found at the centre
of each of the champfered building corners.
A reference is made to Fig.8.1. The Section A, the size is 131/2”
(343 mm) with top plate 355.6 — 343 = 12.6 mm, and the width of this
section is 14" (350.6 mm). The base of the exterior column is assumed to
be 3NO 14" x 14" (356 x 356 mm) welded together.
The vertical plate thickness 2 NO 1/2” (12mm) = 25 total. Figures 8.1
and 8.2 show exterior and interior wall details for floor truss members,
with details of end connections. Figure 8.3 shows the cross-section of the
main trusses along with transverse trusses.

(b) The floor section is shown in Fig.8.4c, with concrete thickness of the
metal deck. The main double truss has a total width of 2032 mm.

(¢c) The estimated openings in the exterior walls of WTC-1 are shown in
Table 8.3.
Typical 3D analysis models of flange and shear plate moment-connections
in Figs.8.4a and 8.4b are adopted in the FEMA report and have been
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HOT
FLUID-STRUCTURE
INTERACTION

(a)

(b)

Centerline of Main Double Truss

—Metal Deck

(1.015m) 1.015m
Centerline

(c)

Fig. 8.4. (a) 3D concrete floor — 3 layers thickness (full depth case); (b) 3D concrete
plan slab — 2 layers thickness (half depth case); (c) cross-section to main double
trusses supporting concrete floor (for (c) courtesy of FEMA, Washington, DC, USA)
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Table 8.3. Critical temperatures for various types of steel

Steel Temperature

Columns 538°C (1,000°F)

Beams 593°C (1,100°F)

Open Web Steel Joists  593°C (1,100°F)

Reinforcing Steel 593°C (1,100°F)
(

Prestressing Steel 426°C (800°F)

re-examined in the current analysis. the number of elements and nodes
can be estimated from these figures for local analysis. They are given in
the separate section in the text.

Section properties (AISC Manual)

(i) W14 426 columns: weight w = 4261b

F, = 36 ksi; Kh with respect to ry axial load = 2560 kips

Fyy = 50ksi; Kh with respect to ry axial load = 3441 kips

A =125in%; K, = 1.875in

I, = 6600in*; by = 16.695in"; I, = 2360 in*

ry = 4.341in; ty= 3.0351in

D~ 167
Tx
. B, = 0.177
bending factor =
By = 0.442

F! (K<L)?/10%kips = 547
F! (K,L)?/10*kips = 195

(i) W18 50 girders: weight w = 50/ft
flange width = 71/2"; A = 147in?

L. = 7.90ft d = 18in
Ly=11.01ft tw = 0.355
Span (ft) = 15 b = 7.495in
Span (ft) = 44 ty = 0.5701in
F, = 36 ksi

A =0.03" to 2.64"

Sy = 88.9in?

v = 92Xkips

(#ii) 14" x 14" Box Section Columns

tw = wall inches = 0.625” (5/8")

area = 32.4in%; I = 952m?*; S = 136in>
r=542": J = 1530in*; Z = 161 in®
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(iv) W24 68 Columns

A =20.1m?

d = 23.731in; t, = 0.415; by = 911in; ¢t = 0.585in

Iy = 18.30in%; S = 154in%; r, = 955in; I, = 70.4in? ; S, = 15.3in?;

ry = 1.87
Fy = 20.2ksi
(v) W14 193 Columns
F, = 36ksi
A = 56.8in?
I, = 2400in*
I, = 931in*
ry = 4.051n
m—16
Ty

x = 0.183
By =0.477

F! (kyLy)?/10? kips = 438
F!,(kyLy)?/10% kips = 170

s = b4in?; ry = 955in; I, = 70.4in*; sy = 15.3in?; by =1.89

d = 23.731in; ty, = 0.415; by = 9111in; ¢t = 0.5851in

I, = 18.30 in*; s = 54in?%; r, = 955in; I, = 70.41in*; Sy = 15.3in?;
by =1.89

8.5.4 Critical Temperature for Steel

In building materials such as steel, a critical temperature is often referenced at
which the integrity of fully-loaded structural members becomes questionable.
The critical temperature for steel members varies with the type of steel struc-
tural member (e.g. beams, columns, bar joists, or reinforcing steel). North
American Test Standards (e.g., ASTM E119) assume a critical temperature
of 538°C (1000°F) for structral steel columns. The critical temperatures for
columns and other steel structural elements are given in Table 8.3. The criti-
cal temperature is defined as approximately the temperature where the steel
has lost approximately 50 percent of its yield strength from that at room
temperature, in an actual structure, the actual impact of such heating of
the steel will also depend on the actual imposed load, member end restraint
(axial and rotational), and other factors.

To limit the loss of strength and stiffness, external fire protection is pro-
vided to the steel structural members to satisfy required fire resistance rat-
ings. This is usually achieved by fire protecting the steel members to keep
the temperature of the steel, in case of a fire, from reaching a critical limit.
Traditionally, the amount of fire protection needed is based on the results of
standard fire resistance tests.
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The temperature attained in a fire-exposed steel member depends on the
fire exposure, characteristics of the protection provided, and the size and
mass of the steel. For steel members protected with direct-applied insulating
materials, the role of the insulating materials is strongly dependent on their
thermal conductivity and thickness.

The role of the fire exposure and size and mass of the steel can be demon-
strated by analyzing the temperature rise in two protected steel columns with
two different fire exposures. For this comparative analysis, the fire exposure
associated with two standard fire resistance tests is selected, ASTM E 119
and UL 1709. The following two column sizes are selected for this comparative
analysis:

W14 x 193

Steel box column, 36 inches x 16 inches, with a wall thickness of 7/8 inch
for the 36-inch-wide side and 15/16 inch for the 16-inch-wide side. The
failure or critical time for 36” x 16” box column UL 109 is 800°C, with
time = 10 minutes. For column 96” x 16”, E119, the temperature is around
600°C, with time = 20 minutes. For steel section W14 x 193 UL 1709, the
temperature is 800°C, for critical time 7 minutes.

8.5.5 Walls with Opening

Table 8.4 gives walls opening and has to be taken in the finite Element Anal-
ysis throughout where they exist.

Table 8.4. Estimated openings in exterior walls of WTC-1

Floor  North Wall South Wall East Wall ‘West Wall Total Area

ft2  (m?) ft> (m?) > (m?) f2 (m?) ft® (m?)
92 743 (69) O (0) 1572 (146) 0  (0) 2314 (215)
93 958 (89) 0 (0) 1,35 (126) 0  (0) 2,314 (215)
94 592 (55) 54 (5) 1,163 (108) O  (0) 1,808 (168)
95 1055 (98) 54 (5 0  (0) 420 (39) 1,528 (142)
96 797 (74) 151 (14) 0  (0) 1,518 (141) 2465 (229)
97 926 (86) 151 (14) 0  (0) 1,798 (167) 2,874 (267)

98 1,335 (124) 0 (0 0 (0) 0 (0) 1,335 (124)
TOTAL 6,405 (595) 409 (38) 4,090 (380) 3,735 (347) 14,639 (1,360)

Note: Differences in totals are due to rounding in the conversion of square meters
to square feet.

FEDERAL EMERGENCY MANAGEMENT AGENCY 2002
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8.5.6 Stresses in Steel to Be Considered

Columns = 50 to 100ksi in increment of 5 ksi

Core columns (Box sections A36 steel 36” x 14" — 16 inches with plate thick-
ness 3/4 to 4"”)

Maximum strain €= 0.002 or €= 0.20in/in

Bolts: -ASTM A325 for A490 standards

R, = hearing capacity of a single holt assumed = 44 x 3 kips

Fy A, = shear capacity of a single holt = 52 x 8 kips

Floor truss seated with end connections at spandrel beam and core
Ry (5/8" bolt) = 45 kips

shear capacity of a 5/8” bolt A3 25 bolts = 2 Fiy Ay = 53 x 9kips
block shear rupture

RUZOXGFU Anv+FUAnt

A,, = net shear area = 0.5632in>

Ry =210 x 6(60)(0 x 563) + 60(0 x 563)] = 108 kips

8.5.7 Data on Finite Elements and Their Geometry
8.5.7.1 Typical Floor Elements
(a) Concrete Deck Elements per Floor

(i) Full-depth case: 800 20-noded isoparametric elements
Nodal points = 2100
(ii) Half-depth case: 100 NO 20-noded isoparametric elements

(b) Steel Elements of Floors

Note: they are all idealised as 3D line elements of the degrees of freedom
defined in Appendix I.

(i) Metal deck: assumed as equivalent of concrete section to match with
deck concrete increasing the floor depth by 1/10d with nodal points
matching with those of concrete

(ii) 3D line elements: double trusses per floor = 1400 (3-noded) with variable
lengths L

(iii) 3D line elements: transverse trusses per floor = 13000 (3-noded)

(iv) and 3D truss diagonals in transverse trusses: 25 mm @ bars = 11000
(3-noded)

(v) for local stresses investigation: flange and shear plate connections = 7200
per truss — per floor — 4-noded isoparametric elements
flange and seat moment connections = 54,000 per truss — per floor — 4-
noded isoparametric elements

(¢) Outer Frame Wall

3D — 3-noded line elements per tower = 450,000
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(d) Core Frame Innerwall

3D — 3-noded line elements per tower = 250,000

8.5.8 Analysis of Hot Fuel-Floor Interaction

Although the above comprehensive data is given for the global Finite Element
analysis of Twin Towers, New York, in this section only the hot-fuel-floor in-
teraction is considered. The fastenings such as bolts, welds and bars in towers
are treated as semi-rigid connections. Based on the above data provided by
the FEMA, the maximum length of time for the finite element analysis for
the fuel to heat up upto 1000°C is assumed to be in the range of 40 min-
utes to one hour while the plane is in the air. From the time of impact to
the collapse scenario is also kept 60 minutes. The analysis from zero time to

VYY),
\mmr'" a7 ravavaravvav;
'-"vs‘: ‘-FII'I"E;'*%

B8 plasticity
[ cracking

(a)

| 32m

~F | 1648

0.8662

Fig. 8.6. Damage scenarios: (a) M, = 250 Mpa, P = 2000KN, 6 = 3.5cm, ¢t =
5000 seconds, a/b = 4, 3D half depth floor-damage scenario; (b) P = 5300 KN, M,
= 350 Mpa, § = 5.20cm, ¢ = 5000 second, a/b = 4, 3D full depth floor-damage
scenario
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Fig. 8.7. Flanges seats damage scenario

(b)

Fig. 8.8. (a) Flang and shear plate moment connection; (b) Flanges and seat
moment connection 3-D Finite element analysis
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Fig. 8.9. Load-displacement relations for M/§ ratios half-depth case

60 minutes assumes to have an aspect time At = AT = 10 seconds. At every
interval of 360 seconds, the program stops to give away the results in terms of
displacements velocities, accelerations and dynamic plasticity and cracking
noted by the flag numbers. The total number of 600 increments are consid-
ered for the analysis and solution procedures. At the 10th incremental stage,
the floor scenario in each case is shown in Fig. 8.4a and b with full depth and
half depth collapse conditions for the full depth analysis, the truss given in
Fig.8.4a has been included only along with metal deck and concrete slab.

Figure 8.5 shows the collapse of the main double truss indicating steel
plasticity in other areas and cracking in concrete deck. At the 500 incremental
stage having 5000 seconds consumed to develop damage scenarios for the 2D
and 3D cases as are shown in Fig. 8.6. Steel flanges have also been examined
independently and the damage is indicated in Fig. 8.7. The original F.E. mesh
schemes for the two different plate moment connections are shown in Fig. 8.8.

For the half depth case, the load displacement relations are plotted for
various M /0 ratios ranging between 0.5 to 3.0 a. The plasticity has been
achieved for M/é = 0.5 at about 1900 KN. When M/ = 3.0 in a case of
half depth, the maximum collapse load reached at about 1700 KN and with
a maximum displacement of 2.61 cm corresponding to the 500th incremental
stage (Fig.8.9). A similar analysis was carried out for a full depth case in
which a transverse truss was included.
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Fig. 8.10. Transverse truss-metal ties with plastic zones at 2000 kN damage sce-
nario

The damage scenario is shown in Fig. 8.10. The main double truss reached
plasticity at approximately 2000 KN corresponding to the failure stress of
450 MN/m?. The plastic moment in the corner areas of the truss show ex-
cessive damage with multiple cleavages. The difference between the results of
the half depth and full depth analysis indicate that excessive cracking in con-
crete floor slabs in half depth case which excludes the transverse truss. The
results 60% more than the full depth when 3D F.E. analysis was considered
in case of full depth analysis, the rupturing occurred in the transverse truss
completely under the same load increment sequence. The depths of failure
zones reached maximum to the bottom levels of the trusses.

The damage scenario is shown in Fig.8.10. In all cases the concrete of
the floor slabs had completely deteriorated with full depth cracks more than
250 mm wide. The floor levels and the element details are given in Fig. 8.11.
The same finite element mesh scheme later on has been adopted in air-
craft/fire global analysis. The 350 mm X 350mm (14" x 14” box) columns
have been analysed for the fuel-column-floor interaction analysis with length
taken as given Fig.8.12 with known floor heights. The boundary conditions
of these box columns are shown in Fig. 8.12a. The maximum displacements in
3D analysis for z, y, z axes are plotted in Fig. 8.12b with the damage scenario
as predicted in Fig. 8.12c. The damage scenario can also be demonstrated for
the columns in terms of critical/collapse loads taking into consideration the
buckling checking procedures. Plasticity of the points and ejection of the
columns occurred at collapse conditions (loads) under specific time scale as
shown in Fig. 8.3.

The critical/collapse loads versus time dependent displacements are also
recorded simultaneously in Fig.8.13. Initial observations of the result seem
to be in line what were viewed as the disaster scenario of the Twin-Tower
collapse. Nevertheless the data and the results will be kept awaiting for the
confirmation of the final global analysis of the Twin Towers (WTC Building
Complex) later on this text.
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8.5 Input Data and General Analysis of World Trade Center
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u [mm]
28,358 /'
i z (1) maximum
=y \[mm] displacement in
%0 1500 3000 4300 8000 7500 x-direction
v [mm]
Orsy

(2) maximum
displacement in

0 1500 3000 4300 6000 7500 y-direction
w [mm]
8.644]
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[ .:_q 137+ =, z (3) maximum
pz NOFd e [mm]  displacement in
Buu;ttl.ar_\' ] "0 1500 3000 4500 S000 7500 z-direction
conditions for
(a) columns (b)

Fig. 8.12. Disaster scenario: 14" x 14" box columns, 7.5 m long with displacements
in 3D space
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9 Flying Debris — Elastic Scattering Approach

9.1 Introduction

Impact, blast and fire generate and scatter flying objects and debris. The
scenario was witnessed in cases of WTC buildings and Oklahoma building.
The object of the scattering method is to identify the form and location of
unknown elements inside a given surrounding medium. This is done from mea-
sured wave reflection data in space and time. Hybrid finite element/difference
method is developed in three dimensions, where scattering may be performed
with time-periodic data or non periodic data in the form of short impulses. In
this chapter non-periodic time-dependent wave equation solutions known as
TIME DOMAIN have been adopted. The basic mathematical tool adopted
am amounts numerically solving the time-depended elastic wave equation
with given material coefficients. Finally, the scattering phenomenon of ob-
jects has been devised to create an overall damage scenario.

9.1.1 Nomenclature

B = Boundary
[D] = material compliance matrix
h = mesh function
(G = prestrain
I = Time interval (0,7
J = [J] = Time discretization, partition of time
K, = finite element mesh
[K] = element stiffness matrix
L = Length or size
[M7] = mass; m = added mass

00
D(Sfa

f = flow = density of materials
t = time variable
T = Surface forces
T = final time
P°¢ = Ejecting Element Node Forces
v = velocity
v = Poisson’s ratio
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d;; = Knonecker Delta or Symbol
& = displacement
7 = stress tensor
2rgm = Finite Element Domain — unstructured mesh
2rpm = Finite Difference Domain — structured mesh
E

2(1+4v)
Ev
(1+0)(1—20)

M:

)\:

9.1.2 Turbulence Modeling

9.1.2.1 Specific Nomenclature

A constant

Cp, Cm turbulence model constants
c=1-Y;/f progress variable

Cp heat capacity at constant pressure
Da Damkdohler number

Dy, molecular diffusivity

Dy turbulent diffusivity

Dy o steady turbulent diffusivity

Eign total energy supplied by a spark
F equivalence ratio

f mixture function

h thermal energy

Ka Karlovitz number

k turbulent kinetic energy

L turbulent length scale

Le Lewis number

P pressure

Qign energy source term for ignition
qr lower calorific value

Rey turbulent Reynolds number

Tt radius of the leading edge of turbulent flame
St mass stoichiometric coefficient
T gas temperature

t time

tr reaction time scale

U, laminar burning velocity

Ui turbulent flame speed

uj, j =1,2,3 gas flow velocity components

u r.m.s. turbulent velocity

W turbulent combustion velocity

w reaction rate
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xj, j =1,2,3 spatial coordinates

Ye

fuel mass function

Greek Symbols

O

IR I PO

B

turbulent flame thickness

viscous dissipation rate

activation temperature

heat diffusivity

kinematic viscosity

density

chemical time scale

time scale for development of turbulent diffusivity

Subscripts and Superscripts

0 steady or unperturbed value
b combustion products

L Laminar

t  turbulent

u  unburned mixture
Acronyms

ATDC after top dead centre
BTDC before top dead centre
CAD crank angle degree
TDC top dead centre

9.2 Finite Element/Difference Method

for Elastic Wave Equations

9.2.1 Elastic Wave Propagation

477

Wave propagation in a non-homogeneous isotropic elastic medium occupying
a bounded domain 2 C RY, d = 2,3, with boundary B, is described by the
elastic wave equation:

0%v .
pw—VXT:fanx(O,T)
d
Tij = Akzl Ekk 0ij + 2145,
v(x0) = 0, %(-,0) —0in 2,

§/B=0, onBx (0,7)

(9.1)
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where 6(z,t) C RY is the displacement satisfying homogeneous boundary
and initial conditions, p(z) is the density of the elastic material depending
on z € 2, t is the time variable, T is a final time, and f(z,t) C R is a given
source function, 7 = {7;} is the stress tensor, and €= {€j;} is the strain
tensor with components

06; aaﬁ) | 02)

1
Eijzeij (5) - 5 (8$] * 83:1

and ¢;; is the Knonecker symbol with §;; = 1 if i = j and §;; = 1. Depending
upon z, the coefficients of the elastic material for d = 3 case are given as
M (z) and A(z), where
E Ev
i = A= 9.3
Fooaso)y” ™ o) —20) (9:3)

where E and » are variables since debris contain various objects of different
material properties, such as elastic module and Poisson’s ratios. Matrix [D]
is the compliance matrix.

Tables 9.1 to 9.5 (from Appendix A.I.A) are considered for the analysis
and give the material compliance matrices and shape functions, where two
cases respectively are examined for variable E and constant v and variable F
and v ratios. For concrete, steel and timber, the v values can be established.

concrete elements E = 20GN (m?), v = 0.2
steel elements E =200GN (m?), v =0.3
timber elements ~ E = 8400N (mm?), v = 0.3 to 0.5

If the medium consists of all the objects in the debris, each zone is investi-
gated and then it is adopted a compliance matrix comprising these elements
with specific properties.

Figure 9.1 shows a column or rod elements with degrees of freedom shown
there on. In Appendix I can be shown the stiffness matrix of the element [K;]
and the mass matrix [M;] for the same elements, so that My is:

M, = (pA +m)(I — &) = (p()A +m) (9.4)
where

p = p(x) is the density
m = added mass for direct
e'" = prestrain = 0

Eliminating the strain the elastic wave equation takes the following form in
the case d = 3:
026

P~ V x (uVo) = V(A +p)V xv) = f (9.5)

together with boundary and initial conditions.
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Table 9.1. [D] — variable Young’s modulus and constant Poisson’s ratio

Ei(E')? — Eo E\E2(E')? + Eor
D = (E) D12:U12( )"+ Di3 =

vl vl

VvE\E3(E')? + Eer

1"

Diy=0 D15 =0 Dig =0
v

_ B ES(E,)Q + Eer _ VE2E3(EI)2 + Fer

v v

Dos Dy =0 Dos =0 Das =0

Dgy = 202 D3 =0 D35 =0 D3ss =0

Dys = Gr2 Dis =0 D4 =0

Eo = V' E1ExE3E'

(Ev+ Ex + E3)/3

V' = (E')? — 2E\E;Esv® — E'v?(E1Ey + E1Es + EE3)
= F12/2(1 +v)

Eiy = (E1 + E»)/2

Gasz = E23/2(1 4 v)

Es3 = (E2 + E3)/2

Gs1 = E31/2(1+v)

Es1 = (Es+ E1)/2

Sl
I

Q
|

Table 9.2. [D] — variable Young’s modulus and Poisson’s ratio

_ (1- Iiz:fl':sz) _ (v12 +1/12V32)E2 L (v13 +f12V2:s) o

Dy > Ey Dis Di3 Diy=0 Dis=0 Dig=0
Doy = MEI Da» = %Ez Day = M& Dar=0 Day=0 Dag=0
D3y = MF‘I D3y = M"ﬁ D33 = %Fa D3y =0 D3s=0 D3 =0
Dy =0 Dy =0 Dyz =0 Dy Dis =0 Dss =0
D51 =0 Dso =0 Ds3 =0 Dss =0 Dss Dse =0
| D1 =0 Dg2 =0 Dez =0 Des =0 Dgs =0 Des ]

U =1—v1221 — V13V31 — V23V32 — V12V23V31 — V21V13V32

Due to symmetry of compliances, the following relations can be written:
Eivo = Favig Dss5 = Ga3
Eavss = F3vag Des = G13
Esvis = Fivs:

The values of G12, G23 and G135 are calculated in terms of modulus of elasticity and
Poisson’s ratio as follows:
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For isotropic cases:

Ey=E,=FE3=F

=V

= V13 = V23 = V21 = V31 = V32 =

V12
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9.2.1.1 The Finite Element Method

A hybrid finite element/difference method for time-domain elastic wave prop-
agation is obtained by using continuous space-time piecewise linear finite
elements on a partially structured mesh in space. The resulting scheme is
efficiently implemented by (i) mass lumping in space and time making the
scheme explicit in time, and (ii) using a fixed finite difference stencil on the
structured mesh.

The computational space domain (2 is decomposed into a finite element
domain 2pgy with an unstructured mesh and a finite difference domain
Qrpm with a structured mesh, with typically {2pgwm covering only a small part
of the £2. In 2ppy they are used quadraliteral elements in R? and hexahedra
in R3. In gy it is used a finite element mesh K;, = [K;] with elements
K consisting of rectangles in R? and tetrahedra in R®. One associates with
K}, a (continuous) mesh function h = h(x) representing the diameter of the
element K containing x. For the time discretization J, = {J} be a partition
of the time interval I = (0,T) into time intervals J = (¢x_1,tx) of uniform
length T = tk; — tkfl.

The following Lo inner products and norms are given:

(0.0)) = / / padzdt, [p]* = (b, p))
0 0

(9.6)
(a,8) = [ afdz,|a® = (a,a).
/
where
D§ = % (9.6a)

9.2.1.2 The Basis for the Finite Element-Formulation

To formulate the finite element method, the finite element trial space W;f is
defined by:

W ={weW®:wlK, xJel[P(K)xP (J) VK, € Kj,,¥J € J.} (9.7)
where

W = {we [H (2 x I :w(-,0) =0, w|, =0}
Correspondingly, introducing the finite element test space W}’ defined by:
Wi = {weW*:w/K, x.Je[P(K;)x P (J)* VK, € K;,,V.J € J;} (9.8)
and

W= {we [H' (2 x I :w(-,T)=0,w|; =0}
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Plate 9.1. Side view of simulated aircraft impact into WTC 1 (Time = 0.20s)

Computed debris scenario
under air craft impact
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The finite element method now gives as below the expression: Find w;, € W,
such that Va € W

—((pDé, Da)) + ((uVéy,Va)) = ((f*,a)) (9.9)

with again the initial condition Dd(0) = (0) imposed in weak form through
the variational formulation. The elastic wave formulation is given in Table 9.6.

Expanding as above 4 in terms of the standard continuous piecewise linear
functions in space and in time and substituting this into (9.9), the following
system of linear equations is obtained:

1 2 1
My (% — 26k 4 681 = 72 FF 22K <65’“ + 55’“ + 65’““ - 7-2D6k)
(9.10)

with initial conditions 6 = 0 and §* ~ 0. Here, M is a (vector) mass matrix
in space, K7 is a (vector) stiffness matrix corresponding to the Laplacian, D is
a stiffness matrix corresponding to the divergence term, F* is the load vector
at time level t;, corresponding to f(-,-) and 6% denotes the nodal values of
6('v tk)

As above it can be obtained efficient explicit scheme by approximating M
with a lumped mass matrix M and replacing the terms §6* !+ 15k 4 155 +1
by 6.

(5k+1 _ TQ(ML)lek + 2(5k o TQ(ML)flK{c
7T2(ML)71D(SIC 75k71

One now describes the hybrid finite element methods Table 9.7, hence, the
communication between the finite element method on the unstructured part
of the mesh with 2pgy with the finite difference method on the structured
part 2ppym. One needs to pay particular attention to this condition, because
the finite element method on Q2rgMm and the difference method on 2ypym are
implemented differently in various modules. Technically, the communication
is achieved by mesh overlapping. The structural cells created by (9.11). For
example, for the two dimensional case d = 2 and the three dimensional case
d = 3, the interior nodes can be computed.

(9.11)

Table 9.6. A systematic hybrid elastic wave formulation

Wave Equation in Elastodynamic

Equations (9.1) to (9.5) indicate the entire process of the elastic wave phenomenon
coupled to 7 by Hooke’s Law:

d d
Tij = Z Z Cijki €l (a)
k=1 1=1

where C' = is a cyclic symmetric tensor, satisfying:

Cijkt = Crii; = Cirti (b)
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If the constants C;jri(z) do not depend on z, the material of the body is said
to be homogeneous. If the constants C;jki(z) do not depend on the choice of the
coordinate system, the material of the body is said to be isotropic at the point =x.
otherwise, the material is anisotropic at the point z.

In the isotropic case, C' can be written as:

Cijkt = N0kt + (0:50m + didjk) (c)
where §;; is Knonecker delta, in which case takes the form of Hooke’s Law:

d
Tij = )\5”2 Erk +21 Eij (d)

k=1
where A and p are the Lamé coefficients, depending on z, given by:
E Ev

) A= TT90=29) as in (9.3) (e)

M el
where E is the modulus of elasticity (Young modulus), and # is the Poisson’s ratio
of the elastic material. We have that

A>0,u>02E>00<v<1/2 ()

Eliminating the strain tensor using Hooke’s law, we can verify the elastic wave
equation in terms of § only. In the isotropic case, with d = 3, then it takes the
following form:

928, 9 D61 08, 035
P 5 78_301((/\+2)81+/\8 axg)
B i 001 0% (@
Oz 9 o &
9 61 | 06
_ f] ,
O0x3 8953 am
9%, 0 6y D6 D63
e —a—(“z W o T om o,
9 98, 06
_ 9 h
B i 9\ 0% g
dz3 ozs T . 2o
%5 0 863 06 | 06
B i Dbs1 | 06 )
8 8:82 82133

- 861 LA
a$1 8171 3

or in more compact form:
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2

0 . .

P~ V(V0) ~ V(A + @) Vo) = [ asin (95) G)
Inserting a Helmholtz decomposition:

0 =Vo+V x (k)

With a scalar potential ¢ and a vector potential 1) into (9.9), it becomes:

9%
Pz (Vo +V x9) = u(Vo+ Vx i)+ A+ p)V(V(Ve + V) (1)
while by incorporating:
V(Vy) = Ap (m)
m
V(Vxy)=0
reduces to
82ap %Y
if the potentials ¢ and v satisfy the wave equations:
82
S~ (2w Ap =0 (0)
82
péTZ) —uAY =0 (p)

then § = Vp+V x 1 satisfies (0). It is noted that v = V¢ corresponds to a pressure
wave with speed:

v= (M) - (@

and 6 = V X 9 to a shear wave with speed:

= (5)

In the pressure wave displacement is parallel to the direction of wave propagation,
and the shear wave is orthogonal to the direction of propagation.

To formulate in the finite element method, Equations (9.7) and (9.9) are derived.
The finite element method reads. Find

o € Wy (s)
such that:

0| + (»Vor, Vo)

T2

< SEHL 95k 4 gk
p

t
+(A+u)V§h,V5:(fk,5)V5€W;f (®)
0n(0) =dn(0) =0
For a discrete scheme, expanding ¢ in terms of standard continuous piecewise lin-
ear function @;(z) in space and ¥;(z), (9.10) is derived and the rest of the procedure
as discussed. The explicit scheme is adopted.
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Table 9.7. Explicit time integration

The finite element semi-discretisation of the momentum balance partial differential
equation results in a system of ordinary differential equations in time. The full
discretisation can be obtained by applying an appropriate integration method with
respect to time.

In general, most multi-body contact problems fall into the category of wave
propagation problems. Normally, in order to solve numerically this type of problems
explicit time integration schemes are employed.

Central Difference Time Integration Scheme
The displacement field
§=0(t) (a)

is a one parameter function which determines the current position z(t) of material
particles in explosion, with respect to their initial position X as follows:

w(t) = X + 6(t) (b)

if the response of the continuum is strongly non-linear, the central difference method
is often applied with a varying time increment.

1
%N A}\NH
v N 7 i
Ing In IN+)
In.
iwxz Insiz2 t
1 J 1 ' ] "
- N -
5.'\'—!!2 g N+172
o 5
on N+l

Fig. 9.1. Central difference integration scheme

Let A¢n+1 be the time increment betw