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Abstract

For the development of performance based design on a proper stiie basis

the use of the concept of risk is inevitable. However, the appditon of this

concept to actual structural design is not simple because of thargje ranges
of probability and consequences of events which exist. Thiséempounded
by a plethora of di erent actions that can be taken to reducelie probabilities
of the events and also the magnitude of the consequences. It ig tieduction
in the magnitude of these consequences which is essentially tioalgf design.

This work aims to address the challenges posed by the appliaati of the
concepts of performance based design for structures in re. $fa method-
ologies have been developed for the assessment of the conseqaesican
extreme event. These methodologies are based upon fundameébthaviour
of structures in re.

A methodology has been developed which can be used to assess the ca
pacity/de ection behaviour through the complete thermal ce ection of oor
slabs. This takes into account positive e ects on the capacityfooor slabs of

the membrane stress at the slabs boundaries at low de ections asll as the

nal capacity provided by the tensile membrane action of the ginforcement
mesh at high de ections.

For vertical stability of structures in re, analytical equations to describe
the behaviour of oor systems at the perimeter of a building areleveloped.
From these equations, the resulting pull-in forces on externaiolumns can
be calculated as well as the resulting horizontal load apptie¢o the column.
From this, a simple stability assessment is proposed which can be used t



assess the consequences of multiple oor res on tall buildings.

These analytical methodologies are brought together in a rigkased frame-
work for structural design which can be used to identify areas ia building

or structural components which pose a high residual risk. Theseeaients
can be qualitatively 'ranked' according to their relative rsk and appropriate
measures taken to reduce the risk to an acceptable level. Tharimrework is
illustrated via 2 case studies. The rst is of a typical small o ce bulding,

and the second is of a prestige o ce development.
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Introduction

1.1 Background to the Project

For the Development of performance based design on a proper stiie basis
the use of the concepts of risk and reliability is inevitable. fie application
of the concepts of performance based methodology to actualsdm is not
simple because of the large ranges of probability and conseqees of events

which exist. This is compounded by a plethora of di erent actins that can



be taken to reduce the probabilities of the events and also thmeagnitude of

the consequences, which is essentially the goal of design.

Clearly while the use of this concept poses major challenges,aiso o ers
enormous opportunities because of the element of choice irdr@ in the con-
cept. The designer using these concepts has numerous choicesdaress his
design problem to enable him to arrive at a solution for which thb 'risk is

acceptable’'.

Risk is de ned as a function of probability and consequence. Four pur-
poses, the probability refers to some undesirable event over aripd of time
(which in re terms could be described as a re event over a ceain critical
magnitude of severity during the design life of the building).Consequence
refers to the e ects of the occurrence of the event (in re tans it would
mean a loss of life, damage to property, damage to business andger term

damage to society for major events).

Reliability is de ned as the probability of 'success’, or the complement of
the probability of failure. A risk-based approach will also abbw the calcu-
lation of quantitative estimates of reliability for particular design solutions,
and hence provide stakeholders with a numerical measure foridjng their

choice between various solutions.



1.2 Research aims

Although design codes allow for the implementation of perforamce based de-
sign techniques, the analysis required to understand and quafigticomplete
structural response is typically computationally intensive. Were numeri-
cal techniques have been validated by classical theories artkir validity
demonstrated in well understood ambient conditions, countegpt ‘classical’
theories for elevated temperature response have not until atively recently
existed. Numerical analysis of the Cardington tests as well asher deliber-
ate or accidental res in large buildings has helped to devab and improve
an understanding of structural behaviour at elevated tempetares. Where
numerous 'simple' analytical techniques have been develap& determine
response of buildings subject to re attack, there has been no &wn attempt
made to develop and combine these techniques in a compreheasiigk or
reliability based design methodology. The primary aim of thigroject is,

therefore:

To develop a performance based design methodology for structarin

re, addressing the concepts of risk and reliability;

To accomplish this, the following has to be addressed as part ofetfdesign

framework:

the probability of a re event and the consequences of said redve to

be de ned; and,

a method for the determination of the reliability of a structue given a

re has to be employed in the framework.

3



As inherently modular, performance based design methodologjieequire ad-
ditional components which satisfy the performance criteriapon which they
are based. Therefore an additional research goal occurs as suteof the

nature of the primary research goal:

To draw on previous research which has been carried out in thetér-
mination of structural response and capacity in re and develoghis
research where necessary into a useable tool which can be incoafed

into the design framework.

1.3 Thesis Overview

The following is a summary of the chapters in this thesis:

Chapter 2. Basic Fire Modelling for Structures

In this chapter, various re models available for structural re engineering
are introduced. An overview of their level of complexity is gen as well as
the level of complexity involved in their use. Basics of heat &isnfer to struc-

tural elements are also described.

Chapter 3. Overview of the Behaviour of Structures in Fire

In this chapter, an overview and a brief review of the behaviwm of struc-
tures in re is given. A brief history of researcgh in the eld isgiven, fol-
lowed by a description of some of the fundamental principles wah govern

the behaviour of structures in re, along with their analytical description.

4



Behaviour of materials under elevated tempertures is brig described.

Chapter 4. Performance Based Design

The basic principles of performance based design are laid ougsdribing
the basic elements of a performance based design framework. Aereuwv of
some of the curreent methodologies is given and their applizn to re is

discussed.

Chapter 5. Risk and Reliability

In this chaper the meanings of risk and reliability are descrdd as well as
their di erence and the di erent applications of the conceps. Following this,

a simple risk informed framework for the design of structures inre is de-
scribed. The framework incorporates a risk assessment to identiyeas of
relatively high risk wihtin a building. This is then followed by an assesment
of the reliability of the structure based on real possible res tevaluate the

current design evolution,

Chapter 6. Floor slab design

This chapter describes the behaviour and capacity of oor slabover a com-
plete de ection history. An analytical methodology for the déermination

of tensile membrane capacity of oor slabs in re is described. fie forces
on the oor slab at low displacements are used to derive a metholdgy for
the calculation of the capacity of a thermally 'pre-stressed'oor slab at low

de ections.



Chapter 7. Performance based design framework

This chapter describes two possible collapse mechanisms for &tHuctures
in re. These mechanisms have been identi ed previously using merical
modelling. Following the description of these collapse mechiams a simple
method for calculating the forces which govern the potentidor collapse is
described and a methodology for the assessment of tall building Isility in

re is described.

Chapter 8. Case Study: the SCI buildings

Using the buildings which were designed by the Steel Construatidnsti-
tute (the SCI) for their comparative study of building costs, the response of
two buildings using di erent structural con gurations is determined analyti-
cally and changes are suggested using the design framework psgzbwhich

allow the structure to achieve target reliability.

Chapter 9. Discussion and conclusions

A general discussion is given here, summarising the results, cosaiuns and

any issues which have been brought up in previous chapters.

Possible further work is suggested.



Basic Fire Modelling for
Structural Design

2.1 Introduction

Before beginning any structural design process, the loads whibave to be
resisted need to be determined. For structural design for re resance,
regardless of whether or not the solution is one of protectiorr another so-

lution, as will be disucessed in detail later in this thesis, the & which the



structure is required to resist must be de ned.

Various re models exist, with varying degrees of control oveheir complex-
ity, and some are more suited to use in determining structural las than
others. With an increase in complexity of the re model generbl comes an
associated increase in the level of input required by the user. &imodels can
broadly be divided into ve categories, which are listed in asceling order of

complexity [12]:
Nominal re curves;
Parametric re curves;
One zone re models;

Multi-zone re models, and;

Field models

These models are described brie y below, however for more infeation as
to the uses and limitations of these models, additional refereas should be

consulted.

2.2 Nominal re curves

Standard temeprature time curves represent an average compaent gas
temperature which varies over the duration of the re. They & specied
in codes for single structureal element testing methods and bgi empirical

they do not incorporate any aditional variables, apart from re duration, to
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describe the compartment temperature, re duration, or the res growth rate.
Their use is limited, especially for rational structural desigrior re, except
as a basis for comparison with other more appropriate test mettls [13].
The standard British re curve is the same as the ISO 834 re curveand is

given by the equation:
g= at345l0gio(8t +1) (2.1)

The British standard re is intended to be used where the fuel lagis mainly
composed of cellulosic material, i.e. wood. Where the fuel soaris hydro-
carbon based a more severe re can occur with an increased hegtmate. In

these instances, an alternative design re is given in the Eurodes as:
¢ =1080(1 0:32% " 067% )+ , (2.2)

The american ASTM E119 re curve is not described as an equatiptut
rather by a series of data points, Tablé 2]1, which give tempédtae values

at di erent times [14].

A comparison of the three nominal re curves is shown in guré 2. It is
apparent that there is little di erence between the British a ISO curves and
the ASTM re curve. The maximum temperature achieved in the hyro-
carbon re curve is lower than that achieved over a long durabn standard
re, although the increase in temperature is faster and the recould be con-
sidered to be more severe for a shorter duration (measures of sdyedre
largely subjective and a severe re could be considered such basedany of
the following: a more aggressive heating rate; a longer duraiti; or a higher

achieved temperature).



Time (Minutes) | ASTM E119 Temperature €C)
0 20

5 538

10 704

30 843

60 927

120 1010

240 1093

480 1260

Table 2.1: ASTM E119 re curve

2.3 Parametric re curves

Parametric re curves are described in Eurocode 1 part 1-2 [[L5They pro-
vide a more rational indication of compartment temperature than those
prescribed by nominal re curves. They are based on full-scaleropartment
re tests and take into account both the physical characteristis of the com-
partment: the geometry and the e ect of the bounding surfacesand fuel

load in the occupancy.

During the heating phase of the re, the temperature is descréd via the

following relationship wiht time:

g= a+1325(1 0:324 %% 0:204e Y' 0472 M) (2.3)
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Figure 2.1: Nominal re curve comparison

Wheret is the notional time given by the current time multiplied by afactor
representing the opening factor and the compartment boundgs thermal

inertia and their ratios to some reference values:

(Fv=b?

(0:04=1160} (2.4)

Where F, is the ventilation factor (or opening factor) of the compannent
and b is the square root of the thermal inertia of the wall linigs. The

ventilation factor is given by the expression:

P

F, = H, (2.5)

> 2

Where A, is the sum of the areas of the openinggy; is the total area of the
compartment boundaries andH, is the weighted avergae height of all of the
window and door openings [14].

The Eurocode parametric re curve is very similar to the so-cé&d " Swedish™
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curves of Magnusson and Thelanderson.

Both nominal and parametric re models describe the re as an\srage

compartment tempertaure time curve.

Alternative parametric re curves have been developed as altnative to the
Eurocode parametric re, with speci ¢ attention paid to their relevance for
structural re engineering [16]. A number of analyses are runsing the zone
model CFAST to study the e ects on the re of re load, ventilati on condi-
tions, geometry and thermal properties of the enclosure. Theadel relies on
the rate of heat release as input, and accounts for travelinges by allowing
breakthrough between cells of a compartment and an adjustmeof the heat
release rate. However this approach is ultimately conservagéissince there is
no indication of near and far exposure to the re and the inherg assumption
appears to be that once ignited, all material contribution ¢ the re load is

cumulative with no expiry time.

2.4 One Zone Fire Models

One zone re models have uniform temperature distribution troughout the
compartment, and the gas temperature is calculated by solnthe heat
and mass balance equations for the system [14]. A one zone moagdes
account of the transfer of mass between the inside of the compaent and
its surroundings and between the re and the gas in the compartent. As
with the Eurocode paramteric re, one zone models take accouof energy

transfe between the gas, the compartment surroundings, the coarment
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boundaries and the re, gurdZ2. The physical variables usetb describe
the model are [17]:
¢» the gas temperature
m, the mass of the gas inside the compartment
V, the volume of the compartment
E, the internal energy of the compartment
, the density of the gas inside of the compartment
p, the compartment pressure

The major assumption of the one-zone model is that the physicatqperties

of the gas are uniformly distributed throughout the compartnent.

Figure 2.2: One Zone re model

The rate of heat release into the compartment from the re combls the
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amount of energy allowed into the system; this is balanced witthe ener-
gy in the compartment and the energy lost via openings and thugh the

compartment boundaries.

2.5 Multi Zone Fire Models

A multi-zone re models is similar in concept to a one zone re mdel, with
the important assumption that the compartment can be dividednto two sep-
arate regions, gure??: a hot gas, or smoke, layer abover a cooler gas layer.
Two zone models require the mass and energency balance to bsohesd
between the two layers iun the compartment as well as the exter of the
compartment. They are therefore more onerous than one-zomadels. How-

ever, they are particularly suited to situations where the reis localised [12].

Figure 2.3: Two zone re model
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There are eleven variables which describe two zone models, stomined by

the following equations [17]:

i = Mi=V
Ei=omT,
p=R T
V=W+W

Where in the above set of equations, the upper and lower layerseadenoted
by i=U,L. Di erential relationships between these variables an be derived

from the mass and energy balance equations.

2.6 Field Models

Although similar to multi-zone models, eld models solve the ections for

mass and energy at discrete points in space rather than in two septe

layers. Complex compartment geometries can be considered gsield mod-

els, and non-linear temperature dependant material propees can be more
easily incorporated into the models. Some examples of eld meld which
are frequently used for re modeling are NISTS Fire Dynamics Biulator

(FDS) [18], Ansys CFX [19] and the BRE's JASMINE model [20].

Field models are computationally intensive and any results ¢dined from

eld models are extremely sensitive to the input chosen by the usg1,22].

15



2.7 Temperature of Structures Exposed to

Fire

There are three mechanisms which control the through depth af structural
element exposed to re: conduction, convection and radiatio Conductive
heat transfer describes the balance of energy through a solid wa a solid
interface; convective heat transfer describes the transfer efergy through a
gas-solid interface; and radiative heat transfer describes thieansfer of en-

ergy to a solid via the electromagnetic spectrum from a radiate heat source.

Using the nominal temperature time curves described above pides a mean
compartment temperature. For simplicity this is often takento be the tem-
perature of the exposed surface of all structural componentsthin the com-
partment. This results in the through depth temperature distibution of most
structural elements being controlled by conduction ratherttan convection or
radiation. For thermally thin materials such as steel and othemetals, the
temperature of the element is often assumed to follow the meaompartment

temperature.

Where a steel beam is protected by some material in contact withe section,
BS 7974 [2] provides a simple equation for calculating the metemperature

of the section given a gas temperature time curve:

1
mCnm

~ Hp. Ki
Tm = W")d—i(Tg Tm) t (2.6)
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Additionally, Eurocode 2 Annex A provides calculated tempetare pro les
for slabs and beams [15]. Annex B of the same document provides @asi-

ed calculation method.

Through the modelling of the Cardington tests, some simpli cabns were
made regarding the through depth temperature distribution b oor slabs
and other thermally thick structural elements. The non-linea temperature
distribution was idealised as an equivalent average tempetae increase, T,

and through depth thermal gradient, T; z, Figure 2.4 [23,24]. All that is re-
quired in this method is that the elongation and curvature stains imposed
by the idealised temperature increase and gradient are equieat to those
imposed upon the section by the original through depth tempetare distri-

bution.

Figure 2.4. idealised temperature distribution through a carrete slab

2.8 Summary

In this chapter an overview was given of the various re modslwhich can be

used for structural applications. Although the nominal re cune, including
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the parametric re curves are code based and used in design cottespecify
temperatures of re compartments the more complicated modieare permit-
ted as required to rationalise design solutions which are not de based, as
will be discussed in later chapters. The application of these re atels to
structures and various methods of calculating the temperata distribuion
ina heated structural element was also described as well as thechanisms

which permit heat trasnfer.
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Overview of the Basics of
Structures In Fire

3.1 Introduction

Traditional structural design for re centres on a furnace testof an unre-
strained structural component. The component is subjected to 'atandard
re' of some prescribed duration following which the capacityof the com-

ponent is checked to ensure that it meets any loading requiremts which
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it is required to. Testing focuses on the loss of sti ness and stretiigof the
material, and where the component fails, passive re protectiois applied to
ensure that it could not reach the 'critical' temperature forthe duration of

the furnace test.

On the 23rd of June 1990, a re broke out in the partially compmted struc-
ture of Broadgate phase 8 - a 14 storey composite o ce building vith was
largely completed but which had no passive re protection instéed. The
building did not collapse, although it did su er very large deections as a

result of the elevated temperatures.

Although it was widely known at the time that current re testin g tech-
nigues were scienti cally unsound - failure of elements in aaé re inside of
a highly redundant structure bears little resemblance to failre of elements
in a furnace test - the Broadgate re led to a more focussed and cmerted
e ort to understand real frame behaviour in real res. This wasmade man-
ifest in the Cardington tests - a set of full scale tests which weraweied out
on a composite steel structure inside of the airship hangars at Gangton,

in Bedfordshire.

This work, undertaken jointly by Corus (then British Steel) and the Building
research Establishment (BRE) consisted of 6 full scale re tests dgsied and
carried out in order to facilitate a better understanding of he behaviour of
frames subject to re. The tests were carried out between Janna1995 and
July 1996. The UK governments department for the environmentransport
and regions funded the partners in technology (DETR PIT) prgect in 1996 -

a consortium of establishments undertook to analyse the resultaddevelop
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numerical models to aid in the understanding and analysis of éhunderlying

mechanics which govern structural response to re.

The understanding of the principles which govern the behawo of struc-
tures subject to re has led to the development of analytical échniques to

describe their behaviour.

This chapter presents a broad overview of the research carriedt in the
late 1990's and the early 2000's. For more detailed informat a number
of sources can be looked at, some of which are referenced heosyever for
a good introduction to the behaviour of structures in re, theoriginal PiT
project report [25] as well as a number of PhD theses from the Wersity
of Edinburgh [1,26,27] give a comprehensive overview of thadkground to
the Cardington tests, their results, and the outcome of the modeig which

followed.

3.2 The Cardington Tests

The Cardington building was an 8 story composite steel frame, signed and
constructed to represent a typical o ce building in the UK [28]. It was
a braced frame comprised of a composite oor system constructearn an
A142 anti-cracking mesh embedded in a concrete slab with a minim depth
of 130mm. In plan, the building measured 21 x 45 metres, and it w883m
in height. Of the six tests which were carried out on the structue 4 were
planned by British Steel plc, and the remaining two were plared by the
BRE.
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The aims of the tests were threefold:

1. To provide data for numerical analysis of the behaviour ofomposite

steel frames in re;
2. To demonstrate the behaviour of multi-storey frames in reand,

3. To provide a platform from which to build an understanding 6 the
behaviour of multi-storey frames in re upon which design regamen-

dations and, ultimately, practical methodologies can be Is&d.

The layout of the British Steel tests is shown in gure 3.1. Theseansisted
of, in order, test 1: a restrained beam test, test 2: a plane framedt, test
3: a corner test and test 4: a demonstration test. The BRE tests weid
a corner compartment, and a large compartment; their layouis shown in

gure 3.2.

Figure 3.1: British Steel re tests layout [1]
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Figure 3.2: BRE re tests layout [1]

3.2.1 British Steel Test 1

The rst British Steel test was the restrained beam test. It was caied out
on the 7th oor and was designed to demonstrate the real behawipof a sin-
gle structural element which is restrained by the surrounding sicture. The
beam was connected to columns at either end via partial dep#nd-plates.
It was subject to a furnace re over most of its length - 0.5m waseft outside

of the furnace at either end.

2 things of note were observed in this test. Aside from the expedtdarge
vertical mid-span displacements in the beam, the lower angesf the beam
and lower depths of the web yielded plastically at either endsaa result of
large compressive forces restraining the beams thermal expamsi The large

displacements during heating were not fully recovered upomaling.
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3.2.2 British Steel Test 2

The second British Steel test was conducted over the entire lehgf a series
of 3 beams spanning across the buildings shorter span. It also empassed
the 4 exposed columns which the beam was connected to, whichrevéeft
unprotected for the purposes of this test. The objective of theest was to ob-
serve the behaviour of connections in re as well as to observeetbehaviour
of the frame in the vicinity of the connections. This was the dg test where
the columns were exposed to heat directly without passive pratigon being

applied up to the level of the oor.

The assembly was heated by a furnace, as in the previous test. #an
behaviour was observed as to the rst test: plastic yield and budkg dis-
tortions were observed in the lower anges of the beams at eg¢hend, and
squashing of the column heads occurred directly beneath the oo system.
Large displacements occurred upon heating which were not lfurecovered

upon cooling.

3.2.3 British Steel Test 3

The British Steel corner test was designed to study the entire cqrartment,
and in particular the large de ection 'membrane’ behaviourof the heated
oor. Similar behaviour was observed to the previous tests, lge displace-
ments and buckling of the lower anges as a result of the restrati provided

by the adjacent unheated structure.
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3.2.4 British Steel Test 4

The 4th British Steel test was designed to demonstrate that the aviour
observed in the previous tests would occur in a large compartntesubject to
a 'real' re. The test compartment was the largest of all of the &sts carried
out by British Steel, and it covered fully two bays of the structire and a

large portion of the neighbouring bays.

Again, large displacements were observed upon heating that ramed par-
tially after cooling. Buckling of the anges of the beams oagared adjacent
to the connections to the column. Cracking of the concrete ar slab was
observed around the columns, but there was no indication thahe structure

was near to failure.

3.25 BRE Test1

The rst BRE re test was conducted on a single corner compartmetron the
2nd oor. Although there was a de ection of the structure remaning after

the re, there was no local buckling observed.

3.2.6 BRE Test 2

The second BRE test was carried out over two full bays of the strtuire on the
2nd oor. Like most of the British Steel tests, the columns were tected to
the level of the oor. Similar behaviour was observed to the Btish Steel tests

- large displacements in the oor system and beams, accompanied local
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buckling of the lower anges of the beams about the column caections.

3.2.7 Summary

In all of the tests which were carried out, large de ections we seen to occur
in the horizontal components - the oor slabs and the primary ad secondary
beams. However, there was no indication that the structure was/&r any-
where near failure during any of the tests. In all but the 1st BREdst which
was carried out, local buckling was observed at either end dfd steel beams

as a result of large compressive forces developing in the steebuheating.

Contrary to the philosophy behind the standard furnace test, te behaviour
of a composite steel frame in re is not controlled by the behagur of the
components subject to heating in a determinate mechanicalse The be-
haviour is determined by the ability of a heated component t@xpand due
to temperature increases; and by the ability of the surroundingtructure to

resist this expansion.

3.3 Numerical Studies

A number of numerical studies to understand the behaviour of sictures
under thermal actions had been undertaken prior to the Cardgton tests.
Some examples of these modelled the behaviour of steel framesjestt to
re using sub frames taking account of the restraint provided byhe adjacent
structure [29]. However, there were no available experimeiteesults with

which to compare the data and the only validation that was mae was using
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existing, codi ed, limiting temperatures.

The PIiT project was a joint collaboration between teams at teB Universi-
ty of Edinburgh, the BRE, Imperial College London, British Stel and the
SCI. Its goal was [28]:

To understand and exploit the results of the large scale re tests
at Cardington so that rational design guidance can be develope

for composite steel frameworks at the re limit state

This was achieved through the development of numerical madeof the ex-
isting test data to verify the ability of numerical techniquesto model the
phenomena observed [30,31]. These models were then simpli ecatcurate-
ly predict the behaviour of steel framed structures under thenal e ects [32].
Similar models were then developed separately to test the assuimops which

had been made in the original and simpli ed models [33].
Following the understanding which had been gained from theseodlels and

the results of the Cardington tests, analytical techniques werdeveloped to

accurately predict and explain the response of multi-storeydmes to re.
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3.4 Analytical Techniques for Describing

the Behaviour of Structures in Fire

3.4.1 Thermal Displacements

The overriding factor which controls the behaviour of steel stictures in re
is the thermal strain and the combination of expansion and resamt which
describes the response of the structure. As will be discussed, thismbination
may allow for alternative thermally enhanced mechanisms to abilise which
allow the structure to sustain the mechanical load to which it issubjected.
The thermal strain is the product of the coe cient of thermal expansion and

of the temperature increase of the material.
T = T (3.2)

It is mechanically separate and distinct from the mechanical stin, although

it does contribute to the overall total strain [34, 35]:

tot = mech t T (32)

Considering a determinate beam in re - one end is supported onraller
support, and the other is simply supported, i.e. it is free to rate about
the support but restrained against axial translation. The thernal displace-
ments consist of two components, one dependant upon the expamsgtrain
caused by the equivalent uniform temperature increase (') and the other

on curvature strain imposed by the equivalent uniform tempetare gradi-
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ent (T.,) through the depth of the composite section. The rst component
the additional length generated by the outward translation bthe support at
the perimeter of the structure caused by the thermal expansiorf the oor

system, is as shown in gure 3.3.

Figure 3.3: Thermal de ection due to expansion

Lr =LA+ 1) (3.3)

The second component is the inward translation of the support d@he perime-
ter of the structure caused by the bowing of the oor system aftertte ap-
plication of the thermal gradient as shown in gure 3.4. The bwing strains
cause a vertical de ection of the oor system. In combination wh the ex-
pansion strains, the thermal curvature strains lead to some hoontal, ur,
and some verticalwy, displacement in the oor system, dependant upon the

thermal curvature = T ..

Figure 3.4: Thermal de ection due to curvature

: (3.4)
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(3.5)

3.4.2 Thermal Force

Where the thermal strains are accommodated in the structure bgleforma-
tions there is no resulting stress in the material. Where the stias are not
accommodated by some displacement of the structure they induseme ther-

mal stress:

t=E ¢ (36)

Where no lateral translation is allowed in the oor system, the tstance
between the supports is xed. Therefore thermal expansion anthermal
bowing induce lateral forcesN 1, and N , at the support, dependant upon

the thermal de ection, wt [35], gure 3.5. The thermal force at the restrained

Figure 3.5: thermal forces in the oor system

ends of the beam is equivalent to the thermal force in the seoti:

Nt =Es(T)As 7 (3.7
r !
2
% +1 1 Eg(T)As (3.8)

NI =
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The total horizontal force at the supports from the thermal lading is the

combined load from the thermal forces:
Ntot = NT + N (39)

Thermal loading on the section is presented in two componentsoth related
to the temperature distribution: a thermal force,N 1, caused by the restraint
against expansion of the slab heated by the mean temperature;chas a ther-
mal moment, M 1, caused by the expansion due to the temperature gradient

present in the section [36].

7=
Nr=Eb  T(z)dz=EA T (3.10)

Mt = Eb T(2)zdz=ET ., (3.11)

3.5 Alternative Load Carrying Mechanisms

Although it was widely recognised as a potential action in botlambient and
elevated temperature design for oor systems at large displacemts, the
results of the 3rd and 4th British Steel Cardington tests demonstted the

potential for structures to adopt a catenary or a membrane méanism in re.

These mechanisms are greatly enhanced by the presence of nochasical
thermal strains in the structure which allow the load to e ectvely ‘hang'

without the build up of large mechanical strains in the mateal which lead
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to rupture.

They are discussed further in later chapters.

3.6 Material Properties

Despite the potentially positive e ect that thermal expansionmay have on a
structure by mobilising alternative mechanisms, thermal actio on material
tends to have some negative e ect on its sti ness and its strengthBS 7974
and Eurocodes 2 and 4 provide descriptions of the behaviourrogterials at
elevated temperatures [2,37,38]. This behaviour is reladly intuitive - an

increase in temperature is accompanied by a decrease in bothretss and

strength - and is only summarised here.

3.6.1 Steel at Elevated Temperatures

The factors which describe stress-strain behaviour of structurateel is shown
in gure 3.6. The yield plateau, not including strain hardenng (represent-
ed by the dashed line), is relatively constant between 0 and 400although
the modulus of elasticity, or Young's modulus, reduces with katively low
temperature increases. These factors are an approximation aadsume a

constant strain hardening.

For hot rolled reinforcing steels, the stress-strain behaviour alevated tem-
perature can be described using the same tables and gures asdouctural

steel. Poisson's ratio of steel is relatively constant at all tengyatures, and
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Figure 3.6: stress-strain behaviour of structural steel at ambieéand elevated
temperatures [2]

is normally taken to be 0.3.

Although the coe cient of thermal expansion varies with tempeature [37],

gure 3.7, itis commonly assumed to have a nominal value of=1:2x10 5.

3.6.2 Concrete at Elevated Temperatures

The reduction in the compressive strength of concrete at elet tempera-

tures is shown in gure 3.8. Peak compressive strain increaseswihcreasing
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Figure 3.7: coe cient of thermal expansion variation with temperature

temperature, although peak compressive stress decreases. Figdifeshows
the reduction factors for peak tensile strength of concrete alevated temper-
atures. Compressive strength of concrete is normally assumed tortegligible
in design, and where it is considered it is usually taken as arotii0% of the

peak compressive strength.

3.7 Summary

Structural re engineering has bene ted in recent years fnm a growing un-
derstanding of the fundamental mechanics which control thedhaviour of
structures in re. While the design and analysis of structures atmbient
temperatures has had the bene t of many years of research andumdamen-

tal analytical understanding of the behaviour of structures, & appreciation
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Figure 3.8: reduction factors of compressive strength of coete at elevated
temperatures

of the principles of structures in re has only relatively reently been avail-

able for structures in re.

Theories and mechanisms identi ed and developed through theumerical
analysis of the response of real structures to deliberate or adental res
has allowed for the validation of simple analytical theoriegvhich accurately
describe and predict the behaviour of structural systems to elated temper-

atures.

Although temperature dependant material properties are ohportance when
analysing the response of real frames in re, these methods havepdrted
from the traditional emphasis on the e ect of temperature on suctural sti -

ness and strength. They therefore allow for a more rational amatoportionate

response to the problem of structural design for re attack.
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Figure 3.9: reduction factors of tensile strength of concreta elevated tem-
peratures
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Performance Based Design

4.1 Introduction

Performance based design is an alternative to prescriptive eodased de-
sign which has developed over the last few years in a number ofyareering
disciplines. It changes the goal of design from that of attaingha 'deemed
to satisfy' solution to a solution which can be shown to meet perforance

goals as set out at the beginning of a project. The performangmals are
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the statement of intent of the design. They can meet any numbeff griteria:
nancial; life safety; environmental; structural stability or integrity; cost to
repair or recover or any combination of these goals. They are sped in
standard cases by authorities having jurisdiction and are norafly disposed
to the assurance of life safety and reducing environmental camination as
opposed to other goals. However, for low probability/extremeonsequence
events such as earthquakes or res, there is a great deal of scdpe both
improvement of safety and cost saving. This can be achieved byauding
an approach to the design of the building which not only conside the life
safety and environmental consequences of the event but also etlactors
which may be of interest to the project owners such as the cost tepair or

replace in the event of a re.

While prescriptive codes describe how a structure should be dewmg to
meet performance goals which are hidden in the design codestfp@nance
based codes should allow for a speci cation of the performanceat and
should allow for any solution to be composed which can be demora#d
to meet these goals. The performance goals speci ed depend upbe type

of design being carried out: severe weather; earthquake; rén re safety

engineering, prescriptive codes specify how to achieve mimnim levels of re
resistance times for structures, performance based codes shoutdad how
levels of performance should be calculated and allow su ciergcope for the

Engineer to design a solution which achieves the desired perf@ance.
Prescriptive codes rely upon a similar philosophy to traditioal re test-
ing techniques: elements are protected from thermal e ect®tprevent a loss

of strength and sti ness by ensuring an appropriate level of insation from
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temperature increases. A fully performance based code woultbal the user
to de ne the required performance goal for a structural elenm in situ in
the structure, with the appropriate static, dynamic and re loading. For a
complete building system, however, it may also look at methods$ oe sup-

pression, containment, and methods of reducing the impact of ge attack.

4.2 History of Performance Based Design

Performance based codes for building design rst began appewyiin the USA
in the 1970's [39], and their proliferation across most of theulding regu-
lations in place worldwide has been steady. Notably in Europeyhere the
Conseil International de Batiment (CIB) issuing a report in 192 in which
prescriptive codes were found to be restrictive and ine cient The report
detailed performance requirements and how they can be gleahfrom pre-
scriptive codes and also gave some sample solutions of how theséopmance
goals could be applied . The current Eurocodes, developed byetCIB, all
accept a performance based solution as opposed to the 'deemedatisfy’

prescriptive solution.

4.3 Fundamentals of Performance Based

Design
Performance based design is based upon three main criteria [40]

De nition of the objectives of the design process
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Investigation of the alternative designs available to meet #objectives

Reliability and risk assessment of alternatives to select the mostent

solution

The basic elements of a performance based design framework agened in

such a way as to allow the user freedom to compose any solution tetprob-
lem, allowing also the freedom to employ new techniques ancckaology as
they become available. The objectives must be clearly stated the outset
of the project, and any design solution which ful Is these objewes whilst

still adhering to the performance targets of the design framewk should be
permitted. It should be noted that although the targets in tems of life,
property and business protection may remain similar to those pseribed in
prescriptive design codes, these targets should remain indepentdof the

prescriptive building code performance goals.

There are many justi cations for the use of performance based sign codes
as opposed to prescriptive design codes. Although prescriptivedes are still
in use in many countries it is generally accepted that these arawed in

many ways [39].

Prescriptive codes are based upon previous experience: safatyl design
criteria were prescribed individually and independently oéach other. How-
ever, this is rarely the most cost e ective and resource e cientmethod of
design, since the ine ciency of prescriptive techniques tend® lead to an
overlapping of re safety measures. The use of performance basedies al-
lows for the use of advances in both re science and engineeritogfacilitate

an optimum design, one which meets not only the code safety obiees but
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also the needs of the designer and of the user.

While the prescriptive codes are simple and easy to work with, Fermance
based design allows the engineer a degree of exibility in sdieg a method
for design so that a structure resists both a re load as well as a statdesign
load. It is possible for the engineer to innovate, and use the bahour of
materials and structural arrangements to their advantage, @ssibly reducing
cost, and with the ultimate goal of optimising the nal design. Utimately, a
performance based approach increases the range of solutionsctviare open

to the design engineer over a prescriptive approach, gure 4[3].

Figure 4.1. Expanding spectrum of solutions [3]

4.4 Performance Based Design Frameworks

Traditional design techniques approach the design of structes for acciden-
tal and severe loading in a very linear manner, approaching ¢hproblem by

de ning the loading and then applying this loading to the stricture. This is
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particularly well illustrated for earthquake engineeringm many instances , for
example Irfanoglu [41] presents a comprehensive framework p@rformance
based earthquake design which uses utility functions to assessfpanance

under multiple objectives.

The application of the concepts of performance based design te engineer-
ing has also been attempted, in particular by Hamilton et al. [4 where the
authors propose a Performance Based Fire Engineering Methdatyy which
follows the linear process of Fire Hazard Analysis, Structural Amgsis, Dam-
age Assessment and nally loss and risk assessment. This methodologynis a
exact mapping of a performance based structural engineeringethodology
for earthquake design developed at the John A. Blume Paci c Etdrquake
Engineering Research (PEER) Centre, gure 4.2, with Seismic Hard Anal-

ysis replaced by Fire Hazard Analysis. This same linear methodojogan

Figure 4.2: PEER earthquake engineering performance basessdjn method-
ology [4]

be utilised for the performance based design of almost any systenden any

form of extreme extrinsic loading. However while the acceldran and loca-
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tion of earthquakes is independent of the structure which isding designed,;
re loading is inherently intrinsic and varies with the structure in question
and with the features of the building. The 'worst case' re vares from com-

ponent to component and from performance goal to performaagoal.

Barry [5] describes a complete performance based design framewwwhich
ows the steps of Appraisal, Analysis, Performance and Assessment, gur
4.3. A complete set of design res and re scenarios is developadd the
performance of a system is assessed. Although this methodology &&sion
industrial risk assessment rather than structural design, a numbef the con-

cepts in the work are relevant and can be applied to structures re. Of

Figure 4.3: Performance system model [5]

particular relevance is the development of a number of posstbke scenarios
for a component or system and the assessment of building performaras a
result of these events and based upon the likelihood of the irting event.
Although this is onerous in terms of the amount of calculatiomequired for
design and assessment, this is one of the only solutions which abder any-
thing other than an ad-hoc design methodology which is based aip a single

design re.

In Barry's book, the actual event probability for risk assessmeris estimated

using an event tree. This process is used to achieve a ranking ajrhrisk
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components of the system for mitigation in the framework.

4.5 Performance Goals

Moving from performance based codes to prescriptive codes hed to a re-
quirement for the explicit statement of performance goals a@requirements
of the system. While the methodologies employed to both quafti and
assess system performance are left open where performance bassigés
allowed, the acceptable levels of performance for buildisdpas to be classi ed
and prescribed externally. A common approach to the allowaacof perfor-
mance based design in building codes is the use of a hierarchmatem for
the overall design of buildings which allows for both a perfarance based
and a prescriptive based approach [6,42], gure 4.4. In this ppoach, the
functional requirements are consistent for both prescriptivand performance
based codes, and whether a 'deemed to satisfy' solution is implented or
a fully performance based solution is engineered depends ugbe decisions
made earlier in the project, while the performance requireamts and the ac-
ceptable methods are being determined or stated. This appr@ain turn has
led to a necessity for the classi cation of buildings for extremevents where
the performance requirements are stated based on the type ofilding and

its utilisation.

Mowrer [6] proposes a re performance matrix, table 4.1, whicis based

upon the performance groups de ned in the ASCE 7 standard:

Group 1 - this group includes buildings which are normally umccu-

pied, such as agricultural buildings and sheds. Signi cant loss life is
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Figure 4.4: Hierarchical approach to performance-based desi®]

unlikely given occurrence of a re in these buildings.

Group 2 - this group includes most other buildings, such as resiuél,
retail and commercial structures. Occupants are not restrictein their

mobility.

Group 3 - this group includes buildings which are occupied biarge
groups of people, services or by people with reduced mobilityoss of

life is likely given an extreme event.

Group 4 - these buildings are deemed high consequence buildinghey
are essential for public welfare and include hospitals, policeasibns and

re stations.

In the performance matrix, performance levels are de ned fetructural ap-

plications as:

Mild - No damage

Moderate - Moderate, repairable
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Performance Groups

Performance I [l 1 \Y,
Level
Severe Infrequent Rare Very Rare | Extremely Rare
High Frequent Infrequent Rare Very Rare
Moderate | Very Frequent Frequent Infrequent Rare
Mild Very Frequent | Very Frequent | Frequent Infrequent

Table 4.1: re performance matrix [6]

High - Signi cant, repairable

Severe - Substantial, irreparable

These performance goals are, fundamentally, qualitative drtheir specic

application to design is only valid in a general sense.

Beller [42] addresses the suitability of qualitative and quaitative state-

ments of goals in performance based design codes. Since perdoice based

codes are meant to provide a link or a dialogue of the processighsociety

expects a building to perform to and the design which is meanbtmeet these

objectives. Therefore both qualitative and quantitative stteement of goals is

necessary, although at di erent stages in the process of designud)tative

statements re ect the expectations which society and the pression places

upon a structure, whereas quantitative goals re ect the suitiaility of the nal

design to meet these goals.

A method for determining reliability acceptance criteria ér exceptional struc-

46




tures is detailed in [43]. Although this details consequencegextreme events
in terms of life, economy, cultural assets and the environmeis opposed to

structural consequences.

Figure 4.5 [7] illustrates schematically building performare goals in re in
terms of evacuation and structural integrity. Performance gals over the
course of re growth are prescribed for the room of origin; theoor of origin;
and the entire building in terms of tenability limits of the compartments and
the integrity of the structure in re. Design codes allow for tre reduction in
design loading given extreme events [44]. During a re attackn a building
the design loading may vary with the time of exposure. Early omia re, the

design static loading will be very similar to ambient static loaohg, with this

value reducing as re progresses until the structure is requidgo sustain only
its own self weight. The characteristic design load is therefora function of
time. This method of determining performance goal takes agont of a num-
ber of di erent performance criteria of importance to re saéty engineering,
and the speci cation of tenability limits as a function of evauation times
is of use to re safety engineers. The speci cation of the goal ofrsictural

integrity seems to be a reasonable goal since no re will burn iechitely.

The loss of structural integrity shown in gure 4.5 should therefre not be

allowed to occur.

4.6 Summary

Performance based design is a concept which o ers designers #imslity to

specify their own criteria for acceptance of a solution. Theyra e ectively
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Figure 4.5: performance timeline of building response [7]

open design codes and allow any method of specifying a solutianthe prob-

lem so long as it meets the expectations which are placed upan i

Since performance goals are descriptive rather then qualitze they re ect a

commissioning bodies willingness to accept a certain amountragk in com-
missioning a solution. Because of this they are particularly st to low
probability high consequence events such as earthquake, extre weather or

re.
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Risk and Reliability

5.1 Risk Assessment

The concept of risk is a very subjective one. What constitutes aidh risk
to one person may be deemed to be a low risk to another, dependingon
their perspective. While risk is determined by the product oftie probability
and the consequence of an event, equation(1.1), as a meanihgieasure for

design unless it is based upon reliable statistical data it is lir@d by the fact
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that any risk acceptance decision is a value judgement depemtiaipon the
risk analysis done in the rst place and upon the experience angimion of

the engineer doing the analysis.
Risk = Probability Consequence (5.1)

As discussed in the previous chapter, as a value judgement, rislpresents
the goals which society expects a structure or building to adwe. A com-
prehensive risk assessment will enable the identi cation and rammg of high

risk areas for more detailed design.

5.2 Risk Based Design Goal

The consideration of re as a load in every part of a building i®n onerous
task and in many cases it is not practical due to time or nanciatonstraints.

especially for such a low probability event.

The potential for a serious re event occurring in di erent areas of a building
is largely dependant upon the use and occupancy of those areasnifarly,
the potential consequences in terms of structural stability omtegrity are
largely dependant upon the design. However, by assessing both tieli-
hood and the consequences of a re event in an area regions ajhar risk

can be identi ed for more detailed design.

The purpose of this identi cation as part of a design frameworkwill be to
rank compartments in terms of overall risk and to demonstrate yb other

means that components conform to any predetermined designaj® These
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high risk regions should be individually checked for acceptee until a suit-
ably low risk is found for the entire building. A suitable risk baed framework
for structural design should describe methodologies to identithese higher
risk areas and their systematic targeting according to some risk bazard

ranking in order to reduce the overall risk to the structure.

5.3 Acceptable Risk

The lower level of acceptable risk will depend upon a number dédctors,
including but not limited to: the building owners, the authority having ju-
risdiction, the insurers, and the building occupants. It will ao depend upon
the proposed use of the building: some occupancies have natlyrdligher
risk associated with them either as a result of processes being @irout
within the building, for manufacturing or other facilities, or as a result of
arson or terrorist attacks on, for example, schools or on high @te public

buildings.
This concept of acceptable risk is recognised, although noticitly, in a

number of current design codes where life safety objectivesaltered de-

pending upon the occupancy.

5.4 Fire Probability

Much of the previous work on risk based re safety design has terdid¢o

employ annual return periods of res of given severities, sinail to the way
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in which earthquake probability is de ned. Lin [45] uses a Pgson process to
model the probability of res based upon numbers of annual reccurrences
and oor area. This is similar in approach to work by Ramachanchn [46],
where the risk from a re is de ned as the product of the probabity of re
occurrence and the oor area damaged. While potentially vide as statistical
measures of re loss, these methods are generally unsuitable forustural
design since re is often man made, not a natural phenomenon, éproba-
bilities derived from re statistics do not re ect the poor informativeness of

the relatively small sample group of re ignition.

Some local bodies or groups maintain their own records and sstics of
re occurences and these are subject to analysis and interprétan, however
these analyses range from the very informative [47] and usefat tleveloping
a range of scenarios, including estimates of re growth rate anfiiel load
by occupancy type, to the descriptive [48]. Any rational attemt to design
based on these analyses will be only applicable for the region @vuntry
from which the statistics are collected and will not be a generapplication
of the concepts. Of use, however, may be some sort of a map whichem$
re statistics and from which social factors can also be incorpated into the

design information.

The following corollaries are therefore proposed for the dgsi of buildings

for re:

1. For Structural design, a building has to be designed underéhassump-

tion that a meaningful re will occur, i.e. P(re occurring) =1.

2. The quanti cation of the probability of a particular re e vent occurring

52



in a building cannot be simply described as a probability over geturn
period. This is at odds with existing frameworks for exceptial and
accidental loading and suggests that other design frameworkannot

simply have their wording changed to address re loading.

3. Itis unscienti c to use historical data to derive statistics fo use within
a design process and draw probability distributions of re duron or

temperatures for use in a risk assessment.

4. The perceived risk should be associated with real and possibl@srin
the building being designed and the subjective consequence bése
res on the structure. This data should be based upon informatio

about the individual construction project and its proposed usge.

The second, third and fourth points above are addressed in worly blostikka
and Keski-Rahkonnen [49], where the probability of the re ad the associ-
ated consequences are directly related to assumed probabildistributions
of the variables associated with the re model and system being signed.
Although this work was not focussed on the risk as a result of re, itlid
model the probabilities of a number of re events occurringsa product of a
number of assumed distributions of input variables for the modievhich was

considered the most likely outcome of an event.

5.5 Risk Matrix

A risk matrix is a simple graphical tool for assessing risk. It corrates the
likelihood of an event with its severity to provide a simple visal assess-

ment of the risk associated with the occurrence of the event. NFPB51 [8]

53



provides a simple example of this concept, gure 5.1. In the ample, the

Figure 5.1: NFPA risk matrix [8]

consequences are listed along the horizontal axis and the pabidities are
listed along the vertical axis. High consequence - high probabjl events
have higher risk than low probability - low consequence event&ll combi-
nations of the intermediate categories have some intermetBalevel of risk
associated with them. In this example there are three risk classiations

which are distributed between the di erent combinations.

This is a common management tool for assessing risks and is used Wide

in one form or another throughout the construction industry.
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5.6 Reliability

The current Eurocodes present a design framework which is basgabn the
First Order Reliability Method, or FORM. The targets of the Eurocodes are
based upon indices of Safety or Reliability. The reliabilityof a system (or
component) is a measure of the probability that the load on theystem will
be less than the systems resistance. This concept is the basis fag trartial
safety factors which are prevalent throughout design codes shdwide, and it

therefore seems only natural to apply it to structural re safey design.

5.6.1 Reliability Theory

The standard stress-strength model is shown in gure 5.2. The loadno
the system is represented by normally distributed random varidé Q, and
the resistance of the system is represented by normally distributeandom
variable R. The probability of failure of the system is the probability that

the resistance will be less than the load, equation 5.2.

Figure 5.2: The standard stress-strength model
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P = P(R<Q) (5.2)

For some characteristic valueQ , of Q, this is:

A
P =P(R<Q )= RdLoad (5.3)
Q
In cases where Q is also unknown:
A A
P =P(R<Q)= RQ d?Load (5.4)
1 Q

The reliability of a system, Sg, is the probability that the strength is greater
than the stress on the system, i.eSg = P(Q <R) [50].

R
Sk=P(Q<R )= QdLoad (5.5)
1
2 R
Sk= P(Q<R)= QR d?Load (5.6)
1 1

The conventional factor of safety of a system is the ratio of theesistance to
the load applied [51].

FS= g— (5.7)
Factors of safety are prescribed such that probabilistically #resistance of a
system will be such that the system will be able to withstand a desigoad.
For serviceability limit states these factors are applied to ta loads, whereas

for ultimate states the factors are applied to the system.
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The margin of safety is the margin between the load and the resistce
of the system. For characteristic values of these, gure 5.3, thiis given be
equation 5.8.

M=R Q (5.8)

For normally distributed values of Q and R, the margin of safety is also

Figure 5.3: the margin of safety

normally distributed [40], and has mean and variance depenaaupon the

mean and variance of) and R.
M= R Q (5.9)

var(M)= 5= 2+ 3§ (5.10)

The reliability factor, , is the number of standard deviations of the margin

of safety between its mean and 0, gure 5.4.

=M (5.11)
M
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Figure 5.4: the reliability factor
5.7 Reliability of Structures in Fire

A number of sources suggest that the concept of reliability shaube applied
to structures in re. The SFPE handbook describes the concepf celiability
as a tool for measuring the failure rate of a system [52], and alsw £stimat-
ing physical responses of material and components in re [53]. tAtnative
sources describe the concepts of reliability within the demtion of a perfor-
mance based framework for structural design [40,50], althougere is little

or no illustration or discussion of the proposed application.

The relationship between the reliability of a component or a sies of com-
ponents and the features of the building in which it is contaied is not one
that is normally addressed as part of a reliability calculatin. However, it is
known that the details of a compartment control the potentid thermal load
within and on a building and this interaction is of primary importance in the
determination of structural reliability in re. It must there fore be included

as a factor in the acceptance or otherwise of a design.
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Given a protected component, such as an encased column; or a poment
which is not exposed to any increase in temperature; the 'theihloading’
of surrounding components will manifest itself through additnal thermo-
mechanical loads which need to be considered in addition todldead and
live loading of the structure. For unprotected components ocomponents
which adopt an alternative, thermally enhanced or controld, mechanism
for carrying the static load 'thermal loading' in terms of the temperature
increase of the component needs to be considered when selediir@gactive
mechanism, this is in addition to the thermo-mechanical loadg which needs

to be considered and the 'standard' dead and live 'static' loadg.

While the current design codes do allow for a reduction in statiloading
when a re occurs, the load which a structure must be designed to gist
does not vary with the magnitude of the re, and it is still geneally a pre-
scribed one. Additional loads will, nevertheless, manifest thesalves as a
result of the structures adoption of alternative mechanisms. Whout restat-
ing the static load imposed upon a structure, a framework for statural re
safety design which includes an assessment of reliability can beeleped and
which is in line with existing design methodologies for staticral dynamic

loading.

5.7.1 Thermal Load Variation

As discussed in previous chapters, the list of variables which aethe de-
velopment and spread of a re in a compartment is potentially edless, and

the more complicated the model used, the more variables whideed to be
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de ned. From the robust nominal standard re curve; where the dration of
the re has to be declared, to the nest celled eld model; whee the equa-
tions for mass, energy and momentum have to be solved in everydebldd to
that energy loss through the boundaries and radiative heat ansfer and the
number of variables can become unmanageable. A balance hase struck
between reasonable certainty in the model, appropriatenesttbe model for

the purpose it is required, and complexity of the model.

The variables which a ect the temperature in a compartment re can broad-
ly be separated into two groups: constant and non-constant vabées. The
constant variables are those which are not changing on a day taybasis;
e.g. variables such as construction material properties, coampment geom-
etry, compartment boundary construction, and occupancy. Ahlough these
variables have some random distribution, they are generally spi ed in the

design process at ambient temperatures by nominal values. It sid be
noted that suitable research into the variation of material poperties at ele-
vated temperatures has not been carried out, and the only was which can
be relied upon are the variation of the materials at ambientdmperatures.
Those variables which are non-constant are those which can clgarthrough-
out not just the life of the building but from day to day use of thebuilding;

e.g. fuel load, fuel distribution (compartment con guratian), and ventilation

conditions. These indeterminate variables are those which aaot be fore-
seen during the design process and only a range of values withantable

probabilities can be determined.

According to Knight [54], there are three types of probabili relevant to

decision making:
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1. "a priori probability"', which applies where there is "absolute homo-
geneous classi cation of instances, completely identical extdor really

indeterminate factors™;

2. "statistical probability™, namely, ""empirical evaluation of the fre-

guency of association between predicates™; and

3. "estimates™, which ""must be radically distinguished from pobability

or chance of either type

Evidently, "a priori" probability and "statistical" probabi lity are ill suited
to the study of re since there is neither homogeneity betweenvents nor
a large enough number of samples for there to be a reasonableinfative-
ness in the frequencies obtained. From the points listed, it dear that the
probability of a re falls into the third classi cation of prob ability as de ned
by Knight: estimates. It is proposed to use estimates of the varigds which
a ect compartment temperature in determining reliability in re. In design-
ing a sample set of res using assumed probabilities of the input nables
for the re model, no dependency upon the probability of a reoccurring
is required, this is accounted for in the risk assessment stage o&tbesign
process by assessing the relative likelihood of occurrence of @ in each
location. This proposed estimation of a sample set of res satis ethe 2nd
3rd and 4th corollaries listed above, and allows the design tetbased upon

a range of possible real res in a building.
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5.7.2 Reliability Calculation

The loading and the resistance of any component in re is a congx® product
of a number of variables, and the determination of the actualetiability

can only be achieved by integrating the load and resistance fction where
necessary of the mechanism being designed for over the entire skngpace

of variables.

5.7.2.1 Performance Function

Describing the complex systemZ, of load and resistance using the perfor-

mance function of the variables which describe the systerX, [55]:
Z = 7Z(X1; Xy ;X)) = Resistance  Load (5.12)

Each of these variables has some distribution either random oet@rministic,

and the reliability of the system is given by:

Z Z
Sg=1 P;=1 U F ko, (X1 X255 X ) dXadXo; i dX, - (5.13)

The use of the performance function must consider the e ects ofe at each
stage of the design process. At the initial statement of the probie the
active mechanism should be considered, whether it is a thermaknhanced
one, or changing with the exposure. The actual analysis of therstture
should consider all loads; dead loads, live loads and any addita thermo-

mechanical loads:
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0
Dead Loads
Q=f Live Loads
Thermo mechanical Loads

The actual integration of the performance function and the etermination of
the reliability of a structure, system or component is an onera@ione which
becomes more and more complicated with increasing complexdf both the
structural model and the model which is used to describe the re.Since
the number of variables becomes increasingly di cult to mange, alternative
methods for the integration of the performance function areequired. There
are two common methods for doing this [55]: Taylor series expsion and

Monte Carlo analysis.

5.7.2.2 Monte Carlo Analysis

Monte Carlo analysis is a random sampling technique which drawon a
library of variables and their distributions to generate N radom events. As
with statistical probability, the informativeness of the resuting distribution

increases with the number of events, N.

N
Sk =1 Wf (5.14)

63



5.8 Reliability Goals

For any given system, of resistancR, subjected to a load,Q, the reliability
of the system will vary with the degree of exposure, gure 5.5. T goal
of design must be to improve the resistance of the system so that therpe
formance goal in terms of reliability of the project is met foall reasonable
exposure values, as set out at the beginning of the project. Theliability
goal of the system can be reduced in accordance with the incre&elerable’

risk to the structure with increased exposure. Figure 5.6 showsdlexpected

Figure 5.5: variation with exposure of the reliability and réability goal

evolution of the stress-strength model over the duration of exgare to a re,

including a stepped reduction in the load on the structure as Weas a gradual
change in the resistance of the system. At ambient, the stress-streéngnodel

is as described above, witlQ, and R, the static design values for strength
and resistance. Allowing for the reduction in design loading, threquired
load resistance (strength) of the structureR(T;t) is reduced over the time
to evacuation while the actual structural resistance (stress), eimges with

increased duration of exposure to re. Since the re will nevebe known at
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the outset of the project, the performance goals of the buildg have to be
set irrespective of the re itself, hence the stres€)(t) does not vary with the
actual re but rather the duration of exposure. Following somesxceptional
and prolonged level of exposure it should be expected that thessgm will no
longer be able to sustain its own self weight and collapse of thewstture will

ensue. Diamantidis [56] lists the Eurocode [11] classi cation sigm based

Figure 5.6: reliability variation with exposure

upon consequences of failure, although he de nes the ratio efpected loss,
, between total costs including; initial construction costs ath losses due to
failure; and construction costs. Target reliability indices ad probabilities of

failure for these classes are then de ned, table 5.1.

Class 1 - Minor consequences: Risk to life, given a failure, is shtal negli-

gible and economic consequences are small or negligibleis less than 2
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1 2 3 4

Relative Minor Moderate Large

cost of  consequences consequences consequences
safety of failure of failure of failure

measure

Large =31 =33 =3.7

(Py 103 (P 5 104 (P 109

Normal =37 =4:2 =4:4
(P 104 (P; 105 (Pf 5 10°9)
Small =4:2 =4:4 =4:7

(Py 10°% (P 5 10° (Pf 10°9)

Table 5.1: reliability index targets [11]

Class 2 - Moderate consequences: Risk to life, given a failure,medium

or economic consequences are considerableis between 2 and 5

Class 3 - Major consequences: Risk to life, given a failure, isthigr economic

consequences are signi cant - is between 5 and 10

Using an order of magnitude approach, the probability of failke of the perfor-
mance goals is related to the allowable frequency of occurce of the event.
The probability of failure can be mapped to the reliability ndex [51], and re-
liability targets set for structures exposed to re based upon ta performance
group classi cation described in the previous chapter and thegsformance

level required, table 5.2.
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Relative Conditional

frequency P(R>Q)

Very frequent > 101

Frequent 101! 1.29
Infrequent 10 2 2.33
Rare 103 3.1

Very Rare 104 3.72
Extremely Rare 10° 4.25

Table 5.2: reliability index according to frequency

5.9 Risk Informed Framework for Structural

Fire Design

As previously described, the goals of a risk assessment is to satisfy tjual-
itative expectations which are placed upon a structure wheas the goal in
carrying out a reliability assessment of a structure is to demongitte suitabil-
ity of the solution for the purpose for which it is intended. Howeer, because
of the extremely low probability of re and the indeterminag/ of the re
loading, the calculation of the reliability of every compoant of a structure
is uneconomical, especially where other circumstances maysésuch as low

fuel loads as a result of the proposed occupancy.

It is therefore proposed to employ a 2 stage design process for sties
in re. The rst stage of the design process is a risk assessment of alltbk

components, based upon the relative probability of a re occuing in each
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area of a building. The second stage is to rank each componentaaing to

this risk and to systematically determine the reliability of the components
starting with the high risk components and descending throughhe ranked
components until the reliability is suitably high or until the risk is deemed

to be suitably low.

5.9.1 Risk Assessment

For the rst stage of the design framework, the re risk assessment, is pro-
posed to use a very simple system of risk indexing to determine higheas
of risk. The bene ts which arise from using this approach as opped to
more detailed risk analyses in terms of the resources requiree dlustrated
in gure 5.7. Having discussed the poor informativeness of re statics and
the lack of a necessity for absolute determination of risk for stomural re

safety design when relative risk su ces to target areas for moreedailed de-
sign risk indexing can be used to provide an informative estimatd the risk
in a compartment. Since the risk assessment is used to determineaa®f a
structure for more detailed design consideration, the risk assessimshould
describe the risk which will result in a meaningful re for structiral design.
Assuming that suitable air is available for materials to burn, tle risk of a
meaningful re can be de ned to be a product to the likelihoof there being
an ignition source, the probability, and the amount of combusgible materials,

the consequences; or magnitude of the event.

The compartments within the structure should be grouped into anumber
of categories based upon these two factors and the risk should ketetmined

using a risk matrix similar to the NFPA risk matrix shown in gure 5.1.
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Figure 5.7: resource investment for increasing level of risk dpsis [9]

For example, if compartments are divided into four groups ofelative po-
tential combustible loading (High, Medium, Low and Very Low) ad the
same compartments are divided into 4 groups of relative potgal ignition

(Very Likely, Likely, Unlikely and Very unlikely) one possiblerisk matrix is
shown in gure 8.8. There are 4 levels of risk in the proposed matr The
general form of the risk matrix is the same as the NFPA matrix, atiough the
risks have been changed to re ect the fact that a very likely igition source
may include some forms of ignition where combustible materglre intro-
duced to a re compartment for example in the case of likely arsotargets.
Similarly occupancies where there is little or no risk of igtion represent

generally a low risk.

The proposed risk assessment methodology can be broken down inte th

following stages:
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Figure 5.8: proposed risk matrix

1. Identi cation of the compartments

2. Relative potential fuel load ranking and grouping into tke 4 indices

proposed

3. Relative potential ignition ranking and grouping into the 4 indices pro-

posed

4. Ranking of the components according to their relative risk

5.9.2 Reliability Assessment

The risk assessment and subsequent ranking of the components accado

their relative risk re ects the qualitative aspects of the waythat a building
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should perform in re. Following the statement of the qualitaive require-
ments of the building in re, the buildings performance in scearios which
have a high expectation placed upon them should be demonstrdteUsing
the reliability methodologies as described earlier, this shtal be achieved by
estimating the range of possible res which can occur in a buildg and ap-
plying these res to the structure. The reliability assessment métodology is

as follows:
1. Declaration of reliability goals
2. De nition of re scenarios

3. Assignment of components to compartments

4. Targeted reliability assessment

5.9.3 Complete Risk Based Framework

As part of a design framework for structures in re, the two assessmien
methodologies should be applied successively to a proposed desiga the
design should be iterated until it meets some requirements. Usinbé per-
formance criteria described in tables 5.1 and 5.2 the relidity of high risk

components should be assessed against those of the Eurocode.

As an alternative to proposing some risk based acceptance critgrthe reli-
ability assessment should be carried out systematically on the coomments,
beginning with those which represent a high risk and should end wh the

reliability goal is met without any subsequent alteration.
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The complete proposed design framework is shown in gure 5.9. &work-
ow, however, for the framework should follow the steps listedk@ove, in the

order of risk assessment and then reliability assessment.

5.10 Summary

In this chapter, the fundamentals of risk and reliability wee discussed as

well as their application in re safety design.

Reliability theory was summarised as well as the e ect re has ro relia-
bility and current Eurocode based reliability goals were gan for structural

design.
A risk informed framework for structural re safety design of steleand com-

posite structures was also proposed which draws on the conceptsich are

introduced in this chapter.
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Figure 5.9: complete proposed framework
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Floor Slab Behaviour and
Design

6.1 Introduction

There have been a number of methods proposed for the deterntioa of
ultimate capacities of oor slabs in re. For example, a compessive mem-
brane action enhanced yield line analysis, as proposed by Bwil[&7, 58], for

composite oor slabs in re; or an energy method proposed by Caman and

74



Usmani [36, 59, 60], for assessing tensile membrane capacity in r&oth
of these methods deal with composite concrete oor systems suligst to
large de ections in re, although they are fundamentally dierent in their

approaches.

Regardless of their di erences, both methods provide a means assessing
the membrane capacity of composite oor slabs in re. Both agmethat the
assumption that membrane capacity is the nal load carrying gaacity in
re depends upon the presence of large displacements. Howevegitimer of
the methods provide information for the lower limit of de edion at which
it becomes of use to the designer. For example, slabs with low sfepth
ratios are far less likely to experience large enough displagents to allow
signi cant membrane action to develop than slabs with high spddepth ra-

tios.

This chapter aims to explore the transition between the two nehanisms

further.

6.2 Floor Slabs at Large De ections

Flexural capacity in oor slabs either disappears entirely oris massively
reduced at large displacements. These large displacementswalfor the mo-
bilisation of membrane action in oor slabs. Initial de ection and rotation
of the slab about the supports induces an 'arching' e ect or copressive
membrane action - the slab pushes against the boundaries, andgarcom-

pressive forces develop through the slab. Increasing de ectiatiows for the
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reduction of these compressive forces starting from the middlé¢ the slab,
and leading to areas of tension and cracking in the centre ofdlslab. As
the de ection increases these cracks develop further outwardnd the slab
develops tensile membrane action anchored at or supported byet bound-
ary. Most of this tensile membrane mechanism is likely to be praed by
the reinforcing mesh. In most ambient tests, the tensile membrarwpacity
is similar to, or lower than, the compressive membrane capagitgnd the
transition from compressive membrane action to tensile membraraction is
likely to be accompanied by a rapid increase in the central dection of the
oor system. The ambient load de ection behaviour of reinfored concrete

slabs is summarised schematically in gure 6.1 [61,62].

Figure 6.1. ambient load de ection behaviour of a concreteadh

Where a slab is exposed to large temperature increases as a restilre in

a structure, the increased temperature and thermal gradienhduced in the
slab allows large de ections to develop often simply due to theal strains
and without the extensive cracking at ambient temperature. Tese large

thermal strains are unaccompanied by corresponding mechaalistrains and
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therefore resulting in an increased tensile membrane capagcitgure 6.2.

Figure 6.2: load de ection behaviour of a concrete slab at elated temper-
atures

6.3 3-Dimensional Slab Modelling

The response of a slab modelled as a membrane or shell is well doenim
ed [63], and the presence of a compressive ring around the petenas a
well acknowledged phenomenon in a de ected oor slab. Howevearevious
research has not considered the distribution of stresses throughet depth
of a oor slab under heating. Compatible tensile stresses and strai will

develop in the slab away from the heated surface as the heatedjimn of
concrete expands and forces the slab to adopt some de ected sbaghese
tensile strains will increase the available mechanical comgsave strain be-
fore failure of the concrete in the section thus increasing thétimate bending
moment of a concrete section, thus increasing the exural capidy of a oor

slab. At low de ections, where the tensile membrane capacity sanot been
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able to develop enough to sustain the static load imposed upon aobsystem
this additional exural capacity may be relied upon to provde additional re-

sistance where ambient exural capacity can no longer be retiaipon.

To explore the phenomena which lead to the replacement of armkng, or
exural, action with an overriding tensile mechanism a simple garter mod-
el of a oor slab is analysed under a variety of conditions usinghé nite
element method in ABAQUS. The results of this analysis illustratehe ef-
fects that thermal and static loading have on the distributionof stresses and

strains through the depth of a oor slab.

The following assumptions are made regarding the slab at low dections:

The slab is restrained at the perimeter at mid depth against trasla-
tion but free to rotate - this restraint allows for the developnent and
utilisation of thermal pre-stressing forces which occur in theab as a

result of thermal strains

The temperature increase through the slabs depth is idealiseg lan
average temperature increase, T; and a through depth thermal gra-

dient, T.,, as discussed previously

The model is exposed to two loading conditions, designed to iease the
de ection of the slab via initial thermal e ects and then by an increasing
static loading. The model analysed is a quarter model of a 6 m x 6 sab.
A concrete deck of 100mm depth is assumed. Continuum elementghw
incompatible modes to avoid an over sti response were used to neldhe

concrete and membrane elements were embedded at mid-depdhmiodel an
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A142 mesh reinforcement. The concrete was assumed to be perfeetastic,
accounting for a reduction of sti ness with increasing tempetare, according

to EC2. Load history is as follows:

thermal loading was applied in the form of a T=200°C and T.,=-
5°C/mm

a static loading was applied in two steps, leading to a combineck @c-

tion of 160mm and then 190mm.

The rst combination of loading leads to a combined thermal ad mechani-
cal de ection of around 160mm. The resulting compressive andrsile stress
vectors and their magnitudes are shown for the bottom surfacd the oor

slab in gures 6.3 and 6.4.

At 3/4 depth in the oor slab, gures 6.5 and 6.6, the tensile strasses are
more developed than at the bottom surface of the oor slab. Figes 6.7
and 6.8 show the in plane compressive and tensile stress vectorsha slabs
mid depth. There is a clear area in the centre of the slab whereropressive
stresses are not present. Tensile stresses are developed across tlespans

of the slab.

Figures 6.9 and 6.10 show the compressive and tensile stresses at®fth of
the concrete slab and gures 6.11 and 6.11 show the stress vectansl mag-
nitudes at the upper surface. Both the expected compressive giraround
the slabs perimeter and the tensile region in the centre of thea$l are visible
in these gures - the compressive ring at low level and the tensilegion in

midspan areas.
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Following the increase of the static loading on the slab, so thahe de ec-
tion is now 190mm, there is a clear 'relief' of the compressiveresses at the
bottom of the oor slab caused by the increased mechanical loady. This
is evident in gures 6.13 and6.14 which shows that at the lowesurface of
the slab compressive stresses are relieved in the middle of the slaid @

compressive ring is visible around the perimeter.

The same can be seen at 3/4 of the slabs depth, gures 6.15 and 6.26d
at 1/2 of the slabs depth, gures 6.17 and 6.18. Compressive stressare
localised around the restrained corner of the slab where theyeamuch larger
than at lower de ections as a result of bending stresses restraigi the uplift
of the corner. Tensile stresses act perpendicular to the slabs Indary across

the span.

Figures 6.19, 6.20,6.21 and 6.22 show the stress vectors and mitages at
1/4 depth and at the upper surface of the oor slab. Tensile stressewe
dominant, and compressive stresses are present at the perimetetied slab
and in the restrained corner only. The relief of the compressiverces at the
slabs lower surface is accompanied by an increase in the tensileés at the

upper surface.
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Figure 6.3: minimum stress values at the bottom slice of the ooslab for
the rst load case

Figure 6.4: maximum stress values at the bottom slice of the oaslab for
the rst load case
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Figure 6.5: minimum stress values at 3/4 depth of the oor slab fothe rst
load case

Figure 6.6: maximum stress values at 3/4 depth of the oor slab fahe rst
load case
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Figure 6.7: minimum stress values at mid of the oor slab for therst load
case

Figure 6.8: maximum stress values at mid depth of the oor slab fahe rst
load case
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Figure 6.9: minimum stress values at quarter of the oor slab fothe rst
load case

Figure 6.10: maximum stress values at quarter depth of the oaslab for the
rst load case
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Figure 6.11: minimum stress values at the upper surface of theoo slab for
the rst load case

Figure 6.12: maximum stress values at the upper surface of theooslab for
the rst load case
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Figure 6.13: minimum stress values at the bottom slice of the acslab for
the second load case

Figure 6.14: maximum stress values at the bottom slice of the olab for
the second load case

86



Figure 6.15: minimum stress values at 3/4 depth of the oor slabof the
second load case

Figure 6.16: maximum stress values at 3/4 depth of the oor slabof the
second load case
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Figure 6.17: minimum stress values at mid depth of the oor slabof the
second load case

Figure 6.18: maximum stress values at mid depth of the oor slalof the
second load case
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Figure 6.19: minimum stress values at quarter of the oor slab fahe second
load case

Figure 6.20: maximum stress values at quarter depth of the oaslab for the
second load case
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Figure 6.21: minimum stress values at the upper surface of theooslab for
the second load case

6.3.1 Summary

In summary, there are 3 aspects in the development of a slabs lobdar-
ing mechanism with increasing thermo-mechanical de ectionshich can be

identi ed from the FE model:

1. A 'pre-stressing' of the concrete around the slabs perimeteud to
thermal expansion inducing in-plane compressive stresses. Thisica
lead to an increase of the moment capacity of the concrete secti
around the slabs perimeter, increasing the ultimate capacitpf the

oor slab at low de ections.

2. Displacement of the slab below available in-plane resistanicecompres-

sion. This is the point at which the central region of the slab bgns
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Figure 6.22: maximum stress values at the upper surface of theooslab for
the second load case

to adopt a tensile membrane mechanism, e ectively hanging fno the
remaining compressive region which is now braced against theelal

restraint.

3. Following the adoption of a tensile membrane mechanism atehslabs
central region, the perimeter of the slab continues to devglancreased
compressive forces due to the in plane restraint provided by thsur-
rounding structure. These forces increase the capacity of themaining
relatively un-deformed concrete by increasing the thermaillinduced
pre-stress which is present. Continued growth of the region aoling
a tensile membrane mechanism reduces the width of the suppogin

compressive region.
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6.4 The Bailey BRE Method

Bailey's method assumes the slab to be simply supported, arguinigat the

reinforcement over the supports may rupture given the locaation of strains
due to the cracking of the concrete over the supports. Althoughhis phe-
nomenon was observed around the columns in the Cardington tesit was

not present around the entire perimeter of the heated regiong) fact evi-

dence at the time pointed to the cracks occurring as a result ténsile strains
during cooling in the supporting structure [64]. In addition b this, further

work in the form of a seventh Cardington test has suggested that ¢hre-
inforcement within the composite slab was not properly ovengped above
the primary beams, leading to the possibility that the oor slab vas e ec-
tively simply supported due to a lack of continuity of the reinbrcement at
the perimeter [65]. This suggestion is further backed up by egpmental re-
search carried out in New Zealand, where cracking of the conaavas seen
to propagate across a slab away from initial cracking as a resudf tension

sti ening of the reinforcement as cracks form.

Bailey also assumes that secondary beams yield plastically at thenid point
and that this plastic deformation moves outward towards the pmary beams,
allowing the slab to develop a standard shaped yield envelope. hitét this
location of yield is consistent with a simply supported beam in e, sec-
ondary beams are restrained against axial movement by conniect to the
primary beams and are therefore not simply supported. In most sas, large
compressive forces in the region of the beam-column connectiead to plas-
tic yielding of the bottom ange of the section resulting in a clange in the

boundary condition of the composite beam from xed, or momentesist-
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ing, to pinned. In lightly restrained slabs there is some evider of concrete
cracks as well which could lead to rupture of the reinforcemein this region
leading to unrestrained boundary conditions. An unprotected dam at high
temperature will generally not provide much bending supporand will follow
the de ected shape of the oor slab. Unrestrained boundary contions mean

that no mechanical stress or strain will occur as a result of therahexpansion.

Failure in this method of assessment is by rupture of reinforcemiein the

long span, leading to a full-width crack along the short span ohe oor slab.

6.5 The Cameron Usmani Method

Cameron and Usmani observe that in the Cardington tests contintyiin the

reinforcement was maintained at the supports away from the tomns and so
in their method the slab is assumed restrained against lateral mement, but
free to rotate. The method takes account of the actual obsemale ected
shape of the slab, and large mechanical stresses and strains ocouhe slab
as a result of the restraint to thermal expansion at the boundaryThe con-
crete in the oor system is ignored in calculating tensile memilane capacity
since large displacements at ultimate load will cause widesptearacking of
the concrete throughout the slab leaving only continuity in bhe reinforcing

mesh to support any load.
Failure in this calculation method is by rupture of the reinbrcement in the
middle of the short span, since compatibility means that tensilstrains in

the short span must be larger than tensile strains in the long spanrfa given
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de ection. This method also assumes that the strain in a reinfoneg bar does
not vary along its length and ignores the possibility of straindcalisation at
the supports. It is argued that given that the reinforcement inCardington
consisted of smooth bars while most current practice favours demed bars,
this may be an unsafe assumption. However, the use of a low failureas
and only in the rst most highly strained single bar to de ne the pant of

failure and the maximum membrane capacity reduces this risk.

Following the Cameron/Usmani methodology, the analytical mi#od em-
ployed for determining the tensile membrane capacity of a slaubjected to

heating has three steps:

1. Calculation of the temperature distribution through the depth of the

member

2. Calculation of: the de ected shape of the member, based uptre gross
cross-sectional area; and the stresses and strains in the reinfogcbars

associated with this de ected shape and steel temperature

3. Calculation of the limiting de ection and the internal and external work
done to move from the thermal de ection to the limiting de edion, the
internal work done is based on the reinforcement only and igres any

contribution from the concrete.

The methodology is summarised in this section, however for a neodetailed

explanation further references [27, 36,59, 60] should be salted.

The following assumptions are made in the derivation of the tesile mem-

brane capacity:
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The slab is simply supported around all four sides, i.e. it is restrzed

against horizontal movement but free to rotate.

The de ected shape under thermal loading is represented as auibbe

sine function

Where tensile membrane action develops the concrete makescootri-

bution to the resistance of the slab

The methodology is described here for a compartment tempetae time his-
tory during the heating phase of the re with analysis carried at at a number

of discrete time steps.

The rst step, the calculation of the temperature distribution through the
depth of the member can be carried out in a number of ways as preusly
discussed. For the subsequent steps, all that is required is the egléent tem-
perature increase and the uniform through depth thermal gradnt. Because
the slab is restrained at the boundaries, the temperature distrution results
in a thermal force in the section due to the average temperateiincrease and

a thermal moment in the section due to the through depth thermlagradient.

The calculation of the de ected shape of the member takes acod only
of the concrete section. Applying the thermal loading to the sé&on results
in a thermal de ection, wt. For a 1-way spanning slab of length., and of
concrete with stiness E¢, this de ection can be calculated by solving the

following cubic equation forwr:

3 4  4N:L? 16M L2 _

T o+ 0 6.1
A A TTTEEA (6.1)
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Where | is the second moment of area of the sectiod is the area,N+ is
the thermal force andM 1 is the thermal moment - all calculated per unit
width of the section. Where a 2-way spanning slab is consideredjuation

6.1 becomes:

4 2 3
2B ) 1+§ +4 5
2
o1+ W NT gy L W (6.2)

192254 M 14+ L2 =0

Where h is the depth andB the breadth of the slab; and is the poissons
ratio of the concrete. These equations both need to be solvedritively for
each time step. In the calculation of the thermally de ected shpe, the creep
and transient strains in the concrete are e ectively ignoredAlthough this is
not considered in the derivation of the original methodologit may lead to an
underestimation of the maximum thermal de ection, howevertiis expected
that the end result of this omission will be minimal since the comete plays no

furhter rols in this methodology after the de ected shape haleen calculated.

The thermal de ection of the slab at any point, x, along the length can be
calculated for a 1-way spanning slab by assuming that the de ealeshape is

that of a sine curve, with central de ectionw:

wr (X) = WTsin% (6.3)
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For a 2-way spanning slab the de ected shape is assumed to be thataf

double sine curve, thus equation 6.3 becomes:

X
wr (X;y) = wrsin Tsm% (6.4)

The strains in the bars at the thermal de ection consist of two cmponents,
the thermal strain as a result of the increase in temperature ohée steel
and the strain induced in the steel as a result of the de ected shepof the
concrete in which it is embedded. As discussed in earlier chaethe total

strain is the sum of the thermal strain and the mechanical strain,e.:

tot = mech T T (65)

For a two way spanning slab, the total strains in the rebars spanng in the

x andy directions are given by the following equations:

2 2 2 2
W5 2y W5

xxtot (Y) = aL 2 1 cos B + 882 (6.6)
W2 2 2 X W2 2
yy;tot (X) = ﬁ COos L + 8-||-_2 (6.7)

The mechanical strains are obtained by subtracting the therniatrains from

equations 6.8 and 6.9:

W2 2 > W2 2

xxmech (Y) = 81|-_2 1 COSFy + 8TBZ Ts (6.8)
w2 2 2% w2 2

yy:mech (X) = 8[%2 1 Cos—— 8TLz Ts (6.9)
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The stress in the reinforcing bars is based upon the mechanicatashs, and

is therefore given by:

w2 2Eg 1 w2 2Eg 2y  EsT
=M B 2y s 1
«)= ga L2 B2 gLz “°B 1 (6.10)
w2 2Eg 1 w2 2Eg 2x  EsT
S S R s 6.11
W)= g0 Bzt 2 882 “°B 1 (6.11)

Where E is the modulus of elasticity andTs the temperature of the steel

and is the poisons ratio of the concrete.

If the slab is two way spanning, then the stresses and strains needlyon
be calculated for the reinforcement running along the axisf @he slab and
the equations above should be modi ed accordingly to re ecthe fact that

curvature is in one direction only.

Following the application of thermal loading, the slabs respwe to static
loading has to be determined. The capacity of the slab is lingtd by the
maximum strain of the reinforcement bars, dictated by the duglity limits

of the Eurocodes, table 6.1. The limiting de ectionw, in a 1-way spanning

Class Diameter uk

N(ormal) 16mm 2.5%
H(igh) > 16mm 5%

Table 6.1: ductility limits for reinforcing bars accordingto EC2

slab can be calculated by considering the maximum de ection asresult of
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the maximum allowable mechanical strain, ., and the thermal strain:

LP————
wy=— 4(w+ Ty (6.12)

For reinforcing steel in a 2-way spanning concrete slab compaitity dictates
that the largest strains will occur across the shorter of the two sms, i.e.
yw > xx. Therefore the limiting de ection of a 2-way spanning slab isigen
by:

w= 2 a0 Ty (6.13)

Having determined the limiting strain of the reinforcement inthe oor slab
and the limiting de ection, the internal and external work required to move
the oor slab from the thermal de ection to the limiting de ection can be
determined by increasing the displacement incrementally. \éne the con-
crete is in tension, the poisons ratio is 0, and thus equations1® and 6.10

have to be modi ed to be:

w2 °E 2

w)= et 1 cos?y EsT s (6.14)
w2 2E 2 X

y(X) = %st 1 CoS—- EsT s (6.15)

Where w,, is the slab de ection at then'th increment. The increment in the
internal work for each rebar between de ectionsvy and w, is obtained by
integrating the stress with respect to the strain over the volumef the bar.
To obtain the total internal work for the current increment, this has to be
done for every rebar:

2 3

ot = Qv, ()db (6.16)

wT
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And the external work increment for a 1-way spanning slab by:

iz

4L
W= Gt W 6.17)
0
Or for a 2-way spanning slab by:
4B
4B
ext — Oh 1t ;n W—s; (6.18)
0 0

Where q, is the total load at the n'th increment, and @, is the load at the
current increment. The internal and external work must equakach other,
and therefore these equations can be re-arranged and solved fa}, and the

ultimate capacity can be determined from:

X
Quit = Ch (6.19)

8n

6.6 Catenary and Membrane Mechanisms

Because a 1-way spanning slab will not develop a membrane actgpport-
ed on all sides by horizontal members, a distinction is made hebetween
a simple catenary mechanism and a tensile membrane mechanism. the
catenary mechanism of a 1-way spanning slab, the capacity is amced via
thermal strains induced in the available steel, whereas in away spanning
slab this is enhanced further by compatibility of the mechawil strains in

the embedded reinforcement.

Since the slab is adopting a catenary mechanism, the resistanaelbtad is
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based upon the steel spanning between the supports, i.e. the steersgmng
in the shorter span. For slabs with small aspect ratios, i.e. wheB=L < 2=3,
the slab can be assumed to be 1-way spanning since the de ected sheyie

be governed by the behaviour of the system in the short span.

6.7 Thermally Pre-stressed Yield Line

As demonstrated in preceding parts of this chapter, increasingidity of the
oor slab actually leads to a decrease in the thermal de ectiamand the nal
available tensile membrane capacity of the oor system. The nuenical mod-
elling above suggests that at low de ections a large amount obmpressive
stress is present to a varying degree through the depth of the slalit fol-
lows that at low de ections of oor slab large reserves of exual resistance
may be available for carrying loads, and these reserves may behanced
by a thermal pre-stressing where the restraint to thermal exparmn remains

above the plane of the upper surface at the centre of the slab.

6.7.1 Numerical Modelling

The e ect of heating on yield line capacity can be illustratedusing the pre-
viously described nite element model. The slab was subjected tbe total
thermal loading equivalentto a T of 20°C and aT ., of -5°C/mm. Three
cases were considered, rstly static loading with no thermal |lahng to illus-
trate bending only; secondly thermal loading to illustrate irplane compres-
sive forces developing as the slab heats up; and thirdly therinand static

loading to illustrate the reduction in compressive forces as ¢hslab moves
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through the static de ection. Since this model is intended tallustrate only
the distribution of thermal strains and stresses through the deptof the sec-
tion the concrete was again assumed to be perfectly elastic, agnting for a

reduction of sti ness with increasing temperature, accordingo EC2.

Under static loading only, the displacement at the mid-point ispproximate-
ly equal to the depth of the slab. Since the only signi cant teng stresses
present are in the reinforcement; compressive stresses alone anesiered
for the concrete. Compressive stress vectors along the diagofaéld line)
of the slab are shown in gure 6.23. The increase in compressivedes at
the perimeter of the slab as the slab is moved through the displament is
clearly visible at the upper surface of the slab; this is similarotan ‘arching’
e ect as the slab boundaries push against the in-plane restraim adopt the
de ected shape shown. Coincident with a reduction of in-planeestraint due
to central de ection of the slab, the compressive stresses in theddie of the

slab tend towards those required to sustain bending.

Under thermal loading only, the displacement is approximatgl 1.5 times
the depth of the slab. Compressive stress vectors are plotted inuge 6.24.
Similar to static loading only, the boundary of the slab is subged to large
compressive forces, creating the well documented '‘compressiirggr due to
restraint against in-plane expansion and out of plane de ectioof the slab at
the perimeter. However, the thermal gradient leads to compssive strains in
the bottom of the concrete as the thermal expansion of the loweoncrete is
'restrained’' by the ambient concrete of the upper part of the s#ion which
is not in compression. This thermal strain couple is what causekd thermal

de ection of the slab under elevated temperatures.
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Figure 6.23: compressive stress vectors along the diagonal oiarger model
square oor slab under static loading

When static loading is introduced to the thermally loaded moel, the re-
sulting increase in de ection at the midpoint of the slab e ectiely balances
and then overcomes the thermal compression in the middle of tiséab, g-
ure 6.25. Although compressive stresses remain in the plane of thelg line,
gure 6.26, it is the compressive stresses about the yield line vehi create
the tension-compression couple resisting the applied moment. \afinthese
compressive stresses are no longer available and only tensile stiesemain
in the steel of the slab then the slab begins to adopt a catenary gtenism
and no bending resistance is available in the region. The conagsive region

of concrete disappears with increasing de ection.

Figure 6.27 shows the compressive stress along the top of the plarighe

yield line. At the corner the uplift to restraint causes a relié in the com-
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Figure 6.24: compressive stress vectors along the diagonal oliarger model
square slab under thermal loading only

pressive stress. 2.5 metres along the yield line, the compressivessris zero.
Figure 6.28 shows the de ection along the yield line for compaon. It can
be seen that the point where compressive stress is no longer presmmbcides

with a de ection of 150mm.

In summary, there are two e ects caused by geometrical changesluced
by thermal expansion on the ultimate moment of a section whichave to be

considered:

1. Thermal loading induced by temperature increases in the $lai.e.,
a thermal force generated by the average temperature incesaand a
thermal moment induced by the di erence in temperatures be&teen the
heated and unheated surfaces. This causes an increase in the area
the cross section under mechanical compressive strain (assumingtth

the re is below the slab and that there is restraint to lateral ranslation

104



Figure 6.25: compressive stress vectors along the diagonal obarer model
square slab under thermal and static loading

at the edges).

2. The downward de ection of the section removes the availablin-plane
restraint to compression in the slab, e ectively moving the neutl axis

for bending upwards through the depth of the slab.

These two actions are similar to the e ect of pre-stressing on thencrete sec-
tion: the thermal loading (1) is equivalent to the compressivéorce caused by
pre-stressing tendons; the downward de ection (2) controls theccentricity

of the pre-stressing, this has a negative e ect when the ecceigity becomes

large enough that it is above the upper surface of the slab.
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Figure 6.26: compressive stresses remain in the plane of the yigfee but
are not available in the tension-compression couple about théeld line

6.7.2 Ultimate Moment of a Heated Section

The strains in a fully restrained section as a result of thermal &wing are
shown in gure 6.29. Assuming that no de ection is allowed in the swion,
the result of the thermal strain is an e ective non-linear prestrain, T(2),
applied to the section. The total strain in the steel before failre is increased

by an amount equivalent to the thermal strain in the reinforcng bar, Ts.

From compatibility, the depth to the neutral axis can be calalated by con-
sidering the strains in the concrete and the steel at the ultimat state, i.e.
where concrete has reached its ultimate compressive strain.rfleopre-stressed

section assuming full bond between the concrete and the steelisths [66]:

hna _ cu
s (6.20)
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Figure 6.27: compressive stress along the top of the yield line

Where h,, is the depth to the neutral axis, he is the e ective depth of the
section. ¢, is the ultimate compressive strain of the concrete,y, the strain
in the steel at the ultimate state, .. the strain due to the e ective pre-stress,

and . is the concrete pre-stress at the depth of the steel.

For the thermal pre-stressing proposed, equation 6.20 becomes:

hna cu
— = 6.21
he cut pb + 15 Tc(d) ( )

Where Tqis the thermal strain in the steel and T.(d) is the thermal strain

in the concrete at the e ective depth.

From horizontal equilibrium of the section:

s(TAs = cubha (6.22)
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Figure 6.28: de ection along the top of the yield line

Figure 6.29: strains in the oor section as a result of thermal ahstatic load

Where 4(T) is the temperature dependant stress in the steel at the limit
state of the section, cu is the stress in the concrete at the limit statep is

the breadth of the section andAs is the area of steel in the section.

The stress and strain in the steel at the ultimate state of the sectiocan

be found by substituting 6.22 into 6.21 and rearranging fors :

bhe
=2 = 6.23
S( ) As cut pb+ Ts Tc(d) ( )
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This gives the relationship between the stress and the strain irhé rein-
forcement at the ultimate state. These can then be determineddm the

stress-strain curve.

Having determined the stress and strain in the rebar at the ultimi lim-
it state, the value of p, can then be inserted into equation 6.21 and the
neutral axis location calculated. This can be used to calcukathe residu-
al moment in the section from, assuming that the concrete stressok is
rectangular:

Nha

Mr= s(DAs he —= (6.24)

Where Mg is the residual moment of the section given the current thermal

loading.

6.7.3 Thermally Prestressed 1-way Spanning Slab

The membrane force in a 1-way spanning slab is given by [27]:

2,12
Wr

F, = EA
X 412

Nt (6.25)

Where wr is as given by equation 6.1.

Considering the slabs thermal de ection, the horizontal resaining force at
the supports will have some eccentricity to the section. For a enway span-
ning slab this eccentricity will vary with the distance from the supports, and
is denotede(x). For a neutral axis coinciding with the plane of restraint, he
eccentricity is equal to the de ection of the slabw+ (x), gure 6.30. Whereas

if the neutral axis does not coincide with the depth to the plae of restraint at
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the boundaries, the restraining forcel ,, will have an additional eccentricity

equal to the distance from the plane of support to the neutral ax:

ex) = Wix) = o (6.26)

The residual moment of resistance of the section about the y-ax&ét a

Figure 6.30: the eccentricity of the restraining force vargewith the de ection
of the slab.

thermal de ection, wt, is the moment of resistance of an un-de ected section

minus the moment induced by the restraining force and its ecaticity:

h,a
2

Mgy = s(T)As he F(x)e(x) (6.27)

The yield line method is based upon the principal of virtual wk. Yield lines
in a 1-way spanning simply supported slab will tend to run along @ middle
of the slab where the larger applied moment is. The capacity oh¢ 1-way
spanning slab can be calculated by comparing the internal antheé external

work of the system at failure. These should be equal, i.e. [67]:

work done in yield lines rotating = work done in loads moving

The internal work per unit breadth is the integral of the ultimate moment

of the section atx = L=2 multiplied by the rotation of the section; for all
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sections:

int =2MRg (6.28)

Where s the rotation of the yield line at failure for a unit d isplacement;
ie.:

1
L=2

(6.29)

The external work per unit breadth is the load per unit breadh multiplied
by the displacement it goes through for a unit displacement athie centre of
the slab:

L
ext — ZQZ (6.30)

6.7.4 Thermally Pre-stressed 2-way Spanning Slab

For a two way spanning slab the eccentricity will vary with the msition of

the section in the slab from both of the boundaries and is denatex(x;y).

he

e(x;y) = w(x;y) > hna (6.31)

The membrane force at the perimeter of the slab varies alongdlperimeter,
gure 6 25, and can be calculated per unit length by integratig equations

6.10 and 6.11 with respect to the relevant axes.
The residual moments of resistance of the section at positiony can be
calculated, as before, by taking moments about the section.

Metey) = o(MAs he 22 Fiefcy)  (632)
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Figure 6.31: membrane force variation along the perimetef a slab

h,a
2

Mgry(Xy) = s(T)As he Fxe(x;y) (6.33)

The internal work done is the integral of the moment of resistare of the
section along the yield line multiplied by the angle of rotatin of the section
through a unit displacement. For yield lines which do not run prallel with
the boundaries, the yield lines are integrated along their mgths projected

parallel with the boundaries. Thus the internal work is giverby:
« 0 Z. 2y 1
nt = @ Mgy(xy) di+ Me(xy) diA (6.34)

8yieldlines 0 0

The external work is then given by, as for a 1-way spanning slab:

X
ext = Q (6.35)

Where Q is the resultant of the distributed load, g, on the section, and is

the vertical displacement ofQ with unit displacement of the centre of the
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slab.

6.8 Ultimate Capacity Assessment

To illustrate the transition from one mechanism to another, a® 1-way span-
ning oor slab was analysed. The slab had an assumed depth of %@, and
steel reinforcement of 113@m?=m placed 5@nm from the unheated surface
of the oor slab. The slab was exposed to a British standard re of dtation

1 hour.
Figure 6.32 shows the evolution of the ultimate moment at the gsition of
the yield lines of the oor slab. Initial expansion of the oor shb at low

de ections increases the ultimate moment of the oor slab, uriklarge de ec-

tions allow for a release of the pre-stressing force.

Figure 6.32: evolution of ultimate moment at the yield linef the slab
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Similarly, for a 2-way spanning slab, the ultimate moment vads with the
position along the yield line. Since the centre of the slab expences the
largest de ection, the pre-stressing force there is the lowest.t Ahe perime-
ter of the slab the pre-stressing force is the highest since it exparces the
lowest de ections, gure 6.33. For a 2-way spanning slab, exulacapacity
resides around the perimeter of the slab for large displacemsmif the centre
of the slab. Although these 'strips' of exural capacity become icreasingly
smaller with increasing displacement of the oor slab as the rem in tension
increases. The complete de ection behaviour of 1- and 2-way spéng oor

slabs is illustrated in gure 6.34. If the capacities of the twamechanisms

Figure 6.33: evolution of ultimate moment along yield line mjected onto
slab boundary for a 5 m square slab of 200mm depth, As=1130mm2/m 56m
from the heated surface exposed to a British standard re

are plotted against the span / depth ratio there are 3 distinct rgions in
the behaviour of di erent oor slabs at elevated temperaturs and thermal

displacements, dependant on their span/depth ratio, gure 63 One where
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Figure 6.34: transition between exural and a tensile membramechanism
with increasing de ection for 1- and 2- way spanning oor slabs
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Region| Dominant Mechanism
A Flexural Only
B Flexural and Membrane
C Membrane Only

Table 6.2: summary of capacity dominance in gure 6.35

exural capacity is dominant, one where membrane capacitysidominant
over exural capacity and one where there is some cross over Wween the
two mechanisms where it can be expected that the mechanisms magrk
together to provide an enhanced mechanism beyond that whick ¢alculated

by one of the theories alone. These are summarised in table 6.2.

Figure 6.35: schematic capacity variation with span/depth rao

Comparing the two mechanisms after 20 minutes of a British stamdd re
over a range of span/depth ratios (depth=20m, As = 1130mm?=m 50mm
from the heated surface), Figure 6 30, the span/depth ratio wine transition
from one mechanism to another occurs is clear. As shown, the assessgroe

the capacity of oor slabs must be rationalised by consideratioof the cur-
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Figure 6.36: after a 20 minutes of a British standard re, the gaacity of the
two mechanisms over a range of span/depth ratios

rent mechanism. At low displacements, a yield line mechanism fos over the
slab. This can be enhanced by taking account of the thermal 'pfstressing'.
Increasing de ection leads to cracking of the central regioof the slab and
an onset of tensile membrane action. The tensile membrane harajsthis
point from a region of decreasing width around the perimeterThis is the
point at which transition to a tensile membrane mechanism desbed is more
likely to occur as the tensile region of the concrete grows aitide de ection
increases until the load is 'caught’ by the steel reinforcemenin the dervia-
tion of the thermally prestressed yield line methodology, creeand transient
strains are e ectively ignored, since the thermal de ections take directly
from the tensile membrane calculations above. These compotemay have
a larger e ect on the nal capacity of the section, since the ultmate moment
is dependant upon the residual concrete strength, more work gnéherefore

be required to fully understand this.
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6.9 Conclusions

For the design of oor slabs under thermal loading, research hasnded to
rely upon a membrane mechanism which requires large de eat®to develop
in order for the mechanism to mobilise. However, the transitiondiween the
ambient exural, low displacement, design and the tensile memane mech-
anism has never been satisfactorily addressed. This omission ig®ithe
positive e ect on bending capacity of large compressive forcagich occur

during a re.

A new design method was derived here which takes account of thweer-
mal pre-stressing of the concrete oor at developing thermal dections. By
considering the typical yield pattern for a slab, and its evoliion as the de-
ection increases, two distinct cases for the response of slabs untleermal
loading have been de ned: 1 where the thermal de ection iswoenough that
a thermally pre-stressed yield line theory still applies and wine de ections
are not yet large enough for a tensile membrane mechanism to nige; and
2, where the de ection is large enough that the pre-stressed ideline the-
ory is no longer applicable due to tensile stresses across the slaib Wwhere
the de ection is developed enough that a tensile membrane nimism can
develop. The area of region 2 increases with the de ection, cfeasing the
length of the yield lines and lowering the capacity as calcatied by the yield
line method, and is associable with the instability which occsrbetween low

and high de ections in concrete oor slabs.

For a tensile membrane mechanism, the ultimate load can be imased by

encouraging larger de ections using a thinner slab, or by allding for a larger
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thermal strain in the steel of which the membrane is composed byaging
it lower in the slab. For the thermal pre-stressing method, the gaacity can
be enhanced by increasing the lever arm or by increasing the demf the
section. For very high de ections, the membrane capacity is ehrly domi-

nant over the exural capacity, whereas for very low de ectns the exural

capacity is dominant.
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Tall Building Stabllity

7.1 Introduction

Despite the events of September 11th 2001, there has been véie re-
search carried out into the stability of tall buildings in multiple oor res.
Quiel and Garlock [68, 69], calculate the capacity of beanolamns based
upon the axial elongation of the beam, using the column as a spgi resist-

ing this elongation; this, however, did not consider the beamacting as a
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catenary to support the static loading; and it did not consider he potential
for failure of the columns given re on multiple oors. Analysiscarried out
at the University of Edinburgh on the world trade centre towersocused on
identifying and understanding the mechanisms which may haved to their
collapse as a result of thermal loading alone. Initial ndinggnd a proposed
collapse mechanism were presented in 2003 [70], with additibnerk pre-
sented in 2005 [71]. This collapse mechanism, referred to as aakveoor

collapse mechanism relies is dependant upon the oors adjatéo the re

oors being unable to resist the axial load placed upon them as r@sult of

adjacent oors adopting a catenary mechanism.

Further investigation into the mechanism identi ed led to the postulation
of a further collapse mechanism [72], which can occur when theors are
strong enough axially to resist the forces required to support & re oors
in a catenary mechanism. Although the method of collapse is dirent, the
chain of events leading to the two mechanisms is governed byetlsame un-

derlying structural mechanics.

7.2 Weak Floor Failure Mechanism

In the weak oor failure mechanism identi ed, illustrated in gure 7.1 for a
3- oor re, re starts simultaneously on multiple oors. Initia Ily, the oors
are in a 'push-out' stage, where central de ection of the oor sstem is rel-
atively low, and a exural mechanism is still active. Top and b&tom re
oors push out against the column; the middle re oors adopt tensile forces

due to compatibility. Floors adjacent to the re oors, 'pivot oors', which
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remain cool are also in tension as they restrain the column agatnlateral
displacement. With increasing thermal de ection of the re oors, resistance
to buckling decreases and the top and bottom re oors are undb to sustain
the compressive axial load which is generated by thermal expaon. Top and
bottom re oors lose exural sti ness and adopt a catenary meclanism rst.
The middle re oors and pivot oors adopt compatibility com pression as a
result of the pull-in forces applied to the column from the canary of the
top and bottom re oors. All re oors eventually lose exural st i ness and
adopt a catenary mechanism. This transition is a smooth one wihiaesults
from a gradual increase in pull-in forces and a decrease in thérstss of the

heated oor systems.

Figure 7.1: weak oor collapse mechanism
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Where the pivot oors are unable to sustain the horizontal pulin forces
which result from the catenary of the re oors, they buckle andthe force is
transferred to the adjacent oors. Progressive collapse ensuestlas buckling

'wave' is propagated along the length of the column.

7.3 Strong Floor Failure Mechanism

In the strong oor failure mechanism, gure 7.2, initial resporse is similar to
that of the weak oor failure mechanism. At the point where all re oors
lose have lost exural sti ness and adopt a catenary mechanism, ghstronger

pivot oors are able to resist the induced axial load.

Figure 7.2: strong oor failure mechanism
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In this instance, the pull-in forces exerted on the column byhe re oors

acting as membranes causes the formation of 3 plastic hingesl(@@nn reaches
full plastic yield through a combination of axial compressionrad bending),
thus initiating collapse. This collapse is initiated by locaked hinge forma-
tion, which is not as inherently progressive as the weak oor nchanism,
however once the three hinges are formed then the loads froimetsuper-

structure will perpetuate the collapse.

7.4 Numerical Modelling

Although the collapse mechanisms described were initially ideed for very
speci c tall buildings in re, subsequent work has shown them to b relevant
for regular multiple storey buildings so long as it can be repsented by the

frame shown in gure 7.3.

Figure 7.3: typical multi-storey building plan and represerdtive section
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The external bays are assumed to be restrained by a sti internaloce [72],
i.e. as shown in gure 7.3. This is represented by a 2-dimensidr@oss sec-
tion of the column and oor system, as shown, although this repsentation
can be extended to include steel frames without a sti concreteore so long
as su cient stiness can be shown to be provided by the bays intedr to

those on re.

To illustrate the applicability of the collapse mechanisms to mre common
structures a conventional composite steel frame was analysed][7The beams
forming the oor system are laterally restrained by the sti conaete core but
are free to rotate, as shown. They are fully xed to the exteriocolumn, since
much of the oor rotation will be transferred to the column viaedge beams
under torsion. The column is xed at the bottom but restrained aly in the
horizontal direction at the top, allowing vertical displacenent. A composite
steel/concrete oor system is modelled using beam elements ti¢ogether.
The structure is subjected to uniform loading on the oor system taeach
level, as well as a point load on the column representing theald from the
structure above the model. The distributed load on the oor systeas includes
the self weight of the concrete slab as well as the imposed loach dompare
the behaviour of the models several parameters were changeddbtain a
wide variety of results [10]. This includes changing loads, $en sizes and
spans. The assumed material properties are in accordance withreElCode
3-1. In the analysis, the re was assumed to a ect three oors (oes 6, 7
and 8). The steel was assumed to be unprotected and thus expetded a
uniform temperature increase equal to that of the re. This dbws for 1-way

spanning oor behaviour to develop, where the entire heatedoor system
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adopts a catenary mechanism. The maximum and ambient tempeuaes
were taken as 809C and 2°C respectively with an exponential increase
and the columns are protected and are restricted to a maximunempera-

ture of 40°C.

Two of the resulting models are shown in gure 7.4 which illustie the
two collapse mechanisms. In both models a UC section size 305 x 3098 1
was used. For the weak oor collapse mechanism a UB section size 30B)2

x 28 was used and in the strong oor mechanism a UB 533 x 210 x 92 was

used. Details of the structures are given in table 7.1.

Figure 7.4: weak and strong oor collapse mechanisms: 2D FE Modé&D]
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Weak oor system Strong oor system

Structure

Column section

Beam section

305 x 305 x 198
305 x 102 x 28

305 x 305 x 198
533 x 210 x 92

Beam depth 309mm 533mm
A 36:3cm? 117cm?
ls 542@m? 5523@&m*
Es 200000N=mm? 200000N=mm?
Distance between 4000m 4000mm
oors

Concrete slab:

Depth 100nm 100nm
Width 6000mm 6000mm
Span 10006m 10000nm
Ac 0:6m? 0:6m?
Ec 14000N=mm? 14000N=mm?
Loading:

Distributed load 45N=mm 45N=mm
Column axial load 690BN 690N

Table 7.1: details of the numerical models
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In the weak oored model, collapse was initiated at approxinialy 550 sec-
onds. This is almost immediately following the buckling of theupper and
lower re oors and the onset of catenary action of the re oors. Reaction
Forces at the connection of the 4th to the 10th oors and the sticore of
the building are shown in gure 7.5, where the buckling time ath the time

of onset of collapse are indicated.

Figure 7.5: weak oor horizontal reaction forces

In the strong oored model, the initiation of the collapse mechnism oc-
curs after approximately 1000 seconds. Again this is immedidefollowing
the transfer of the mechanism from a predominantly exural to acatenary
one, gure 7.6. This collapse mechanism takes longer to initedue to the

increased sti ness of the oors and their increased bending sti@ss.
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Figure 7.6: strong oor horizontal recation forces

The initiation of both weak and strong oor collapse mechanismafr the two
generic structural models shown illustrates the validity of tkese two mecha-
nisms for a range of structures which can be idealised by the 2Dpresenta-

tion shown.

7.5 Analytical Modelling

The rst stage in the analytical assessment of the two collapse meatiams
identi ed is to determine the oor response as a result of the thenal load-
ing. Thermal loading can be calculated using a simple one dingonal heat
transfer code, or via an appropriate nite di erence calculéion [74]. Alterna-

tively, BS7974 [75], o ers a simpli ed calculation method fothe temperature
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of concrete slabs in re.

7.5.1 Thermal De ection and Thermal Force

Since the mechanisms described rely upon the oor system adomia cate-
nary mechanism which in turn relies upon the presence of largeid¥span
de ections, the thermally induced displacements of the oor sstem must

rst be calculated.

For a composite steel building, the de ected shape of the oor isalculated
based upon the thermal stresses and strains in the concrete deakred. The
application of catenary forces to the column is dependant op the loss in
sti ness of the primary beam supporting the oor system. This is vable for
either an exceptionally severe re in the case of a protected iprary beam,

or for unprotected steel beams.

In instances where the beam is protected and does not expedera severe
temperature increase it is generally assumed that the beam wilke able to
support the surrounding concrete oor systems as they adopt 1 or\Ray

spanning catenary mechanisms as described previously.

However, at the stage where bending is no longer a viable actiof any
primary steel beams, the material is assumed to be ductile enougtat the
de ected shape is governed by that of the concrete slab, gure7. In this
case the steel of the beam will yield at the connections due tordee ther-
mally induced expansion stresses and the steel will e ectively hg from the

support, adopting the de ected shape of the concrete slab.
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Figure 7.7: exposed and unexposed steel temperatures

7.5.2 Floor Boundary Conditions

During the early stages of re where the oor system carries theohd via
a exural mechanism, the adjacent oors can be assumed to prowedateral
support to the column and therefore the sti ness of the column agnst lat-
eral displacement is high, allowing compressive forces to degewithin the

oor slab with little or no de ection of the exterior column.

Similarly, where the re exists on only one oor the translational sti ness
of the column is relatively large as a result of the supportingoors. With
increasing number of re oors, this lateral sti ness is reducedallowing larg-
er horizontal de ections of the exterior column at the re oors and larger

mid-span de ection of the re oors.

The horizontal sti ness of the column is calculated using the stiess method,
as shown in gure 7.8, assuming an adequate 2-dimensional reprga&on

of the structure. Increasing number of oors adopting a cateng mechanism
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will decrease the stiness of the column by increasing its e ecte length.
'Pivot’ oors, i.e. oors above and below the re oors, are represented by

a rotational spring.

Figure 7.8: lateral sti ness of the exterior column

7.5.3 Horizontal Reaction

Upon initial heating, the oor is in a 'push-out’ stage. Forces e compressive
and push against the column, gure 7.9. At this stage, the columitoad is
simply the push-out force N 1, from the thermal loading in both the concrete
and the steel. However, for simplicity, it is assumed thaty , i.e. no net
thermal force is transferred to the column, and little or no iitial horizontal

displacement is induced at the column. No catenary tension isgsent while

the oor supports load via a bending mechanism.
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Figure 7.9: displacements and forces as a result of initial Hew

Increasing thermal displacements reduce the exural capaygitof the oor,
forcing the uniformly distributed mechanical load on the o to be support-
ed by the system via a catenary, or membrane, action, gure 7.10his leads
to a horizontal pull-in force, N, to be exerted on the perimeter framing (col-
umn and edge beams). The column resists the pull-in force as anshational
spring as discussed, of sti nesK 1, and provides the supporting reaction for

the catenary tension in the oor system.

N, = Kyup (7.0)

7.5.4 Vector Resolution

Considering the tension in the oor system, at a distance along the span,
it is clear that, dependant upon the de ected shape of the oosystem, the
horizontal reaction is given by the product of the vertical eaction and the

inverse of the gradient atx = 0. Assuming that the de ected shape adopted
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Figure 7.10: total de ections and forces on the oor system urel mechanical
loading

is that of a sine curve, the reaction is given by:

_ pL?
p

= 7.2
2W max ( )

7.5.5 Catenary Tension

The components of the tension in the oor system are shown in gur&.11.
The tension in the oor at any point is the resultant of the shear érces at
that point and the horizontal force. By resolving the shear fare and the

pull-in force vector, the tensile force in the oor is given by

q
F(x)= Np(x)2+ V(x)? (7.3)

The horizontal force is constant across the span, and therefotension in
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Figure 7.11: components of the tension in the oor system

the oor varies only with the shear force.

N,(0) = Np(x) = N, (7.4)

VX)=p X (7.5)

NI —

7.5.6 Floor Elongation

At large displacements, the contribution from concrete to theoor system is
ignored due to widespread tensile cracking of the concrete. @tnorizontal
pull-in force should therefore be calculated based upon thetéd tensile force
in the steel in the oor system, at a vertical de ection where theavailable

steel carries the applied load.

F(x) = AsEs(T) s(x) (7.6)
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Substituting equation 7.3 into equation 7.6, the increase irehgth, L,, can

be calculated by integrating the strain along the length of ta oor.

q
ST I (7.7)
S AsEs(T) '
N , B
Tp = S(X)dX = F(T) sz + p2 E X dx (78)
0 °TF 0
Ly 1 2p2x2  p2l N 24 pz I X 2 1,
2 T ASES(T) 4p2 p 2
+4p2 N2+ pPl (7.9)
pt12 2 2 | 2 % 2 2 =
srin 2 p N2+ p* 5 X +2p°x  pll

7.5.7 Floor Catenary De ection

Wnax , and up in equations 7.1 and 7.2 are related by the change in length of
the oor system under mechanical loading, L,. Recalling the assumption
that the lateral thermal de ection of the oor system is negligble, i.e.

, the maximum de ection is given by equation (8.10).

N
at L L i
+ L
Wmax = — T L P+ 5 (7.10)

Equations7.1, 7.2, 7.9 and 7.10 can now be solved to obtain thellpn forces

resulting from the mechanical load.
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7.5.8 Composite Beam Pull-in Force Example

To illustrate the calculation of pull-in forces resulting fran a re under a oor

slab, the system shown in gure 7.12 is analysed. The steel beam is assd
to be unprotected, and the temperature of the beam is assumed tollow
the compartment temperature time curve. The pull-in forces calculated for
the steel beam alone, in this case ignoring the contribution dfie reinforcing
steel. Since steel is a thermally thin material, i.e. high congtivity, thermal

gradient is very low in the steel beam. Uniform high temperatws will in-
crease ductility of the steel and induce large compressive fosda the section
causing it to yield plastically at the connections early on inlie re. There-
fore the thermal de ection is calculated based upon the therat gradient
and thermal expansion of the concrete oor slab spanning betweg@rimary

beams.

Figure 7.12: pull-in force example structure
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A generalised exponential re is applied to the underside of #h oor system,
as described by equation 7.11, where controls the heating rate. Maximum
temperature is 808 C, total duration is 3600seconds and is 0.005. Heat
transfer to the slab is calculated using a one dimensional nitdement script,
resulting in a uniform temperature increase, T; and an equivalent thermal
gradient, T.,. As already stated, the steel beam is assumed unprotected and

therefore its temperature follows the compartment tempetare.

T(t) = T0 + (Tmax tO)(l € ' ) (7-11)

Mechanical loading was applied to the beam via a B&mm line load, rep-
resenting the total distributed load on the oor of 25 10N=mm?2. The

resulting thermal de ections of the oor system are shown in gue 7.13.

Figure 7.13: thermal de ection of the oor system in gure 7.12

In order to verify the analytical study, a simple numerical anbysis was car-
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ried out using the nite element software ABAQUS. For the numerial study,
the bending resistance of the oor system was kept to a minimum inrder
to encourage catenary action by using a very thin beam elemetat represent
the oor system. The element had the same area as the analyticaladel,
but a very small moment of inertia. Assuming that the beam is at castant
temperature equal to the maximum compartment temperaturethe numeri-
cal model showed that at a de ection of approximately 910mm,he pull-in
force was 6.1 1(PN.

Pull-in forces for the beam obtained from the analytical moel are shown
in gure 7.14. From the same analysis, the total resulting de edbn of teh
oor system is shown in gure 7.15. Comparison with the results oftte nu-
merical analysis shows that the thermal de ection and the restihg pull-in

force of the oor system at 400 seconds is comparable with the nenical

analysis.

Figure 7.14: pull-in forces based upon the primary beam only
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Figure 7.15: total vertical de ection of the oor system

The analytical de ection shown in gure 7.15 increases over # numerical
result shown after approximately 240 seconds have elapsed. Iretanalyt-
ical model, the primary beam is forced to follow the de ectegdhape of the
oor slab, and so additional tension is created in the beam as agw@lt of the
concrete de ection. This increased de ection reduces the hmontal compo-
nent of the tension in the beam, and therefore the horizontalytl-in forces

decrease past this point, the corresponding decrease is seen iareg7.14.

7.5.9 Reinforcement Mesh Pull-in Force example

In reality, membrane resistance will come from the reinforcesnt in the oor
slab, embedded within the entire span of concrete deck. Theoe¢ the steel
used in calculating the pull-in forces should be that of the antracking mash

spanning parallel to the beam as well as any additional reinmcement in the
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slab. This steel will be much cooler than that of the primary bea.

The beam in gure 7.12 is replaced by an A142 anti-cracking mestypical of
steel reinforcement supplied in composite concrete panels. Tiheechanical
loading remains unchanged; however, the reinforcement issamed to lie at
mid-depth in the concrete slab and therefore is at a much loweéempera-
ture. The resulting pull-in forces from this steel arrangemeérare shown in
gure 7.16. This is the total pull-in force applied across theentire span of
the oor system. The pull-in forces in this case are substantialljarger due
to the lower ductility of the steel at the current temperature and the corre-
sponding de ections are therefore lower, as shown in gure 7.1 Numerical
results from the same analysis as before are also shown in gure$67and
7.17 for comparison with the analytical results. In this case, heever, the
steel representing the reinforcing mesh in the numerical modsel subject to
an increase in temperature over the course of the analysis regeatative of
the actual temperature of the reinforcing steel in the oor systm. Over-
all good correlation is shown to occur between the two methodwjth peak

forces being very similar.

Where additional structural steel in the form of primary beamgs available,
equation 7.6 should include an additional term representinghts. Unless the
steel is at a low temperature, i.e. in the case of unprotected sle the re-
sulting material degradation will be such that the steel will hae very low
strength and sti ness. Assuming that this additional steel has yieldd due

to the applied thermal force, the tensile force becomes:

F(X) = AsEs(T) s(x)+ Ap y(T) (7.12)
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Figure 7.16: pull-in forces on the structure from an A142 steeha-cracking
mesh

The highest pull-in forces occur after transition of the mechasm from a
exural one to a catenary because of the high horizontal compent of the
resulting axial load in the oor system at low de ections. Therebre the

surrounding structure should be designed to withstand these peatr€es.

7.6 Column Loading

The result of the oor system adopting a catenary mechanism will d that
the tensile force of the reinforcement is transferred to perieter beams via
shear studs and bent over reinforcement bars at the oors edgand this
pull-in force is then transferred to the exterior column, gue 7.18. Where
the primary beam spanning between the exterior column and th&i inter-

nal core of the building adopts a catenary, any additional ditin force from

the beam will also be transferred to the column via the conneot.
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Figure 7.17: vertical de ection from the catenary action othe reinforcement

The resulting horizontal forces, in conjunction with the remwaal of lateral
restraint as a catenary mechanism is adopted by adjacent re ars, will
cause large displacements in the column. The total moment ondtcolumn
is the sum of the P- moment from the axial load on the column and the

moment induced by the pull-in forces.

7.7 Minimum De ection Required

For the one-dimensional model considered, the oor needs to@ut a cate-
nary response to the loading before any tensile forces can be leggpto the
column. No provision is made for the oors ability to carry the bad via a
exural mechanism in the calculation method presented. The elgest time

at which the analysis can reasonably be applied to the columnercesponds
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Figure 7.18: transfer of the pull-in forces from the steel refiorcement in the
oor to the column

to the time at which the oor system stops carrying the applied lading via a
exural mechanism and starts to carry the load via a catenary omembrane

mechanism.

This can be estimated from the slab models described in the preus chapter.
However, since full axial restraint is assumed in both axes whentdamining
the resistance of the oor slab the evolution of the membrane foe at the
oors boundary is larger than would be present given the tranational spring

provided by the column.

Alternatively, Usmani suggests that the minimum de ection requied for

the adoption of a catenary mechanism is approximated by the lfowing in-

144



equality, based on empirical observations made during the dgais of the
Cardington tests:

L
> — 7.1
W 10 (7.13)

7.8 Failure Mechanism Assessment

Having calculated the mechanical response of the oor, i.e. thieorizon-
tal pull-in force, the increase in length, and the horizontatle ection of the
sprung support, there are three checks which need to be made tsass the

stability of the structure.

Firstly, the ability of the oor to sustain the required tensile load as a cate-
nary has to be determined; this should also include some consiakgon of

the transmission of the pull-in forces to the perimeter beam.

Secondly, the ability of the pivot oors to sustain axially the reaction re-
quired preventing lateral displacement of the column at lev® above and

below the re oors should be determined.
Thirdly, the moment resulting from the pull-in forces as wellas the P-

moment resulting from the axial load on the column and the latal displace-

ment should be determined.
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7.8.1 Floor Failure

The oor system applies a very large horizontal pull-in forced the column.
It should be checked that the oor is able to sustain the load whit it is
applying. The largest mechanical strains occur in the steel ahé supported
edges of the oor system. From equation7.7:
q
N2+ p? IE X 2

max — AEL(T) (7.14)

In addition to this, the shear connectors around the edge of theor system
which transfer the pull-in force to the perimeter beam shoulddable to resist
the pull-in force applied to the column, distributed along tle entire length
of the perimeter beam. The force on the connectorbl s distributed at pitch

, for a oor of width L applying a pull-in force N, to the column is:

L

Ne= N, (7.15)

7.8.2 Weak Floor Collapse Mechanism

The pivot oors, the oors above and below the re oors, must be ale
to resist axially the reaction required to resist horizontal traslation of the
column. The axial resistance of the oor system should include awibution

from both the steel and the concrete decking. According to Eucode 4 [76],

the e ective width of a concrete deck acting compositely witra steel beam
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is equivalent to one quarter of the composite length:

L
Bett = chp (7.16)

This e ective width should be used to calculate the axial resistace of the
oor system as well as a bending sti ness using the reduced moduleatio

to determine the buckling resistance of the section.

It should be noted at this stage that equation 7.16 is intendedof use in
calculating the e ective width of the composite deck for beniag. It is sug-
gested here for lack of a better value for the e ective width auh further

research may yield a more suitable value.

7.8.3 Strong Floor Collapse Mechanism

In the strong oor failure mechanism identi ed the pivot oors above and
below the re oors are strong enough axially to resist the totalhorizontal
pull-in force. They are also strong enough to resist any Pimoments as-
sociated with the cool oor de ection and the pull in force cased by the
re oors. If the oors are strong enough and are shown not to bucle, the

column should be checked for the 3-hinge mechanism shown in gur.2.

The three hinge mechanism is caused by a combination of the mamteein-
duced in the column by the horizontal pull-in force and the lege P- moment
resulting from the horizontal displacement of the column unddoading and
the vertical load above the pivot oor from the superstructureabove the re

oors.

147



For the column to withstand the pull-in forces, the following nequality should

be satis ed (where n=2 for a rectangular section; n1.3 for an I-section bend-
ing about it's major axis or a box section; and n 2 for an I-section bending
about its weak axis):

M P .

Mp(T)+ 5T <1 (7.17)

7.9 Proposed Tall Buildings in Fire Stability

Assessment Methodology

By carrying out the above checks logically and following thanalytical method
described, a simple assessment methodology for tall building epée mech-

anisms in re can be derived. Figure 7.19 illustrates such a designethod-

ology.

The steps in the proposed methodology are as follows:

1. Structure and Thermal Loading Based on appropriate risk badecrite-

ria, establish the following:

An adequate two-dimensional representation of the structuratdme,
including the exterior columns and the adjacent structural fam-
ing, which is assumed to be restrained in the interior by a sti
core;

The time dependent magnitude of re in the compartments adja

cent to the exterior columns of the structure (using one of BS8&7
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Figure 7.19: simple assessment methodology

ISO834, ASTME119 or Eurocode 1 based curves or other more

advanced re models);
The number of oors involved in the re;

The temperature distribution in the structural members of the
frame (columns and oor systems) at the end of the heating curve
using appropriate code formulas or tables or heat transfer cai-

lations;

Convert the temperature distribution at the end of the heatimy
phase to an equivalent uniform temperature and through depth

thermal gradient.
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2. Floor Mechanical Loading Determine the mechanical statd the oor
system after application of the design thermal input (i.e the r@uction
in strength and sti ness of the component materials and the chaye in

geometry) ignoring the mechanical loading, and follow thesteps:

Check if the applied uniformly distributed load (using appropiate
reduction factors allowed by code) on the oor can be resisted
through residual exural capacity - if this is the case, stop the
analysis as the structure can not fail in either of the two collase

mechanisms shown in gure 7.19;

If the design udl is greater than the exural resistance of the or,
check to see if the udl can be resisted by the oor system through
catenary action, here the concrete tensile resistance is igadrand
only the reinforcement and any composite structural steel aresa
sumed to provide catenary resistance. If the oor system is un-
able to provide the tensile resistance (limited by rupture of re
inforcement and fracture of structural steel connection) tha the
oor system fails, leading potentially to progressive collapse. hie
oor system should be redesigned until it is able to resist the udl

through exure or catenary action.

Determine the "pull-in" forces applied on the column by the re

0o0rs sagging in catenary action.
At this stage determine the ability of the oor system and the

shear studs to support the pull-in force

3. Column Mechanical Loading Using the catenary 'pull-in' fares applied
by the oors, obtain the moments induced in the columns at thepiv-

ot" oors (adjacent to the re oors) and in the centre of the height
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between the pivot oors. Use an approximation of the column inteal
displacement to calculate the additional P- moments experienced by

the columns.

4. Check for Weak Floor Collapse Mechanism Calculate the reamt of
the pivot oors as shown in gure 7.19 counteracting the memlane
'‘pull-in' forces. If the oor membrane is unable to provide tke reaction
calculated, a weak oor failure becomes possible. This failris rel-
atively less likely to occur as it requires the pull in forcessdm many
oors on re. However a combination of the membrane compressian-
duced in the oor and the additional moment imposed on the saggg
oor by the P- e ect and by the rotation of the column may also cause
a combined bending and compression failure of the oor with opla

few oors on re, also leading to a weak oor failure.

5. Check for Strong Floor Collapse Mechanism Perform an analgsio
calculate the column de ection under the 'pull-in forces' fom the re
oors. Check the temperature dependent moment-force intecéion di-
agram for the column to ensure that the column has not reachedejd
surface (and thus formed a plastic hinge). If this is the case all ghree
locations (pivot oors and middle re oor) then the strong o or failure

mechanism identi ed can occur as the three hinges form a mectism.

7.9.1 Example

To illustrate the methodology in use, the following structure s checked for

either of the two collapse mechanisms presented:
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a 12 storey frame, consisting of a 305 x 305 x 137 UC section, braced t
a sti internal core by a series of composite concrete oors at spang

of 4m;

oor systems span 8m, have a width of 6m, and concrete depth 100mm
with an As of 142mnt/m positioned mid way through the slabs depth,

y of the steel reinforcement is 600MPa;

Total uniform distributed loading on the oor system is 7.5kN/m?.

The steel providing the catenary is the steel reinforcement d¢fie oor sys-
tem. No structural steel is used in calculating the resistance. Thetational
sti ness at the pivot oor is provided by the entire composite oor system,
including the concrete slab across the full width. A 2 dimensiah repre-
sentation of the structure is shown in gure 7.20. The sti ness matx re-

quireg for the calculation of the horizontal sti ness coe cients is as follgws:

6EI 4E| 3EE IE 6EI 2EI
L1 + L2 + Le L22 Lo 0
6EI 12EI + 12EI 6EI 6EI 6EI
L2 L3 L3 L2 L2 L2
K = 2 2 3 3 2 3
2EI 6EI 6EI 4E| + 4E| 2EI
Lo L22 L33 Lo Ls L3
6EI 2EI 4E| 4E| 3Eg g
- _— -+ — + ===
0 L3 L3 L3 La Le

Using an appropriate modular ratio for the concrete decking,ral calculating
the rotational stiness of the column at the height of the pivot oor, the

sti nesses at the re oors are given in table 7.2.

1. Structure and thermal loading Line loading on the oor repesenting
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Figure 7.20: 2 dimensional representation of the structure

Weak oor system

Strong oor system

K1; (N=mm)
K2; (N=mm)

4177
24689

4386
26381

Table 7.2: lateral column sti ness at re oors

the entire UDL is 45kN/m length of oor. Thermal loading is approxi-

mated by an average temperature increase of 15D and an equivalent

thermal gradient of 5°C/mm.

Lateral sti ness to translation at the oor levels is calculated taking

into account the contribution to the sti ness of the oors immediately

above and below the pivot oors.

2. Floor mechanical loading The severe thermal gradient wiids imposed
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Pull-in Vertical Lateral L(mm)

force (N) | De ection (mm) | De ection (mm)

46 10 785 36.0 98.9

Table 7.3: pull-in forces

on the oor slab will cause large thermal displacements, and thefore
it can be assumed that exural capacity is not available as a vide load

carrying mechanism under the prescribed conditions.

Following the method presented, the pull-in force, the vertial de ec-
tion, the lateral de ection and the increase in the length fron the oor
acting on the column are as summarised in table 7.3, for one nteight

oor on re.

The increase in length of the oor system is 98.8mm, equating tona
average strain in the reinforcement of 1.2%, which is less thame rup-
ture strain for standard ductility reinforcement steel as desded in
EC2 [38]. The pull-in force equates to an average stress of 548\on

the steel reinforcement, which is less than the yield stress stdte

. Column mechanical loading Assuming that there are 3 re oorsabove
which are 6 non-re oors the axial load on the column at the lgel of
the top pivot- oor is 2160N. Performing a 2nd order elastic anlgsis on
the structure using the program Mastan 2 [77], the maximum momeén

on the column as a result of the combined P-moment and the pull-in
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forces is 16 1°PNm. The horizontal reaction forces at the pivot oors
is 14 1C0°N.

4. Check for Weak Floor Collapse Mechanism The steel beam actiimg
composite with the oor system should be able to withstand an axial
load of 14 1PN without buckling. The capacity of the oor system
to withstand the axial load can be enhanced by considering them-
bined buckling capacity of the steel beam and concrete decgimcting

in composite, using an appropriate modular ratio.

5. Check for Strong Floor Collapse Mechanism The column sectiobvi-
ously has some e ect on the sti ness to lateral translation, and tarefore
will have a small e ect on the pull-in forces calculated in theanalysis.
However, the column design should be iterated to withstand the ma

imum moment as calculated.

7.10 Conclusions

Two possible collapse mechanisms for tall buildings in re haveslen postulat-
ed. Although the analyses carried out have generally been foidiEnensional
structures, most structures are of regular plan and therefore ¢hresults can
be taken to be representative of the response of a regular muterey build-

ing subject to re attack on multiple oors.
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Pull-in forces and de ections of oor systems as a result of rean be simply
and e ectively calculated using the analytical techniques eveloped in this
chapter, and the resulting forces and de ections compare Wekith those
from nite element analyses. These pull-in forces are transfed via edge
beams and primary beams to perimeter columns of buildings,dacing large
displacements and moments in the columns leading to one of ttveo collapse

mechanisms described.

The results from the pull-in force calculation can be used in thpresented
design methodology to provide a quick and simple assessment of talilding
stability given re on multiple oors - something which current codes and
design guides omit. Where uncertainty or potential failure fothe building is
apparent using the method a more complex numerical study can loarried
out to provide an additional check, or the structure can be stregthened and
rechecked using the method presented. The results can also be usede-
termine the validity of nite element analyses, providing an nitial estimate

of the magnitude of pull-in forces in complex structural mods.
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Case Studies

8.1 Introduction

In 1992 the steel construction institute published a document caparing the
costs of various construction options in generic commerciatitdings. The
study was updated in 2003, funded by Corus group plc. in ordeo ttompare
new technologies being taken advantage of by the construationdustry [78].

The results of the project are summarised in a document publishéyg Corus
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C&l titled 'Supporting the commercial decision' [79].

Two buildings were considered for the study, a small building c2600m2
oor area, four storeys high; and a larger commercial buildop with an atri-
um of 18000m2 oor area 8 storeys high. For the purposes of the diy the
smaller of the two buildings was assumed to be in Manchester, arttketlarger

of the two buildings was assumed to be in London.
In this chapter, the performance in re of the two buildings s determined
for two of the structural schemes considered in the original stydfollowing

the proposed assessment methodology and recommendations are entw

overcome any de ciencies encountered.

8.2 Building A

The Manchester o ce building is a four storey o ce building, the plan and

architectural features of which are shown in gure 8.1 and gte 8.2.

Figure 8.1: building A oor plan layout
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Figure 8.2: building A architectural impression

8.2.1 Overview

A number of schemes are presented in the comparative study foretbuilding,
5 short span oor systems, and 8 long span oor systems. The long span oor
schemes are designed to allow for the removal of the internalwmns except
in the cores at either end of the building. The long span oor sysims are
neglected for this case study, and the performance of the shortaspsystems

is determined. The short span systems include:

Slim or beams with pre-cast concrete slabs and a 60mm concretep-
ing;
Two Slimdek composite oor options, one where the oor spans Igitu-

dinally through the building and one where the oor spans trasversely;
Composite concrete beam and slab option, and a;

Reinforced concrete slab option.
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8.2.2 Structural Scheme Studied

The structural scheme studied in this chapter is the composite norete beam
and slab option. The initial design is the design as detailed inhe SCI
document, and is summarised in gure 8.3. The slabs are modelledth

a nominal thickness of 95mm. Strength is based on only the antiacking
mesh in the upper layer of the slab. It is assumed initially that niee of the

secondary steelwork is protected against thermal e ects.

Figure 8.3: building A composite slab construction details
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8.2.3 Loading

Design loading and additional information regarding the magdrials used is
presented in table 8.1. All oors, including the roof level are ésigned to
resist the same loading. Although it is not stated, it is assumed thall rein-

forcing steel has yield strength of 460MPa. The building is diged into two

Design Loading

Imposed load 3:5kN=m?
Partition loading 1kN=m?
Services, ceiling 0:7kN=m?
loading, etc.

Floor

Concrete Normal weight concrete
Steel grade

Columns and primary Grade s355
beams

All other beams Grade s275

Table 8.1: building A design loading and materials

bays of 6m and 7.5m by the line of columns down the middle of itength.
This results in the regular structural grid seen in Figure 9 1. Ta oors are

sited at a vertical spacing of 2.7m.

The total distributed load on the oors of the structure using the composite
beams and composite slab construction option consists of the juflactored
live load of 5.2kN/m2 plus an additional dead load of 2.4kN/m2 Wwich rep-
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resents the composite concrete decking.

The original building was designed to have a re resistance of G@inutes,
using the factors allowed in Eurocode 4 [37], the imposed load the struc-
ture can be reduced by a factor of 0.65 to 2.275kN/m2 from 3.5ki2. Fully

factored design loading is shown in table 8.2. In the analysis,ahun-factored

Live Load | 4:5kN=m?2
Dead Load | 2:4kN=m?2
Total Load | 6:9kN=m?

Table 8.2: total loading for building A including factored acidental loading

material strengths are used, in accordance with Eurocode 4.

8.2.4 Building Layout

The layout of the building on all four oors is as shown in gure8.4, gure 8.5,
gure 8.6, and gure 8.7. The building runs east to west and the stirwells

are located on the north face of the building.

Figure 8.4: building A ground oor plan
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Figure 8.5: building A rst oor plan

Figure 8.6: building A second oor plan

Figure 8.7: building A third oor plan
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8.2.5 Building A Risk Assessment

Step 1. Division of the structure or system into suitable compartments agh

components

Step 1 is the identi cation of the compartments which will conprise the

structural re risk assessment. These are listed below:

Records (GF)

Kitchen (1F)

Kitchen (2F)
Reception

Cellular O ces (GF)
Cellular O ces (2F)
Cellular O ces (3F)
Open Plan O ces (1F)
Open Plan O ces (2F)
Open Plan O ces (3F)
Storage Room (GF)
Meeting Room (1F)

Step 2. Fuel load ranking
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The di erent compartments are arranged in order of relativepotential fu-
el load. This is the rst stage in the development of the relatie risk matrix
for the project which will lead to the risk ranking. The compatments are

arranged against the headings described in Chapter 5 in table38

Relative
potential fuel High Medium Low | Very Low

load

Compartments | Records(GF) Cellular | Kitchen(1F)
Storage| O ces(GF) | Kitchen(1F)
room (GF) Cellular Reception
O ces(2F)
Cellular
O ces(3F)
Open plan
oces (1F)
Open plan

o ces (2F)

Table 8.3: building A relative fuel load potential

The records room and storage room are expected to have the hegh po-
tential fuel load, followed by the o ces where there may be sominstances
of combustibles such as o ce furniture or reference material.The recep-

tion area will have little combustible material present and isexpected to be
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mainly used as a waiting area. Similarly, the kitchen is exptd to have
little combustible material present although it will have a nunber of ignition

sources present.

Step 3. Ignition source ranking

The potential for ignition in each of the areas identi ed is smmarised in
table 8.4.

Relative
ignition Very Likely Likely Unlikely | Very Unlikely
potential
Compartment Kitchen Cellular | Records (GF)
(1F) | O ces (GF) Storage
Kitchen Cellular Room (GF)
(2F) | Oces (2F) Recpetion
Cellular
O ces (3F)
Open plan
O ces (1F)
Open plan
O ces (2F)

Table 8.4: building A relative ignition potential
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Risk Ranking

A\

Compartments

Records (GF)

Storage Room (GF)

Kitchen (1F)
Kitchen (2F)

Reception

Cellular

O ces (GF)
Cellular

O ces (2F)
Cellular

O ces (3F)
Open Plan

O ces (1F)
Open Plan

O ces (2F)

Table 8.5: building A relative compartment risk ranking

Step 4. Risk Ranking

The relative risk matrix is used in correlation with the tablesabove to order

the compartments into their relative risk from re and the potential which

they may have for a meaningful re occurring within the buildng.

The overall relative risk is summarised in table 8.5. This is thist which will
be used in determining the order in which the structure should behecked

for achieving the reliability required. This list is based on he risk matrix

described in the chapter 5 gure 8.8.
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Figure 8.8: Risk matrix
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8.2.6 Building A Reliability Assesment

The structural models used in the analysis are those described inepious
chapters. For the purposes of tensile membrane action and theepstressed
yield line method the slab is assumed to by 2-way spanning betweére

supports.

The slabs are constructed from normal weight concrete 60mm ge&nor-
ing the depth of the ribs, with an A142 anti-cracking mesh positized 25mm
from the heated surface. The steel column section is a UC 203 x 208
Although in the original study the steel elements were protectewith an in-
tumescent coating it is assumed that the steel beam is a 280ASB100t&m
with an exposed lower ange. All primary steelwork has yield stmegth of
355MPA. It is assumed that the temperature of the steel beam folls the

compartment temperature-time curve.

Step 1. Reliability Goal De nition

From the ASCE 7 standard the building is in performance group 3,e. it
is a commercial structure where the occupants are unlikely teave reduced
mobility. Using the performance matrix of table 4.1, the requid frequency
of severe structural damage is rare which corresponds to a réilgy index

of 3.1 according to table 5.2.

Step 2. Fire Scenario De nition

Using the Eurocode parametric re curve, variation in the re senario is
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de ned primarily by the opening factors of the building and the areas of the

rooms. For each of the compartments, these are as detailed in kl8.6.

Compartment Floor area Windows
Records (GF) 36m? 1 (5x2m)
Kitchen (1F) 36m?2 | 3 (1.5x1.5m)
Kitchen (2F) 36m?| 1 (1.5x1.5m)
Reception 115m? 3 (5x2m)
Cellular O ces 144m?2 4 (5x2m)
(GF)

Cellular O ces 144m? | 6 (1.5x1.5m)
(2F)

Cellular O ces 216m? 14 (5 x2m)
(3F)

Open Plan O ces 486m% | 36 (1.5x 1.5 m)
(1F)

Open Plan O ces 30em? | 7 (1.5x1.5m)
(2F)

Storage Room (GF) 72m? 2 (5x2m)
Meeting Room (1F) 36m?2| 3 (1.5x15m)

Table 8.6: building A Compartment areas and openings

Variation of the openings is achieved using a normal distribidn, truncated
at 0 and the maximum opening possible. The mean of all of the opgegs is
taken to be 75% of the opening factor, and the standard deviatn is 10% of

the opening factor plus 1% per window up to a maximum of 20%.
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The limiting time is linearly distributed between 900 and 150s.

The fuel load is based on the fuel load prescribed by EC 1 [15] the closest
occupancy type. Variation is a normal distribution with meanas described
in EC1 and standard deviation of 7.5%.

All other variables required for the analysis are deterministi and are not
varied during the analyses. This is chosen arbitrarily, and isniended to

represent a range of real res which may occur within each coragment.

Step 3. Structural component pairing with compartment.

As discussed above, the oor slabs within the building are assumed b
2-way spanning. They are modelled using the techniques desehbin Chap-

ter 6.

In this example, it is assumed that re stopping is adequately istalled be-
tween the oors and therefore a re on multiple oors is not casidered.
However, building stability as a result of a re on one oor is cosidered.
This is modelled using the techniques described in Chapter #.i$ assumed
in this case that the structure outwith the re compartment provides enough
support to adequately restrain the oor system at the interior ede for one

of the collapse mechanisms described to occur.

The structural components which correspond to each of the compments

are listed below in table 8.7. Where a compartment boundaryds along a
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grid line and there are no grid lines within the compartment lhe oor sys-
tem is assumed to be supported by the compartment boundary andetefore
catenary action is unable to form which means that the columis not ex-
posed to any additional pull-in forces. In these cases, the colunmthe table
which pertains to the oor length is left blank and columns ae not analysed

in these compartments.

The structural detailing is similar for all components and is dtailed in 8.2.2,

above. It is therefore not summarised again here.

Step 4. Targeted Reliability Analysis.

The reliability analysis of the components listed in table 8.7ollows the or-
der dictated by the risk ranking in table 8.5. It is based on deteninistic
structural details and the details provided on the re loadig as detailed in

the previous step.

The rst targeted analysis is performed on those components wdii are as-
sociated with the highest risk compartments. The results of thisetiability
analysis are detailed in table 8.8. These results are based upostady of
100 samples. None of the slabs in the compartments are able to sustdie
static loading required under a deterministic analysis using thmeans of the
input variables; using the varied input variables to perform aeliability study
of the components highlights the fact that the margin of safgtis negative,

indicating failure in most cases.

Increasing the diameter of the steel reinforcement used in thelculation
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Floor slab

Column

Compartment Quantity | Dimensions| Floor Length

Records (GF) 1 6 6m

Kitchen (1F) 1 6 6m

Kitchen (2F) 1 6 6m

Reception 2 6 6m 6m
1 6 7.5m

Cellular O ces (GF) 4 6 6m 6m

Cellular O ces (2F) 5 6 6m 6m

Cellular O ces (3F) 6 6 6m 6m
8 6 7.5m

Open Plan O ces (1F) | 6 6 6m 6m
6 6 7.5m 7.5m

Open Plan O ces (2F) | 8 6 6m 6m

Storage Room (GF) 2 6 6m 6m

Meeting Room (1F) 1 6 6m

Table 8.7: structural details by compartment

from 6mm to 7mm, i.e. changing the mesh from an A142 mesh to an A193
changes the reliabilities of the oor slabs to those shown in td 8.9. Increas-
ing the diameter of the anti-cracking mesh which the membraneapacity is
reliant upon dramatically increases the reliability of the oor plates in re,

more than doubling the reliability indices of the oor plates in question.

The risk acceptance criteria proposed in the design framewor&quires that

the reliability analysis should continue through successive rid&vels until the
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Compartment | Component | Dimensions| (M) (M) Pass/Fail
Records Slab 6 7.5m 1.0 0.53 1.89 | Falil
(GF) kN=m? | KN=m?

Storage Slab 6 6m 1.0 0.56 1.79| Fail
room (GF) kKN=m? | kN=m?

Kitchen Slab 6 6m 11 .38 2.89 | Fall
(1F) kN=m? | KN=m?

Kitchen Slab 6 6m 0.96 0.47 2.04 | Fail
(2F) kKN=m? | KN=m?

Table 8.8: level IV risk targeted reliability analysis

solution satis es the requirements 'as is'. The reliability anbysis is therefore
extended to encompass components which are associated with paniments
which have been allocated the next level of risk, table 8.10.

Table 8.10 shows all of the components which are associated wikie com-
partments having the next level of risk to meet the reliabiliy goals. The
oor slabs meet them satisfactorily. Since the re is consideretb occur on
only one oor and the oor to oor spacing is relatively low the reliability of

the columns is very much higher than the reliability goal.

8.3 Building B

The prestige o ce block in London, gure 8.9, is an 8 storey highquadran-
gle consisting of 2 structural bays which circle around a closedaf atrium.

The reliability of the atrium roof structure is not consideredin this study,
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Compartment | Component | Dimensions| (M) (M) Pass/Fail
Records Slab 6 75m |39 0.65 6 | Pass
(GF) kKN=m? | kN=m?

Storage Slab 6 6m 4.0 0.55 7.3 | Pass
room (GF) kKN=m? | kN=m?

Kitchen Slab 6 6m 3.9 .67 5.8 | Pass
(1F) kN=m? | KN=m?

Kitchen Slab 6 6m 3.9 0.56 7.0 | Pass
(2F) kKN=m? | KN=m?

Table 8.9: revised level 1V risk targeted reliability analysis

and it is assumed that appropriate ventilation is included in lhe overall re

strategy for the building to ensure that the gas temperature irthe atrium

is controlled and maintained below a temperature at which itmay become

of relevance to the surrounding structure. Therefore the awim is e ectively

ignored.

The building is 45m wide by 60m in length and the atrium measugel5m

x 30m. The structural bays are arranged on a regular grid of fibsquares,

gure 8.10.
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Compartment | Component| Dimensions| (M) (M) Pass/Fail
Reception Slab 6 6m 1.2 .36 3.3 | Pass
kN=m? | kN=m?
(GF) Slab 6 7.5m 1.2 0.35 3.4 | Pass
kN=m? | kN=m?
Column 6m 6.6 .068 97 | Pass
oor length | kNm kKNm

Table 8.10: level Il risk targeted reliability analysis

Figure 8.9: architectural features of building B
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Figure 8.10: structural layout of building B
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8.3.1 Structural Scheme Studied

As with building A, a number of structural schemes were considerad the
original SCI study. In this study, the scheme comprising a compdasibeam

and slab is chosen. The structural details are summarised in gu&11.

Figure 8.11: building B composite beam/slab detall
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8.3.2 Design Loading

Design loading in building B is the same as in building A, table 8.

8.3.3 Building Layout

The building layout is as shown in gures 8.12, 8.13, 8.14, &land 8.16.

Floors 2-5 have the same layout and are treated as one oor indhanalysis.

Figure 8.12: building B ground oor layout
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Figure 8.13: building B B oor layout

Figure 8.14: building B 29 oor layout
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Figure 8.15: building B 8" oor layout

Figure 8.16: building B 7" oor layout
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8.3.4 Building B Risk Assessment

Step 1. Division of the structure or system into suitable compartments agh

components

As before, step 1 is the identi cation of the compartments whit will com-

prise the structural re risk assessment.

Storage (GF)

Meeting / Conference room (GF)
Exhibition space (GF)
Reception (GF)

Cellular o ces (GF)

Kitchen (1F)

Dining area (1F)

Lecture theatre (1F)

Cellular o ces (1F)

Open plan o ce (2-5)

Archive store (6F)

Cellular o ces (6F)

Equipment testing benches (6F)

Cellular o ces (7F)
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Step 2. Fuel load ranking

The di erent compartments are arranged in order of relativepotential fu-
el load. This is the rst stage in the development of the relatie risk matrix
for the project which will lead to the risk ranking. The compatments are

arranged against the headings described in Chapter 5 in tablel8.

The records room and storage room are expected to have the rhegh po-
tential fuel load, followed by the o ces where there may be sominstances
of combustibles such as o ce furniture or reference material.The recep-
tion area will have little combustible material present and iexpected to be
mainly used as a waiting area. Similarly, the kitchen is exptsd to have
little combustible material present although it will have a nunber of ignition

sources present.

Step 3. Ignition source ranking

The potential for ignition in each of the areas identi ed is smmarised in
table 8.12.

Step 4. Risk Ranking

The relative risk matrix is used in correlation with the tablesabove to order
the compartments into their relative risk from re and the potential which
they may have for a meaningful re occurring within the buildng.

The overall relative risk is summarised in table 8.13. This is #list which will
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Relative

potential fuel High Medium Low | Very Low
load
Compartments Storage Cellular | Meeting/Conference
(GF) | oces (GF) room (GF)
Archive Cellular Exhibition space
store (6F) | oces (1F) (GF)
Open plan Reception (GF)
o ces (2-5) Kitchen (1F)

Cellular Dining area (1F)

o ces (6F) Lecture theatre
Equipment (AF)
testing

benches (6F)

Cellular

o ces (7F)

Table 8.11: building B relative fuel load potential

be used in determining the order in which the structure should behecked

for achieving the reliability required.

184



Relative

ignition Very Likely Likely Unlikely Very Unlikely
potential

Compartment Kitchen (1F) Cellular Storage (GF)
Equipment | O ces (GF) Archive store (6F)
testing Cellular | Meeting/conference

benches (6F)| O ces (1F) room (GF)

Open plan Exhibition space

o ces (2-5) (GF)

Cellular Reception (GF)

o ces (6F) Dining Area (1F)

Cellular Lecture Theatre

o ces (7F) aF)

Table 8.12: building B relative ignition potential

8.3.5 Building B Reliability Assessment

The structureal models used in the analysis are those describedprevious

chapters. For the purposes of tensile membrane action and theepstressed

yield line method the slab is assumed to be 2-way spanning betwebe sup-

ports.

The slabs are constructed from normal weight concrete 60mm ge&gnor-

ing the depth of the ribs, with an A142 anti-cracking mesh positized 25mm
from teh heated surface. The steel column is a UC 204 x 203 x 60. Altigh

in the original study the steel elements were protected with amtumescent
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Risk Ranking \Y 1 [l I
Compartments Storage Cellular | Kitchen | Meeting/conference
(GF) | oces (GF) (aF) room (GF)
Archive Cellular Exhibition space
store (6F) | oces (1F) (GF)
Open plan Reception (GF)
o ces (2-5) Dining area (1F)
Cellular Lecture theatre
o ces(6F) (1F)
Cellular
o ces (7F)
Equipment
testing

benches (6F)

Table 8.13: building B relative compartment risk ranking
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coating it is assumed that the steel beam is a 280 ASB 100 sectiontwén
exposed lower ange. All primary steelwork has yield strength &55MPa. It
is assumed that the temperature of the steel beam followes thenggartment

temperature-time curve.

Step 1. Reliability goal de nition

From the ASCE 7 standard the building is in performance group 4,e. it
is a commercial structure where the occupants are unlikely teave reduced
mobility. Using the performance matrix of table 4.1, the requid frequency
of severe structural damage is rare which corresponds with aiadlility index

of 3.1 according to table 5.2.

Step 2. Fire Scenario De nition

Using the Eurocode paramteric re curve, variation in teh re senario is
achieved by varying the opening factors of the building, théimiting time
and the fuel load per unit area. For each of the compartmentsreas and
openings are detailed in table 8.14.

The variation of the openings is the same as with the previousample, i.e.
it is As with building A, the limiting time is linearly distribut ed between 900
and 1500s.

The fuel load is based on the fuel load prescribed by EC 1 [15] tbe closest

occupancy type. Variation is a normal distribution with meanas described

in EC1 and standard deviation of 7.5%.
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All other variables required for the analysis are deterministi and are not
varied during the analyses. This is chosen arbitrarily, and isniended to

represent a range of real res which may occur within each coragment.

Step 3. Structural Component Pairing with Compartment

As discussed above, the oor slabs within the building are assumed be 2-
way spanning. They are mdoelled using the techniques desscribehapter
6.

In this example, it is assumed that re stopping is adequately istalled be-
tween the oors and therefore a re on multiple oors is not casidered.
However, building stability as a result of a re on one oor is cosidered.
This is modelled using the techniques described in Chapter #.i$ assuemd
that the tructure outwith the re compartment provides enough support to
adequately restrain the oor system at the interior edge for onef the col-

lapse mechanisms described to occur.

The structural components which correspond to each of the compments
are listed below in table 8.15. Where a compartment boundaryek along a
grid line and there are no grid lines within the compartmnet he oor sys-
tem is assumed to be supported by the compartment boundary anddhefore
catenary action si unable to form which means that the columrsinot ex-
posed to any additional pull-in forces. In these cases, the colunmthe table
which pertains to the oor length is left blank and columns ae not analysed

in these compartments.
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The structural detailing is similar for all components and is dtailed in sec-

tion 8.3.1, above. It is therefore not summarised again here.

Step 4. Targeted Reliability Analysis.

The rst reliability analysis of building B is on those componeis which
ahave been allocated the highest level of risk. These are teh stge and the
archive rooms. The results of this reliability analysis are datled in table
8.16.

All of the components of building B meet the reliability targes as set out
in Stage 1 of the reliability assessment without any further resion. Since
no revision is required to the components which comprise therapartments
with the highest risk no further analysis is necessary for the renmang com-
partments. As with building A, the reliability of the columns is very much
higher than the reliability goal of the project. If a re on multiple oors was

considered or if the oor to oor spacing was lower then the redibility of the

columns would be expected to be lower.
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Compartment Floor area Windows
Storage (GF) 450m? | 6 (7 2m)
Meeting/conference 450m?2 | 6 (7 2m)
room (GF)

Exhibition space (GF) 366m2 | 3 (7 2m)
Reception (GF) 366m2 | 2 (7 2m)
Cellular o ces (GF) 253 | 3 (7 2m)
Kitchen (1F) 225 | 4 (7 2m)
Dining area (1F) 45¢F | 4 (7 2m)
Lecture theatre (1F) 225m? | 4 (7 2m)
Cellular o ces (1F) 38am? | 4 (7 2m)
Open plan o ces (2-5) 1603n? | 22 (7 2m)
Archive store (6F) 450m? | 6 (7 2m)
Cellular o ces (6F) 3375m? | 5 (7 2m)
Equipment testing 3375m? | 5 (7 2m)
benches (6F)

Cellular o ces (7F) 38m? | 5 (7 2m)
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Floor slab

Column

Compartment Quantity | Dimensions| Floor Length
Storage (GF) 8 75 7:5m | 7:5m
Meeting / conference | 8 75 7:5m | 7.5m
room (GF)

Exhibition space (GF) | 7 75 7:5m | 7:5m
Reception (GF) 7 75 7:5m | 7:5m
Cellular o ces (GF) 5 75 7:5m | 7:5m
Kitchen (1F) 4 75 7:5m | 7.5m
Dining area (1F) 8 75 7:5m | 7:5m
Lecture theatre (1F) 4 75 7:5m | 7:5m
Cellular o ces (1F) 8 75 7:5m | 7.5m
Open plan o ces (2-5) | 30 75 7:5m | 7:5m
Archive store (6F) 8 75 7:5m | 7:5m
Cellular o ces (6F) 10 75 7:5m | 7:5m
Equipment testing 10 75 7:5m | 7:5m
benches (6F)

Cellular o ces (7F) 8 75 7:5m | 7:5m

Table 8.15: building B structural details by compartment
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Compartment | Component| Dimensions (M) (M) Pass/Fail
Storage Slab 7.5 7.5m 1.8 0.46 3.88 | Pass
(GF) kKN=m? | kN=m?
Column 7.5m oor 7.5m| 3.6 .096 37.8 | Pass
length kKN=m? | kN=m?
Archive store | Slab 7.5 7.5m 1.8 0.46 3.88 | Pass
(6F) kKN=m? | kKN=m?
Column 7.5m oor 7.5m| 5.3 .096 55.2| Pass
length kKN=m? | KN=m?

Table 8.16: level 1V risk targeted reliability analysis (buitling B)
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8.4 Summary

In the original study by the SCI, buidling A was designed to hava 60 minute
re resistance and building B was designed to have a 90 minute reesis-
tance. This was provided via a combinationof board encasemgespray on
intumescent coating applied both ons and o site as well as a cemtitious

spray protection.

The approach suggested here will hopefully reduce the cost okthre pro-

tection required. Especially for building A where, althougha number of the
oor plates require additional reinforcement to be appliedit is expected that
some saving can be achieved by omitting re protection from aecondary
beams using the design principles given here. The motivatioarfemploying
the techniques described here is further enhanced by the addsecurity and
safety that the more scienti ¢ approach taken here to the assessntesf the

structure for high temperatures will provide.

There were very few changes required to building A, these conge an in-
crease in the anti-cracking mesh size for only a few hazard roontisthe use
and / or occupancy of building A is expected to change over itge time then
additional measures may be requried to mitigate against any ddional risks

introduced as a result of this.

Building B meets the performance goals as it is currently degied, how-
ever as with building A if any changes are expected to occur dag the
buildings life time then additional work may be required to dentify and to

mitigate against any additional risks.
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The amount of work introduced to a project by this methodoloyg is lim-
ited, especially where the structure is designed around a simged system
as the buildings described in this chapter. The work requiredoes not re-
guire any specialist tools or software and as such the cost introcked to a

project in order to carry out these analyses will be very low.
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Conclusions

9.1 Summary

The aim of this thesis has been to develop a performance basedige
methodology for structures in re, addressing the concepts ofsk and relia-
bility. This goal was complemented by the need to develop ftlrer suitable

analytical techniques for the assessment of a structures responsere.
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A methodology for the performance based design of structures ire has
been proposed, based on the concepts of risk and reliability addawing on
the common aspects of a performance based design framework. Tiaene-
work is not dependant upon statistical means to de ne re scenaws for a
building to resist and takes a more holistic approach which alles the design
res to be based upon the likely distribution of fuel, ignition sources and

ventilation within a building.

The framework is demonstrated in use by assessing the performantéwm
'standard’ buildings in re. The buildings are assessed using a cqiete
model describing oor plate behaviour at increasing de ectio and a sim-
ple assessment methodology for stability of tall buildings in re These two
techniques are developed and described in earlier chapterslaare analyt-
ical methods which are based on the fundamental principles sfructural

behaviour in re.

The oor plate methodology is a continuation and modi cation of a the-
ory for describing tensile membrane capacity of heated oor ales. The
membrane forces are used to derive a thermally pre-stressed ¢ikxhe theory
for oor plates which are su ciently rigid that they do not exp erience large
thermal de ections at their mid-span and therefore do not led themselves

well to tensile membrane action.

The tall building assessment methodology is based on the resultsesthaus-
tive numerical studies carried out to identify potential colapse mechanisms
of tall buildings in re. Analytical techniques are derived vhich describe the

contributing forces for these mechanisms.
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Following assessment of the risk and reliability of the two structes in re,
improvements are made based upon the results of the analysisorease the

reliability of the structures such that they meet simple reliallity targets.

9.2 Discussion and Possible Further Work

The structural work and assessment of capacities in this thesis hagen
primarily concerned with the growth and burning phase of a copartment
re. It is becoming increasingly clear to researchers, howevehat the large
strains which develop in a structure or frame during the coolmphase of a re
can and do have a signi cant e ect on the resulting stability of he structure
after re. Despite this, the design methodology presented and ¢hmethod
for the assessment of the performance of the building during re applicable
to all design situations. Since performance based design methlodpes are
inherently modular, cooling, and any additional design situ#ons for which
a performance goal can be de ned can be addressed in the methiody in

one of three ways:
1. The modules which comprise the assessment procedure can be ghdn
to take account of the cooling e ects of re on the structure;

2. Additional modules can be introduced to describe and assess #igic-

tures response to other design scenarios; or,

3. Entirely new modules can be developed as required or as riewwledge

and understanding becomes available to the designer.
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The risk assessment methodology proposed draws together a lot oé tton-
cepts which are currently in use for structural re safety desigrior excep-
tional structures, such as identi cation of locations of high del loads and
compartments where a re is likely to be of greater magnitudéhan in anoth-

er compartment. The methodology proposed draws these concepbgether
into a coherent methodical framework which has been shown te [suitable
for the assessment of more regular structures. However, the framekvat

present does not incorporate the structural detailing and thgulnerability of

some, e.g. long span, systems to re. This vulnerability can hawe serious
impact on the risk from re. It may be possible to incorporate ths aspect
into future iterations of the framework by including a subsegent ranking of

the components analysed in each compartment by their own réikee hazard.

The arrangement and grouping of the compartments by relates fuel load
(hazard) and ignition likelihood is potentially very subjetive. Guidelines for
consistent selection of the groupings could be based upon the @zancy - in
the examples, o ce areas are considered to be of medium or lownabustible
loading, and to have an unlikely ignition potential driven ly a failure in a
standard piece of electrical equipment. Other areas, such ashtia areas
may have a higher ignition potential as would kitchens and wk benches,
etc. Storage areas will have a higher fuel load, and large opspaces will

have lower fuel loads.

The reliability goals which are used in the case studies are based the
Eurocode reliability goals, and selected from a performanceatnix and the
ASCE 7 standard. This draws on a number of standards and propose@st

dards which may have di erent foundations and goals. As such theliability
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goals may seem high for such a low probability event. However,din use is
justi ed by the fact that no alternative reliability goals exist at present for
re. These are an initial suggestion for the reliability goals, ad lower less

onerous reliability goals may be equally suited to the purpose

The selection of re scenarios in the analyses is based upon an iadry
selection of random distributions for the non-deterministic ariables. The
examples are chosen such that the re scenarios will representetihange of
possible res which may occur within the compartment; howevethis selec-
tion will vary from user to user and will be dependant upon the maelling

approach taken.

There is at present no scienti c method for determining the prbability of
an event within a compartment. However, the eld of re enginering is con-
stantly evolving and structural design for re safety on a perfamance basis
is in its infancy. It is highly likely that new developments ad methods will
become available for the estimation of these probabilities drthe techniques

described here will need to be adapted to re ect these.

For ambient design, loads and material strengths are multigd by some
factor which is intended to ensure that the nal design meets th reliabili-
ty goal of the system. These safety factors are derived from theliedbility

methodologies described in this thesis; however no such factoasjde from
the reduced live design load, exist for elevated temperature$t would be
possible to develop a range of partial factors for the materiatrengths to be
used in the design methodologies described in this thesis, basedlmresults

of repeated, physical or analytical, reliability testing to pevent the necessity
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for such a subjective arbitrary variation in the thermal loadhg suggested
here. These factors would be easier to use than the proposed melblogy
and would facilitate a more widespread growth in the use of perimance

based structural design for re safety.

The methodologies described for the determination of oor dtacapacity
in re assume a low de ection and a large de ection respectivelyThe pre-
stressed vyield line methodology when it yields will allow the dtato adopt
a large de ection, increasing towards that of a tensile membre capacity.
Through this increase in the de ection, a large amount of exteal work is
released without a correspondingly large increase in the inteal work as the
concrete cracks across the slabs surface. Where the thermal atseon the
slab are high enough, this transition will be arrested by the reforcement
mesh as it adopts a tensile mechanism. However, where the capaaf a
tensile membrane mechanism is not high enough to arrest the load the

slab the slab will fail.

It is likely that regions of concrete at low de ection will caitinue to pro-
vide a laterally compressed support through this transition, wh the level of
support decreasing correspondingly with an increasing area lay adopted
a tensile membrane mechanism. Further study into this is possihland may
yield a further enhancement to the capacity calculated viaegnsile membrane
mechanisms and provide greater con dence in the ability of aoor slab to

sustain static loading despite large central de ections.
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