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Abstract

Fire in buildings can have a severe impact in teohdoth human safety and
potential economic loss. This is especially trughi@ case of fires of such severity
that the building structure is damaged.

Concrete buildings are traditionally regarded de saa fire situation as concrete is
non-flammable and exhibits highly insulating matkgproperties. The majority of
current research relating to the impact of firestmuctures examines other forms of
construction. Research of concrete in fire is galhetimited to investigation and
testing of individual members in order to underdtéime often complex interactions

exhibited by concrete as a material at high tentpegs.

This research seeks to redress the balance by asiystematic approach to examine
effects of fire on a holistic concrete structuresimplified but realistic temperature
exposures. The research utilises evidence andtwtalicinformation from the
Windsor Tower in Madrid, which suffered a majoefin February 2005 with partial
collapse in some areas of the structure. The fareasl throughout the building,

travelling both upwards and downwards.

Computer modelling was used extensively. Computatid-luid Dynamics (CFD)
analysis was used to explore likely fire tempemtand duration in localised areas.
Structural Finite Element Modelling (FEM) was ustd develop a hierarchy of
models, beginning with simple structural forms gwdgressing logically to more
detailed structures. This produced a systematic camiprehensive analysis of the
reaction of the structure to fire for comparisorthe real, observable damage to the

building and assessment of generic failure behasiou

The structural model produced was used with a nurobevariations in support

condition, fire spread rate and extent, and firetgution. It was found that for a
structure of this type, structural stiffness of ttwncrete floors was insufficient to
compensate for the loss of strength in heated steshbers where there was no
alternative load redistribution path.
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It was also found that in the case where an altemn#oad path exists, but involves
steel members which have previously heated duhegrultiple-floor spread of the
fire, the rate of fire spread has a critical effectthe structural stability.
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CHAPTER 1: Thesis Outline and Research Contribution

1.1 The Problem: Concrete Structures in Fire

Fires in buildings have been a cause for conceicesime immemorial. Some of the
first fire tests were carried from the 1790s onwafBabrauskas 1980a; Babrauskas
1980b), with the majority of testing concentratmginly on the effects of fire on an
individual member. It is only relatively recentlpat the structural interaction of
buildings and fire has become a subject of acadstoity. Previously, the majority
of work in this field focused on improving the finesistance of elements by

insulation and fire proofing.

This work is undertaken to gain a better understandf the effect of a fire on the
entire structure, specifically using reinforced cate as the main structural material,
and to examine the effects and limitations of pretection of individual members
on a building’s overall structural stability.

The nature of concrete-based structures meanshigzaigenerally perform very well
in fire and are considered to be ‘safe’, as coeciehon-combustible and can act as
a barrier preventing heat and fire spread. Howewencrete is a complex non-
homogeneous material and its properties can chdrageatically when exposed to
high temperatures. As a result modelling concrétactires can be extremely
complicated. The principal effects of fire on cater are loss of compressive

strength and spalling, the forcible ejection of enal from the member.

There is a need for a wider understanding of tilsparse of concrete members to
different heating regimes and the performance ajledrame structures subjected to
realistic fire exposures. Very few full-scale telsésve been undertaken, and therefore
some useful insights can be gained from the ob8ensand assessment of concrete
structures’ performance in real fires. This thesiglresses this issue by means of a

detailed analysis of the Windsor Tower fire.
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1.2 Thesis Proposal, Aims and Objectives

This research proposes that real fire case stuches be used to advance the
understanding of the mechanics and stability otoete structure during a fire.

As it is impractical to gather precise data on @ fee and the structure which it
affects, assumptions of characteristic variablestnbe made. The ‘Worst credible

case’ method is developed and utilised to systealtiselect these variables.

The Windsor Tower in Madrid, which was subjectedtsevere fire and underwent
partial collapse in February 2005, will be usedtlas main case study for this

research. Other case studies are discussed i®EcH.

Rather than conducting a forensic analysis, thelbbas selected via this method are
used to perform an analysis of the fire and stnatttesponse of a ‘Windsor Tower-
like’ structure. This will lead to a greater undargling of the holistic effects of fire

on a generic structure, and the steps which muttkas to prevent collapse.

The aim of this research is an increasing undedstgrof structural stability during a
fire. The application of this research could lead improved fire safety, and
ultimately saving lives. To this end, six reseasblectives can be defined.

1. Investigate and fully understand the extent, natumekimpacts of the problem

2. Undertake a comprehensive literature review tohmtobjective 1 and to

establish potential viable research routes.

3. Investigate Windsor Tower structural data to esthbthe required model

extent and member sizes.
4. Investigate possible modelling methods and selectriost appropriate.

5. Develop appropriate fire and structural modelst than be applied to a
‘Windsor Tower-like structure’. Test and compare tteveloped models with

observations.

6. Consider further improvements and future reseapgodunities.



CHAPTER 1: Thesis Outline and Research Contribution

This thesis is structured into seven chapters. eégalill and 1.2 highlight the key
elements within each chapter and demonstrate h@sethielate to the research

objectives above.

Chapter Objectives
112[(3]4[5]|6

Chapter 1: Thesis Outline and Research Contribution
This chapter highlights:

» Research problem, aims and objectives v
» Contribution to knowledge

e Publication list

Chapter 2: Background
This chapter highlights:

» Forms of Construction
» Fire Characterisation Vv
» Concrete in Fire

* Modelling Concrete

» Performance of Reinforcement in fire
» Fire Tests

» Examples of real fires in structures

Chapter 3: The Windsor Tower Case Study

This chapter highlights:

e Structural form of the Windsor Tower
« The Windsor Tower Fire
* Post — Fire Structural Damage

* Possible Collapse Mechanisms

Table 1.1 Measuring chapters 1-3 against researclbjectives
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Chapter Objectives
112(3[4]|5
Chapter 4: Research Method
This chapter highlights:
» Establishing a modelling framework
* Modelling the fire viv
* Modelling heat transfer
* Modelling the structure
Chapter 5: Testing Model Variables
This chapter highlights:
* Fire Modelling
v
» Structural Modelling
» Sensitivity Analysis
Chapter 6: The Full Sized Model
This chapter highlights:
* Full scale Modelling and Analysis
» Developing a full scale structural model
* Material values v
* Relating full scale analysis to sensitivity study
* Heat Transfer
» Multifloor Variables
Chapter 7: Conclusions and Further Research

Table 1.2 Measuring chapters 4 -7 against researabjectives
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1.3 Thesis Contribution & Publications

The research presented in this thesis has severdtilutions to the fields of
structural fire engineering. These contributiores latefly summarised as:

 An intuitive research method, ‘the worst crediblas€ — a systematic
approach to establishing unknown variables.

« Simplification of Computational Fluid Dynamics mddsutput to a more
generic but still applicable fire definition.

« Examination and characterisation of collapse meesha for a ‘Windsor

Tower-like’ structure.

e Established the importance of major fire resis&nictural elements to allow

load redistribution.

« Demonstration of load redistribution limitationsdatthe requirement for some

degree of fire protection to structural steel eletae

»  Structural response to evolving fires.

Table 1.3 gives details of the 8 publications by K Fletcher. Pre—publication
versions of the 5 conference papers ,2 journalngagoed 1 book chapter are given in
full as Appendix B.
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Title Conference /Journal
Fletcher, I. A. Behaviour of Concrete Journal of Thermal Science
Welch, S. structures in fire Volume 11 (2) : 37-52
Torero, J.L. 2007
Carvel, R.O.
Usmani, A.
Capote, J. A. Modelado de las solicitaciongs Materiales de Construccion
Alvear, D. de los elementos estructurales
Lazaro, M. de hormigon en Edificios de Journal Paper
Crespo, J. Gran Altura en Incendios P
Fletcher, I. A. Reales .
Welch, S. (Modelling the stresses of Under Review
Torero, J. L. structural concrete elements jin
high rise buildings during
actual fire) (In Spanish)
Fletcher, I. A. Performance of Concrete in| SiF '06 - 4th International workshgp
Welch, S. Fire: A Review of the State of on Structures in Fire Universidadge
Borg, A. the Art, with a case study of] de Aveiro, Portugal.
Hitchen, N. the Windsor Tower fire 779-790
Capote, J. A. Analysis of Thermal Fields | International Congress Fire Safety
Alvear, D. Generated by Natural Fires gnin Tall Buildings, Santander, Spain.
Lazaro, M. the Structural Elements of Tall 93-109
Espina, P. Buildings
Fletcher, I. A.
Welch, S.
Torero, J. L.
Fletcher, I. A. Model-based analysis of a| Advance Research Workshop in
Welch, S. concrete building subjected tp Fire Computer Modelling,
Capote, J.A. fire University of Cantabria (Spain).
Alvear, D. 213 - 226
Lazaro, M.
Fletcher, I. A. Effects of fire on a concrete| Fire Design of Concrete Structurgs
Welch, S. structure: Modelling the - From Materials Modelling to
Capote, J.A. Windsor Tower Structural Performance, FiB 2007,
Alvear, D. University of Coimbra, Portugal.
Lazaro, M. 571-582
Fletcher, I. A. Effects of Fire on a Concrete SiF '08 - Fifth International
Welch, S. Structure: Modelling the Conference on Structures in Fire),
Capote, J. A. Windsor Tower. Nanyang Technological University,
Alvear, D. Singapore.
Lazaro, M 344-354
Reszka, P. Experimental Layout and The Dalmarnock Fire Tests:
Abecassis Empis, C} Description of the Building Experiments and Modelling
Biteau, H.
Cowlard, A. Published by:
Steinhaus, T. The School of Engineering and
Fletcher, I.A. Electronics, University of
Fuentes, A. Edinburgh
Gillie, M. 31-62
Welch, S.

Table 1.3 Table of Publications
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CHAPTER 2: Background

2.1 Introduction

In order to study the effects of fire on a concidtecture, it is necessary to examine
the previous research and modelling which has pediormed.

This chapter examines the behaviour of concretea avaterial, fire testing of
concrete structural elements and concrete stristuaad fires in real concrete

buildings.
This will be examined in the following sections:

* Forms of Construction

* Fire Characterisation

* Concrete in Fire

* Modelling Concrete

* Performance of Reinforcement in Fire
* Fire Tests

» Examples of Real Fires in Structures

¢ Conclusions

11
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2.2 Forms of Construction

There are many forms of construction, using mateda diverse as masonry, timber,
concrete and steel in a huge number of possiblét@tions and permutations. The
method of construction will vary depending on thgplacation, and obviously a

tunnel or bridge will be built in a totally diffené manner from a high rise building.

Some of the most common methods of constructiotafge structures are:

» Steel framed buildings
e Composite construction
*  Concrete framed buildings

‘Steel framed buildings’ are formed from a steatlskon with floor slabs, most often
in concrete, sitting on top of the structural memsb&he floor slab has no structural
effect on the building. If concrete is used for tlo®r slab, it can be either a precast

system or cast in-situ.

In ‘composite construction’, a concrete slab is mosmmonly cast upon steel
beams. The formwork for this slab is a profiled ahetheet, known as decking,
which spans between the beams. ‘Shear studs’ aldedvéo the top of the steel
beams, through this profiled decking. These stulisvaa mechanical bond to be
formed between the concrete and the steel memhetharefore allow the beam and
the slab to act as a single member with an inccessength. The steel decking is left
permanently in place after the concrete has begn $teel reinforcement is typically
added above the profiled decking.

‘Concrete framed construction’ uses concrete cokuaamd beams, either precast or
cast in-situ, generally with concrete floor slaletween the beams. The floor slab
can be formed in many ways, and one well known fofrmonstruction is the “waffle
slab” where the formwork creates hollows within #t&b to reduce its overall weight
(Figure 2.1).

12
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Figure 2.1 - Example Waffle Slab

2.3 Fire Characterisation

In order to understand the effect of fire on adtre, it must first be estimated what

thermal exposure is actually being applied to tleentoers.

When undertaking laboratory fire testing of a snsal member, a furnace is used to
bring the gases surrounding the structural com@snep to a given temperature.

This heating is generally applied according to ohseveral ‘fire curves’.

Fire curves themselves are relatively simple, gjvanrate of temperature increase
which is initially fast but slows to a gradual irese. There is no cooling phase to the

curves.

2.3.1 IS0 834 Standard Fire Curve

Most commonly used in design is the ISO 834 Stahdaire Curve (often
abbreviated to the ‘ISO curve’ or the ‘StandarceFaurve), and its equivalents (BS

13
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476, ASTM E-119, EN 1365) although other fire cengeich as the ‘Hydrocarbon
Fire’ are also used.
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Figure 2.2 ISO Fire curve

The essence of the Standard Fire curve (Figurewa3)established in 1917, after
acknowledging that specifying a peak temperatura fiurnace would not accurately
represent fire conditions as there would alwaya hearming up’ period prior to this
temperature being reached. A variety of early tewipee-time curves were
examined, leading to the idealised Standard. (Reduas 1980a; Babrauskas 1980b)

While these predetermined heating regimes suchhasI$O curve have many
disadvantages and may not accurately follow thepezatiure profile of a real fire,
they are clearly understood and relatively eagiylied as a temperature profile in a

computer simulation.

Fire curves dictate the gas temperature within theace, rather than the
temperature of any given area of the structurahelgs. The actual thermal exposure
of an individual element will vary greatly depenglion both the properties of the

furnace and fuel (Drysdale 1998) and the elemedeutesting. These variables can
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greatly influence the heat flux impacting upon thember. As an example, a steel
element and a concrete element subjected to the sammace test will expose the
steel element to a significantly higher net heax than it does the concrete element
(Welch 1997). The thermal conductivity of the steaghany times higher than that of

the concrete, resulting in greater heat transtanfthe furnace to the steel member.

2.3.2 Eurocode parametric curves

A more recent development is the use of Eurocodanpeiric curves. These curves
take into account the fuel loading within a compeamt and its ventilation conditions
to give a temperature profile more accurately bagasoh the building conditions.

These curves have the disadvantage that if the aadmpnt dimensions, fuel and
ventilation are unknown, many assumptions willl $tdve to be made. (Eurocode 1-
1-2 2002).

Past research has sought to differentiate strdctesponse to ‘short hot' fires

compared to ‘long cool’ ones. During a ‘short hbite there is considerable heat
release during the initial period of the fire falled by rapid cooling. Conversely a
‘long cool’ fire, does not reach these high tempees but structural members may
be subject to a greater depth of heating. Debatehoch of these conditions is more
harmful is ongoing (Lamont, Usmani et al. 2004)] &ns sensible to consider on a

case-by-case basis which type of heating regimeo@imore onerous.

2.3.3 Computational Modelling

A further option is the use of Computational Flllgnhamics methods to predict the
temperatures and heat fluxes within a building.sTieiquires detailed knowledge of
the building itself and the combustible materialthu it, or reasonable assumptions
about these detalils. It should be noted (Rein 2004 even in a situation where the
fire loading, geometry and ventilation charact@sstan be well defined, the results
from CFD modelling can vary over a wide range dejpgn upon the initial
assumptions made. The real behaviour of a fireatsm vary widely depending on
initial variations. For this reason, extreme cdrewsd be used when interpreting any
results from a CFD model.
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It should be remembered that the occupancy or tiaebailding is very rarely fixed,
and while calculations can be performed duringlibgding’s construction the fire
loads are frequently subject to change over time.

While acknowledging these limitations, accurate patar modelling of real or full
scale fire tests is very important to the futureenstanding of structures in fire. It is
impossible to build an exact replica of every bmddand test every fire variation
within it. Computer modelling of the building with variety of possible fires can
more easily be performed in order to build an “éope” of fire conditions. In order
for these models to be regarded as reasonable,ntnsy be validated to the best

degree possible against the observed resultsedl dire.

2.4 Concrete in Fire

Concrete is a complex, non homogenous material osatpof a cement gel matrix
and aggregate. In reinforced concrete steel raiafoent is also present. Each of
these components reacts differently when exposeligbh temperatures. (Bazant
1996 )

There are many different types of aggregate usdbermroduction of concrete, and
the ratios in which concrete components are vade@ends on the structural
properties desired. Thus definitive information abthe performance of “concrete”
in fire is difficult as there are many different t@aals, all referred to as concrete,
which can react very differently.

The thermal conductivity of concrete is relativedy, resulting in large temperature
gradients within a concrete member when heateds Ehgenerally interpreted as
inherent fire proofing, especially in reinforcednceete members where the majority
of the structural strength is provided by the r@ioément. The core of the concrete
will also be insulated and therefore retain itsidiral strength. Some degree of
thermal analysis of a member is therefore necessary the critical time period for

failure of a concrete member may be after the eitin of the fire, when the thermal

wave has propagated through a significant propoxicthe member.
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The compressive strength of concrete is generatfgnded as remaining reasonably
constant until a critical temperature is achievkdast decrease generally follows

with further increase in temperature. Typical valt@r the critical temperature are as
follows, and arise from physical and chemical clengo the concrete material

(Bazant 1996 ):

e Sand light-weight concrete: ¢F 650°C
e Calcareous: d~ 660°C
e Siliceous: Tt~ 430°C

2.4.1 Physical and Chemical Interactions

A number of physical and chemical changes occucancrete subjected to heat
(Bazant 1996 ; Beard 2005). Some of these aresiéNempon cooling, such as loss
of moisture content, but others are non-reversioleé may significantly weaken the

concrete after a fire.

Most concrete contains liquid water within its pgrevhich will begin to vaporise if
the temperature reaches the boiling point of waléis may vary within a range
from around 100°C to 140°C as high pressures iserdlae boiling point of liquids.
This will cause a build-up of pressure (often nefdrto as Pore Water Pressure,
PWP) within the concrete which forces liquid wafierm areas of high pressure to
areas of low pressure. This is generally reversdiecooling, provided there is

sufficient moisture in the atmosphere.

Calcium hydroxide in the cement will begin to deratd at temperatures exceeding
400°C, bringing about a significant reduction ie tfhysical strength of the material
and producing water vapour which may again lea@roincrease in pore water

pressure (Bazant 1996 ).

Other physical and chemical changes are genergiiyed to the type of aggregate
used in the concrete mixture. Quartz-based aggregactrease in volume, due to a
mineral transformation at about 575°C. Limestongyregates will begin to

decompose at about 800°C. The thermal expansipomes of the aggregate itself is
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usually predictable, but differential expansionwen the aggregate and the cement

matrix may cause cracking and spalling.

These physical and chemical changes in concretédhaxke the effect of reducing the
compressive strength of the material. Due to thve ¢onductivity of concrete the

heat will not quickly penetrate very far into thember, meaning that the structure
as a whole normally retains much of its strengtbeSsuffers a significant reduction

in strength at a similar critical temperature.

The severity and temperature of the fire can somestibe gauged (Alarcon-Ruiz,
Platret et al. 2005) because concrete does naot fatlirning to its original state
following a fire. Colour changes, sometimes reférte as “pinking”, will provide
some information on the maximum temperature whiclragea of concrete reached
(Arioz 2007). Studies of the depth of cracking icoamcrete building subjected to fire
by Geogali & Tsakiridis (Georgali 2005) have foutidht this also relates to the
temperature of the fire. The INTEMAC report inteethire in the Windsor Tower
measured the ultrasonic pulse velocity of conctetgauge the depth to which fire
damage had penetrated, giving an indication ofitivations and temperatures of the
fire (Calavera 2005).

2.4.2 Spalling

One of the most commonly observed physical reastadrconcrete when exposed to
fire is spalling, the explosive ejection of piecafsconcrete from the main body
(Tenchev and Purnell 2005). This occurs when thsilie strength of the concrete
becomes lower than the internal forces generateexp@l the outermost layer of

concrete, and can occur during both the heatingcanting phases.

There are several potential impacts to spalling:

 In a reinforced concrete structure, spalling maguce the amount of

concrete covering the reinforcement, allowing ditezating of the steel

 The spalling may reduce the cross-sectional aretheofconcrete member,

resulting in equal loads being supported by a redwaea of concrete
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« Spalling may expose deeper levels of concrete & fite compartment
temperatures, allowing the strength of the intecmmcrete to be reduced due to the

effects of heat and potentially causing furtheilspgain a chain reaction.

Spalling is often linked to the pore water pressaithin the concrete forcing the
surface layer to be ejected from the member. Italan be caused by the stresses
induced in the concrete itself by high levels omgmession. It is likely that different
mechanisms are involved in different circumstan@amsson 2008). It is generally
understood that the required moisture content pallieg conditions to occur is
around 2%.

A high rate of temperature change may also be reduNote that while the rate of
temperature change, and therefore the temperatadéegts within the concrete, may
be high the actual temperatures themselves neetendbpalling has been seen at
temperatures as low as 200°C (Both, van de Haait. 1999) and during sudden
cooling, for example during fire extinguishing. $hwas demonstrated during a test
of some concrete structural elements at Hagerbesthgallery, Switzerland (Wetzig
2001). During the test a concrete sample resigeératures of up to 1600°C for
two hours without collapsing, but half an hour irtee cooling phase the sample

collapsed explosively.

In the majority of cases it is unknown how muchllépg takes place as a result of
cooling rather than heating. These factors makempiossible to give a specific
temperature when spalling will occur, though terapse gradients in the range of 7-
8 K/mm depending on the material and strength @& toncrete have been
suggested.(Schneider and Lebeda 2007) Spallingerserglly more commonly
observed when using High Strength concrete, witbngths in excess of 60kN7m
and often as high as 100 kN#nThis concrete has higher compressive strength tha
normal strength concrete; however it is also carsioly less porous and moisture
absorbent. This makes it more difficult for watexpour to escape during heating,
and increases the likelihood of high pressure agneg within the structure. It is by

no means guaranteed that a High Strength concibkiteawe a poorer performance in
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spalling, as its improved tensile properties cannteract the increase in internal

forces.

The mitigation of spalling is a subject of greatenest. One of the most promising
methodologies is the addition of polypropylene dibrto the concrete mixture
(Kalifa, Menneteau et al. 2000; Ali, O'Connor et 2001; Han, Hwang et al. 2005;
Hertz and Sorensen 2005). While it has been dematedtthat the addition of fibres
to a concrete mixture does help reduce spalling,pitecise method by which this
process works is debatable. It is often thought the melting of the fibres allows

pathways to form within the concrete, allowing theisture to either escape from
the surface of the member or travel deeper withto iareas of lower temperature.
Some recent work (Khoury and Majorna 2007) has dasabt upon this due to the
melting point of the polypropylene fibres being leg than the boiling point of

water. The suggested alternative is that the filsten when exposed to heating,

allowing the water vapour to force itself past tibees to areas of lower pressure.

Spalling is a largely localised phenomenon, anavauld be unusual to find a
concrete structure where an equal amount of spgdtiad occurred in all areas. While
the effects of spalling on an individual member a#ten be very severe, it is
reasonable to assume within the context of a wbal&ing fire that many other
members will not be subject to serious spalling awitl therefore be able to
withstand the extra load which will be transmittedhem from the spalled members.

2.4.3 Cracking

Thermal expansion and dehydration of concrete duéeating may lead to the
formation of fissures in the concrete rather tlann addition to, explosive spalling.
These fissures may also provide pathways for dineeiting of the reinforcement
bringing about additional thermal stress and furtracking. In particularly severe
circumstances the integrity failure due to thesecks may provide pathways for
heat, combustion products and flames to spreadighr¢the barrier to the adjoining

compartment.

20



CHAPTER 2: Background

2.5 Modelling Concrete

Many models are available to define the mechanbetiaviour of concrete at
elevated temperatures (Law and Gillie 2008). A nendf these are reviewed by Li
& Purkiss (Li and Purkiss 2005), including the miodeggested by Schneider
(Schneider 1986). It is noted that these modelsligide the strain imposed on the

concrete into four different types. These are:

Free thermal strain caused by the change in tahper

Creep strain caused by the dislocation of micrastines within the material

e Transient strain caused by changes in chemical ositign

Stress-related strain caused by externally apphiexbs.

The models examined by Li & Purkiss handle thesairst differently. In each case

‘free thermal strain’ is solely a function of thentperature of the concrete member,
however creep, transient and stress-related steaentaken to be functions of stress,
temperature and time. This makes it difficult tgpa@ate which strains are being
influenced during an experiment. In order to redine level of complication, some

of the models gather two or even all three of th&sains together into one term.

Typically, this is the ‘Transient Creep Strain’carporating the creep strain and
transient strain together.

The Li & Purkiss model demonstrates the signifiea€ transient strain and that
models that do not include it may be unconservdbvéigh temperatures, though at
low temperatures transient strain appears to hese éffect. Li and Purkiss also
noted that “full stress-strain curves providedhe structural Eurocode for concrete
design, EN 1992-1-2 (Eurocode 2 2003) for highemgeratures are ‘unconservative’

compared to the values from the models examined.”

2.6 Performance of Reinforcement in Fire

The performance of steel during a fire is understom a higher degree than the
performance of concrete, and the strength of sieel given temperature can be
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predicted with reasonable reliability. It is gerlgraacknowledged that steel
reinforcement bars require protection from high penature exposure as low Carbon
content steel exhibits ‘blue brittleness’ betwe®0 and 300°C.

Concrete and steel exhibit similar thermal expamsib temperatures up to 400°C.
Steel will expand more compared to the concretehigher temperatures. If
temperatures of the order of 700°C are attainedlladhd bearing capacity of the steel
reinforcement will be reduced to about 20% of esidn value.

Reinforcement can also have a significant effecth@ntransport of water within a
heated concrete member, creating impermeable regidrere water may become
trapped. This forces the water to flow around thespincreasing the pore pressure in
some areas of the concrete and therefore potgnéahancing the risk of spalling.
Conversely, these areas of trapped water can dleo the heat flow near the
reinforcement, leading to reduced temperaturebefriterior of the member (Chung
and Consolazio 2005).

2.7 Fire Tests

Fire testing of concrete can be classified as eiigoratory testing of small scale

members or partial/full scale building tests.

2.7.1 Laboratory Scale testing

The majority of research tests carried out to exantihhe properties of concrete have
been performed using individual members. Typicdlgse tests are designed to
examine one particular aspect of the behavioubotete members during a fire, for

example spalling.

Various methods of load application can be usedhduests e.g. sandbags placed on
top of the member or hydraulic jacks. The fire esqpe of the member undergoing
testing varies depending on the type of memberettebted. In the case of a slab,
typically only one side (generally the undersidé)tlee slab will be exposed to

elevated temperatures, with the other side of ke allowed to remain at ambient
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temperature. This will be unrepresentative in thsecwhere, for example, a fire
breaks out both above and below a given floor (Bailes 1998; Beitel 2002).

There are practical limits to testing members iinraace due to the limited size of

most furnaces:

¢ Short sections of members must often be used.

e ltis very difficult to have more then one membemlg tested at once (Beitel
2002)

Therefore testing of structural members generadikes place with restraint

conditions different from those which would accehatrepresent a real life situation.

It is virtually impossible to maintain the same f@mrature within all areas of the
furnace. While the characteristic temperature maysaid to follow the specified

curve there will be areas of the furnace both hatiel colder than this temperature.

Thermal exposure of an individual element will vgneatly depending on both the
properties of the furnace and the element undangedeat transfer to a specimen is
often governed by radiation from the furnace walariations in the wall emissivity
and the emissivity of the sample itself will resultdifferent heat fluxes acting on a
member at various points. Therefore sections ofsthéctural element being tested
will potentially have temperature differentials them (Welch 1997; Liang and
Welch 2007). Results will also vary from furnacefaonace and between members
under testing (Drysdale 1998).

The above points demonstrate the obvious limitatioh testing upon individual
members. Nevertheless, it must be rememberednidiaidual member tests have a
variety of advantages:

« Member tests are relatively simple, quick and cheap

* Numerous tests can be undertaken, allowing repiigtand variations to be

documented, allowing conclusions about specifimphgena to be drawn.
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2.7.2 Large Scale Testing

Given the limitations of testing individual membetaring a fire, the appeal of
carrying out tests on larger structures is obviduee principal advantage is that the
member under consideration is contained withintavokk of other members which

may either be at ambient temperature or at ram@gératures themselves.

However, large scale testing is extremely time-oomag and expensive to set up
and obviously cannot be individually varied to taloeount of every possible form of

building construction or fire exposure.

Past research has generally concentrated on teeteff fire on either purely steel

framed structures, or structures of composite coason. Limited research has been
conducted on concrete framed structures as itdelwiassumed that these structures
are ‘safe in fire’ due the high insulation propestand non-combustible nature of the

material.

Renowned research by the BRE at Cardington hastlgresvanced the
understanding of the behaviour of steel frameddmngis and the fire protection that
is required for them. These large scale tests asammposite steel framed structure

(Kirby 2000; Lamont, Usmani et al. 2004) largelydensponsorship by British Steel.

Analysis and modelling of the Cardington tests lesntified ‘Tensile Membrane

Action’(Bailey 2002) where a reinforced concreteofl slab, highly deformed due to
fire, supports the steel framework of the buildiawgd prevents its collapse. The
reinforcement within the concrete slab acts initan$o transmit the load from the
unprotected steel to building members which areeeihot affected by the fire, or

have been fire protected.

This demonstrated that in many cases, fire pratectif every member in a steel
structure may not be necessary as the localised¢danf one member need not lead
to the collapse of the structure. Instead the lo@tise redistributed to undamaged

members (Usmani and Rotter 2001).

24



CHAPTER 2: Background

Nonetheless, other studies have shown that arfieestructure can have much more
serious consequences than would be observed fiodamdual structural member in
isolation. This is often due to thermal expansibthe members, which can lead to
column misalignment and increased eccentricity addl causing buckling and

potentially collapse.

A landmark test on a multi-storey concrete buildings also performed at
Cardington. This building was originally assembledxamine different methods of
concrete construction. After completion of the orad research, the opportunity was
taken to conduct a fire test in the building (Bai902). This full scale test involved
large amounts of instrumentation in a compartmentaining a column constructed
from High Performance Concrete (HPC) with polypreps fibres added to the mix.
The ceiling of the compartment was a reinforced coste slab, with no

polypropylene fibres added.

During the fire test, problems occurred with theadeecording instrumentation
resulting in much of the hoped for data being hsting the end phase of the test.
Nonetheless, a large amount of data was gathergethier with post-fire observation
of the structure. It was clear that more spalliag taken place in the concrete floor
/ceiling slab than would have been expected (B&l@y2). The concrete slab did not
collapse and a great deal of research has beentakel® to understand this. It is
likely that the floor slabs were further supportd‘compressive membrane action’
whereby a mechanical arching effect takes placetdusxpansion of the member,
compressing it against its supports (Bailey 20029viding the downward deflection
of the slab is not too great, and the concrete amtsyield, this will allow the
reinforced concrete structure to support loads ewéen the tension rebar has
reached a temperature where it ceases to be géedihus compression can greatly
increase the load capacity of a slab in what watihétrwise be a failure situation. It
should also be noted that an increase in compeegsices on a concrete member
can often increase the risk of spalling, as meetion Section 2.4.2.

Another, more recent, test was performed by Thevéigity of Edinburgh in

collaboration with the BBC “Horizon” show. Otherliaborating organisations were
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Strathclyde Fire and Rescue service, Arup, thedhgdl Research Establishment,
Vision Systems (now Xtralis) and Lion TV. A towelobk in Dalmarnock, Glasgow
had been scheduled for demolition allowing sometdichfire testing to take place.

A room within the tower block was refurnished toséa fire load resembling that in
a standard office (Rein 2007a). Several types sttumentation were installed with

the aim of:

*  Characterising the fire
»  Comparing results with predictive computer modélghe fire spread.
« Comparing results with predictive computer modélstauctural response.

The instrumentation included thermocouples to altbe measurement of the fire
temperature in a large number of positions, andooigl probes to allow
measurement of gases in and out of the fire commeantt via both the windows and

doors.

The Dalmarnock tower block consisted of a mixtur@m@cast and in-situ concrete.
While it was not predicted that there would be eagrdeal of structural damage to
the building, the concrete floor slab in the roolmowe was instrumented with

deflection meters, thermocouples and strain gauges.

The results of the Dalmarnock tests are not diszugs detail here, though it was
immediately noticeable after the test that hairtrecks had appeared in the concrete
floor slab above the fire compartment. These craskie generally seen to occur at
the ends of the curtailed reinforcement at the eafgéne slab. While these cracks
were not severe in this scenario it was notedftrahinner slabs with longer spans,
such as is seen in many modern buildings, a breatire compartmentation could

be possible (Deeny, Empis et al. 2007).

The importance of these tests is obvious, as witlexamining the behaviour of
concrete structural elements within a whole stmgctu variety of effects cannot be
understood clearly, such as the role of the expansi concrete members, and

therefore the increase in compressive force witam.
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2.8 Examples of Real Fires in Structures

It is important to examine the effects of fire omaaiety of structures. This need not
be restricted to fires in buildings; civil enginegy structures such as bridges can also
be involved in fires, and consideration must beegito this during their design.
Some of the most severe fires, particularly in ®iwhloss of life, take place within
tunnels. The Mont Blanc tunnel fire resulted in teaths of 38 people, and
extensive structural damage (Beard 2005).

This section examines the effects of fires on fdifferent structures of varying

construction and type.

2.8.1 The World Trade Centre

A major event leading to the current interest ia #ffects of fire on structures was
the September Mattack on the World Trade Centre in 2001. While ivell known
that the Twin Towers suffered a catastrophic lefalamage, there were two other
buildings damaged during the attack, buildings & an

Building 7 suffered no direct damage from the tastaattack, but suffered extensive
damage caused by the fires which spread throughusing collapse. This is the first
time that a steel framed structure is known to halapsed purely due to the action
of fire (Gilsanz 2007).

There is some debate on how much effect the imphathe airplanes had on the
Twin Towers. It has been argued that the impacbred much of the fire protection
from the steel members of the building, resultingnicreased temperatures acting in
the steel members. It has also been argued thatweitleout the removal of the fire
protection, the heating effect of the fire wouldrédead to collapse of the buildings
.(Quintiere 2002; Usmani, Chung et al. 2003; FROD5; NIST 2005). This later
interpretation is based on the buildings collapsimay due to weakening of the
material due to imposed temperatures, but the tsffdfdhermal elongation.

Thermal elongation could lead to the steel floormhers of the WTC towers

expanding and then buckling under compression ag#ie core of the building and
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the external columns, The buckled floor memberswanld then no longer provide
lateral restraint to the (still relatively cool) teror columns of the WTC towers
reducing their ability to withstand axial load.

It is important to realise that the failure of ailduing due to a fire may not be
initiated by material weakening but by other thdrrafiects.(Usmani and Rotter
2001; Usmani, Chung et al. 2003)

2.8.2 The CESP fire, Sdo Paulo, Brazil

The two building headquarters of the Sao Paulo Pa@@ampany (CESP) in Sao
Paulo, Brazil, was involved in a major fire on 284y 1987. Both buildings, CESP
1 and CESP 2 were constructed of reinforced coadraies with ribbed slab floors.
The plywood formwork was left in place after constion, and the internal partition
walls were also constructed from plywood. The bodgd were connected by six

footbridges at various levels (Beitel 2002).

The fire broke out on the 5th floor of CESP 1 assult of an electrical failure, and
quickly spread up the building due to the largedlod combustible material in the
plywood formwork and partition walls. The fire alspread to CESP 2, igniting on
several levels at once due to the severity of #hated heat originating from
CESPL1. The fire then spread quickly through Bugdn

Approximately two hours after the outbreak of fivehin CESP 2, the concrete core
of the building collapsed, though the entire buigdstructure was not destroyed. The
CESP 1 building did not undergo major structuralagse.

The collapse of CESP 2 was later attributed teettgansion of concrete beams. This
pushed the vertical load-bearing members out ajnaient, and the resulting

eccentricity caused the loss of load-carrying capédBeitel 2002).

This case study clearly illustrates that the effecta fire on two buildings with
generally similar structure can be very differeflis may be due to the fire acting
upon the two structures developing differently tha case of CESP 2, breaking out

in multiple areas of the building at the same time.
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While individual members may perform well in a fimnsideration must be given to
their interaction. It was the expansion of concketams, which in CESP 1 survived
the fire, which led to the collapse of the coreC&HSP 2. This shows that testing of
structural members in isolation, and their designst be combined with an overall

appreciation of the behaviour of structures.

2.8.3 The Windsor Tower, Madrid

The Windsor Tower was built in 1978 and was at tme the tallest building in

Madrid. On 12-13 February 2005, the Windsor Towaswvolved in a major fire,

of duration 18-20 hours. It was a largely conctatdding, consisting of a concrete
core and floors, with external steel columns. Thigding was divided into upper and
lower sections by a strong concrete transfer fl@@alavera 2005; lkeda and
Sekizawa 2005; Kono 2005).

The fire started within an office on the 21st flo@ausing extensive structural
damage to the upper floors of the building. Dama&gethe lower floors was

considerably less.

This fire is of particular interest as a large badylata is available on the structure,
facilitating modelling to understand the mechanisohghis partial collapse. The
Windsor Tower and its fire will be discussed in iggeater detail in Chapter 3.

2.8.4 Channel Tunnel Fire 1996
The Channel Tunnel, a rail tunnel connecting Engjlem France, has sustained 3
major fires since its construction:

* A major fire in November 1996

e Aless severe fire in August 2006

«  Another major fire on 11 September 2008

The Channel Tunnel is a bored rock constructioadimwith rings of high strength

precast concrete, between 400mm and 800mm thickonsists of two parallel
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‘running tunnels’ to allow passage of trains, am& anternal ‘service’ tunnel which

allows specialised road vehicle access (Bailey 2005

Both the 1996 and 2007 fires were aboard a tramsporting HGVs. In the 1996 fire

the number of passengers was restricted to a few ldf8/ers in one passenger
compartment (Beard 2005). Reports from securityrdgi@utside the tunnel led to
relatively quick detection that the train was atighior to entry into the tunnel. This

was confirmed by the tunnel fire alarm systems. Taen was brought to a halt

alongside a cross tunnel, connecting the runningdbwith the service tunnel. After

the train came to a halt, thick smoke from the femeveloped the passenger
compartment and the driver's compartment, prevgntite passengers from exiting
the train. The tunnel’s ventilation system was\ated to blow the smoke away from
the front of the train, allowing the passengersxib.

After the train stopped, the fire began to grovatoigher intensity — estimated to be
around 50MW. With the activation of the ventilatiegstem, the fire grew to a

higher level still, possibly around 350MW; an ertidy large fire.

The result of this fire was a high degree of spgllirom the tunnel lining, in some
areas leaving only 51mm of concrete intact with esevdamage to the steel
reinforcement. Over a 50m length of the tunnel Ispalleft an average concrete

thickness of 170mm.

The spalling was not only life threatening durihg fire, due to the explosive nature
of concrete being ejected from the structure, lauld have potentially severely
weakened the structure. Due to the tunnel beinkjinva rock bed, and the relatively
short length of the most severe damage, no stalctustability occurred and the

concrete was successfully repaired.

It should be noted that the severity of the turfirel was caused, in part, by the
countermeasures put in place to prevent it fronsicguany loss of human life, i.e.
the ventilation. While prevention of loss of life the most important aspect of fire
safety engineering, it should be remembered thatdbes not necessarily allow for

continued structural stability. A structure shoblel designed remembering that the
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worst fire loading possible may not be that imposkding normal operating
conditions, but the fire which results from someeptional circumstances which

may be brought about deliberately as a result®fitie.

The 2008 fire is still under investigation at tiree of writing, though the majority of
repair work has been completed and the tunnel es@gh (Wynne 2009).

2.8.5 Other notable fires

There have been many fires in buildings with a wdeiety of structural forms,
some of which lead to collapse (Beitel 2002). Othatiable fires are the collapse of
the concrete slabs in a carpark in Gretzenbachtz&#hand which resulted in the

death of seven firefighters (Firehouse.com 2004).

Another recent fire in a concrete framed buildingcuored in the Architectural
department of the Technical University of Delftthe Neatherlands and resulted in
collapse (Nu.nl 2008).

These fires demonstrate that while some mateneals@sidered ‘safe’ in a fire, care

must be taken examine the effects of fire on alicttral forms.
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2.9 Conclusions

This chapter has highlighted the advantages andations of current research
understanding of concrete in fire. A wealth of datavailable on the performance of
concrete as a material in fire, and the performaridadividual structural members.
However the performance of a largely concrete sirecas a whole is less well

understood.

Given the relative lack of information available targe scale fire tests on concrete
structures, the current research direction natufalls towards examining the effects

of fire on a real concrete structure as a case/stud

It is proposed that the application of a real-tfese study can be used to determine
the following:
*  Creation of a computer model to simulate
o0 the structure of a building,
o fire movement within the building,
o behaviour of the structure during the fire.

*« An intuitive research method, ‘the worst credibbs& to enable unknown

concrete material property variables to be detegohin

* Application of the model and material properties dther hypothetical

concrete buildings.

Research contact with the GIDAI group at the Ursutgrof Cantabria (Spain) has
enabled access to a significant quantity of dal@ing to the construction details,
post fire photographs, investigative and eye-wgneports of the Windsor Tower
fire and the safe demolition of the building (Caev 2005; Ikeda and Sekizawa
2005; Kono 2005).

The use of the Windsor Tower as a case study iefttre proposed. The next

chapter highlights the construction details of thislding and response to the fire
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with an aim of identifying plausible structural dgurations and material properties

for modelling.
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CHAPTER 3: THE WINDSOR TOWER
CASE STUDY
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3.1 Introduction

As briefly discussed in Chapter 2, the Windsor Tiowas involved in a major fire
on 12-13 February 2005. The fire, of duration 18320Qrs, started in an office on the
21% floor of the building, causing extensive structudtamage to the upper floors of
the building. As a large fire in a major Europeapital, there is a significant amount
of documentary evidence, both in the form of neyspaeports and television news
footage. However much of this appears to be comt@y.

A large amount of other data was available, inclgdihe structural plans, media
reports and several reports detailing the methodsafe demolition post-fire.
(Calavera 2005; lkeda and Sekizawa 2005; Kono 2005)

Much of the data concerning the Windsor Tower wagurally, in Spanish, though
there was also one major report written in Japangsis often led to problems in

data extraction due to language difficulties.
The available information will be examined in tledldwing sections:

e Structural form of the Windsor Tower
* The Windsor Tower Fire

e Post - Fire Structural Damage

e Possible Collapse Mechanisms

¢ Conclusions
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3.2

Structural form of the Windsor Tower

The Windsor Tower was largely composed of a mudttreyy office block above an

entertainment and shopping complex. The entiredimgl was 32 storeys tall, 29

above ground, with an occupied height of 97m.

The structural data available on the Windsor Towalf be examined in the

following sections:

General layout
Waffle slab
Columns

Fire Protection
Material Strength

Loading

3.2.1 General Layout

The upper section of the building, above floor éhrevas a tower block containing

offices and consisted of the following (see FigBu®):

38

concrete core

several interior concrete columns

exterior steel columns

concrete waffle slab floor with permanent clay feronk

fire protected steel beams spanning between the pfaconcrete columns

a concrete edge beam around the perimeter of tldrigu
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Figure 3.1 Windsor Tower Floorplan above second trasfer floor (Calavera 2005)

Two ‘transfer floors’ in the tower block, locate@tiveen floors 3 and 4, and floors
16 and 17, supported the tower. These were signifig stronger than the average
floor, consisting of a series of concrete wallsrotree entire floorplan of the tower
and a solid floor slab. The two topmost floors, @8d 29 (the roof), were
significantly smaller in floorplan than the resttb& tower and do not appear to have
been intended for occupation. The underground $eware used as a multi-storey
car park. An external elevation of the tower iswghan Figure 3.3.

The upper transfer floor between the"1#nd 17" floors had the same horizontal
dimensions as the other floors throughout the imglat floor level, and the columns
supporting the upper section of the tower restazhup It consisted of eight evenly
spaced large ‘deep’ concrete beams, 3.75m deepbhyWide spanning east to west.
A smaller beam 1m deep by 0.6m wide spanned betteefdeep’ beams on the
east and west faces of the building in order tgpetipthe steel columns on these

sides.
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The transfer floor is shown as recessed in FiguBea8 the exterior cladding of the
building was not continuous between the upper anet sections of the tower, with
the gap occurring at the transfer floor level.

The building had a different structural layout heldhe 3rd floor with an
entertainment and shopping complex along with ugrdemnd parking. These areas of
the building were largely unaffected by the firedaare not recorded as sustaining

any major structural damage.

The layout in the section of the tower between titamsfer floors was slightly
different, with additional concrete columns at #veerior of the building on the
north and south sides. The concrete column sexctraned from floor to floor, as
did the reinforcement.

Im

Figure 3.2 Edge Beam Section (Left) and Plan (Right

As can be seen from Figure 3.2, the exterior steklmns were fixed to the edge
beam by a substantial steel section welded at agptes to the column and encased

in the concrete slab.
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The exterior steel columns were not fire prote@edonstruction. At the time of the
incident, a programme of upgrading of fire protectwas being undertaken. The
steel columns up to the second transfer floor lehBargely ‘protected’. On the 9th
floor two sides of the building remained unprotectieie to the sequential nature of
the upgrades. An additional fire escape was alstecddo the west side of the

building during this upgrade and was complete atitne of the fire.

The Windsor Tower had undergone a substantial degta its fagcade. However
construction details for this upgrade were not labée and it is assumed that no

major changes to the structure took place at itmis.t

3.2.2 Waffle Slab

The floor slab was a waffle slab with permaneny damwork. The same waffle
slab profile is used throughout the tower, though reinforcement used within the

ribs of the waffle varies.

The bottom reinforcement of the ribs running NdBibuth is set onto a channel
within the clay formwork. The cover to the bottoneinforcement can be
approximated as 20mm thick, consisting of 10mm &egnwork layer and a further
10mm layer of concrete. (Calavera 2005). The bottemforcement bars in the
beams running East to West are placed on top &f éinid therefore have a minimum

level of cover of 28-30mm. The bottom reinforcememrtisisted of 8-12mm bars.

The top reinforcement consisted of 8mm bars, witluad 20mm cover in the beams

running North-South and 12mm in the beams runniagt-&Vest.

The ribs of the waffle slab were 0.23m deep incigdihe concrete slab and 0.1m
wide at 0.6m centres in both directions (includthg concrete floor screed). The

concrete floor between the ribs of the waffle w3t deep (Figure 3.4).
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Figure 3.4 Waffle Slab construction (Clay formwork brown, cover approximate) (Calavera
2005)

3.2.3 Columns

The cross-section and reinforcement of the conarelemns varied on a floor by
floor basis, as did the cross-sectional size ofetkterior steel columns. These steel
columns were manufactured from two channel sectiacsg each other to form a
box section, see Figure 3.5. These columns amaatified as Class 1 according to
the Eurocode design method (Eurocode 3 2005) olasti® cross section in the
British Standard design method (BS 5950-1 2008),d9ections which will behave

plastically rather than buckling.
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Figure 3.5 Example column cross section

3.2.4 Fire Protection

The exterior steel columns were not, when the mgldvas first constructed, fire
protected as this was not required by local bugdregulations at the time. A
programme of fire protection upgrading was beinglartaken prior to the fire to
bring the building up to newer standards, and tieelscolumns between the two
transfer floors had been protected, with the exoapif those on the South and West
sides of the @ floor. The specification of this new fire protextito the steelwork are
not known, however the report by Kono et al. (K@@®5) indicates that 3 hour fire
protection was required. It is also noted that firetection may have been missing

from some areas of the i Hloor columns.

There is also some circumstantial evidence thateaéite protection measures, such
as sprinkler systems, were being installed at itlne ©f the fire. Although this is
unverified, it is believed that voids were cut tigb the floor slabs throughout the

building to facilitate this work.

Due to the upgrade of the facade, additional fgsing was also being installed
between the edge of the floor slab and the batkeofacade (Kono 2005). Although
unverified, it is likely that gaps in the fire coampmentation of the building may

have existed where this was incomplete.
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3.2.5 Material Strength

The actual concrete strength varied from membeméonber, however the slabs’
specified strength is 175 kg/értlL7.5 MPa) for all floors. The aggregate usechia t
concrete is unknown, however the INTEMAC resultsvgla correlation between test

results and values expected from a Eurocode Sil&eoncrete (Calavera 2005).

The Steel strength specified for the reinforcenieB000 kg/crh (500MPa).

3.2.6 Loading

Design live loads are also specified in the stmattplans for the building. In the
majority of the floors, this was a live load of 480’ (4.2 kN/nf), with a facade
load of 200kg/m (1.96 kN/m) prior to installatiohtbe new facade.

3.3 The Windsor Tower Fire

The fire, originating high up in the building, spceupward to the top floor. This is
likely to have occurred due to a combination ofeexal fire spread, whereby
windows of the building break and allow the firertsenter the building on higher
floors, and internal fire spread through the serwoids (Fletcher 2006; Hitchen
2006). The fire also, somewhat unusually, spreaghdbe building.

The entire tower section of the building was inwalvin the fire, with localised
consumption of flammable materials resulting in five progressing in stages

through the building.

In the areas above the second transfer floor, largas of the floor slab exterior to

the core collapsed and several of the concreteroduvere also damaged.

In the lower levels of the building, significantlgss damage occurred. On the 9th
floor, which had large areas of unprotected stedwthe exterior steel columns
were later found to have buckled severely. Howethes, part of the building did not
collapse.
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3.3.1 lgnition on the 215t Floor

It is well-established that the fire broke out dre t2f' floor, in office 2109 at
approximately 23:05hrs (Calavera 2005; Ikeda ankiz&&a 2005; Kono 2005).
Detection occurred at 23:08hrs; and a ‘50cm flamas reported to have been seen
there at 23:18hrs by night staff investigating #larm. This is consistent with a
waste-paper basket fire or similar source. Thedaevice was called at 23:21hrs.

A great deal of analysis of the spread of this fireund the 21 floor has been
carried out by the GIDAI group (Capote 2006). A Kagtor affecting the fire spread
through the floor is the changes in ventilation relageristic caused by window
breakage. This is difficult to document for manggens:

» Lack of 360° footage of the building
* Fire took place at night
» Percentage of window breakage difficult to obserwehole or partial

Similar factors also make it difficult to judge theogress of the fire around the floor
from outwith the building, as a visible ‘glow’ with the floor may be from a fire
some distance away. External flaming is an obviadgation of a locally flashed-
over fire, however this will not necessarily beibis around the entire floor

perimeter at once and the fire may not have deeeldprther within the floor.

3.3.2 Fire Spread Up and Down the Building

A key feature of the Windsor Tower fire is that fire spread both up and down the
building. The rate of upward spread is reportefec#htly in a number of sources.
The INTEMAC report mentions an average spreadah@5 minutes from floor to

floor. Meanwhile, the report by Kono et al. (Kon003) provides a more detailed
timeline compiled from several sources, indicatihg rate of fire spread between
each floor. This timeline also shows a downwaraeagrrate of 20 to 30 minutes. A

version of this is replicated below (Figure 3.6).
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Figure 3.6 - Windsor Tower Fire Timeline (Kono 200%

Again it is difficult to tell if a floor is fully nvolved in the fire. If there is internal fire
spread, it is impossible to see any evidence efuhtil it reaches the perimeter of the
building — conversely if the fire is spreading fraime perimeter of the building
inward, it is impossible to know if or when it rées the core. As all the sides of a
floor will not show evidence of fire at the sammdi, any timeline must be regarded

as approximate.

It is unclear what mechanisms were involved in vYeetical fire spread. There is
evidence that external fire spread was involveddme extent. The windows on a
burning floor broke allowing flames to exit theeficompartment, with the heat from
this ‘spill plume’ breaking the windows on the floabove and allowing ignition of
the material within the new floor (Hitchen 2006)reFmay also have spread through
voids in the floor slabs, along with gaps in thedstopping between the floor slab

and the fagade.

While external fire spread is convincing in theeca$ upward spread, it is harder to
justify in the case of downward fire spread. Itns/ speculation that burning

materials may have fallen through voids and gagsestopping to lower floors. The
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relatively regular timescale of the downward spreaggests that some combustible
fire compartmentation barriers may have been ptesgh a fixed time until failure

allowed burning materials to fall into the compastrhbelow.

The upper transfer floor would still be a signifitdarrier to downward fire spread
regardless of its mechanism. However it is suggsyeKono et al. (Kono 2005) and
post fire damage observation (Calavera 2005) tmatimpact of the upper floors
collapsing may have cracked the floor slabs ofTtrensfer Floor allowing burning

material to enter the lower half of the building.

3.4  Post-Fire Structural Damage

The level of structural damage varied greatly witthe tower. In the lower section
of the tower, between the two transfer floors,stracture appeared to have survived
largely intact. This includes thé"dloor, where there was no fire protection on large

amounts of steelwork. As can be seen from Figure Bigure 3.8 and Figure 3.9

these unprotected steel columns buckled severely.

Figure 3.7 Post fire damage, Buckled Columns (DarlieAlvear Portilla, Group GIDAI,
University of Cantabria)
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Figure 3.8 Post fire damage, "9 Floor Highlighted (Daniel Alvear Portilla, Group GIDAI,

University of Cantabria)
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Figure 3.9 Post fire damage with demolition partidly complete, §' Floor Highlighted (Daniel

Alvear Portilla, Group GIDAI, University of Cantabr ia)
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Above the upper transfer floor, the level of stamat damage was much more severe.
Figure 3.10 shows the area which collapsed thramgiech of this section of the
building. Within this section of the building, figrotection had not been installed on

the structural members.
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Figure 3.10 Diagram of collapsed areas (Calavera @6)

3.5 Possible Collapse Mechanisms

The first area of interest is the external aredladr slab spanning between the
concrete core of the building and the steel colyrmaburedblue in Figure 3.10. It

is proposed that with the reduction of steel stilermiyie to heating of the unprotected
columns, this area acted as an unsupported caantilav this point the slab would be

unable to sustain its own weight in cantileveracifFigure 3.11).

51



Tall Concrete Buildings Subjected to Vertically Moving Fires:
A case study approach

Concrete
floor unable
to support
weight as
cantilever

3\

Steel
columns
weakened by
heating

During

Pre Collapse
collapse

Figure 3.11 - Possible collapsed mechanism of pemter floor area pre-collapse (left) and

during collapse (right)

It can be seen that in the area where the confiogte spans between the concrete
core and the new fire escape, collapse did not péae. It is proposed that the new
fire protected escape prevented this collapserrdtesely, the concrete shear wall of
the core may have had a higher supporting effe¢hisnarea of the slab than would
be provided by a concrete column, enabling cardr@ction.

In the interior area which underwent collapse, omd yellow in Figure 3.10, it is
less clear what may have initiated collapse. It besn suggested that the concrete
columns failed under the fire, however given thaok of failure in the lower section
of the building and the higher strength of the omhuconcrete compared with the
floor concrete this seems unlikely. A proposedraléve is that with the exterior
area undergoing collapse, tension would have bppled to the floor slab between
the concrete columns and the concrete core. Adeaseen in the plan, this area of

concrete is severely reduced by voids, and may baea insufficient to withstand
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this tension force (Figure 3.12). This collapse na&ism relies on the connections
between the floor and the concrete column being &blwithstand extremely high

forces in order to cause overturning and this meayrrealistic.

Perimeter
floor slab
collapses

Slab breaks awa
from core due to
insufficient tensile
area

Moments

imposed on
columns due
to exterior
slab collapse

Core

Figure 3.12 - Possible collapsed mechanism of inteal floor area and concrete columns

Many alternative mechanisms are possible for thkuréin this area, and the
concrete floor slab between the core and the ctmaelumns may have failed

leaving the concrete column ‘freestanding’ and Um&d remain upright.

This proposed collapsed mechanism was not studighelr but would be a valuable

area of future research.

The concrete core of the building appears to haviopned well throughout the fire,
undergoing no collapse and apparently maintainiagown compartmentation, as
fittings within the core were reported to be undgethby heat (Calavera 2005).
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3.6 Conclusions

The Windsor Tower, in those areas where fire ptmeowvas installed, performed
remarkably well when subjected to a prolonged fire.

Two collapse mechanisms are proposed, along witdngial methods of fire spread
up and down the building. In the next chapter, éheill be further discussion of

which mechanisms to investigate further.
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CHAPTER 4: RESEARCH METHOD
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4.1 Introduction

As can be seen from Chapter 3, a variety of areatudy within the Windsor Tower
are available.

It is advantageous to examine the phenomena at wihkn the Windsor Tower
with a view to applying them to other similar stwes rather than restricting the

analysis to a forensic study.

Possible methods to analyse the phenomena hightightthe previous chapter will

be examined in the following sections:

» Establishing a modelling framework
e Modelling the fire

*  Modelling heat transfer

e Modelling the structure

« Conclusions
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4.2  Establishing a modelling framework

Within the fields of structural and fire enginegyjinthere are many different
modelling packages and methods available. In dalerodel the fire that took place
in the Windsor Tower and reaction of the structuresvill be necessary to create

several models. These models must cover:

* Characteristics of the fire (Temperature, spreaticamation)

* Heat transfer, allowing the following is assessed:
o0 The depth of high temperature penetration in theemie members

o0 The internal temperatures attained

* The structural response of the building during fine and cooling period,
including:
0 The interaction of the concrete members with itee f
o The interaction of the steel columns with the ceteemembers and their
contribution to the holistic structural integrity thie structure during the fire

and cooling phase.

Modelling packages and methods exist which can meitieer one, two or all three
of these factors.

This chapter further investigates the methods w@iirahg these three modelling pre-

requisites.
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4.3 Modelling the fire

As discussed in section Chapter 2.3 many methodbarfcterising the fire imposed
on a structural member are available. These ramge the ISO curves to advanced
Computational Fluid Dynamics (CFD) models. CFD nilig allows examination

of localised effects within a fire compartment{agluding:

Peak temperatures or heat fluxes at a specifictsiial member

Gas flow around a compartment

Mixture fraction — i.e. ratio of oxygen to fuel

Re-radiation from heated objects within a comparnime

Smoke movement

Fire development and spread

The time to burnout of an area or compartment

Many CFD packages are available, each with advastagd disadvantages. These
range from commercial products, to open sourcenaee, to packages developed
within academic institutions for specific reseaiaferests.

Three such packages were investigated during thesef this research.

e ANSYS/CFX
. SOFIE
« FDS Version 4

The main advantages and limitations of each paclsagi@mmarised in Table 4.1.
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ANSYS/CFX SOFIE FDS Version 4
1. Package Type *Commercial* *Free* *Freeware *
Difficulty obtaining Research/Commercial Fire Dynamic
licenses developed by BRE Simulator program
published by NIST
2. Training attended 1 week course YES NONE
undertaken
3. Technical support YES YES YES,
but limited
4. Experience /expertise level High, High, Low,
required to achieve output. as models often stog as models often stop due fo However, can give
due to non non convergence errors. false impression of
convergence errors. accuracy as models cgn
easily run to
completion
5. High level of expertise NO YES NO
available within research group
6. Ability to link to structural YES NO, not as standard NO, not as standajd
analysis package(s) i.e CFD tp
FEM.
7. Graphical interface YES YES YES
(Good) (Good - can simplify mode|l (Poor for development,
development) good for results)
8. Specifically designed to NO Yes, Yes,
model fire however mainly used for though originally
modelling “steady state” designed to model
fires rather than spread angd smoke transport rathe
extinction than fire.
9. Ability to model fire spread NO YES, YES
but not to multiple materialg

10. Past Windsor tower

IS NO NO YES

Table 4.1 comparison of application packages

The FDS Version 4 package (McGrattan and Forney6R@@as chosen for the
principal reason that a large amount of CFD mouglhas already been performed
by the team at GIDAI from the University of CantabrSantander using this

package.

The University of Edinburgh has a strong collabeeatelationship enabling the use
and modification of GIDAI's FDS models (Capote 2D06

A major disadvantage of using FDS is the time corieg nature of transferring
CFD results into the heat transfer or structuratlet, as there is no widely available
automated method at present.
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Alternative methods are being developed to coupleaaety of CFD and fire
modelling packages with structural modelling padsag(Liang and Welch 2007,
Welch, Miles et al. 2008)

As CFD fire modelling can be computationally intees a parallel research
approach was used to mitigate large time gaps leetviatiating the model and
receiving results. This allowed work to continueil@hresults of the CFD analysis

were pending.

e« The CFD model would be set up and run

* A more simplified but credible fire definition wassed for the initial

structural models until CFD results were available.

4.3.1 Simplified Fire Modelling Method

The simplified method involved developing a ‘badice curve based on the ISO
curve, with modifications to take into account gwmoling phase which exists in a

real fire. A one hour linear cooling phase was used

While the ISO fire curve will not precisely modélet temperature within the fire
compartment, as noted in Chapter 2.3, it provideseasonable simplified fire
definition.

This could be further expanded by comparison of dimeplified model with the
results of the time and computer intensive CFD wetfThis potentially allows the
simplified fire definition to be applied to latargctural models if there is reasonable

agreement.

4.3.2 CFD method

While in might be desirable to perform fire andustural modelling of the entire
Windsor Tower, the level of detail required makas ts impractical. The duration of
computational time and the length of time that wiobke required to develop the

models, input them and interpret the results wha@xcessive.
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A highly detailed model of the building, especidlby the fire, would also give the
erroneous impression that few assumptions have tepnred and that the internal
layout and usage of the building throughout itggheis well known. It is reasonable
to assume that partition walling, workstation lalyostorage areas and other fire
loads and compartment boundaries will vary fronofflao floor throughout the
building. The precise floor-by-floor layout is n&hown, though the generalised
office layout of the 2% floor is provided by the GIDAI group.

It was necessary to identify individual areas & Windsor Tower which could be
assumed to be broadly representative of the ovstraitture. In the case of the fire,
the model produced by GIDAI covered the entiré fittor, and was developed in
order to examine the rate of fire spread throughbetfloor from a single point of

ignition within a single office. This level of déitand extent is not required for a
structural study, where the main interest in thme i the duration of exposure of a
given area and the maximum thermal exposure. lerotal reduce computational
time, the floor could be approximated as biaxiatlymmetrical, and therefore
mirrored about the x and y axis. As the’'Zlbor is likely to be the only one on

which the fire spread from a single point of igmitj this will also reduce what would
otherwise be an excessive localisation effect a®llt in a more representative

model.

This analysis could then be approximated to mauglthe fire conditions occurring
on all other floors, though it does not model thsecwhere there are a large number

of simultaneous points of ignition.

4.4  Modelling heat transfer

A variety of programs and techniques are availablgpproximate the heat transfer,
depth of penetration, and reinforcement temperatwi¢hin the concrete member.
The results of the heat transfer analysis can thenmported into a structural

analysis package.
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This heat transfer can either be performed by subres within most structural

modelling packages, an additional external progoaeven hand calculations.

Hand calculations, even if automated with a sprieaels would be very complicated,

and were therefore ruled out other than for chegknodel ouput.

The heat transfer capabilities of the Finite Elethpgactkage Abaqus were used. This
Is capable of transferring large volumes of data the structural analysis package.

4.5 Modelling the structure

As with the fire and the heat transfer, there aeeml methods available for

modelling a structure, including:

* ‘Hand calculation’ (which in reality would use arspdsheet) using either:
o first principal stress/strain analysis,
0 adapting the design rules given a structural desogie such as (BS 8110
1997; Eurocode 2 2003).

e Computational methods

Hand calculation is made problematic when invesitigaa structural element
composed of multiple materials, and especially wtienmaterial involved has the
highly insulating properties of concrete. Large penature gradients will be present
in a concrete member, resulting in material prapgrvarying both temporally and
spatially. This makes any hand calculation extrgradficult; however it is useful to
perform some degree of hand calculation at amlénperatures in order to confirm

the results produced by computer modelling.

The level of complexity involved in this analysisrgrally necessitates the use of
computational methods. The temperature data gextebst the heat transfer analysis
is applied to the structural system allowing terapg&e dependant physical

properties to be automatically varied temporallgl apatially.

A Finite Element analysis, where the structureragkbn down into a series of smaller
elements, will be used. There are a wide varietycainmercial, freeware and
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academic Finite Element packages, some of whichspeeifically optimised to

examine the effects of fire on structures. Theofeihg packages were examined.

The ANSYS/CFX suite of programs, as mentioned ietiSe 4.3, can carry out
structural analysis, CFD analysis and heat transfewever, since CFD analysis is
to be carried out using another package (FDS),atlm®matic coupling of this

package would not be used.

Abaqus is a commercial structural modelling packageluced by Simulia and is
widely used at the University of Edinburgh. Abadpas two solution methods; either
‘Standard’ or ‘Explicit’. With both these solverthe analysis is divided into a
number of timesteps. (Abaqus 6.8-1 Manual 2008pri&f explanation of the two

modes is given below:

* Abaqus Standard solves a series of simultaneoustieqs for each timestep,
with iterations being used to ensure convergenceatcsolution. This is

computationally expensive for each timestep, andvemence may not be
achieved in very non-linear analyses. However,sike of the timesteps used can

be varied a great deal, often allowing the model asole to be run quickly.

* Abaqus Explicit does not attempt to reach a coreargolution to each

timestep. It calculates the accelerations withmaglel at the start of each timestep
based on mass, applied loads and internal fordeis. i$ then used to calculate
displacements and velocities. A ‘Double Precisivaision of this executable is
available, utilising longer floating point wordsdahence increasing accuracy at

the cost of some computational speed.

An Explicit analysis typically uses many more tinegs than a Standard analysis,
however the calculation time for each is shortehisTcan result in shorter
computational times for large or complex models aad allow the modelling of
extremely discontinuous events (such as collagagde deformations and contact
forces.

No iterations are used in an Explicit analysis, ®othere any automatic accuracy

checking. The run time of many explicit models t&nlong, but techniques such as
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time-scaling and mass-scaling can reduce this. -Eoaéing involves artificially
compressing the model’s duration to reduce the munob timesteps whilst mass-
scaling involves increasing the mass of the moaletife purpose of inertia, to allow

longer timesteps to be used.

A great deal of expertise in the use of the Abapaskage exists within the fire
group at the University of Edinburgh. This has hesliin a large amount of pre-
existing material data and a great deal of suppibhin the department.

It was decided that the most current version of Afaqus package (which was
upgraded several times during the course of the@rdrom version 6.6-2 to version
6.8-1) would be used, using whichever solver (Saahdor Explicit) was most

appropriate for the model being examined.

4.5.1 Structural Model Method

There is a greater degree of certainty when devajophe structural model
compared to fire the model as the original builditgns give some indication of the

geometric layout.

While details of the refits to provide the new aimtwall and facade are not known it
is not believed that any major structural modificattook place at this time. Details
of the voids cut through the floor slabs during fle upgrading process are also
unknown. These unknowns are of more importancetter fire model than the

structural model, and will therefore be assumelketainchanged since construction.

To decide the extent of the structural model, inecessary to establish areas of
particular structural interest. In the case of\fieadsor Tower, these are:
«  The partial fire protection and lack of collapsetu 9" floor,

* The concrete floor slab and concrete columns rteambtilding core which

appeared to undergo some degree of failure.

As discussed in chapter 3.5, the internal sectfdtoor and concrete columns which

collapsed may have had their failure triggered hyy ¢ollapse of the external floor
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slab. This would apply tension to an excessivelglsarea of concrete ‘unzipping’

the internal floor and columns from the core.

Study of the failure of the internal floor sectiand concrete columns would require
study of the effects of fire on the peripheral flsection. The study of the peripheral
floor section would largely coincide with the studfythe lack of collapse of thé"9

floor.

Therefore, the structural stability of th& floor becomes a focus of research. This
will also allow conclusions to be drawn on the riegments for fire protection or

major fire resistant structural members in otheldings such as transfer floors.
Two theories of prevention of collapse are proposed
* The transfer floor above supporting the weight leé floors with the steel
columns acting in tension.

* The fire protected steel columns and the conctete tlabs transfer the load

back to the core of the building in some form afitdaver action.

In order to evaluate these alternatives, or idgmtify others which may be involved,
it is necessary to create a structural sectionlioeds view through the building

encompassing at least one of the steel columnsir@iy1, Figure 4.2.)

Steel

/ columns

Concrete
core

AN

\ Concrete
slab

Figure 4.1 Example Structural section
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Figure 4.2 Structural Section location

This particular location within the building wasosen because of the equal span and
reinforcement arrangement of the concrete slalldlvars between the core and the
steel columns, both above and below the transter flit is also in the area where

fire protection had not been applied to tfefl@or (the West face of the building).

It should be noted that this particular sectionagmad intact both below and above
the transfer floor. In the case of the upper ssoties may be due to the presence of

the new fire protected fire escape which remaiméakt throughout the fire.

The inputs to this model can then be varied toesgmt hypothetical cases and to
demonstrate the importance of combinations of leltburning floors, upward and

downward spread and presence or lack of fire ptiotec

For the model of this section of the building to éstablished, the development of

smaller models was deemed necessary to test madabies.
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4.6 Conclusions

This chapter has highlighted the advantages ofFib84 and Abaqus packages, and
these will therefore be used for subsequent ficestructural analyses, respectively.

Due to the level of assumptions required for bdig fire and structural models, it
will be impractical to carry out a totally forensinodel of the Windsor Tower.
However, a Windsor Tower-like structure can be nledeand the results shown to
approximate the real world fire.

The specific collapse mechanism to be examinedbeilthe failure of the perimeter
area of slab, as this is a precursor to the ‘unagdpmechanism. This can also be
compared with an equivalent area of the buildingerehcollapse did not occur, the
unprotected areas of th& Hloor.
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CHAPTER 5: TESTING MODELLING
VARIABLES
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51 Introduction

Due to the number of unknown variables requiredaféire or structural analysis it is

necessary to develop a ‘worst credible case’ method

This is distinct from the ‘worspossible case’, as some degree of engineering
judgement and comparison against known resultsed to decide on the final values

for future analysis.

This will be used to develop a fire case for amilan to a structural model and a set

of physical properties for the concrete.
This will be examined in the following sections:

*  Fire Modelling
e Structural Modelling
* Sensitivity Analysis

¢ Conclusions
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5.2  Fire Modelling

As discussed in Chapter 4, two methods will be usedodel the fire — a simplified

ISO-based curve and Computational Fluid Dynamics.

A great many assumptions were required about tree Ifiading, geometry and
ventilation characteristics of the Windsor Toweithva large majority of such details

being unknown.

5.2.1 CFD Model

As discussed in Chapter 4, the fire model choses vesed upon a CFD fire model
originally developed by GIDAI (Figure 5.1). This ol was originally developed to
examine fire spread rates through a floor of th@d8or Tower and used an office
arrangement reflecting the layout believed to bplace on the Zifloor, where the

fire initially broke out. (Capote 2006)

Smokeview 4.0.7 - Mar 12 2006

Naar's e e v (ol

L/ 4

N WL R O

Time: 5976 - ]

Figure 5.1 Original CFD model, Group GIDAI, University of Cantabria (Capote 2006)
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Several adaptations to GIDAI's original model wenade for the current research,

shown in Figure 5.2:

A more ‘generic’ layout to the structure was depeld. This was achieved by
removing all the office doors and therefore prodgcan ‘open plan’ layout,

though with a similar quantity of combustible mé&ier

* Quartered and mirrored the floorplan to reduce dbeputational run time
required. This was decided as the level of inforomatequired from the fire model

was less than for a full fire spread analysis.

Smokeview 4.0.7 - Mar 12 2008

Figure 5.2 Altered CFD model

A reasonably fine grid size of 0.1m x 0.1m x 0.1abic cells was used, uniformly.
This decision was based on previous research frtbABvhereby size was shown

to effect on the output.

The multiprocessor capabilities of FDS were usefilitther break the computational
domain down into 4 grids, each calculated by alsipgocessor. This can lead to

some degree of inaccuracy as data is transfertegebe the computational domains.
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Any inaccuracy produced by the subdivision and $ifioation of the model must be

weighed against the number of other assumptionsgrest

The initial assumptions are likely to introduce ager degree of variability and

therefore any “inaccuracy” due to these simplifimas can be ignored.

The windows around the perimeter were set to bmegkairs when a temperature
sensor placed beside them reached a thresholdOd€ 15 his would have an effect
of allowing increased ventilation to the fire compa@ents and is consistent with the

spill plume observed in the Windsor Tower.

To improve modelling of the flames exiting the danvs (Spill plume) a gap of 4.8
metres was left around the perimeter of the fl@aditionally the thickness of the
upper floor was increased to an unrealistic leweltlsat the flames exiting the
windows would not ‘loop back’ over the top of thpper floor slab unrealistically

before escaping from the domain.

Once the model had been developed, 4 processotinwihe University of

Edinburgh’s CLX cluster of machines were used tmgote the results.

The computational time required to complete thsdet for a 1 hour fire duration
was approximately one month. Figures 5.3-5.8 shawdehframes, demonstrating

the fire spread.
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Smokeview 4.0.7 - Mar 12 2008

mesh: 1

Frame: 120

Tine: 4320 [ ]

Figure 5.3 Smoke spreading from initial fire compatment

Smokeview 4.0.7 - Mar 12 2008

mesh: 1

Frame: 280

Time: 100z I

Figure 5.4 Flames breaking out of initial fire comgrtment window
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Smokeview 4.0.7 - Mar 12 2008

mesh: 1

Frame: 460

Time: ese.o —— |

Figure 5.5 Fire spreads through floor

Smokeview 4.0.7 - Mar 12 2008

mesh: 1

Frame: 640

Time: 2o — |

Figure 5.6 Fire through most of floor
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Smokeview 4.0.7 - Mar 12 2008

mesh: 1
Frame: 640
e zooeo I |
Figure 5.7 External flaming from windows
Smokeview 4.0.7 - Mar 12 2008
mesh: 1

Frame: 840

Time: anzer I

Figure 5.8 Localised extinction
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As can be seen from the figures above the initialdompartment did not remain in
a constant and equal state of burning; the fires diewn and then re-ignites on
several occasions. This shows that not all of thenhable material within this

compartment, or within any of the compartments, heen entirely consumed by the

conclusion of the model.

The fire spreads throughout the entire floor quadi#ing a period of roughly 20
minutes. This coincides with the timeline showrFigure 3.6 (Kono 2005). It must
be remembered that as a mirrored, quarter floor eindde FDS model will
automatically include multiple points of ignitiomhis is likely to be the case on most
floors as external flames will re-enter the flodrvarious locations though not
necessarily simultaneously. Similarly internal sygtéhrough voids could take place

in several locations.

The model also demonstrates that it is unlikelyt Hray specific structural member

will be exposed to a consistently high temperatwer the entire duration of the fire,

as the extent of the fire fluctuates within theofloThe peak temperature generally
only acts on any given area for a duration of 10utes.

Temperature cross sections through the fire shawvthie peak temperatures attained
are in the region of 1000°C. Again this coincideghwobservations of concrete

conditions from the INTEMAC report which noted thatmperatures in excess of
800°C were reached (Calavera 2005).
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Figure 5.9 shows the Heat Release Rate (HRR) figtwe the entire floor and
demonstrates that the HRR fluctuates about a caonstue of 60MW after the
initial growth phase.

8.00E+04

7.00E+04 -

6.00E+04 -
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Figure 5.9 FDS Heat Release Rate, whole model

There appears to be some degree of decrease totardsd of the model. However
localized and possibly temporary extinction mayoaett for this while other areas of
the fire are still in a growth. Therefore it canibetreasonably assumed that after one

hour the fire over the whole floor is entering @alephase.

As the quantity of fuel present in the floor wikny greatly from floor to floor, and
the ‘burnout times’ of each of the items has beewgidkd empirically or from
standard literature (Pons 2007), it becomes cleat tising the FDS model to
confirm the decay phase of the fire will be difficurhus the CFD model will be
used to correctly confirm the growth phase of theet and the peak temperatures,

with documentary observation being of more useeteninine the onset of decay.
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5.2.2 Fire Curve

As discussed in Chapter 4 a more simplified blit@tedible fire could be specified
and then be compared against the results of the @B&el. This curve would be
used for the initial structural modelling while tl&FD analysis completes, and
potentially afterward if it is shown to have reagble agreement with the CFD

results.

The simplified model used is based on the ISO dweve, with a growth phase
duration of 1 hour. This matches the approximatestthat the fire was reported to

be fully developed on each floor in the timelind=igure 3.6 (Kono 2005).

A major problem of the ISO curve is its lack of @oting phase. It was decided to
introduce 1 hour of cooling to take into account oaoly the time of the fire

undergoing extinction, but also the heat imposedthy reradiation within a

compartment once the fire has been extinguisheds Gtoling phase is a linear
decay.

A spreadsheet was developed in order to automattethperature generation for the
fire curve, with the temperatures being definetiva minute intervals. As the initial
growth phase of the ISO curve is steep, the temy@s in the initial five minutes
are defined at one minute intervals. A typical fiefinition curve is shown in Figure
5.10. Note that Abaqus, the Finite Element packasgal for heat transfer analysis,

interpolates between these temperature/time points.
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Figure 5.10 Two ISO based fire curves with varyinggnition times

It is possible to vary this curve, in order to cparvariables including:

time of ignition
duration of the fire
duration of the cooling phase

maximum temperature attained.

For example, a fire can be defined with a tempeeatise 110% of that reached in

the normal I1ISO curve. The duration of the fire tkewise be altered, so that the fire

can have a longer or shorter duration in such a asyo ‘stretch’ the curve.

Examples of this are shown in Figure 5.11 and Edui2
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Figure 5.11 Variation in fire curve duration
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Figure 5.12 Variation in fire curve temperatures
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5.2.3 Comparing the fire specification methods

The results of the CFD analysis were compared withvalues produced by the
developed fire curve. Three areas are examinec +abm of initial fire outbreak,

the corridor outside and the room next door. Theraye temperature of the hot layer
of each compartment is estimated — as can be sdégure 5.13 to Figure 5.18 there

is a large degree of spatial variation.

Smokeview 4.0.7 - Mar 12 2008 Shice

Initial Fire
Compartment i

200

mesh: 1

Frame: 157

Tims: 5652

Figure 5.13 Elevated temperatures in initial fire ompartment
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Figure 5.14 Elevated temperatures in hall
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Figure 5.15 Elevated temperatures in room next dooto initial fire compartment
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Figure 5.16 Increasing temperatures
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Figure 5.17 High temperatures throughout
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Figure 5.18 Localised fluctuations and reductionsni temperature
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Figure 5.19 FDS temperatures vs. ISO-based curvenperatures
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As can be seen in Figure 5.19, the peak tempegatuweesimilar to the values of the
ISO based curve and reach sustained temperaturesh vaine similar to those
exhibited by the middle portion of the ISO basedveu Note that the ISO based
curve is duplicated with a 15 minute delay and cidies well with temperature
increases in the corridor and the office next ddtoshould be noted that the FDS

runs ended at 3600s, and hence the results ind=gui® stop at this point.

The CFD method produces highly specific results arel temperatures at many
points, necessitating a very narrow choice of opecsgic member and the
application of a specific fire to it. As has beescdssed in Chapter 4, it is possible to
automatically couple CFD output with structural lgss using a variety of packages
such as ANSYS/CFX. (Liang and Welch 2007; Welchiellet al. 2008)

However, this specific application reduces theighib generalise the model to other
similar buildings, different areas of the same diai or different fires within the
same building. It can also create a false imprestiat the fire, and the exposure of
the structure to the fire, can be characterise@ toigh degree of accuracy and
exactitude. Given the number of assumptions whiclstrbe made to develop a fire
model, this is unlikely. (Rein 2007a)

Therefore, given the comparison of the CFD resatid the values produced by the
ISO-based curve, it is reasonable to use the 1S@ebaurve and variations of it for

all structural analysis.
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5.3  Structural Modelling

A logical and systematic method of creating a $tnat model of the Windsor Tower
was developed and used. This method consistegpbés8es in order to determine the

‘worst credible case’ for structural modelling.

e Determination of Properties
o Material Properties

o Thermal Properties

» Development of simplified models
0 Beam model

o Floor model

*  Sensitivity analysis by testing modelling variasaof :
o Fire spread
0 Moisture content

o Concrete type

5.3.1 Determination of Material & Thermal Properties

Construction drawings were used to determine basiactural properties and
material characteristics associated with the Windsmwer. However, these plans
did not specify certain concrete properties sucthadensile capacity of concrete or
type of aggregate used. This is significant as rowith different aggregates will

behave differently at raised temperatures.

While the type of aggregate was not specified adhiginal construction drawings,
there is an indication the Windsor Tower may hagerbconstructed using Siliceous
concrete due to its post-fire performance (Cala2&@b).

Siliceous concrete is significantly weaker at higimperatures than Calcareous
concrete. In order to prevent the aggregate typenfhaving an overly large
influence on the other sensitivity analyses, it wdecided that the stronger

Calcareous aggregate would be used for the majofritye sensitivity analyses.
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The temperature dependant properties of the caneared steel reinforcement were
defined using the guidance from (Eurocode 2 200d)(&urocode 4 2003). Both the
thermal and physical properties were varied in etaoce with the Eurocode
recommendations. The final values used for the redacand steel properties are

given in Appendix A.

Note that though many physical properties do nsitore on cooling, the central core
of the concrete is unlikely to reach high enoughperatures for this to have a major
effect. Therefore the physical properties will beeséd on the current temperature

rather than the maximum temperature attained.

Transient creep strain, as mentioned in Section &y make the Eurocode
properties unconservative. However as the prinaips¢arch topic of this thesis is
the study of structural interaction with fire rathlean evaluation of different material

models, the Eurocode values will be used as thewately available.

The concrete will be modelled using the Concreten®ged Plasticity (CDP) model
provided in Abaqus. This provides a yield surfaesdal upon the work of Lubliner
and Lee and Fenves (Lubliner, Oliver et al. 1988 bnd Fenves 1998) and can be
used to model the compressive and tensile behawduconcrete separately,
including the post-yield behaviour (Abaqus 6.8-1 ndal 2008) (Abaqus 6.8-1
Theory Manual Section 4.5.2). CDP is also able tmleh the degradation of elastic
stiffness, i.e. damage, to concrete although taability has not been used in the

models discussed here.

5.3.2 Development of the ‘beam model’

The first model developed for the sensitivity asaly is a simplified model of the
floor slab, simply supported rather than using iséial support conditions. This
model will be used to carry out the majority of tisensitivity study’ to find the

worst credible combination of material strengthteraf fire spread and other

variables.
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In order to simplify the structural modelling ofettiloor slab, the section of slab is
modelled as a beam (Figure 5.20, Figure 5.21).h&sflbor slab is constructed as a
waffle slab, the simplest method of selecting satle beam size is to take one of the
ribs of the slab spanning in the desired directimeglecting any structural capacity
of the un-reinforced concrete screed which spathsdan the concrete beams (i.e. it
iIs not modelled as a T beam). This is a worst cxsmario for the sensitivity
analysis, as the screed will provide additional poessive strength at the mid-span
of the beam.

A H

Figure 5.20 Initial 'Beam model'

Figure 5.21 Abaqus model of 'beam model'
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The dimensions of the beam are available from thesttuction drawings for the
Windsor Tower. All waffle slab ribs are 230mm ddamluding the 30mm screed
directly on top of the beam, which will be inclugeshd 100mm wide on all floors of
the tower as discussed in Chapter 3. In the areex@mination selected in Chapter
4, the selected beam spans 5.2m from the conaveteot the building to the exterior
steel columns on all floors. It was felt that ussigple supports for the sensitivity
analysis phase of modelling would be a worst cas@aio, as it will increase the

moment at mid span. Fixed end supports are ustilater models.

Details of the reinforcement present in the beamewalso available from the
construction drawing of the Windsor Tower. The temforcement consisted of two
8 mm bars, and the bottom reinforcement was twanib?2 bars on all floors. The
levels of cover to the reinforcement were deriviednf these construction drawings
and the INTEMAC report (Calavera 2005). While ifpisssible to be accurate about
the depth of cover to the bottom reinforcement, dbtails of the depth to the top
reinforcement are less clear and the INTEMAC reperived them by scaling from
the diagram (Calavera 2005). See Figure 3.4 fomildetof the waffle slab

construction.

230mm

Figure 5.22 Cross section of ‘beam model’
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The beams being examined run East-West and theréfore the profile shown in
diagram Figure 5.22. The method of constructiordusehe Windsor Tower waffle
slabs involved permanent clay formwork around 10 thitk (Calavera 2005). This

will cover both the bottom and sides of the beam.

In order to simplify the thermal model being ustus clay was omitted on the sides
of the beam and been defined as part of the canatethe bottom of the beam.
While it will not have the same physical propertidss modelling scenario will
result in broadly similar thermal properties to caate and will therefore provide
enhanced insulation to the reinforcement. The effécthe variation in structural
capacity provided by this additional “concrete” Mok limited in tension though it

may have an effect when the clay is in compression.

The strength of both the reinforcement and the macare also shown on the
construction plans. The steel has a strength o0 3@fcnf (Modelled as 50N/mA)
while the concrete has a compressive strength &f KiZzenf (Modelled as 17.5
N/mn?). This is a weak concrete mixture. The tensileacity of the concrete at
ambient temperature was unknown, and therefordue v 1.5N/mm was selected,

under 10% of the compressive strength.

The concrete beam was modelled in Abaqus using SARI elements. Shell
elements can have up to 19 temperature definitmntg throughout their depth, and
are therefore well suited for a combined thermatimagical analysis. Beam elements
cannot be used to model concrete with reinforcemenAbaqus Explicit, and
therefore would be a significant drawback when niodg of a collapse state is
required. The reinforcement is modelled as ‘smeéatagers within the shell
elements rather discreet rebars. These layersedirged by specifying the size and

distribution of the rebars.
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Reinforcement Area/Bar Spacing Vertical distance from
Layer (mn) (m) centre line (m)
Top Rebar 50.3 0.06 0.103
Bottom Rebar 113 0.06 -0.085

Table 5.1 Reinforcement in 'beam model’

The loads applied to the ‘beam model’ were caledabased upon the building

construction drawings and are tabulated below.

Name Loading Applied to Basis of calculation

Gravity -9.81 m/s Whole model | Automatically calculated by
Abaqus

Live Load | 25309.8 N/ | Top of Beam | 430kg/ffrom construction
drawings; Beams at 0.6m
centres; Top of beam 0.1m
wide

Slab Self |3531.6 N/m | Top of Beam | Concrete density 2400 kgy/n

Weight Slab 30mm thick

—

Table 5.2 'Beam model' loads

5.3.3 Single ‘Floor Model’

The single ‘floor model’ is a further developmerittbe simply supported model

whereby the ‘beam’ representing the floor lab tacted at one end to the concrete

core of the building, with the other being fixedatsteel column above and below the

floor slab (Figure 5.23, Figure 5.24). These cotinas are fixed against rotation.

This model is a precursor to producing a multi flsectional model (Chapter 6).
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A
N

5.2m

Figure 5.23 Second model ‘Floor Model’

Figure 5.24 - 'Floor Model' in Abaqus

The steel columns on the perimeter of the building spaced at 1.8m intervals,

while the ribs of the waffle slab are spaced abtDiltervals, supported at their ends
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by an edge beam 1m wide (Figure 3.2). Thereforetlier loading on the steel

columns to be correct, three ‘beams’ must be medell

Rather than model the floor slab as a grillagerohary and secondary beams, the
three primary beams are joined to form a beam M@mhe. The loading is scaled to
take into account the additional area acting on ‘tteam’. As this is a 3D

representation of a 2D section, and lateral movernsenot being considered, this

will produce accurate results at a much reducedocational cost. (Figure 5.25)

Figure 5.25 Three beams joined together

The structural effect of the edge beam is negled¢texligh the load it imposes on the
steel columns is included, as is the loading fréma éxterior cladding. The edge
beam is 1m wide and 0.23m deep. Note that whennelgohto the multiple floor
model the edge beam is modelled as a lateral mastpaeventing out-of-plane

movement and rotation.
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Name Loading Applied to Basis of calculation

Gravity -9.81 m/s Whole model | Automatically calculated by
Abaqus

Live Load 25309.8 N/ | Top of Beam | 430kg/fifrom construction
drawings; Beams at 0.6m
centres; Top of beam 0.3m
wide

Slab Self 3384.45 N/m | Top of Beam | Concrete density 2300 kg/m

Weight Slab 30mm thick

Secondary 3924 N/nf Top of Beam Reinforced Concrete densit

beams 2400 kg/ni; Beams 0.1m x

0.2m x 0.5m; 0.6m centres

load

Facade Load | 3531.6 N Join of beam | 200kg/m from construction
and column drawings; 1.8m long
Edge Beam | 8475.84 N Join of beam | Reinforced Concrete density
and column | 2400 kg/ni;
Beam 1m x 0.2m x 1.8m
Axial column | 3196333 N Join of beam | Load from floors and

and column

columns above floor 21.

y

Table 5.3 Load on ‘Floor Model’

Note that in Table 5.3, the Edge Beam and Secori8ieayns are 0.23m deep, but the

load of the top 0.03m is already included in thebShelf Weight.
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Figure 5.26 Column cross section for ‘Floor modelfabricated from Two UPN 140 sections

The cross section of the exterior steel columngsdrom floor to floor, so a section
was chosen to represent the column above and étaw 21, the floor of initial fire
outbreak. The columns are fabricated from a paichannel sections connected at
the tips of their flanges (Figure 5.26). The chdrseetions were not welded together
over their full height (Kono 2005) though detailsvehat proportion of the length
was welded are unclear. As can be seen from thiefippgphotographs (Figure 3.7)
some of these sections appear to have become wharaen subjected to heating
though Figure 3.8 and Figure 3.9 may indicate thatseparation was between the

structural steel columns and the facade steelwork.

Any splitting of the steel columns will have raisé@ temperature of the individual
channel sections further than would be the cas¢hfotarger composite section and

reduced their overall buckling capacity.
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Calculation shows that an equivalent rectanguldlotvosection has the same cross
sectional area and second moment of area abouhaf@ axis, which can then be
used easily in Abaqus. The second moment of areansa considered about the
minor axis. See Figure 5.27 and Table 5.4

A
v

Figure 5.27 Cross section of equivalent column bosection
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Section (x2)| Area (mnf) | I (mn") | Equivalent box| Area lyx (M)
section (mm) | (mnY)

UPN 100 2700 4,120,000 b=100 2696 4,140,229
h=100
a=6
e=8.5

UPN 120 3400 7,280,000 b=120 3408 7,350,336
h=110
a=7
e=9

UPN 140 4080 12,100,000 b=140 4080 12,176,000
h=120
a=7
e=10

UPN 160 4800 18,500,00(h=160 4815 18,636,151
h=130
a=7.5
e=10.5

Table 5.4 Properties of double UPN sections and eigalent box sections used in model

In the case of these single floor models, the steélmns are assumed to be
perfectly fire protected, and do not increase mgerature throughout the duration of

the model.

5.3.4 Heat Transfer

When conducting a heat transfer analysis it is s&ay to characterise the
temperature to which the steel reinforcement igezieéd. It was assumed that, since
the concrete had equal or greater levels of conen fthe side of the beam to the
reinforcement, in addition to the insulating efeof the clay formwork to the side, a
1D heat transfer would be sufficiently detailed. @ss be seen from Figure 5.28, the
temperature to which the reinforcement would be oseg is approximately

equivalent.
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Figure 5.28 1-D vs 2-D heat transfer

In order for a heat transfer to work correctly, tiedal points of a member must be
identical in both the thermal and mechanical madélss is achieved simply by
copying the model from one type of analysis todtieer, and changing the element
and step types used. Type DS4 shell elements vee for the heat transfer, which
are the equivalent to the type S4R elements usHteistress analysis. These have an

equal number of temperature points throughout #pthdof the element.

As the beam is to be modelled using Abaqus’ librainshell elements, it will be
impossible to transfer heat in from the edge oftekam. When using Abaqus, a full
3D heat transfer analysis would require Continuurtblock’ elements. While block
elements exist which are capable of modelling ahaeical analysis involving

bending accurately, it is computationally cheapeunde Shell elements.

External temperatures were used for the heat wamsfalyses rather than external
heat fluxes, as these results were easier to ofstamthe CFD analysis and the ISO-
based curve. The temperature was defined as bmettliative and convective film on

the top and bottom surface of the shell elements.
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5.4  Sensitivity Analysis

Having established simplified structural modelsnated as the ‘beam model’ and
the ‘floor model’, and established the method odithieansfer analysis to be used,

sensitivity analysis can be performed.

The sensitivity analysis establishes the ‘worstlitile case’ of variables that can be

applied to the more detailed structural model$efWindsor Tower.
The ‘beam model’ was used to examine:

e Variation in fire spread rate
* Variation in moisture content
* Variation in fire duration
e Variation in fire temperatures
* Mesh sensitivity
The “floor model” was used to examine

e Variation in concrete type

* Variation in concrete tensile definition

Both models were also used to investigate the wsffeé change of Concrete

Damaged Plasticity parameters and Thermal Exparms$iaracteristics.

5.4.1 Initial Beam Model

The first structural model used no heat transfealatand simply specified the
temperature throughout the entire member. Thisaadly similar to heating a totally

unloaded member in an oven to the desired temperatand then applying load to it.

This is a “proof of concept” model, and uses higseength (30N/mR) Siliceous
concrete and steel that loses plastic strength latvar rate than for subsequent

models. Expansion is neglected.

101



Tall Concrete Buildings Subjected to Vertically Moving Fires:
A case study approach

Figure 5.29 Final state of proof of concept modelrjor to failure

The ‘constant temperature’ involved increasing tdmperature linearly throughout
the entire stress model and demonstrated structadaility until the member reached

a temperature of approximately 552°C (Figure 5.29).

This is approximately the temperature at which Istee concrete are regarded to
lose the majority of their strength, so it is unsiging that the member appears to
fail (or not converge due to severe discontinuitreshe material behaviour) at this
temperature. Further checks of the validity of tiedel can be made by simple hand
calculations, for example for the deflection. Theaf vertical mid-point deflection of
the beam is 0.036m. A very simple calculation ushegwell know formula:

Deflection = 5/384x(WE)/EI

Where | is the second moment of area of the secimsh E is the modulus of

elasticity of the concrete gives a deflection @20n. While this is a lower deflection
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than that produced by the Abaqus analysis, it setdan the steel and concrete still
behaving elastically at the end of the analysibelathan having yielded. As the
deflection is of the correct order of magnitudestisiregarded as acceptable.

This proof of concept demonstrates that a heaiefbreed concrete member can be
successfully modelled using the Abaqus applicatamm, produces results in keeping

with published values.

5.4.2 Variation in Fire Spread Rate

One of the critical points of interest in the WindJ ower fire is that the fire spread
between floors, both upwards and downwards. That §et of sensitivity analyses

were designed to examine:

* The critical fire spread rate
e The impact of upward or/ downward spread

Thermal models were created with the 1SO-basedclirge applied with differing
time delays to the top and bottom surfaces of #enb A case was also specified
where the fire was applied only to the bottom stefaf the beam, rather than both

the top and bottom. In all but one case upwardagpveas assumed.

The 100% temperature (Figure 5.12), 100% duratiigufe 5.11) 1SO-based fire
was applied to the top of the beam as well as tigerside as this is likely to be more
severe, ignoring any insulation effect of the carped the generally lower air
temperatures in the lower areas of the fire compamt. The main temperature driver
for the top of the beam is the radiation from thet'layer at the top of the
compartment rather than local air temperatures, thatefore the temperatures are
likely to be equivalent. In the case of large quee® of debris having fallen on top
of the floor slab, the smouldering of flammable engtls is also likely to impose
large temperatures to the top of the slab

All of the heat transfer models used Abaqus Stahdath a duration of 100 hours,
to allow the concrete at the core of the membearot to ambient temperature. The

models are referred to by the difference in timevieen the fire being applied to the
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bottom and top surfaces of the ‘beam model’. A talute delay upward spread”
model would apply the fire to the top surface 15umes after the bottom surface,
simulating the fire taking 15 minutes to travelifr@ne floor to the floor above.

Name | ISO-Based ISO-Based Input file names (Heat Transfer/Stregs
temperature temperature Analysis)
applied to applied to top a
bottom at time | time (min)
(min)
-30 30 0 HeatTB100Lngneg30.inp
TBStress100Delayneg30NoStabv2.inp
0 0 0 HeatTB100LngO0.inp
TBStress100DelayONoStabv2.inp
15 0 15 HeatTB100LNng15.inp
TBStress100Delayl5NoStab.inp
30 0 30 HeatTB100LNng30.inp
TBStress100Delay30NoStab.inp
35 0 35 HeatTB100LNng35.inp
TBStress100Delay35NoStab.inp
45 0 45 HeatTB100LNng45.inp
TBStress100Delay45NoStab.inp
50 0 50 HeatTB100LNng50.inp
TBStress100Delay50NoStab.inp
55 0 55 HeatTB100LNng55.inp
TBStress100Delay55NoStab.inp
60 0 60 HeatTB100LNng60.inp
TBStress100Delay60NoStabv2.inp
Bottom | O N/A HeatB100Lng.inp
BStress100v2.inp
15v68 | O 15 HeatTB100Delay15v68.inp
TBStress100Delay15v68.inp

Table 5.5 Heating conditions
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Temperature

. L L L L I . . 1y,
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Figure 5.30 Example Heat Transfer output for 15 mimite delay upward spread. NT11=Bottom
surface, NT19=Middle of section, NT29=Top surface.

The outputs from the heat transfer models (FiguB9)5were imported into the
simplified ‘beam model’ again in Abaqus StandarcheTstress model and
temperature model must have an equal duration wisng Abaqus Standard,
otherwise the heat transfer results will be ‘corspesl or ‘stretched’ to fit the stress

model duration. This can lead to unexpected outipuddaqus Standard.

The results from the stress models demonstratedrtithe case of all scenarios, the
concrete beam underwent severe plastic deformaiwith, large plastic strains in

both the bottom and top reinforcement (Figure 5B3dure 5.32)

105



Tall Concrete Buildings Subjected to Vertically Moving Fires:
A case study approach

== Maximum Plastic
Strain, Bottom Rebar
(Tensile), V6.7-1

===Maximum Plastic
Strain, Top Rebar
(Tensile), V6.7-1

_ Maximum Plastic
0.02 Strain, Top Rebar
(Compressive), V6.7-1

Maximum Plastic
Strain, Bottom Rebar
(Tensile), Fire below
only, V6.7-1

Strain

1 ® Maximum Plastic

I — Strain, Bottom Rebar
] (Tensile), V6.8-1

0-005 ®  Maximum Plastic
Strain, Top Rebar

( ensile), V6.8-1
/4/.'
o

T T o T T T T Maximum Plastic

Strain, Top Rebar
-45 -30 _ -15 0 15 3Q 45 60 75 (Compressive), V6.8-1
Time Delay of upward floor to floor fire spread (s)

Figure 5.31 Time delay analysis, Plastic reinforceamt strains. Note that Compressive strain in

the bottom rebar is always zero.
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Figure 5.32 Time delay analysis, vertical displaceemt.
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From these results, it can be seen that thergpesak in deflections when the delay
between the bottom and top fires was in the ran@® thinutes, and that the peak

plastic strains in the reinforcement occurred mridnge 15 to 30 minutes.

During this phase of the research a computationar en Abaqus v 6.7-1 was

identified. This error related to heat transfer aadulted in higher than expected
temperatures within the member. The modelling foe spread rate had been
completed by this stage. As the error produced eersevere condition, the models
were not re-run except the most severe case, 16tenupward spread. This was re-
run with a temperature analysis produced by Abatfu8-1, and the results are
shown for comparison in Figure 5.31 and Figure 513f new heat transfer results

are shown in Figure 5.33 for comparison with Figbu®0.

Temperature

. [xLE3]

NT11 N: 42 NSET TEMPPOINT
———  NT19 N: 42 NSET TEMPPOINT
——  NT29 N: 42 NSET TEMPPOINT

Figure 5.33 Heat Transfer output for 15 minute delg upward spread using Abaqus V6.8-1.
NT11=Bottom surface, NT19=Middle of section, NT29=dp surface.
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While the temperature analysis was incorrect inMsav6.7-1, the stress analysis
worked correctly in both versions.

In conclusion, the 15 minute upward spread casebeaconsidered the most severe

and will be used for all subsequent sensitivitylgsia models.

5.4.3 Variation in Moisture Content

The initial ‘basic’ moisture content is 1.5%, thmid range’ value provided in the
Eurocode concrete properties (Eurocode 2 2003)rder to check that variations in
moisture content would not have a disproportioyatejh effect on the structure, the
model was also run with 0% moisture and 3% moistwith a 15 minute delay in

the upward fire spread. The moisture content affebe effective Specific Heat
Capacity of the concrete via an additional latezsithNote that the conductivity of
the concrete is set to the upper bound suggestibe iBurocode.

Moisture| Input file names (Heat Transfer/Stre
Content | Analysis)

0% HeatTB100LngDryv68.inp
TBStress100Delay15dryv68.inp
1.5% HeatTB100Delay15v68.inp
TBStress100Delay15v68.inp

3% HeatTB100Lng3moistv68.inp
TBStress100Delay15moist3v68.inp

1A
(2]

Table 5.6 - Moisture contents to be analysed
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2.00E-02
1.80E-02 = Maximum Plastic
Strain, Bottom
1.60E-02 Rebar (Tensile)
1.40E-02
1.20E-02
£
g 1.00E-02 == Maximum Plastic
(%)) Strain, Top )
8.00E-03 Rebar (Tensile)
6.00E-03
4.00E-03
2.00E-03 Maximum Plastic
Strain, Top
Rebar
0.00E+00 T T T T T T (Compressive)
0 0.5 1 15 2 25 3 3.5

Moisture content (%)

Figure 5.34 Moisture content analysis, Plastic refiorcement strains. Note that Compressive

strain in the bottom rebar is always zero.
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Figure 5.35 Moisture content analysis, vertical diglacement
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These results indicate that the 0% moisture cordgnation is more severe as it
increases the internal temperature of the membyes. Thcrease in severity is not of
a significant magnitude. It is difficult to havecampletely ‘dry’ (0% MC) concrete
structure, however as an enclosed structure wha$ eonstructed several decades

ago, a moisture content higher than 1.5% seemasomable.
Therefore a moisture content of 1.5% will be usadlie remaining analyses.

It should be noted that moisture content has aifgignt impact on spalling.
However, this is not being considered in theseyaseal as it is difficult to predict and
unlikely to occur uniformly over an entire memberirndeed structure. Also, it was
noted in the INTEMAC report that where concrete falén from the bottom of the
ribs of the slab, there was little soot stainingisTmay indicate that this concrete
broke off during the cooling phase (Calavera 2005).

5.4.4 Variation in Mesh size

In order to ensure that mesh sensitivity does ntbduce inaccuracies into the
model, several refinements of the mesh were maldesd consisted of reducing the
element size and therefore increasing the numbexleshents. 15 minute upward
spread, using calcareous concrete with a moistoméent of 1.5% will be used, as

noted in earlier sensitivity analyses.
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Number of | Notes Input file names (Heat Transfer/Stress
elements Analysis)
20 HeatTB100Delayl15v68.inp
TBStress100Delay15v68.inp
40 HeatTB100Delayl5v68Fine.inp
TBStress100Delayl5v68Fine.inp
160 Analysis did not | HeatTB100Delay15v68Finer.inp
complete — stopped TBStress100Delay15v68Finer.inp
after 24.7 hours
480 Analysis did not | HeatTB100Delayl5v68Finest.inp
complete — stopped TBStress100Delay15v68Finest.inp
after 23.3 hours

Table 5.7 Element numbers to be analysed

Note that the finest two meshes did not completee Tause of this is unknown,
however the final results were comparable with ¢hpsoduced by the two coarser
meshes at similar times. It is not believed thdlapse was initiated, but that some

other unknown numerical instability prevented theselels from continuing.

As can be seen from the graphs below, while me=hdid affect the results from the
models, there is no clear trend as the defleciish ihcreases and then decreases as

the number of elements used increases. The varsasiee generally minor.
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Figure 5.36 Mesh size analysis, Plastic reinforcemestrains. Note that Compressive strain in
the bottom rebar is always zero.
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Figure 5.37 Mesh size analysis, vertical displacemie
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It can therefore be concluded that mesh sensitigdyes will be negligible in the

analysis when using these values.

8.4.5 \Variation in Fire Duration and Temperature

As discussed in Chapter 5.2.2, the heating curee gan be altered to provide both

longer and shorter duration fires, and fires witghler and lower peak temperatures.

The duration of the fire was extended and shortdneti0% to study the impact of

longer and shorter fires. The fire curves usedshosvn in Figure 5.11.

Percentage| Total fire duration | Input file names (Heat Transfer/Stress

of basic (minutes) Analysis)

duration

90% 108 HeatTB100Lng90LNngV68.inp
TBStress90LngV68.inp

100% 120 HeatTB100Delay15v68.inp
TBStress100Delay15v68.inp

110% 132 HeatTB100Lng110LngV68.inp
TBStress110LngV68.inp

Table 5.8 - Fire durations to be analysed

The maximum temperature rise that the fire reached also increased and

decreased by 10%. The fire curves used are showigime 5.12.

Percentage| Peak fire Input file names (Heat Transfer/Stress

of basic temperature ('C) | Analysis)

temperature

90% 852.5 HeatTB100Lng90TempV68.inp
TBStress90TempV68.inp

100% 945 HeatTB100Delay15v68.inp
TBStress100Delay15v68.inp

110% 1037.5 HeatTB100Lng110TempV68.inp
TBStress110TempV68.inp

Table 5.9 - Fire temperatures to be analysed
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Figure 5.38 Fire duration variation analysis, Pladt reinforcement strains. Note that
Compressive strain in the bottom rebar is always ze.
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Figure 5.39 Fire duration variation analysis, verttal displacement
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Figure 5.40 Fire temperature variation analysis, Ristic reinforcement strains. Note that

Compressive strain in the bottom rebar is always ze.
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Figure 5.41 Fire temperature variation analysis, vdical displacement

115



Tall Concrete Buildings Subjected to Vertically Moving Fires:

A case study approach
0.03
== Maximum Plastic
Strain, Bottom
0.025 Rebar (Tensile)
0.02
£
g).OlS === Maximum Plastic
[7p] Strain, Top
Rebar (Tensile)
0.005
Maximum Plastic
Strain, Top
Rebar
0 T T T (Compressive)
0 50 100 150 20C

Heat Flux (kW/m2)

Figure 5.42 Fire temperature variation analysis, coverted to heat flux, Plastic reinforcement
strains. Note that Compressive strain in the bottomebar is always zero.
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Figure 5.43 Mesh size analysis, converted to he#i, vertical displacement
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These results show that some additional strain @eftection occurs in a more
‘severe’, i.e. longer or hotter fires than the 1008 case (Figure 5.38 to Figure
5.41). Figure 5.42 and Figure 5.43 show the effettemperature variation with the

temperature converted into a radiative heat flux.

None-the-less, the 100% fire appears to remainoreddy close to witness
observations and average temperatures calculated tie CFD model. The 100%
fire will be used in future models, as althoughighlr temperature or duration fire

has a more severe effect on the concrete memiberefatill does not occur.

5.4.6 Variation in Concrete Type

Initial models used the Eurocode values for Catmaseconcrete, rather than
Siliceous concrete, as the latter exhibited lowempressive strength at high
temperature. Table 5.10 shows the difference betw@alcareous and Siliceous

concrete peak strength at various temperatures.

Temperature Calcareous Siliceous
20°C 17.5 17.5
100°C 17.5 17.5
200°C 17.0 16.6
300°C 15.9 14.9
400°C 14.9 13.1
500°C 13.0 10.5
600°C 10.5 7.9
700°C 7.5 5.3
800°C 4.7 2.6
900°C 2.6 14
1000°C 1.1 0.7

Table 5.10 Concrete strength, N/mrm

Initial modelling of the Siliceous concrete usihg tbeam’ model could not be made
to converge due to numerical instability using AlmdStandard. It was unclear
whether the member was truly undergoing collapsef the Concrete Damaged

Plasticity model was failing to resolve due compatal divergence. Reductions in
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the level of imposed load on the top of the beaowsld that the ‘beam model’ was
capable of withstanding 60% of the imposed load #00% dead load, under fire

conditions.

It is therefore possible that due to the unrealististraint conditions used for this
model, the Siliceous beam underwent failure. Aslie loading being applied is
unfactored, this might be expected. Generally rtegarded as unlikely that the full
live load will be applied during a fire and a faed live load of around 50% is often

used.

Modelling of variations in concrete type will besdussed further in Section 5.4.9

5.4.7 Concrete Damaged Plasticity Values

The initial values used to specify Concrete Damdgedticity (CDP) for the above
sensitivity analyses were not those recommendethanAbaqus Manual and may
have been unphysical. Therefore the ‘beam models wa-run using the

recommended values for CDP.

The floor models use 1.5% moisture, normal fireation and temperature and a 15

minute upward spread with Calcareous concrete.

Dilation Eccentricity | fb0/fcO K Viscosity
Angle Parameter
Initial CDP 15 0.1 0.666 0.01 0
values
Recommendeq 15 0.1 1.16 0.66 0
CDP values

Table 5.11 - Changes in CDP values
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Max Vertical | Plastic Strain, Plastic Strain,
Deflection Bottom Reinforcemen{ Top Reinforcement
(m) Max Min Max Min
Initial CDP -0.3777 0.0081 0 0.0013 -0.017
values
Recommended -0.3655 0.0097 0 0.0024 -0.014
CDP values

Table 5.12 — Results of change in CDP

The recommended values were used in the subsefliesdgction model (Chapter 6)
and the models discussed later in this chaptevayt decided that re-analysing the
previous models with the new CDP values would peittle added value. It was
judged unlikely that replication of the work wouldve highlighted more severe

results from the sensitivity analysis.

Input file names (Heat
Transfer/Stress Analysis)
Initial CDP HeatTB100Delayl15v68.inp
values TBStress100Delay15v68.inp
Recommende@ HeatTB100Delay15v68.inp
CDP values | NewCDPCalc.inp

Table 5.13 - Input files for CDP value change

5.4.8 Variation in concrete tensile definition

All previous models used a constant tensile capaeatiue for the concrete of
1.5N/mnf as noted in Section 5.3.2. , retaining constamile strength throughout
the analysis with no reduction at higher tempeestulhe concrete tensile behaviour
was assumed to be ductile. The modulus of elagticats assumed to have the same

value as for compression.
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The tensile capacity for concrete is usually goedrhy cracking. The behaviour of a
specific concrete material can be modelled in Alsagging a stress strain curve with
a descending branch.

\
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o
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0 0.0005 0.001 0.0015 0.002
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Figure 5.44 Potential concrete tension models

Many methods of selecting values for the descenldiagch of the stress strain curve
are available (Figure 5.44), and Abaqus can be ueednodel these. Values

suggested in the Abaqus manual are zero stressaost@ain 10 times the strain at
yielding, though the bilinear post yield behavisuggested by Rots (Rots, Kuster et
al. 1984) may more accurately model the real behavof concrete. Abaqus does
not allow zero values for the tensile capacity ohaerial, and therefore stress/strain
values were never allowed to drop below a nomiaale, beyond which the material

is assumed to strain in a ductile fashion.

Unfortunately, it was found to be impossible toiagh convergence of any of the
models using a tensile capacity model other thamilduThis is similar to the results
from Hong and Varma. (Hong and Varma 2009). Thimpdfication may be

unnecessary in Abaqus Explicit and would be a usafaa for further study.
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However for further analyses, concrete is modedleé material which behaves in a

ductile fashion after yield.

In order to model concrete behaviour, at high temapees the reduction factors for

tensile strength from the Eurocode can be used.

Temperature Reduction Factor
20°C 1
100°C 1
200°C 0.8
300°C 0.6
400°C 0.4
500°C 0.2
600°C 0
700°C 0
800°C 0
900°C 0
1000°C 0

Table 5.14 - Reduction factors for concrete in temsn at high temperatures

These reduction factors were used in a versiohafftoor model’ using Calcareous

concrete as discussed in Section 5.4.9.

5.4.9 Variation in Concrete Type using ‘floor model’

As Siliceous concrete could not converge using‘bleam model’ at full load, the
single ‘floor model’ was used to further examine #ffect of concrete type. With the
additional end restraint provided by both the cetercore of the building and the

steel column, the Siliceous concrete beam coulthdee to reach convergence.

When reducing the yield strength and subsequernilelbbehaviour of the concrete in
line with the Eurocode reduction values, it wasniuhat the maximum possible
reduction factor for siliceous concrete was 0.8G2°C+ (Table 5.14), equating to a
tensile strength of 0.9N/nmfin5.1% of the ambient compressive strength of the
concrete. With any greater reduction factor, nuoatrinstability prevented the

model from reaching completion.
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Therefore the tensile behaviour of siliceous coecmill be modelled as ductile,
reducing in line with temperature according to Eheocode reduction factors, to a
minimum value of 0.9N/mfm As can be seen, the Siliceous concrete member
performs worse in the case of a fire, with higheflettions. As this type of concrete
appears to be closely analogous to that used iihdsor Tower, and it is the worst

case, Siliceous concrete is used in the final rilaltir model of the Windsor Tower.

Max Vertical | Plastic Strain, Plastic Strain,

Deflection Bottom Reinforcement | Top Reinforcement

(m) Max Min Max Min
Calcareous -0.124 0.00276 0 0.02997 -0.0086
‘floor model’
Siliceous -0.127 0.00293 0 0.02951 -0.00835
‘floor model’

Table 5.15 Results of change in concrete type

Input file names (Heat
Transfer/Stress Analysis)
Calcareous HeatOneFloor.inp

‘floor model’ | CalcFullLoadNewCDP.inp
Siliceous HeatOneFloor.inp

‘floor model’ | SilicMin5Ductile100.inp

Table 5.16 - Input files for concrete type change

5.4.10 Thermal Expansion

During the subsequent modelling of the multipleoflsection of the Windsor Tower,
it was noticed that the Expansion Coefficients tfog concrete and steel and been

defined in the wrong form for input to Abaqus.
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Expansion Coefficients fo
Calcareous concrete

Initial Expansion
Coefficient @, 1/°C)

Corrected Expansion
Coefficient @, 1/°C)

20°C

0.000006174

0.000000006

100°C 0.000006980 0.000006175
200°C 0.000008660 0.000006622
300°C 0.000011180 0.000007350
400°C 0.000014540 0.000008358
500°C 0.000018740 0.000009646
600°C 0.000023780 0.000011214
700°C 0.000029660 0.000013062
800°C 0.000001520 0.000015190
900°C 0.000000000 0.000013636
1000°C 0.000000000 0.000012245

Table 5.17 Expansion coefficients for Calcareous norete

Expansion Coefficients fo| Initial Expansion Corrected Expansion
Siliceous concrete Coefficient ¢, 1/°C) Coefficient @, 1/°C)
20°C 0.000009285 0.000000009

100°C 0.000010610 0.000009288

200°C 0.000013370 0.000010022

300°C 0.000017510 0.000011218

400°C 0.000023030 0.000012874

500°C 0.000029930 0.000014990

600°C 0.000038210 0.000017566

700°C 0.000000000 0.000020601

800°C 0.000000000 0.000017949

900°C 0.000000000 0.000015909
1000°C 0.000000000 0.000014286

Table 5.18 Expansion coefficients for Siliceous corete

123




Tall Concrete Buildings Subjected to Vertically Moving Fires:

A case study approach

Expansion Coefficients | Initial Expansion Corrected Expansion
for Steel Coefficient @, 1/°C) Coefficient @, 1/°C)
20°C 0.000000000 0.000000000

100°C 0.000012425 0.000012480

200°C 0.000012856 0.000012880

300°C 0.000013264 0.000013280

400°C 0.000013668 0.000013680

500°C 0.000014071 0.000014080

600°C 0.000014472 0.000014480

700°C 0.000014874 0.000014880

750°C 0.000015074 0.000015080

800°C 0.000014103 0.000014103

860°C 0.000013095 0.000013095

900°C 0.000013409 0.000013409
1000°C 0.000014082 0.000014082
1100°C 0.000014630 0.000014630
1200°C 0.000015085 0.000015085

Table 5.19 Expansion coefficients for steel

An analysis using the corrected values was perfdrimeboth the ‘beam model’ and

the ‘floor model’ and compared to the values praduwith the recommended CDP

values (Section 5.4.8). The ‘beam model’ used ateom tensile capacity 1.5N/mim

as the previous beam models did.

Max Plastic Strain, Plastic Strain,
Vertical Bottom Rebar Top Rebar
Deflection ['Max Min Max Min
(m)
Initial expansion -0.3655 0.009707 0 0.0025 -0.014
coefficient,
Calcareous concrete
Corrected expansiop-0.301 0.008232 0 0.0003 -0.012
coefficient,
Calcareous concrete
Corrected expansioh-0.3254 0.008869 0 0.000564 -0.0124
coefficient,
Siliceous concrete

Table 5.20 - Results for correction of expansion edficients using ‘beam model’
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Input file names (Heat
Transfer/Stress Analysis)
Initial Expansion HeatTB100Delay15v68.inp
coefficient, Calcareous | NewCDPCalc.inp
Corrected expansion HeatTB100Delay15v68.inp
coefficient, Calcareous | NewCDPNewEXPCalc.inp
Corrected expansion HeatTB100Delay15v68.inp
coefficient, Siliceous NewCDPNewEXPSilic.inp

Table 5.21 Input files for expansion coefficient ciinge using ‘beam model’

As can be seen, the new expansion coefficientsvatloa Siliceous concrete ‘beam
model’ to run to completion. These had previousyyjlel due to numerical
instability. Therefore the correct definition of gansion coefficients is extremely

important. The Siliceous concrete still performsafty worse than Calcareous

concrete.
Max Vertical Plastic Strain, | Plastic Strain,
Deflection (m) | Bottom Rebar | Top Rebar
Max Min | Max Min
Initial expansion -0.127 0.0029| O 0.0295 -0.00835
coefficient, Siliceous
‘floor model’
Corrected expansion| -0.09814 0.0017| O 0.0247 -0.006%
coefficient, Siliceous
‘floor model’

Table 5.22 Results for correction of expansion cdéfients using ‘floor model’

Table 5.22 shows that the new expansion coeffisieesult in significantly lower
deflections and strains than the initial values mvhising the ‘floor model’. This
could be attributed to the higher values of the mayansion coefficients, resulting
in increased axial compression of the concrete neerabd a lower area of the beam

being in tension.
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Input file names (Heat
Transfer/Stress Analysis)

Initial expansion HeatOneFloor.inp

coefficient, Siliceous SilicMin5Ductile100.inp

‘floor model’

Corrected expansion HeatOneFloor.inp

coefficient, Siliceous SilicMin5Ductile100NewEXxp.ing

‘floor model’

Table 5.23 Input files for expansion coefficient cinge using ‘floor model’

It was again decided that re-analysing the prevemrssitivity analysis models with

new Thermal Expansion coefficients would providddiadded value. It was judged
unlikely that replication of the work would haveghlighted more severe results
from the sensitivity analysis with respect to tideday, moisture content, mesh size

or fire duration.

It is possible that using the corrected values xgfaesion coefficient could allow
more realistic modelling of the tensile propertiésoncrete. This would be a useful
area of further research.The correctly defined emlvere used in the subsequent full

section model (Chapter 6).

The values used to define the expansion coefficiesit 20°C are artificially low in

the corrected values, which will lead to incorregpansion between 20 and 100°C.
Again variation of these values would be a valuabésa for future research. At these
low temperatures thermal strains will be relativielw regardless of the expansion

coefficient used.
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55 Conclusions

The ‘simplified 1SO-based curve’ provides a reasiypaaccurate temperature
representation of the fire in the Windsor Towemgparable to the results from CFD

and real world observations.

It also reduces the erroneous impression that tkeaedefinitive’ fire that occurred
in the Windsor Tower and provides an envelope ofiperatures rather than a

constant spatial and temporal variation. Thiskislli to be a more sever case.

The sensitivity study of the physical propertiestlod concrete model leads to the

conclusion that the ‘worst credible case’ varialaes

15 minute upward spread

* 1.5% moisture content

» Siliceous concrete

* A1 hour ISO-based heating phase with 1 hour ligealing phase
» Mesh effects were found to be negligible.

* Tensile capacity of concrete was simplistically mitel as ductile with a

minimum threshold to allow model convergence.
» Shell elements will be used to model the concretnis
It is also important to ensure correct definitioh roaterial properties such as

expansion and CDP.

Shell elements are used for the concrete membeisegsallow accurate modelling
of deflected shapes in both Abaqus Standard andjUsb&xplicit. They also have
multiple temperature definition points through treepth.

These properties and fire definitions can therefoeeused in a larger structural

model to examine the collapse mechanisms in a ‘@éndower-like’ structure.
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6.1 Full scale Modelling and Analysis

This section details a large-scale structural moéi¢he Windsor tower based on the
results from the small-scale models and sensitiaityglyses from the previous
section. The aim of this model is to demonstratéstio structural behaviours,

including load redistribution, corresponding to ebstions during and after the fire.
The objective of the model is to provide the apilib examine a large range of
possible fire and fire protection scenarios, thus/joling a range of results which are

generic and can be applied to a wider range oasans.
This will be discussed in the following sections:

*  Full scale Modelling and Analysis

» Developing a full scale Windsor Tower structural malel
* Material values

« Relating full scale analysis to sensitivity study

* Heat Transfer

*  Multifloor Variables

¢ Conclusions
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6.2 Developing a full scale Windsor Tower structural model

This model is developed by expanding the singleolflmodel’ (see Chapter 5),

effectively creating additional copies of the indival floors.

A variety of model sizes were considered for tmalgsis. A model containing the
entire section of the building, between the tranBt®rs, was seen as the best option
to investigate holistic structural behaviours amé protection with different fire
scenarios. The transfer floors will tend to isolatechanical effects from more

remote locations.

This model constituted a total of 12 floors, fronod¥ 5 (The first floor above the
lower transfer floor) to Floor 16 (Just below thgpar transfer floor). This is shown
in Figure 6.1, with the transfer floors represemisdboundary conditions at the top
and bottom of the steel column. This assumes ligatransfer floor is infinitely rigid
and does not undergo any deflection. This simliissumption was made based on

the transfer floor being composed of eight 3.5 mpdeoncrete beams.

16" FlOOI comme——
15" Floor ==

14" FlOOf =
13" FloQfe——
12" Floor==—
11" Floor ="
10" FlOO =
9™ Floor e
8" Floor e
7" Floor ="

6™ FloOr s
5" FloOr s

Figure 6.1 - Multi Floor Abaqus model
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The steel columns change profile from floor to flowith the largest sections at the

bottom. The properties of these sections are pusiyaoted in Table 5.4.

Column Column Section
Floor 16- Transfer 2 Special

Floor 15-16 Two UPN 100

Floor 14-15 Two UPN 100

Floor 13-14 Two UPN 120

Floor 12-13 Two UPN 120

Floor 11-12 Two UPN 120

Floor 10-11 Two UPN 120

Floor 9-10 Two UPN 140

Floor 8-9 Two UPN 140

Floor 7-8 Two UPN 140

Floor 6-7 Two UPN 160

Floor 5-6 Two UPN 160

Transfer 1 — Floor 5 Two UPN 160

Table 6.1 Steel column sections

Although construction drawings do not show a colubetween Floor 16 and the
upper transfer floor (T2) there appear to be soneenbers connecting the two, as

can be seen in photographs Figure 3.8 and Fig@re 3.

It is unknown whether the members between Flooad® the upper transfer floor
have any structural capacity, and it is possibée they are purely part of the facade.
In the following 21 models this member has beerreggnted by two UPN 100

sections.

The connection between the columns and the topsfea floor is varied, as
discussed later, and so will model both the casbksrevthese members have

structural capacity, and where they do not.

This model can be adapted to allow further exaronabf variations in support
conditions, member dimensions and material strentggthrepresent any specific area

of the building, or a similar building.
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The top and bottom of the steel column, and theneotion at each floor, can be
reasonably regarded as fixed against both rotatioth displacement due to the
connection detail shown in Figure 3.2. The ‘Tran$fmors’ are assumed to be too

strong to exhibit deflection.

Additionally, to prevent out-of-plane warping oktkteel columns during expansion,
the ends of the floor slabs are assumed to be fiagdinst displacement
perpendicular to both the beam and floor. Rotatibaut the axis of the floor is also
restrained. This simplification is used to modet testraining effect of the edge
beam. (Figure 6.2) Note that the sides of the beare not restrained against
twisting or horizontal displacement as would be tiase in a continuous slab.

Inclusion of this restraint would be more realistic

3
1>] End of beam fixed in

rotation about 1 and 3

Fixed against displacement
in direction 2

Sides of beam unrestrained

Figure 6.2 Diagram of End of Beam showing restrairgt
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6.3 Material values

The multiple floor model is related to the sendyivanalysis by using the ‘worst
credible case’ developed from the analyses in @&napt To summarise, these

variables are:
e Siliceous concrete - this type of concrete is thesest analogue to the
concrete mix used in the Windsor Tower (Calave@520
e Full Live loading

* 1.5% moisture content — while a completely dry eetee would have worse

thermal properties where spalling is neglectei, dlifficult to achieve

1 hour ISO-based fire with 1 hour cooling phase wsasd, although a longer or
hotter fire would have a more severe effect oncthrecrete. It was considered that as
the concrete member did not fail during exposurentire severe fires, this case

would be reasonable.

Fire spread rate is a variable considered durimgathalyses of the multiple floor

model, with values based on either:

» Estimates derived from eyewitness observation aaediareports i.e. a 15 or

30 minute downward spread.

« The worst case in the sensitivity analysis, 15 n@swpwards spread, as

derived in Chapter 5.
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6.4 Relating full scale analysis to sensitivity study

As Abaqus Standard is unable to model structurihgse, the Abaqus Explicit

solver was used in the anticipation of several £assulting in structural failure.

However, as the sensitivity analyses was carriedusing the Abaqus Standard
solver, it was deemed necessary to provide a casgpaanalysis of one case of the
multiple floor model using Abaqus Standard. Thailtssfrom this Standard analysis
were then compared against an Explicit analysensure consistancy. In all Abaqus
Explicit analyses, the Double Precision solver wasd as this is recommended for

analyses with a large number of increments.

These analyses used the material properties afledeta Section 6.3, with a 30
minute downward spread rate and ‘perfect’ fire @ctibn (i.e. no heating in steel

columns)

In an Explicit analysis several factors must beetaknto account beyond those
necessary for an Abaqus Standard analysis. Thalilnading stage should apply the
load smoothly rather than instantaneously, as whilsprevent oscillations in the

loaded members.

Due to the computational methods used in an Expdioalysis, a model with a
duration as high as 100 hours will require a degifesither ‘time-scaling’ or ‘mass-
scaling’ to allow completion in a reasonable tinegipd (less than two days). Time-
scaling was used in the analysis as no rate depentaerial properties are involved
in the analysis (Abaqus 6.8-1 Manual 2008).

Abaqus uses no fixed units, such as seconds,nfia. th 100 hour fire scenario may
be set as 360,000 units (1 unit =1 second), thd\lzdgus could equally regard one
unit as one minute, hour or day. The system ofsuttitosen for this project defines

one unit as one second.

Time-scaling is achieved by reducing the numbetiroé units used in the analysis.

For example, a 100 hour fire scenario can be retifroen 360,000 time units (1 unit
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=1 second), to a matter of tens or hundreds of tim#s (1 unit =10mins, for

example). As Abaqus has no built-in time-scales tf@n be done freely.

Time scale factor Duration (s)| Maximum vertical | Comments
displacement in
model (m)
3.6 x 16 0.1 -4.363 x 18 Oscillations
360,000 1 8.555 x 1D Oscillations
100,000 3.6 1.511x 10 Oscillations
10,000 36 -1.422 x1b Job completes
3,600 100 -4.987 x 10 Failed to
Complete
1000 360 -1.718x 1b Job completes
600 600 -2.592 x 10 Failed to
Complete
Abaqus Standard 360,000 -1.351x16 Job completes
Analysis
10,000 36 -1.356x10 Loads added
smoothly

Table 6.2 Comparison of time-scaling factors

To ensure that the time-scaling factor producesltes line with those provided by
the Abaqus Standard analysis, a sensitivity aralsis carried out using different

durations.

In these initial models, the loads were added mateously at the start of the
loading step. This caused oscillations and resuitatisplacements at the end of the

loading stage which did not agree with those preduoy the Standard analysis. It
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should be noted that all the analyses producedsdinee results at the end of the

loading stage as no times scaling was used fostafs

A time-scaling factor of 100,000 or greater resuttoscillations in the model (it

‘bounces’) as if the fire has been applied to ierbyw suddenly. In the case of scaling
factors of 600 and 3,600, the Explicit analysisldowt be made to complete due to
stability errors. Collapse did not appear to beuoteg in these analyses, and it is

possible that a numerical error was causing thg/sesito terminate.

A time-scaling factor of 10,000 with the duratidreteby set to be 36s, produces the
closest results to those of the Standard Analjisoscillations were observed as in
the shorter duration analyses. This analysis was tie-run using a smooth load
application in the initial loading step, resultiiig even closer agreement with the
output from the Abaqus Standard analysis as showhable 6.2. Comparison of
these two results can be seen in Figure 6.3 andrd-i§.4. Loading was applied

smoothly in all further analyses.

U, U3
+0.000e+00

i
e
S
o
o
=3

(CCCCCCCCCCC

ODB: BottomHalf8ilicvé6.odb Abaqus/Standard Version 6.8-1 Thu Mar 26 17:05:21 Gb

1/74& Step: Add Heat
Increment 6014: Step Time = 3.6000E+05
Primary Var: U, U3
Deformed Var: U Deformation Scale Factor: +1.000e+01

Figure 6.3 Final vertical displacements of Abaqustandard analysis
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U, U3
i
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(CCCCCCCCCCC

ODB: Silic36sPerfectv3.odb Abaqus/Explicit Version 6.8-1 Thu Mar 19 07:43:40 G

1"( Step: Add Heat, ?
2 Increment 891032: Step Time = 36.00
Primary Var: U, U3
Deformed Var: U Deformation Scale Factor: +1.000e+01

Figure 6.4 Final vertical displacements of Abaqus Kplicit analysis, Time-scaling factor 10,000

In summary of this sensitivity analysis, a timelsgafactor of 10,000 was chosen

for subsequent Explicit analyses, reducing thetthuraf the heating phase to 36s.
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6.5 Heat Transfer

A series of heat transfer analyses were performextder to model the temperatures
within the structural members undergoing a varddgtiire scenarios.

6.5.1 Concrete Temperatures

In order to determine the temperature within theccete elements of the building, a
heat transfer analysis was performed using the adstHiscussed in Chapter 5.

This heat transfer analysis applies temperaturdbeaop and bottom of the shell
elements in sequence with the rate of spread eitheor down the building. For
example, in the case of 30 minute downward sprigedfire on top of floor 16 was
started at time Os, whereas that beneath floom5idp of the lower transfer floor)

began at time 21600, 6 hours later.

Nodal temperature output data from an Abaqus heasfer analysis requires no
additional time scaling before application to theess analysis. This is because the
temperature data is automatically scaled to fit ¢verall duration of the stress
analysis. Whilst this is useful in an explicit tiraealed analysis, care must taken
when using Abaqus Standard as this feature caasaah overly sudden application

of conditions, resulting in a failure to converge.

6.5.2 Steel Temperatures

No temperatures were applied to the exterior steklmns in single floor analysis
(see chapter 5). This variable is included in thdtiriloor model to examine the

effects of a fire in larger vertical sections oé thuilding.

The definition of the steel columns as ‘beam elesien the stress analysis poses an
interesting problem, as no directly compatible egl@nt heat transfer element for
this stress element exists. As an alternative toraplicated heat transfer analysis
and data processing using a different type of hemtsfer element, a simple

calculation of the steel temperature was used dwighe the temperatures in both an

insulated and uninsulated steel member.(Drysde®&)19

140



CHAPTER 6: The Full Sized Model

The following formulae were used:

e For uninsulated steel
P P P (LA (M RS EEhe T
T7*! = Steel Temperature
T/ = Steel Temperature, previous step
A. = Surface Area of steel
1. = Volume of steel
£, = Emissivity
g = Stefan-Boltzmann constant

p. = Steel density

c. = Thermal capacity

+1

T;I,E:_,E] = Average furnace temperature during timestep
At = timestep
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* Forinsulated steel.

Q=" (1)L, —T] ). Astand T/ -1/ = En

7 UFiave) S 7 Wapses
Q:» = Energy entering steel

k = Thermal conductivity of insulation

L = Thickness of insulation

A; = Internal surface area of insulation

The vertical spatial variation in the temperatuir¢éhe steel column is disregarded, as
any weakening of a tensile or compressive membenélocation is likely to reduce

the capacity of the member as a whole.

Differential heating in the horizontal plane wasaaheglected as the steel columns
can be assumed to be exposed to fire on all sedespserved and recorded during

the fire.

The insulated member analysis used ‘Vermiculux’ uiagon with a thermal

conductivity of 0.13 W/mK to a thickness of 50 mas, this would produce a fire
resistance of 3 hours in accordance with the requents of the building upgrade
(Kono 2005). The thickness was calculated in acwed with the recommendations
in the Association for Specialist Fire Protectionidance (ASFP 2004). This

manufacturer’s insulation is commonly used in Sg&iDAI 2009).

A sensitivity analysis was performed to investigtite effect of varying timesteps
associated with calculation of steel temperatureo Tdifferent timesteps were
selected — a ‘Large’ timestep which matched theesimased in the ISO-based fire

applied to the concrete, and a ‘Small’ timestep.
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‘Large’ Timestep ‘Small’ Timestep
Timestep prior to ignition | 300s 5s
Timestep in first 5 minute$ 60s 1s
of fire
Timestep in remainder of | 300s 1s
duration

Table 6.3 — Timesteps used for steel temperaturerssitivity analysis

It was found that in the case of insulated stéel timestep had little impact, with the
‘Large’ timestep producing temperature variationsthe range +1.1% and -1.8%.
Therefore, for expediency, the ‘large’ timestepuesl were used to reduce the
quantity of tabular data copied to Abaqus (Figuts.6

In the case of uninsulated steel timestep variapooduced a more noticeable
variation in temperature. A ‘Large’ timestep proddca temperature variation
ranging from -21.3% to +8.9%. Therefore the smiatlesteps were used for the

uninsulated steel (Figure 6.6).
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Figure 6.5 - Comparison of timesteps for Insulatedteel
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Figure 6.6 - Comparison of timesteps for Uninsulaie steel
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Figure 6.7 Steel temperatures

The steel temperatures are time delayed to ma&Helay in the fire spreading up or
down the building.
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The steel temperatures are applied directly tosthess model as predefined fields
(Figure 6.7). This allows the steel members to tegted and unprotected in any
configuration of interest without the need to proglla new concrete member heat
transfer. The temperatures were calculated foreal stolumn formed from two

UPN100 sections — this simplification is resultgh@r temperatures being applied to
the larger box sections. The uninsulated peak temyres and heating and cooling
times are very similar regardless of section site2 double UPN100 section has the
highest peak temperatures when insulated and afigytays very similar heating

and cooling times.

The duration of the temperature inputs from thepdgnheat transfer calculations
must be scaled in order to match any time-scalisgduin an Abaqus Explicit
analysis, as the Explicit Analysis will not cartyg out automatically. Therefore the
duration of these predefined fields must be reducdide with the timescaling factor

used in the analysis.
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6.6 Multifloor Variables

A wide range of variables are explored using thizdet and this section seeks to
examine the effects of:

e Variation in fire protection
e Variation in steel column end supports
» Variations in fire spread rate and direction

The particular variations under consideration i@\ in the table below.

Fire Spread rate

Fire 30 minutes| 15 minutes | Applied to | 15 minutes | Only on
Protection on| downward | downward | all floors at | upward 9" Floor
columns same time
‘Perfect’
Full

None 5-6
None 9-10
None 12-13
None 13-14
None 14-15
None 15-16
None

None 9-11
(Two floors)

A
C

A AR

> O||mmmO|mO>

End conditions — A = Fixed against all rotation and translation at to
B = AsA but free against vertical displacement at top
C = BothA andB modelled

Collapse condition - = No collapse
B = Collapse in support conditigh
= Collapse in support conditidh

Table 6.4 - Fire, support and fire protection condions examined, with results.
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6.6.1 Variation in insulation

Three differing levels of fire protection were usedthe model, namely ‘Perfect’
(where no temperature data was applied the stdemos), ‘Insulated’ and ‘Un-

insulated’. Table 6.4 shows how the insulation ajaglied to the building.

As can be seen from Table 6.4, where the exteteml solumns are fully insulated

collapse does not occur, irrespective of suppartitmn.

However, a horizontal displacement can be seehdrsteel columns between floors
14 and 15 (Figure 6.8). This appears to have baesed by the expansion of the
steel column being restrained by the top suppartition. As can be seen in Figure
6.9, where no top vertical restraint exists the aigl\displacement is 77mm.

(Note that in the following Abaqus output figures, scale factor is used for
deformation for emphasis. Generally this is a facb10, though a factor of 1 is

used to show collapse).

710e-0 |
750e-0 /
109e-03 {
172e-0 {
132e-0 2
093e-0
054e-0 /
001e-01 (
197e-01 N
94e-01
90e-01 )
786e-01
.982e-01 \/
[
{
3 ODB: Siliec36sFullv3.odb Abaqus/Explicit Version 6.8-1 Thu Mar 19 09:00:37 GMT ¢
1/4& Step: Add Heat, ?
Increment 57974: Step Time = 2.340

Primary Var: U, Ul
Deformed Var: U Deformation Scale Factor: +1.000e+01

Figure 6.8 - Maximum horizontal displacement, Fullinsulation, vertical restraint at top.
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~8+359e-02
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1.157e-01 \/}

---—"”j
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ODB: Silic36sFullNoTopTFv2.odb Abaqus/Explicit Version 6.8-1 Thu Mar 19 07:47:C

1/& Step: Add Heat, ?
Increment 56454: Step Time = 2.280
3

Primary Var: U, U
Deformed Var: U Deformation Scale Factor: +1.000e+01

Figure 6.9 - Maximum upward displacement, Full inslation, no vertical restraint at top

This ‘bulge’ between floors 14 and 15 may be duth®lack of eccentricities in the
steel columns. It is possible that in the Windsower, this ‘bulge’ did not occur as
smaller horizontal displacements evolved on indigidfloors. It is possible that the
outward displacement in the Abaqus model is urstedilly concentrated into one of
the first columns to demonstrate a significant ttota and therefore create an
eccentricity. It is also likely that this bulge & result of the unrealistically stiff
support conditions at the top and bottom of theumwi, and that in reality no such

bulge would have taken place due to deformatiath@supports.

In the case of a model where one column remainssutated, such as the column
between floors 9 and 10, the horizontal displacdnmatially evolves in the same
position between floors 14 and 15 (as the modeablired downward spread with a
delay of 30 minutes per floor) and then concengratethe uninsulated floor. This
occurs at the time that the fire reaches the utatedl floor (Figure 6.10, Figure
6.11).
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Figure 6.10 - Horizontal displacement between floar9 and 10 and 14 and 15
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Figure 6.11 - Final horizontal displacement, columm®to 10 uninsulated, vertical restraint at top
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As can be seen from the final horizontal displagemmin Figure 6.11, which
approximates the ‘Real’ fire case, the bulge dermates a similar level of deflection
to that seen in the Windsor Tower (Figure 3.7)

The evolution of horizontal displacement of the fpaints of the steel columns is
shown in Figure 6.12, demonstrating that the columetween floors 14 and 15
reaches a peak displacement immediately prioreéadthplacement concentrating in
the column between floors 9 and 10.

U1 PI: COLUMN 5-6 1€
U1 PI: COLUMN 6-7 1€
U1 PI: COLUMN 7-8 14
U1 PI: COLUMN 8-9 14
U1 PI: COLUMN 9-101
U1 PI: COLUMN 10-11
U1 PI: COLUMN 11-12
U1 PI: COLUMN 12-13
U1 PI: COLUMN 13-14
U1 PI: COLUMN 14-15
U1 PI: COLUMN 15-16
U1 PI: COLUMN 16-T2
U1 PI: COLUMN T1-5 1

-0.10 - 2l

T

Displacement

-0.15 - =

-0.20 —

Figure 6.12 - Horizontal displacements, column ® 10 uninsulated, vertical restraint at top

Further analysis of the results produced by thdy fimsulted column model
demonstrate the forces and displacements actiniginvihe concrete floor slabs.
Figure 6.13 shows the vertical displacement of fefloor slab during the early

phase of heating.
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Figure 6.13 - Vertical Displacement, mid point of th Floor. Note that Time axis is scaled by a
factor of 10,000

As can be seen from Figure 6.13, initial displacein®low and caused by heating of
other areas of the structure. The fire reachesafh@f Floor 9 at 12600s and reaches
its peak temperature at 16200s. The fire reachedldbr below, i.e. the bottom of
Floor 9, at 14400s and reaches its peak at 1800@sheat is then conducted into the
slab resulting in major deflection at around 2500®sme recovery of deflection is

exhibited during cooling.

The steel column between floors 9 and 10 also @shdeflection during this time.
(Figure 6.14). As can be seen, after an initialkpeaoutward displacement, the

column recovers back towards the core leavingiduakdisplacement.
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Figure 6.14 - Horizontal displacement, mid point oColumn 9-10, negative away from core.

The reaction force between the end of the condtete slab and the core of the
building is shown in Figure 6.15. Note that thectem shown is per node, and that
there are two nodes at the end of the slab — threréiie total reaction will be double
this value. The graph demonstrates that after @rmaliperiod of compression (a

negative reaction towards the core) the floor glaés into tension, which gradually
reduces. In conjunction with Figure 6.14 and Fig@rg5, this indicates that the
initial expansion of the floor slab pushes out éx¢erior beams before weakening,
deflecting further downwards and developing a degrieTensile Membrane Action

to support the deflected slab.
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Figure 6.15 — Reaction between core and concretegia

6.6.2 \Variation in Top Support condition

As mentioned in Section 6.2, the member connediireg 16" floor to the upper
transfer floor is unknown, as is the capacity o$ ttonnection. In order to examine
these two variations, and to allow study of the Ina@isms of redistribution within
the structure, two potential restraint conditions ased for the top of the steel

column.
* Fully restrained against rotation and displacem@nt.
This models the case where a significant structmexhber is directly attached to the
upper transfer floor, and can transfer load to it.
* Restrained against rotation and horizontal disples#, but free in vertical
displacementR)

This represents a case where either no top trafisfaris present, or the member
connecting the 1% floor to the top transfer floor is unable to réssggnificant
vertical loading. This method was chosen rathen tleamoving the entire topmost
section of the column for ease of modelling.
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Using these two modelling cases, it is possiblddtermine if there is a degree of
‘cantilever action’ due to the stiffness of thedianembers and beams, allowing load
from fire weakened members to be redistributechéodore. Alternatively it may be
necessary to have a connection to a substantiahmindly fire resistant structural

member to carry the redistributed load.

As can be seen from Table 6.4, the model is capafbathstanding the fire if the
steel is fully insulated regardless of the top suppondition.

In the case of support conditidny the model does not collapse when any column is
uninsulated, as the floors above the uninsulatddnuo are supported by hanging

from the upper transfer floor.

This also holds for two adjacent column sectioriadpaninsulated. This result led to
investigation of a case where all columns were sulated. Again this did not lead to

collapse. This will be discussed further in Sectioh. 3.

Where support conditioB is specified and there are one or more uninsule&dnn
sections, the model exhibits collapse in all bug oase (Figure 6.16). As can be seen
from Table 6.4 and Figure 6.17, collapse is presgnthen the column from Floor

15 to Floor 16 is uninsulated.

The top of the column is still restrained agairdation and horizontal deflection.
Therefore some degree of cantilever action is takilace, with the stiffness of the
column above the 1Bfloor and the 18 floor itself being sufficient to support the

limited load associated with one floor and prevemtollapse.

This is an unrealistic structural arrangement, taselies on a structural member
above the 18 floor that is unlikely to be present with the sified restraint

conditions. As it is unclear from the Windsor Tovpégins what member was actually
present in this location, this system of load reiigtion can be regarded as very

unlikely to occur.
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Figure 6.16 - Collapse, column € 10 uninsulated, No vertical restraint at top
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Figure 6.17 — Final state, column 18 16 uninsulated, No vertical restraint at top
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The general indication is that, in a case whegegnotection is limited or not present
but load redistribution to a major structural memBach as a transfer floor is
possible, collapse will not occur.

This may have been the case in the Windsor Tovesvekier the unknown properties
of the topmost section of column also indicate thather redistribution methods
may be important, for example through the floor either side of the section

examined rather than by cantilever action.
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6.6.3 Variation in fire

As shown in Table 6.4, various fire cases were icensd.

The first case studied assumes that fire compatatien restricted the fire to thd'9
floor, and hence the column between Floors 9 and~it® was also applied to the

top of Floor 9 and the bottom of Floor 10.

The fire protection on the column and the top egstrconditions were varied. It was

found that fire protection prevented collapse rdlges of top restraint condition.

Where no fire protection was present on the colbyemween the 9 and 18 floors,
collapse did not occur in support conditidnas would be expected. When the top of
the column was defined to have support condiBooollapse occurred (Figure 6.18).

U, U3
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14932e-01
4.735e-01
7.537e-01
1.034e+00
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-2.996e+00
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3 ODB: Silic36sRealNoTopTFlFloor.odb Abaqus/Explicit Version 6.8-1 Mon Mar 16 21:
1"’( Step: Add Heat, ?
2 Increment 43785: Step Time = 1.740

Primary Var: U, U3
Deformed Var: U Deformation Scale Factor: +1.000e+00

Figure 6.18 - Collapse, column € 10 uninsulated, No vertical restraint at top, fie on 9" floor
only.
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This demonstrates that regardless of the succeg®g @ompartmentation failure will
occur if an uninsulated column is exposed to find ao major structural member is

available for load transfer.

The remaining cases varied the rate of fire sptieamigh the building. In all of these
cases support conditiofy, fixed at the top of the column, was used as & b@en
shown that this is necessary for models with uraied column members to
withstand collapse. All columns were uninsulatedthe case of downward spread,
the fire was first applied to the top of Floor Idahen progressed downward. In the

case of upwards spread, the fire was first appbetie bottom of Floor 5.

In the case of fire spread down the building atrdte of either 15 or 30 minutes per

floor, no collapse was observed (Figure 6.19).
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3 ODB: Silic36sUnprotectedv2.odb Abaqus/Explicit Version 6.8-1 Thu Mar 19 07:44:4
1/4& Step: Add Heat, ?
Increment 958754: Step Time = 36.00
Primary Var: U, U3

Deformed Var: U Deformation Scale Factor: +1.000e+01

Figure 6.19 - Final state, all columns uninsulatedyertical restraint at top, 30 minute downward

spread
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Figure 6.20 - Reaction forces at column ends, 30 mite downward spread

Analysis of the reaction forces at the top anddsotof the column (Figure 6.20)
shows an initial increase in upward reaction atltbom and downward reaction at
the top. This can be attributed to the expansiothefsteel members increasing the
compression on the column. From this point, the apwreaction of the bottom
support begins to decrease at the same rate apward reaction of the top support

increases.

This is attributed to the steel members above tineent fire floor recovering

structural strength due to cooling, and therefaimdp able to support the load from
the floors below in tension. As the uninsulatecelst®ols to ambient temperature
rapidly, it will increase further in strength astfire progresses down the building
and therefore be able to support the load frormareasing number of floors. This is

shown in Figure 6.21 and Figure 6.22.
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strength

Compression
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Figure 6.21 Fire begins downward spread

I Tension
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regains strength and
acts in Tension

Heated
column loses
strength

Compression

Figure 6.22 Load path transferring from Compressionto Tension

160



CHAPTER 6: The Full Sized Model

The fire reaches its peak temperature betweendtterb transfer floor and Floor 5
at 420 minutes, the same time that the bottom stp@action begins to act
downward (i.e. in tension). Immediately before thisrtually all load has been
transferred to the top support as the bottom coluntinhave little strength. As the
steel begins to cool, it contracts. This resultamincrease in the downward force
from the bottom support, matched by an increasthenupward force from the top

support.

By the end of the fire, the structure is hangirarfrthe top transfer floor rather than
the majority of the load being supported by upwaattion from the bottom transfer
floor. The mechanism for a downward spread ratEsamins is similar (Figure 6.23).
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3 ODB: Silic36sAllUnprotectedl5Down.odb Abaqus/Explicit Version 6.8-1 Fri Mar 20
1/& Step: Add Heat, ?
Increment 951666: Step Time = 36.00

Primary Var: U, U3
Deformed Var: U Deformation Scale Factor: +1.000e+01

Figure 6.23 - Final state, all columns uninsulatedyertical restraint at top, 15 minute downward

spread
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The final two analyses are used to examine thectsffef upward spread and
extremely fast fire spread. The rates consideredl&r minutes per floor upward,
which was identified as the most severe fire spraael in Chapter 5, and applying

the fire to all floors at time zero (the ‘instanéanis’ model).

In both cases, the model collapsed even thouglras mestrained at the top. In the

case of the ‘instantaneous’ model, this happenegoqackly after the model started.
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3 ODB: Siliec36sAllUnprotectedInstant.odb Abaqus/Explicit Version 6.8-1 Fri Mar 2C

1/k Step: Add Heat, °?
Increment 14277: Step Time = 0.4200

Primary Var: U, U3
Deformed Var: U Deformation Scale Factor: +1.000e+00

Figure 6.24 - Collapse, all columns uninsulated, vical restraint at top, fire on all floors

simultaneously

As can be seen from Figure 6.24, the two upperrfiosts have suffered less
deflection while the lower section of the model kbaapsed as a unit. This may be
due to some small degree of ‘propped cantilevaomaiatiue to the stiffness of the top

column section and the top two beams interactingh vthe rotational and
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translational restraints on the top of the columra manner similar to that discussed
in Section 6.6.2. The collapse appears to havéated at the point of highest
loading, i.e. the column between the bottom trarféder and Floor 5.

The model using an upward spread rate of 15 minpégsfloor also undergoes
collapse (Figure 6.25).
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3 ODB: Silie36sUnprotectedUpward.odb Abaqus/Explicit Version 6.8-1 Fri Mar 20 12:
1/k Step: Add Heat, °?
Increment 60253 : Step Time = 1.740

Primary Var: U, U3
Deformed Var: U Deformation Scale Factor: +1.000e+00

Figure 6.25 -Collapse, all columns uninsulated, vécal restraint at top, 15 minute upward
spread

The mechanism involved in this collapse is obviguabre complicated than in the
‘instantaneous’ model, as failure does not occuhatlowest steel column and the

fire continues for a substantial length of time.

As can be seen in Figure 6.28, immediately afterfite between the lower transfer

floor and Floor 5 breaks out, much of the loadansferred to the top support. The
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amount of load imposed on the top support gradwbyreases as the fire travels up
the building and the steel columns lose strength then return to a compression
mode supported by the bottom support (Figure &Rfure 6.27).

Tension

Tension

Heated
column loses
strength

Compression

Figure 6.26 Fire begins upward spread

Tension

Heated
column loses
strength

Cooling column
regains strength and
acts in Compression

>l

Compression

Figure 6.27 Load path transferring from Tension toCompression
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The force on the bottom support continues to deeredter the initial point as the
steel strength reduces, until a time of 90 minwesvhich the support reaction
reaches its lowest value. The lowest column beginsool and can support an

increasing amount of load, in line with the loaduetion to the top support.

The exact mechanism by which these reactions &eeaitting is not known, nor is
the degree of influence of steel expansion. Thislldide a useful area for further
study. The concrete beams may support some ob#tewhich has been shed from
the top support but has not yet passed to therbattgport.
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Figure 6.28 Reaction forces at column ends, 15 miteuupward spread

The time of collapse initiation is around time 2hihutes from the sudden loss of
reaction force at the bottom support. From thisipdtloors 11-15 undergo collapse

as can be seen in Figure 6.25.

Around 210 minutes, the fire on Floor 15 reachegéak temperature and heats the
column between Floor 15 and Floor 16 reducingtresngjth significantly. The fire on
Floor 10 has just reached extinction and the ste®leen Floors 10 and 11 will still

be cooling, though much of its structural strengithhave restored.
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As a proportion of the load is always held by tbe support acting in tension, it is
notable that collapse is initiated from the midciddumn of the building (Floors 10 to
11) upward. This implies that the majority of tiead below this point is usually held
by the bottom support, while the load in the uppedf is held by the top support. The
column between Floors 14 and 15 will therefore be of the most highly loaded in
the building.

When the structural capacity of the column betwElmors 14 and 15 is reduced by
heating, the lower columns are still weakened by &ind therefore appear not to be

able to withstand the additional loading. Thisiai#és collapse.

Again, some degree of ‘propped cantilever actietineen the topmost floor and the
topmost beam appears to take place.

In summary:

« While fire is spreadingdlown the building, the progressive conversion of
columns from compression to tension, with assodiaterease in loading, acts at

the same time as the columns above have theimgstreestored by cooling.

*  While fire is spreadingip the building, although the load also converts from
tension to compression a significant proportionta$ still supported by tension
from the top. This may be due to the initial ingedn tensile loading at the
outbreak of the fire. As the fire travels up thelding conversion from a tensile

mode to a compressive mode does not occur suffigisnprevent collapse.

It can be seen that there are fire scenarios wiittHead to collapse of a building

which does not have sufficient fire protection,artiess of the support conditions. It
appears that the resistance of the building is mi#g@ on allowing the structure
sufficient time to restore its strength during @oglin order to allow load transfer.

Therefore fire compartmentation is necessary toeeitotally prevent the spread of
fire, or to slow it sufficiently that the structuvell remain stable.
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6.7 Conclusions

It can be seen that, with the strength of concreted and the spans involved,
negligible cantilever action takes place to trankfad to the core of the building.

If the steel members of a building are sufficienfise protected, the modelled
structure is capable of resisting the fire loadligplpto it. It cannot be verified with
certainty that the modelled structure behaved enghme fashion that the Windsor
Tower did, as it is unclear what the top suppondiion of the Windsor Tower was.
If the topmost column section of the Windsor Towses not structural, it seems that
a mechanism other than suspension from the upgesfar floor was responsible for

the Tower’s stability. This would be a useful subjr further research.

The deflection of the uninsulated steel column leenvthe Floors 9 and 10 in the
model agrees with the observations from tffefl@or in the real building. This
indicates that the model behaves in a similar tashib the real structure when

examining a key indicator.

When using the mechanism of load transfer to angtrstructure which is not
affected by fire, it is clear that the rate andediion of the fire spread are an
important factor in allowing the overall structumme to restore its strength through

cooling.

Therefore, the role of either full fire protectioo;, compartmentation which either
totally stops or impedes the progress of a firghighly important in a structure of

this type. Both are recommended.

It should be noted that in no case did the strectappear to fail due to any
weakening of the concrete in the structure, althodigere were some large
deflections and a large amount of repair work wdaddequired.
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7.1 Introduction

This chapter gathers the conclusions drawn duhegcburse of this research project

and suggests avenues for future research.

7.2 Conclusions

. A wealth of data is available on the performanceafcrete as a material in
fire, and the performance of individual structure@mbers. However the performance

of a largely concrete structure as a whole is\Wessunderstood.

. Given the relative lack of information availablern large scale fire tests on
concrete structures, a case study on the effediseadn a real concrete structure is of

particular interest.

. A significant quantity of data relating to the ctrostion details, post fire
photographs, investigative and eye-witness repairtthe Windsor Tower Fire has
been assessed in collaboration with the Univerdit@antabria (Spain). The Windsor

Tower was therefore used as the basis of the tadg t® determine:
o Fire movement within the building.
o Behaviour of the structure during the fire.

. The Windsor Tower, in those areas where fire ptmecwas installed,
performed remarkably well when subjected to a prgéul fire, however some areas
did undergo collapse. Two collapse mechanisms aypoged, along with potential

methods of fire spread up and down the building.

. Due to the level of assumptions required for bdth fire and structural

models, it was impractical to carry out a totathyensic model of the Windsor Tower.
However, the performance of a ‘Windsor Tower-lilgtfucture can be investigated
using modelling of both fire and structural behaviolrhe multiple floor nature of the

fire is of particular interest.

. An intuitive research method, ‘the worst credibése& was used to estimate

unknown concrete material properties.
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. The fire modelling results are shown to approxintagereal world fire.
. The ‘simplified 1SO-based curves’ provide a reasiyaccurate temperature

representation of the fire in the Windsor Towemeparable to the results from CFD
and real world observations, while reducing theomepus impression that it is

possible to establish a ‘definitive’ fire that oced.

. Shell elements are used in the Finite Element gigekto model concrete
members as they allow accurate representationftéfctied shapes and the modelling
of reinforcement. They also have multiple tempematefinition points through their

depth facilitating representation of the thermajpnse.

. The specific collapse mechanisms examined all resblthe perimeter area
of slab acting as a cantilever due to the weakewingxterior steel columns by
heating. The area of the tower studied in detasg Wwetween two concrete ‘Transfer

Floors'.

. When a section of the steel column is unprotedtegljickly loses its ability

to support load. In the case where no top trarfider is present, the load must then
be supported by the stiffness of the concrete flnembers and the steel columns
above the weakened member. Even if the connecebnden the members is very
stiff, the floor members themselves must be strengugh to resist the downward

force at their end, acting as a ‘multiple-floor tlaver’.

. The analysis was designed to demonstrate whetheerstiffness of the

concrete members together with surrounding codésl snembers was sufficient to
transfer load to the core of the building. Altemelty a substantial transfer structure,
unaffected by fire, would be required to preventapse by ‘propping’ the end of the

‘multiple-floor cantilever’.

. It was concluded that, with the strength of corerased and the spans
involved, any ‘multiple-floor cantilever’ effect vith takes place is insufficient to
transfer load to the core of the building when wigcted steel members are present,
and that a substantial structural element whichareshnunaffected by fire must be

present to prevent collapse.
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. If the steel members of a building similar to theindsor Tower are
sufficiently fire protected, the modelled structusecapable of withstanding the fire

applied to it.

. The deflection of the uninsulated steel column leefwFloors 9 and 10 in the
model agrees with the observations from tHef®or in the real building. This
indicates that the model behaves in a similar tashb the real structure when

examining a key indicator.

. The Windsor Tower Fire spread to multiple floorsttbup and down the
building. This is of particular interest in thosedelling scenarios where all structural
steelwork is left uninsulated but supported at libthtop and bottom by the ‘Transfer

Floors'.

. In a structure with uninsulated steel members,rétte and direction of the
fire spread are an important factor in allowing streicture time to restore its strength
through cooling. This allows load to be transfertedstronger structural members

which are unaffected by fire, i.e. a transfer floor

. Peak temperatures developed in the fire are t@eedaincertain but may not
be of great importance in terms of failure mechasisA hotter fire would have a
similar effect in reducing the strength of the btgeucture compared with a cooler
fire. It was shown that the concrete structural mers were able to withstand a fire
of higher temperature.

. A fire of longer duration might delay the coolinfsteel structural members,
and therefore prevent their strength recovery adlistribution of loading. Again the
concrete structural members were shown to be ableithstand fires of greater

duration.

. Therefore the strategies of either full fire proi®e, or sufficient
compartmentation which either totally stops or i the progress of a fire, are
vitally important in a structure of this type. Bathe recommended.
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. In no case did the structure appear to fail duergéakening of the concrete,
although there were some large deflections andge lamount of repair work would

be required.
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7.3  Proposals for Further Work

Further analysis and refinement of the concrete atsodsed would be a valuable
area of further research, particularly in respecthie definition of concrete tensile

strength.

The damage evolution parameters of the ConcreteaDadh Plasticity model were

excluded from these analyses, and would be usefdd to the model.

It cannot be verified with certainty that the mdeelstructure behaved in the same
manner that the Windsor Tower did, as it is uncleaat the top support condition of
the Windsor Tower was. If the topmost column sectid the Windsor Tower was
not structural, it seems that a mechanism othen shsspension from the upper
transfer floor was responsible for the Tower’s 8iigb Horizontal expansion of the
model and therefore inclusion of the structuratet$ of the edge beam, secondary
beams and floor slab would allow examination of eotHoad redistribution
mechanisms. Expansion of the 3D model would bpaoficular interest on the™o

floor where structural steel was fire protectedwa sides of the building.

Variation in the concrete strength, reinforcemardrsggement and quantity and steel
member sizes could be used to determine the cen@lements that would be
necessary to support action as a ‘multi-floor dawméir without support from the

transfer structure.

Variation in member sizes can also be used to enairthie effects of fire on other
areas of the Windsor Tower, as the reinforcemerdangement in the Windsor
Tower'’s concrete waffle slabs varied from arearegaaas did the size of the external

steel columns.

Fires which reach higher temperatures, longer aurst or both, could be applied to
the structure to determine if a more severe firenado will result in a different

collapse behaviour.
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The fire could be applied to the members in a mooalised manner, possibly
directly coupled with the output of CFD models (\@relMiles et al. 2008). This may
lead to a more or less severe fire scenario disctdised extinction (Rein 2007b).

Further analysis of the collapsed area of the upipeer which included the concrete
columns would be of great value (Figure 3.10) amdilel focus on identifying the

mechanism by which collapse occurred.

When analysing a fire acting both above and belaweracrete slab it will often be
the case that different temperatures are imposeelitbar surface. Further analysis

using temperature variation between the top antbbmoof a slab would be valuable.

Further analysis of the mechanisms by which loadshe exterior steel columns
switch from acting in compression to acting in tens and vice-versa, would be

valuable.
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