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Abstract

Maintaining structural stability is an integral cpament of building fire safety.
Stability must be ensured to provide adequate fonesafe egress of the buildings
occupants, fire fighting operations and propertyotgetion. Structural fire
engineering endeavours to design structures tcstaitidl the effects of fire in order to

achieve this objective.

The behaviour of reinforced concrete in fire is st well understood as other
construction materials, such as steel. This isam gue to the complexity of concrete
material behaviour and also due to concrete’s et of superior fire

performance. Concrete technology is, however, naatly evolving; structures are
increasingly slender, more highly stressed and Iéyleer compressive strengths. A
more robust understanding of concrete’s behaviodiré will enable predictions of

the implications of changing concrete technologg also help to properly quantify

the fire safety risk associated with concrete $tnas.

A fundamental key to understanding structural pegformance is the relationship
between the thermal environment induced by thedird the structure. Significant
thermal variation has been found experimentallgxst within fire compartments.
Despite this the design of structures for fire a@maniversally assumes the
compartment thermal environment to be homogendouhis thesis the implications
of compartment fire non-uniformity for concreteustiural behaviour is investigated

to assess the validity of the uniform compartmenigerature assumption

The investigation is conducted using numerical 9p@ detailed review of the
necessary background knowledge, material modetiingeinforced concrete, finite
element modelling of reinforced concrete structuaed compartment fire thermal
variation is included. The behaviour of a two-wagsning reinforced concrete slab
Is used as a structural benchmark. The membranavizem exhibited by two-way
spanning RC slabs at high temperatures has beemopse/ studied under uniform
thermal conditions. They therefore are an idealcherark for identifying the

influence of non-uniform thermal environments fehhviour.



The relationship between gas phase temperaturatigariand concrete thermal
expansion behaviour, which is fundamental to urtdadsng concrete high
temperature structural behaviour, is first investiggl. These preliminary studies
provide the necessary fundamental understandingemotify the influence of gas
phase temperature variation upon the membrane lmelmaof reinforced concrete

slabs.

The individual influences of spatial and temporariation upon slab membrane
behaviour are investigated and the behaviour underuniform thermal variation
contrasted with uniform thermal exposure behavioline influence of spatial
variation of temperature is found to be stronglypeatedent upon the structural
slenderness ratio. The tensile membrane actionlesfder slabs is particularly
susceptible to the distorted slab deflection pesfinduced by spatial variation of gas
temperature. Conversely the compressive membrahavimeir of stocky slabs is
found to be insensitive to the deformation effeotduced by spatial variation of
temperature. The influence upon slender slabs isodstrated under a range of
temporal variations indicating that the thermalpmsse of concrete is sufficiently

fast to be sensitive to realistically varying disitions of temperature.

Contrasting behaviour induced by uniform and noifeum thermal exposures
indicates that uniform temperature assumptions igeo\both conservative and
unconservative predictions of behaviour. The aayue the uniform temperature
assumptions was also found to be dependent upotypkeof fire, for example, fast
hot and short cool fires. Additionally, the senaiti of structural performance to
deformations caused by spatial variation of tempeeademonstrated in this thesis
challenges the purely strength based focus oftioadil structural fire engineering.

Spalling is an important feature of concrete’s higmperature behaviour which is
not currently explicitly addressed in design. Theorporation of spalling into a
structural analysis is not, however, straightfodvarhe influence of spalling upon
behaviour has therefore been dealt with separatelpalling design framework is
developed to incorporate the effects of spallirg o structural analysis. Application
of the framework to case studies demonstrates dkenpal for spalling to critically

undermine the structural performance of concretéré It also demonstrates how



the framework can be used to quantify the effe€tspalling and therefore account

for these in the structural fire design addressipajling risk in a rational manner.
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1 Introduction

1.1 Motivation for research

Maintaining structural stability is an integral cpament of building fire safety.
Stability must be ensured to provide adequate fonesafe egress of the buildings
occupants, fire fighting operations and propertyotgetion. Structural fire
engineering endeavours to design structures tcstaitidl the effects of fire in order to

achieve these objectives.

In this thesis the fire behaviour of reinforced cate structures is specifically
investigated. The behaviour of reinforced concietire is not as well understood as
other construction materials, such as steel. This ipart due to the complexity of
concrete material behaviour and also due to cogisreeputation of superior fire
performance. Consequently there are substantiaelyef analytical tools for the
design of concrete structures at high temperatuteg) performance concretes are
enabling more slender forms of concrete constroctim be able to develop
analytical tools to design these structures fa Ve need to more fully understand

their behaviour in fire.

A fundamental key to understanding structural pegformance is the relationship
between the thermal environment induced by thesiire the structure. This research,
therefore, investigates the influence of spatial aemporal variation of gas
temperature upon concrete structural behaviour. fibgvation for this research is
explained in more detail in sections 1.1.1 to 1.8dction 1.2 outlines the research
objectives and section 1.3 describes in more ditaicontent of each chapter of the

thesis.

1.1.1  Structural fire behaviour

The means of designing structures to withstand l@ding has evolved from

standardised fire tests of single elements to ®mspiength calculations, to detailed
structural calculations considering strength ldegrmal expansion and boundary
influences. The latter approach is “performancesfadesign” and allows a better
quantification of the fire safety risk for a givestructural design. This approach

requires a much greater understanding of high teatyre structural behaviour.
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The need for a greater understanding of high teatpes structural behaviour has
been exemplified over the last decade by a sefiegyh profile fires. In 1990 a fire
at the Broadgate construction site indicated theglsoncrete composite structures
possessed hitherto unacknowledged reserves of ggtrem fire {The Steel
Construction Institute, 1991 #237}. Full scale fiesting of a partially protected
composite concrete-steel frame structure at Cataingubsequently confirmed this
{Bravery, 1993 #179; Bailey, 2000 #214; Usmani, P@38}. The collapse of the
World Trade Centre One, Two and Seven towers il Z00ST, 2005 #240; NIST,
2008 #239; Usmani, 2006 #241} and partial collapsthe Windsor Tower in 2005
{Fletcher, 2009 #238} served to further demonstr&teowledge gaps in the

understanding of structural behaviour at high terajpees.

These experiences have prompted research intoet@viour of structures at high
temperature. This research has predominantly facasethe behaviour of steel and
steel-concrete composite structures; the behawbuaoncrete structures fire has

received considerably less consideration.

1.1.2  Concrete structural fire behaviour

The behaviour of concrete structures in fire hasheen afforded the same interest
as that of steel structures due to a perception ¢bacrete has inherent fire

resistance. This inherent fire resistance can alityebe attributed to concrete’s

insulating nature arising from low thermal conduityi and high specific heat.

Concrete’s slow thermal response causes the strerfiginly a small proportion of

the cross section to be affected by high temperatlihe reduction in bending

capacity is therefore governed by the temperatige in the reinforcement. By

adopting minimum cross-section sizes and reinfoergrnover levels high periods of
fire resistance are achievable for a concrete elemiere are a large number of
documented cases of fires in concrete buildingsrevttee building has withstood the
effects of fire and been fully reinstated {Concr8teciety, 2008 #62}.

Loss of bending strength is however only one meisharof failure in a concrete
structure. Real fire events have induced a numbdifi@rent collapse mechanisms
in concrete structures. Thermal expansion effeetseported by Beitel {, 2002 #66}

to have caused collapse or partial collapse of mbau of concrete structures. In
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Gretzenbach in 2004 the flat slab roof of an unaengd car park collapsed due to
shear failure {BBC news, 2004 #228}. Concrete dtrigs are also susceptible to
spalling which can seriously compromise both stradtstability and integrity {UIm,
1999 #229}. Spalling is further described in sattiol.4.

There are still gaps in our understanding of cae&sebehaviour in fire despite its
reputation for good fire performance. Concrete nebbgy is also continually
evolving; structures are increasingly slender, nmoghly stressed and have higher
compressive strengths. A more robust understanafiripncrete’s behaviour in fire
will not only enable predictions of the implicat®of changing concrete technology
but also help to properly quantify the fire safetgk associated with concrete

structures.

1.1.3 Realistic thermal definitions

The thermal environment created by a compartmeati$ influenced by the fuel
load and distribution, the compartment boundariesmpartment size and the
ventilation conditions. These influences cause batmporal and spatial variations of

temperature within the compartment.

Only a very small number of full scale fire testasé been conducted where the gas
phase has been instrumented at a sufficient resolt capture the nature of this
thermal variation. They include the Cardington NBS@Bravery, 1993 #179} and
Dalmarnock fire test series {Rein, 2007 #174}. Tbhempartment sizes were
relatively small, 144fand 20 respectively, compared with modern open office
compartments. Despite this in both test seriesifgignt thermal variations were
recorded for the duration of burning {Stern-Gotttj 2010 #227}.

There are no experimental data available for lagapartment fires; evidence from
real fire events such as World Trade Centre 7 hggested that variation will be
greater as burning progresses through the compatrtrather than becoming fully

involved at any one time.

In current structural fire design the thermal expesis typically characterised by a
single temperature versus time curve. This chataateon is a significant

assumption concerning the thermal exposure fostheture. The effect of thermal
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variation upon concrete structural behaviour haswdver, not been fully

investigated to justify this assumption.

1.1.4 Consequences of spalling

Spalling involves the loss of concrete cross sadtioring fire exposure; it therefore
undermines concrete’s insulating behaviour by exgpshe reinforcement and
increasing heat transfer through the section wattemtially serious consequences for

concrete structural stability.

Concern for the effect of spalling upon concretectiral performance has resulted
in a significant research effort to understand amutel the complex mechanisms
responsible for spalling. There has been signiflgadess research focusing on the

actual implications of spalling for concrete stural performance.

Understanding these implications will help to qufgrthe risk spalling can pose for a
given structure and fire exposure. Identifying wesdses and vulnerabilities of
structural stability due to spalling can inform igdtting measures. The research in
this thesis focuses on the implications of spallmagher than the mechanisms

responsible for it.

1.2 Research objectives
The overarching aim of this research is to furtbxar fundamental understanding of
the behaviour and performance of reinforced coecsuctures in fire. The research

objectives are broadly summarised as follows:

« Investigate reinforced concrete structural behaviau high temperatures

using finite element software ABAQUS

+ Establish the influence of non-uniform thermal eamiments or realistic fire

conditions upon reinforced concrete structural beha

* Identify the implications of spalling for the meciems of reinforced

concrete structural stability

The following more specific goals and the chapigtie in section 1.3 set out more

specifically how this research proposes to achibeeabove objectives:
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» Comprehensive review of reinforced concrete mdtenadelling and finite

element modelling to establish the capabilitiea aimerical investigation

e Formulate non-uniform thermal definitions for use establishing the
relationship between compartment fire thermal veme and concrete

structural performance
» Assess the validity of the single temperature cotnpent fire assumption

* Develop a methodology which considers the effedpailling in a structural

analysis without modelling the mechanisms of spglli

1.3 Chapter outline

131 Chapter 2

Models of material behaviour underpin the validd§ any structural analysis.
Reinforced concrete as an inhomogeneous materihibiex complex material
behaviour at high temperatures. The capabilitiegeniforced concrete material
modelling are established through discussion ohtagerial behaviour and review of

the available material models.

132 Chapter 3

The thermal environment created by a fire is disedsby reviewing fundamental

compartment dynamics and full-scale fire test temmjpee data; the uniform

temperature assumptions of structural design eireghen discussed. This discussion
Is used to formulate non-uniform thermal expostimeshe investigation of structural

implications.

The role of thermal expansion in explaining thehhigmperature behaviour of

concrete structures is demonstrated using simpidefielement analyses; the

influence of non-uniform thermal distributions fa@oncrete thermal expansion

behaviour is established.

133 Chapter 4
A two-way spanning reinforced concrete slab is ehoas a benchmark structural

model. Two-way spanning slabs have been studiedqugly under uniform thermal
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conditions they therefore provide an ideal benchnagainst which to investigate the

implications of non-uniform thermal environments.

A finite element model is developed to analysedlad behaviour under a range of
boundary conditions. The behaviour of the slabniglysed under uniform thermal
conditions to verify behaviour and develop perfoneeindicators for investigating

the influence of non-uniform thermal exposure.

The sensitivity of model predictions to materiab@sptions is presented and the
influence of geometric parameters, aspect ratioségrtierness ratio are investigated.

1.34 Chapter 5

Using the benchmark finite element model the behavif the slab under non-
uniform thermal exposure is analysed. The findiofshe investigation of non-
uniform thermal exposure effects upon thermal egmembehaviour in chapter 3 are

used to interpret behaviour.

135 Chapter 6

The consequences of spalling for reinforced comcegtuctural performance are
investigated. To achieve this, a methodology fa timplementation of spalling

effects in a structural analysis is developed. fe¢hodology is demonstrated in the
analytical analysis of a two-span continuous reitéd concrete beam and a finite

element analysis of a restrained two-way spanrengarced concrete slab.

1.3.6 Chapter 7
The research conducted is reviewed and the keylusions identified. Any further

investigation that has been highlighted by theaeseis recommended.
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2 Reinforced Concrete — Material Behaviour

Numerical tools are heavily dependent upon the nahtdefinitions provided as an
input; therefore in order to assess the adequaoymierical methods to capture the
behaviour of reinforced concrete structures at atbxV temperatures a thorough
investigation of the material models available taracterise concrete behaviour at
elevated temperatures is also required. In thipp@nainderstanding of the material
behaviour of concrete at ambient and elevated teatyres is summarised followed
by an examination of the material models curreathgilable to characterise such
thermal and mechanical behaviour. The behaviodr raaterial models for steel,

concrete and concrete-steel interaction are disdussparately.

21 Thermal behaviour
The first step in an analysis of a structure exgdsea pre defined fire is to predict
the thermal distribution in the structural sectidhe thermal properties required for

conducting a heat transfer analysis for concretieséeel are described.

211  Steel thermal properties

The heating of reinforcement steel in a fire is dwated by conduction of heat from
the exposed concrete provided the concrete covestisemoved through spalling or
cracking. The prediction of heat transfer in rerofing steel is therefore a relatively
straight forward process requiring only the denspecific heat and conductivity to
be defined. Steel's highly isotropic nature has mhélaat these properties have been

well defined

Density

The densities of all steels (regardless of strengtpplication) remain unaffected by
elevated temperatures. The density of steel isntal® be 7850 kg/th as
recommended by Eurocode 3 {, 2005 #117}.

Specific heat

For steel there is little variability in the speciheat between different steel strengths
or applications. Its magnitude increases at elevtgmperatures with a large spike
around 730°C relating to a metallurgical change ditanan, 2001 #54}. The
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expressions in Eurocode 3 {, 2005 #117} and Eurecdéd, 2005 #118} provide
details of the specific heat of steel for the ra@el200C and this is plotted in
Figure 2-1
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Figure 2-1 Specific Heat of steel as specified ®BE

Thermal conductivity

The thermal conductivity of steel decreases atatdal temperatures and some
dependence on steel composition has been identfi\ddlhotra, 1982 #34}.
Eurocode 3 {, 2005 #117} and Eurocode 4 {, 2005 8}1frovide values for the

thermal conductivity of steel in the range of 20200°C, these are plotted in

Figure 2-2.
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Figure 2-2 Eurocode 3 {, 2005 #117} defined thercmiductivity of steel at elevated temperatures

212 Concrete thermal properties

The process of heat transfer in concrete is mamgptioated than in steel. Concrete is
a heterogeneous material with a porous structunéagsong free water. The process
of heat transfer in concrete is therefore inexbiigdinked with the mass transport of
this free water. Predicting the temperature evotuin concrete in detail therefore
uses a system of coupled partial differential equat governing the heat and
moisture transfer in porous media. Such modelsiredie true rather than apparent
thermal properties of concrete. These propertiesvary difficult to measure due to
other effects occurring during heating such as gbearnto chemical composition,
changes to physical structure and absorption ehtateats. The above changes are
additionally influenced by the rate of heating thins thermal properties of concrete
are also a function of heating rate and historypdxnentally derived properties
therefore represent apparent values {Bazant, 1928}.#Large amounts of
experimental scatter have been witnessed as at resuhis and true thermal
properties typically need to be derived using a lmoation of experimental and

theoretical considerations.

Apparent material properties are not without these; such properties may be used
to conduct decoupled heat transfer analyses whHereheat flux is considered
independent of the moisture flux. The effects @ndicant processes such as the

evaporation of free water upon the heat transfernaimicked through the use an

2-9



apparent or effective specific heat which includespike at temperatures of 100°C -
115°C.

Consideration of the complete heat and mass trangpmess is capable of yielding
highly accurate results; however, it is complet@gdpendent upon the quality of the
material input, which is difficult to predict. Fatructural design purposes this level
of detail concerning the concrete properties will be known. Purkiss {, 2007 #86}
compared the predictions of decoupled and coupkeat kransfer analyses with
experimental results and found both to provideorably accurate results. Similarly
Lamont {, 2001 #136} achieved good agreement wipegimental results using a
decoupled thermal analysis. Thus it is possiblesitoplify our approach to heat
transfer in concrete by assuming heat flux is ireejent of the moisture flux when
apparent thermal properties are employed.

Density

The type of aggregate used will primarily dictate density of the concrete. The
density of the aggregate does not change signtficapon heating. The density of
the concrete does change however because wherdheatbove 100°C free water
within the concrete pores is driven off (often censing and ponding on the
unheated surface of slabs). This loss of free whdads to a reduction in the
concrete’s density. Eurocode 2 {, 2004 #27} prosid@ estimate of the reduction in
density starting at 115 °C. The values suppliedvate in the range of 20 °C —
1200°C and are plotted in Figure 2-3.
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Figure 2-3 Density reduction for normal weight coste at elevated temperatures according to
Eurocode 2 {, 2004 #27}

Specific heat

The variation of concrete specific heat with tenapre is very dependent on the
type of aggregate used and the mix proportionshted {, 1982 #84} showed a
large scatter in values for concretes of diffelygregates reproduced here in Figure
2-4.

Despite the scatter in values Eurocode 2 providéses of specific heat applied to
all normal weight concretes (all aggregate typeshe spike in magnitude of the
specific heat between 100°C and 115 °C is onlpdhiced if one is unable to model
explicitly the effects of moisture migration on heeansfer in the concrete cross
section. Several peaks are provided depending @mthisture content. Eurocode 2
provides peaks for up to 3 % by weight moisturetennand Eurocode 4 provides
peaks between 3 and 10% moisture content by weldfis. spike in specific heat is
intended to simulate the latent heat of vaporisatibthe free pore water.
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Figure 2-4 Experimental and Eurocode 2 temperatdependent specific heat values for concrete

{Malhotra, 1982 #84}

Thermal conductivity

The type of aggregate used will influence the amtbimagnitude of thermal

conductivity. However, for all types of aggregatehas been found that thermal

conductivity decreases at elevated temperatureechde 2 and 4 provide an upper

and lower limit for thermal conductivity of normeleight concretes (again relating
to all aggregate types). The upper bound is recamdet for use in the analysis of

concrete as part of a steel concrete compositeermysiThe lower bound is

recommended for use in the analysis of reinforcediciete structures; both

expressions are plotted in Figure 2-5.
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Figure 2-5 Upper and lower thermal conductivity ilisnfor normal weight concrete: Eurocode 2 {,
2004 #27}

213  Summary

The thermal properties of steel are well defineith Wttle variation existing between
types and applications of steel. When requiredttieemal properties provided in

Eurocode 2 and 3 will be used for modelling heatgfer in steel.

The thermal behaviour of concrete contrasts sicgmifily with that of steel having a
significantly lower thermal diffusivity. The therméehaviour of concrete is
significantly dependent upon the type of aggregeted. Aggregates are typically
locally sourced, therefore use of generic valueslifscult to justify. One would
assume that it would be conservative to choosestbogperties resulting in a more
rapid transmission of heat, however, as will benshcsteeper thermal gradients may
result in a more onerous condition for the struetum terms of spalling and
deflections. It will therefore be necessary to amidarametric studies to assess the
structural sensitivity to the change in thermaltrihsition caused by possible

variations in these properties.

Concrete’s ‘apparent’ thermal properties (those suead experimentally) can be
used to provide accurate descriptions of the thedms&ributions arising in concrete

exposed to fire when used as part of a decouplatttansfer analysis.
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2.2 Mechanical behaviour

The currently available material models proposedtharacterise the mechanical

behaviour of steel, concrete and steel-concretrdntion at elevated temperatures
are reviewed in this section. Their ability to captthose aspects deemed important
for predicting the behaviour of reinforced concretieictures in fire is assessed

221 Steel mechanical properties

The strength of steel is typically established tigio tensile testing and the
compressive strength assumed to be the same. Remgfcsteel is predominantly
under tensile loading, although compressive loadiag occur in hogging regions of
continuous structures and through restrained expanehen exposed to fire;
typically though, the tensile behaviour dominatesaalysis.

Tensile strength

The mechanical behaviour of steel at elevated testyres can vary depending on
the method of its production, i.e. hot rolled, caldrked, pre-stressing steel etc. The
behaviour of structural steel is very similar tattlof hot rolled reinforcing steels.
Cold working of steel to produce reinforcement ttes added benefit of increasing
material strength. At elevated temperatures thegtomnal reduction in strength for
hot rolled and cold worked steel is not dramaticallifferent. However, the
significantly higher initial strength of cold wortesteels will lead to much larger
absolute strength losses. Hot rolled steel is mostmonly used in the UK with the
exception of welded mesh fabric, which is oftendusecomposite slabs. Due to its
more common usage the reinforcement in this tiveili®e assumed to be hot rolled.

Harmathy {, 1993 #15} collated published yield sigéhs of hot rolled steel at
elevated temperatures and found a large amountaifes in the data. Similarly
Buchanan {, 2001 #54} compared the reduction fumgiprovided in different codes
of guidance and found them to be quite differentofmonly cited reason for the
apparent scatter is variation in the definitionttod steel yield strength. Figure 2-6
shows a schematic of a typical hot rolled ste@sstistrain curve at 20°C and 400°C.
It is apparent from this figure that at ambient pemature the yield point is clearly
inferred, yet the yield point at elevated tempaeguis less clear. Rather than
providing the reduction function for yield strengturocode 2 {, 2004 #27}
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therefore provides reduction functions for the pmbipnal limit stress and maximum
stress level which Hertz {, 2004 #131} has desdtilas the 0.2% and 2.0% proof
strengths respectively. Proof strength is illugtan Figure 2-6.

Ultimate Yield

Strength (20°C)T 20°C

Yield Strength
(20°C)

2% Proof 1---f------"----3

Strength (400°C 400°C

0.2% Proof ’
Strength (400°C

[
»

0.2% 2% €

Figure 2-6 Typical elevated temperature steel st®isain curves indicated yield strength and proof
strength

The reduction functions are plotted in Figure 29d anay be used to define the shape
of a constitutive curve for a numerical analysis.
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Figure 2-7 Residual proportional limit stress anédximum stress for hot rolled steel according to
Eurocode 2 {, 2004 #27}
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Modulus of elasticity

Steel stiffness reduces at increasing temperatthissis evident from the schematic
of the strength deformation behaviour in Figure.2Hurocode 2 provides the

reduction function plotted in figure 2-8.
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Figure 2-8 Young's modulus reduction factors atvated temperatures according to Eurocode2 {,
2004 #27}

222 Modelling steel behaviour

The typical stress-strain behaviour found experiagn for typical hot rolled
reinforcement at ambient and elevated temperatigsrehhown in Figure 2-6. Hot
rolled steel experiences initially a degree of istrdnardening at increased
temperatures of up to 480 Beyond this the maximum stress decreases
substantially. For design purposes hot rolledl sseteeated as an ideal elastic plastic
material. This section describes a uniaxial comst# model for steel at elevated
temperatures proposed by Anderberg {, 1986 #64ktvihias been widely adopted in
both the literature and design.

Components of strain

The stress related strain described in sectiorl 23ust one component of the strain
behaviour of steel at elevated temperatures. Ttad srain exhibited by steel at
elevated temperatures is generally taken to be oeetpof the three terms, as shown

in Equation 2-1.
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Eot =€5 T EG TE, Equation 2-1

Where €, Instantaneous stress related strain
En Free thermal strain

£ Creep strain or time dependent strain

cr

Instantaneous stress related straineg)

The strength deformation properties of steel arginbd by stress or strain rate
controlled testing of thermally stabilised speciseihe rate of testing must be
sufficiently high to isolate the stress relateaists from creep strains which become
significant for ordinary steels above 4QG0{Anderberg, 1986 #64}. An analytical
approximation of the experimental curves to descrimiaxial behaviour was
proposed by Anderberg {, 1986 #64}. Eurocode 2 ey a similar constitutive

curve defining the necessary parameters for ht@dokinforcing steel.

O A

f |----

»
»
&

gp gy gu gul
Figure 2-9 Uniaxial stress strain model for staéklevated temperatures

The stress-strain behaviour is approximated byallyta linear elastic stage to the
proportional limit,f,, this is followed by an elliptical branch to thexamum stress
level, f, as shown inFigure 2-9. The material is assumed to be perfegigstic
beyond this point. A descending branch is includgdr strains of 15% are reached.
The slope of the descending branch does not represaerial behaviour; rather it
provides a numerical method to reduce stress vallesrupture strain is assumed to

remain constant at elevated temperatures. Thigadtiots research which indicates
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that the rupture strain will increase as the ditgtdf steel increases {Cashell, 2010
#232}. There is, however, very limited informatioancerning the rupture strain of

reinforcing steels at elevated temperatures.

Free thermal strain (gn)

The free thermal strain of steel has been founbetaelatively independent of the
type or strength of steel. Anderberg {, 1986 #6dbtgs the results of four studies of
different steels which produced very similar res@tir free thermal strains. Eurocode
2 provides free thermal strain curve for reinfogesteels; this is presented in Figure
2-10.
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Figure 2-10 Total thermal elongation o reinforcistgel {, 2004 #27}

Creep strain (g¢r)

Creep strains are regarded as being relativelgmifstant below 408C for ordinary
steels. It is often assumed that design instantenstress-strain curves implicitly
allow for the creep strains which develop at elegtatemperatures {Purkiss, 2007
#86}. During testing to establish the high tempematstress-strain curves creep
strains will inevitably develop also. No correctios» made for this and so it is
assumed that creep is implicitly accounted for nieasured stress-strain response.
The rate of heating has a significant influencerutbee development of creep strains;
therefore, by assuming implicit consideration ofeg strain in an analysis one is

also assuming the rate of heating in the analysistlae original material test are the
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same. However, these curves have primarily beenutated with steel structures in
mind rather than steel reinforcement {Buchanan,12884}. Steel reinforcement is
heavily insulated by the surrounding concrete tegylin a much slower rate of
temperature rise than an exposed steel memberbthenaking it possible to
underestimate the creep strains which develop alitigor is unaware of any research
concerning the validity of assuming creep is implicaccounted for or the possible
effect of ordinary reinforcement creep for the parfance of reinforced concrete in

fire.
Multi-axial steel behaviour

The action of reinforcement in concrete is predanily uniaxial. It is true that for
ribbed reinforcement, the deformed profile introglsienulti-axial interaction with the
concrete. The scale at which this occurs would irequodelling in far more detail
than typically adopted or feasible in a structumahlysis. Considering the action of
steel reinforcement to be purely uniaxial is aneptable approximation when the

goal is determining overall structural behaviour.

223 Steel summary

Anderberg’s {, 1986 #64} curvilinear constitutiveontel for steel provides a good
approximation of the uniaxial deformation behaviodrsteel for both ambient and

elevated temperatures. Current inputs provided unoéde 2 do not specify an
increase in rupture strain at elevated temperatuoiever, this is due to limited

experimental data rather than a limitation of thedel. The slope of the descending
is not representative of reality but provides a mseaf introducing reinforcement

rupture smoothly into a numerical analysis.

The treatment of creep strains remains simplisfite assumption that they are
implicitly measured in stress-strain experimentsorgs the dependence of creep
strain upon the heating rate which is substantilliyver for insulated steel than the
exposed steel which forms the basis of the higlpeature steel data provided. The

influence of creep strain for structural performauntfire is not considered
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2.2.4 Concrete mechanical behaviour
In this section the mechanical behaviour of comcrat ambient and elevated
temperatures is described. The material modelsdédwvb characterise this behaviour

are described in section 2.2.5.

Concrete is a composite of cement paste and aggreblae strengths of concrete
under tension and compression are significantligdght. Under tension, the strength
is determined by the tensile strengths of the cémaste, the bond of the cement
paste to the aggregate, and the aggregate. Undepression, dilation occurs
transverse to the direction of loading (due to &ms effects), and it is these
transverse tensile stresses that govern the strefighe concrete. The compressive
load confines the concrete so that the net comipeesength of a specimen is only
reached once the tensile cracks have joined to formompressive failure surface,
across which aggregate interlock frictional mechk@ars act. Concrete is thus much
stronger in compression than in tension, but item@ssive strength is a function of
its tensile strength {Kotsovos, 1995 #82}. In tlsisction the ambient temperature
strength of concrete under compressive and telmslding is explained in terms of
the interactions of concrete’s component parts reggie and cement paste). The
effect of heating upon each of these components thadcompatibility of their
behaviour at high temperatures is summarised tagxphanges to concrete strength

at elevated temperatures.

Tensile behaviour of concrete

In ambient sectional design the tensile strengthooicrete is often ignored; this is
recommended by codified design (Eurocode 2) asnaerwative assumption. When
one is considering only the ultimate strength airagle cross section it is true that
this simplification is conservative. In redundaitustures, it is also reasonable to
assume zero tensile strength at ambient tempesatage stress redistribution can
occur provided that there is sufficient ductilitysewvhere within the reinforced

concrete sections.

Under fire conditions, however, it is often theewratction between structural elements
that dominates failure rather than the performasfcedividual structural elements

alone, due to the interplay of restraint conditiarsd thermal expansion. Large
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deformation mechanisms often occur under fire doonl, requiring a high degree
of deformation capacity in the reinforcing steetlaroncrete. Consequently, it is not
clear that neglecting the tensile strength of thieccete will always be conservative
under fire conditions. In this investigation thengde strength of concrete will be
included so as to gain a more accurate insight theo behaviour of concrete

structures in fire.

The tensile strength of concrete is strongly inflced by the size and surface texture
of the aggregate and the environmental conditionshfe curing and drying process.
The tensile strength of concrete is more variabntits compressive strength,
because it depends directly upon tensile failurevéen the components of the
concrete {CEB-FIP, 1990 #158}. Due to the large bemof influencing parameters
the best method for establishing tensile strergthrough direct tensile testing. This,
however, is rarely feasible in the design prochssefore the CEB-FIP Model Code
{, 1990 #158} provides correlations between tensitiength and the compressive
characteristic strength which is specified by tlesigner; these are plotted in Figure
2-11.
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Figure 2-11 Tensile Strength estimates related dmpressive strength in EC2 {, 2004 #169} and
CEB-FIB Model Code {, 1990 #158}
The post-peak tensile behaviour is dominated bgkang. Figure 2-12 summarises
the typical-stress displacement response of plantrete under uniaxial tension and

explains the mechanisms behind this brittle behavio
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Figure 2-12 Schematic of the stress-displacemdatioa for a concrete tensile test

The limit of elastic behaviour for concrete undemdion is reached at about 60-80%
of the ultimate tensile strength {Chen, 1988 #13gyond the elastic limit bond
cracks at the aggregate interface begin to growltreg in non-linear stress-
deformation behaviour (Figure 2-1f;). These bond cracks begin to coalesce
towards the peak strength. This period of stabéelcipropagation is significantly
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shorter under tension than it is under compressiopart due to the lack of confined

frictional behaviour, resulting in concrete’s Hattensile nature.

Beyond the peak strength, deformations are loahlise narrow band known as the
fracture process zone. Outside the fracture proress, the stress and deformation
decrease, so that they remain in equilibrium whe track band. This gradual
unloading of stress at increasing deformation (FgRt12 post-peak) is commonly
referred to as ‘tension softening’ {Rots, 1984 #52nally at a critical displacement
the micro cracks in the fracture process zone farstress free macroscopic crack

separating the specimen into two parts.

Compressive behaviour of concrete

The non-linear strength-deformation behaviour oharete under compression is
caused by micro-cracking in the cement paste aedcédment paste — aggregate
interface. The compressive strength of concretdeitned as the peak stress in a
stress-strain curve. Beyond peak stress the mrercks coalesce and the onset of
macro-cracking occurs. The post-peak responseffisulli to measure due to the
localised nature of cracking. Van Mier {, 1986 #1has shown the uniaxial post-
peak response to be independent of specimen siem wbnsidered as a stress-
displacement relationship similar to that descrifsgdension. This approach has not
yet been fully accepted (as demonstrated by availamnstitutive models described
later) due to more complicated patterns of locabsaunder compression than occur
in tension. Figure 2-13 summarises the behaviouwteurnncreasing compressive
deformation. The compressive post-peak behavioapo€rete is less likely to affect
the structural response than that of the tensit-peak behaviour due to concrete’s
significantly weaker strength in tension. Howewveaistructural analysis which aims
to predict behaviour while the material is closdaiture a more accurate definition

of the compressive post-peak behaviour should heogmd.

2-23



olf

1.00

[l
0.754

0.504

0.254

| | |
0.000 -0.002

.

Phase | Stress Range| Concrete Behaviour

| 0-30% Micro-cracks at aggregate-cement interfabond cracks) remain

unaffected — behaviour is linear elastic

Il 30 - 75% Bond cracks increase in length, widtld aamber. Later some coalescing
of nearby bond cracks. Material behaviour is noedr, crack propagatior

remains stable

Il 75% - Beyond this stress level cracks through ¢kenent coalesce with bond
cracks forming crack zones. Cracking at this stagenstable and leads to

the progressive failure of the concrete

Figure 2-13 Typical concrete uniaxial compresstress strain curve

High temperature behaviour of concrete

In a similar manner to the ambient behaviour ofctete, the high temperature
behaviour of concrete is dictated by the heatiratteristics of its components and
by the compatibility of those components. The highperature characteristics of the
cement paste and aggregate are therefore looksepatately before discussion of

the high temperature mechanical properties of aacr
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Cement paste

The cement paste refers to the hydrated cememygpat of the hydration process.
About 70% of the paste is calcium silicate hydrex{€-S-H gel) another 20% is

calcium hydroxide. After exposure to temperaturesitmut 105°C for a sufficient

length of time all evaporable water has been eggdilom unsealed concrete, with
only chemically bound water remaining {Bazant, 19882}. Above 105°C the

dehydration reactions begin and the C-S-H gel [segirdecompose. As temperature
increases the average pore size and specific alt@ure surface area increases;
Bazant and Kaplan {, 1996 #22} have attributed timsrease to the progressive
breakdown of the C-S-H gel structure during dehtydna At about 500°C around

70% of the C-S-H gel has decomposed; at 850°Csitean completely dehydrated
causing shrinkage of the cement paste {Arioz, 26@1}. Between 400°C and 600°C
the calcium hydroxide dehydrates, peaking at 500%Gs process produces water
vapour and calcium oxide and contributes to thenkhge of the cement paste. Upon
cooling and exposure to moisture the calcium oxelaydrates, a process that is

expansive and damaging to the residual strengtineofoncrete.
Aggregate

Aggregate makes up about 55-75% of the concrete {#&houry, 2000 #14}.

Aggregates used in concrete fall largely into twoups;
e Calcareous: containing limestone, dolomite and thosites.
» Siliceous: containing quartzite, gravel, granitd dmt.

The thermal expansion coefficients vary for eaclyregate and indeed some
aggregates experience anisotropic thermal expandost aggregates used in
concrete are virtually stable up to about 500°C r{kithy, 1973 #28} and non-
siliceous type aggregates are unlikely to undetganges below 600°C. Siliceous
aggregates, however, contain quartz which undergoesmber of transformations
upon heating. The best known and applicable to fikle of fire resistance of

structural concrete is the transformation froepquartz top-quartz. This process is
expansive and destructive to the concrete struchweurring at around 575°C.

Calcareous aggregates decarbonate between 600°C 9@d%C producing a
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considerable amount of carbon dioxide gas {Ario@02 #21}. This reaction is
endothermic with significant heats of decomposititmowever, the temperature
intervals at which this occurs are too high to bamy real benefit to the concrete
performance {Harmathy, 1993 #15}. Eurocode 2 presidlifferent relations for

thermal strain of concretes formed from siliceond ealcareous aggregates.

Concrete

In discussing the ambient behaviour of concretew#s established that the
development of micro-cracks at the cement pastggregate interface is responsible
for influencing the material strength. At elevatechperatures this is exacerbated by
the thermal incompatibility of the cement paste #relaggregate. From about 300°C
the shrinkage of the cement paste and the exparsfiothe aggregate cause
differential strains and internal stresses prongpiittreased cracking in the concrete
micro structure {Hertz, 2005 #24}. At 550-600°C Kimg {, 2000 #14} discovered a
marked increase in the basic creep of Portland oEmand concrete. This
corresponds to the dehydration of the cement asteherefore represents a critical
temperature above which concrete is consideredonger structurally useful. The
wide variation in aggregate thermal expansion bielav contributes to the
significant variation seen in the strengths of et concrete’s at elevated

temperatures.

Given the difficulty in predicting the formation @propagation of the micro-cracks,
which are so important to concrete behaviour, meigterimental research has been
undertaken to try to quantify the behaviour of bdatoncrete. Harmathy {, 1993

#15} summarised the broad conclusions drawn frdarge body of testing:

* The fractional loss of strength is independent ltd ambient temperature
strength, therefore the cement-type and water-cemagio does not play a

significant role in strength loss at elevated terapees.

* The aggregate-paste ratio has a significant efiecthe loss of compressive
strength. For rich mix concretes, relative strerlgdses are much higher than

for lean mix.
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» The highest fractional loss of compressive strefgtimormal weight concretes

was with silicate aggregates.

* The residual strengths of unstressed specimens exr than those which
were tested stressed. It is possible that the ilodigced compression prevents

the formation of micro-cracks.

In summary, the type of aggregate, aggregate-pasite and the presence of pre-
stress are the most important parameters for detemgnthe loss of strength at
elevated temperatures. In Eurocode 2 only the dirthese parameters is considered
to have an effect upon the residual strength ottiie at elevated temperatures.
Correlations are provided for siliceous aggregat @lcareous aggregate concretes
which are plotted in Figure 2-14. Neither the aggte-paste ratio nor the level of
pre-stress is considered. Khoury {, 2000 #14} haggested that the provision of
‘typical’ strength behaviour for all normal weigltoncretes in this manner is

misleading unless specific information on mix dase&nd environmental conditions
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Figure 2-14 Eurocode 2 Part 1-2 recommended reducfiactors for concrete compressive and
tensile strength

From Figure 2-14 the tensile strength reduces miapidly at increasing
temperatures than the compressive strength, pertha@pgo the tensile strength’s
direct reliance on the aggregate — cement pastd bompared to the compressive

strength, which also depends on the degree oidnial aggregate interlock.
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Multi-axial concrete strength

The consideration of concrete structures for firetement analysis is generally
required to be 2 or 3 dimensional. One dimensiddahlisations and uniaxial
material descriptions often applied to steel stmes will fail to capture the
significance that seemingly negligibly small stesssorthogonal to the principle
stress direction have for concrete structural perémce. Therefore 2D and 3D
structural models will require material descripsomhich refer to behaviour under

these generalised stress states {Kotsovos, 1996 #82

The previous sections have described the uniaki@hgth behaviour of concrete at
elevated temperatures. Under generalised stresss di@wever the behaviour of
concrete varies quite significantly in both ultimatrength and post-peak behaviour

(i.e. brittleness).

Much research has been undertaken in the field wfi4axial strength testing of
concrete at ambient temperatures. Typically tlaeibl strength of concrete is found
to be higher than the uniaxial strength. Terro998 #149} quotes references of 16%
higher. Considerably less research has focusedeomulti-axial strength of concrete
at elevated temperatures. Haksever and Ehm {, #98Y conducted biaxial strength
tests at temperatures up to TGOIt was found that the relative increase of gtien
under a biaxial stress state was greater at higdrmperatures. The maximum
strength in the biaxial state also shifts to higbiess ratios. This is visible in the
plane stress plot produced by Haksever and Ehr@87 ¥#70} in Figure 2-15. There
is, however, very little further information on tleéfects of high temperature for

multi-axial stress-states.
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Figure 2-15 Experimentally measured elevated teatpee biaxial strength for gravel concrete
reproduced from {Haksever, 1987 #70}

2.25 Uniaxial material models of concrete behaviour

In this section the constitutive models proposed dapturing the behaviour of
concrete at elevated temperatures described inoset2.4 are reviewed and
discussed in the context of providing accurate trfpu high temperature structural

analysis.
Components of strain

The strain behaviour of concrete under thermal supois more complicated than
that of steel due to additional components arigiogn physiochemical changes in
the concrete. The deformation behaviour of concedtelevated temperatures is
described by Equation 2-2 as resulting from thteairs components. A number of
models have been proposed to characterise thespooemts. In the following

sections the components of strain are described thedmodels available to

characterise each are discussed and evaluated.
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gtot = 80 + £th + 5|_|Ts Equation 2-2

Where gt Total Strain

Es Quasi — instantaneous stress related strain ianstread
from stress-strain curves recorded at stabilisedtemt

temperature
&th Free thermal strain - due to thermal expansiorhonkage

eutrs Load Induced Thermal Strain - an umbrella term antiag
for the physiochemical changes taking place onimgaind
at constant stress

Stress related strain §,)

Cohesive-frictional materials such as concrete banmodelled in two different
ways; as either a continuum (continuous models), asr discrete particles
(discontinuous models). Discontinuous models requsubstantially greater
computational effort, and research continues ifite inter-particle relationships
required to model concrete. Continuum approachesrporating plasticity models,
however, are computationally more efficient, margyfdeveloped, and will be used

in this investigation.

Continuum models are most commonly defined in teahstress-strain curves, a
definition that is appropriate for the pre-peaks@tabehaviour of concrete. The post-

peak deformation of a specimen, however, is thebooation of two parts:
» astress-displacemewurve for the fracture process zone; and
» astress-strairdefinition for the material outside the fracturegess zone.

Under tensile loading the localisation patternsmacge easily identifiable than under
compression thus this approach has been more wediglgted for modelling tensile
behaviour than for modelling compressive behavithms compressive curves are

still fully described by a stress-strain relation.
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Constitutive compression models

The non-linear strength deformation behaviour afarete is approximated using the

parabolic function in Equation 2-8;is taken as 3.0 for normal weight concretes.

& n . )
o; = fC’T X1 x Equation 2-3

Eurr (n—1)+[ & Jn

gcl,T

This function has been used by Anderberg and THelason {, 1976 #31},
Schneider {, 1988 #77} and Eurocode 2 {, 2004 #®f}modelling the compressive
behaviour of concrete at elevated temperatures. figh temperature peak
compressive stres§,r, is defined by Figure 2-14; these values have hesa to
plot the high temperature compressive behavioaontrete for several temperatures
in Figure 2-16.
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Figure 2-16 Non-linear compressive stress-straihaa@our of concrete as described by Equation 2-3

In Figure 2-16 the parabolic function has been dsedboth the pre-peak behaviour
and the post-peak behaviour. It was described wticse 2.2.4 that a stress-

displacement relationship would more accuratelyues the post-peak behaviour of
concrete. In the absence of improved material dathmodels it is common to use
the stress-strain relation of Figure 2-16 to deflme post-peak behaviour of concrete
under compression. Values of the strain at peakpcessive stress,i;, are taken

from Eurocode 2.
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Constitutive tension models

As described in section 2.2.4, the tensile behawbwoncrete is best represented by
a stress-strain relation to describe pre-peak sstdeshaviour and a stress-

displacement relation to describe the post-peagsstibehaviour. The pre-peak

behaviour is typically linear with some non-linégrdeveloping close to the peak

stress. However, for use in a numerical analyssetitire pre-peak range is assumed
to be linear.

For the post-peak behaviour the shape of the tersiftening curve is extremely
difficult to measure experimentally. Consequentlyere have been a variety of
proposals for the form of the post-peak curve:dméHillerborg, 1976 #163},
bilinear {Rots, 1984 #52} and quadratic {Corneliss&986 #165}. The area under
these curves, however, remains a constant. Thésisuthe energy required to open a
unit area of crack and is termed the fracture enddg (Nm/nt). Hillerborg {, 1976
#163} has defined this as a material property ratth@n a structural property. Values
of ambient temperature fracture energy for coneredé various strength and
aggregate size are provided in the CEB-FIP ModeleCfj 1990 #158}. Fracture
energy is usually determined using a 3 point bepdiatched beam test {RILEM,
1985 #187}. These fracture energies and the recordete bilinear stress-
displacement curves are presented in Figure 2-17.
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Figure 2-17 (a) Concrete Fracture energy (b) Tenssmftening bilinear approximations for-G=
0.075 Nmm/mf{Rots, 1984 #52; CEB-FIP, 1990 #158}

Characterising the post-peak tension softeningoresp of concrete can consequently

be problematic, as it is not straightforward tongfarm the experimental stress-
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displacement curve to a stress-strain curve. Tlessistrain curve is not independent
of the original specimen length, and is hence actiral property rather than a

material property.

The appropriate modelling of tensile post-peak biEha at ambient temperatures is
still an ongoing topic of research in its own righbhformation regarding the

influence of temperature for the shape of the tansftening curve or the fracture
energy property is lacking; in this investigatidnid therefore assumed to remain

constant.
Free thermal strain (&)

As described in section 2.3.2 at elevated tempersaitaggregates typically expand
and the cement paste shrinks, firstly due to dedtyair processes and thereafter due
to decarbonation {Khoury, 2000 #14}. It is extremelifficult to isolate these two
phenomena experimentally; material models typicallgorporate a thermal strain
which is a combination of both. Experimentally @ed properties of thermal strain
will differ for sealed and unsealed concretes daoethis embedded shrinkage
component. It should, however, be noted that thé expansive behaviour of the
aggregate which dominates the free thermal steain.t For this reason free thermal
strain terms are found in Eurocode 2 based on e of aggregate used in the
concrete; these are plotted in Figure 2-18.
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Figure 2-18 Free thermal strain for siliceous andlaareous aggregate concretes according to
Eurocode?2 {, 2004 #27}
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The last 15-20 years in European research hasassehbstantial amount of research
recognising the importance of thermal expansiorufaterstanding the behaviour of

structures in fire. This subject is discussed frrih chapter 3.

Load induced thermal strain (LITS) (eLi1s)

Load induced thermal strain (LITS) is an umbrekant for a number of strain
components, related by the common attribute ofl@ldleloping in specimens which
are under constant stress during heating. The mres# LITS is widely accepted in
the literature; however, it has not been widelyoggised by structural engineers.
The various components which make up LITS are desdrhere followed by a
discussion of the various empirical correlationsail@ble. Previous research
considering LITS in structural analyses is review@@stablish the consensus on the

implications of LITS for structural behaviour.

The most obvious physical manifestation of LITS&en when the deformations of
an unloaded and loaded specimen are compared lad&ting. The unloaded
specimen will elongate due to the free thermairstrBhe deformation of the loaded
specimen will be less than that dictated by thee fteermal strain and under
sufficiently large pre-stress will contract. Theduction in deformation is attributed
to the presence of load induced thermal strain visccompressive and measured
experimentally as the difference in deformationwssin a heated unstressed

specimen and a heated stressed specimen.

The main components of LITS as defined by Khour®Q06 #72} are:

£LITS = gttc + gcr—d + gct—t—dep + gAeI Equation 2-4

where &y Transitional thermal creep — Irrecoverable stragtuoring

only upon first time heating in unsealed concretdear load

Ecr-d Drying creep — Shrinkage caused by loss of chetgibalund

water

cart-dep  1iMe dependent creep strain — Analogous to basiepcstrain

in thermally stabilised stressed specimens
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Eel Changes in elastic strain — elastic componentd B lcaused
by the decrease in elastic modulus at elevateddeatypes

Transitional thermal creep and drying creep aremadly combined as one term
referred to as transient creep/strain. This terpregents the largest component of
LITS and therefore is often mistaken for being #ane thing. Both transitional
thermal creep and drying creep are time dependedatimecoverable. The time
dependent creep strain is noticeable when stregsszimens are heated at different
rates. None of the LITS correlations found in tierature are given, however, as a
function of heating rate. LITS also contains ans&taor recoverable component
caused by the reduction in elastic modulus at &elv&emperatures leading to an

increase in elastic strain.

Anderberg & Thelandersson {, 1976 #31} establisaecempirical correlation found

in Equation 2-5 between a LITS component the teaiscreep strain and the free
thermal strain at temperatures below 500°C. Thé#ficet k; is a constant between
1.8 and 2.35

£ =—k o £, Equation 2-5

tr = tr a
Above 550°C they report a constant rate of strgifiom the siliceous concrete used in

the experiment.

ﬁ = OOOOli Equation 2-6
c,0
There is however no physical justification for telg transient strain to thermal
expansion and other researchers have found naorelaetween the two in their
experimental data {Purkiss, 2007 #86; Khoury, 1888}.

Correlations for LITS have also been produced byraorg¢, 1998 #149}. These
correlations are based on a wealth of experimeiatia produced at Imperial College
where the major components of LITS were identifgtioury, 1985 #73; Khoury,
1985 #74}. A linear expression is used to defime telationship between the load
induced thermal strains and the stress/cold stherggio in Equation 2-7. This is
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called the master LITS curve which is independeinthe aggregate used in the

concrete.

ag
Eirs(ort,,) — €uTsos EEO'OBZ"' 3.226—

Equation 2-7
c,0

TheLITS) 0.3 term describes the influence of temperature,Hm Terro provides two
expressions one for concrete of any aggregate ttherThames gravel and one for

Thames gravel. These are found in Equation 2-8 andtiequa9 respectively.

Elirses = ~4387+ 2737 + 635x107°T? Equation 2-8
—219x107*T° + 277x107'T*

For O <T < 450°C

Elrsos = 148(—10985+3921T - 0437 % + 244x10°T°  Equation 2-9
- 627x10°T* + 595x10°T*

For O <T < 450°C

Despite the lack of physical justification for thenderberg & Thelandersson
correlation it has been more widely adopted thamolgrl998 #149} and Khoury {,
1985 #74} due to its more simple formulation. Neils Pearcest al. {, 2002 #35}
have, however, adopted the Anderberg & Thelanderddd®® model with an
important modification. Recognising the lack of pimal justification for relating
transient strain to thermal strain, Neilson proplosemoving the thermal strain
dependence and introduced a constant co-efficienil& derived by curve fitting to
the empirically derived expression developed by @ €rr1998 #149} (Equation 2-8
and Equation 2-9). The Neilson modified transieraistterm is found in Equation
2-10. Thus Terro’s fourth and fifth order polynomiaee simplified to a linear
expression. A constant co-efficient was used tlhistwas found to deviate from the
experimental results above 400°C. A better fit ddu¢ achieved with a coefficient

which is a function of temperature.

g =T o Equation 2-10
g

uo
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Where: = 0.0000038 for up to 400°C, Coefficient of LITS

The transient strain component can be calculateccamdined with the stress-strain
constitutive curve described previously for usa@inumerical analysis. The effect of
incorporation of this strain component upon thessrstrain curve can be seen in
Figure 2-19. The blue curves represent concretaistitative curve with the added

transient creep terms.

30 - e e e oo
i: €0, T =20T
25 | K \ b A —H8—¢0 +&tr, T =20T
: : — —¢0, T=200C
2 ! —O=—¢0 +tr, T =200C
XL KN\, - = = €0, T =400C
% , - A- g0 +etr, T=400T
2 154 NNy — - £0, T=600C
% = O —O= €0 +¢tr, T =600C
XN
B NN O
5 g | | AN e |
! ! ! * LR ! \ ~ !
| | | . T~
0 B l l l %A : o :
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07

Strain (-)

Figure 2-19 Incorporation of Anderberg’s transietrieep term into concrete’s constitutive stress -
strain curve (Equation 2-3).

Despite the details of LITS being well documentedhia literature, it is not widely
recognised by structural engineers. There is coreitieless research documenting
the implications of LITS for structural performantean there is concerning its
representation in constitutive modelling. From @ie® of research focusing on the
implications of LITS for structural performance Q@ #86; , 2008 #90; , 2007 #67;
, 2002 #35; , 2008 #88} in fire there was a conssribat: the LITS term influences
deformation behaviour, is important for predictirige resistance periods of
compression members, and that plastic strainsigndisantly underestimated when

cooling is considered as part of the analysis.
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Classical creep

The classical creep term has been deemed negliffiblthe analysis of concrete
structures in fire by Anderberg and Thelanderssoi®{,6 #31}, Schneider {, 1988
#77} and Li {, 2005 #32}. It is argued that the jper of fire exposure is short
compared with the age of the concrete. Similarly ¢bnstitutive curves provided in
Eurocode 2 {, 2004 #27} are only applicable in tleatmg range of 2 to 50°C/min as

classical creep effects are not considered.

2.2.6  Multi-axial concrete mechanical models

There has been little in the way of research foguem 3D constitutive modelling of
concrete at elevated temperatures. As describedeation 2.2.4 there are few
experimental data against which to validate anyedhand two dimensional
formulations. The typical approach is to employ @fiea number of the available
ambient temperature 2 and 3D concrete constitutigdels and ‘shrink’ the failure

surface according to a reduction function for urahgompressive/tensile strength.
G
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Figure 2-20 (a) Schematic of shrinking failure sué (Drucker Prager) (b) Experimental biaxial
compression failure envelope reproduced from {Ha&sel987 #70}
Figure 2-20 demonstrates using the Drucker-Pragtaria how the yield surface
shrinks at increasing temperatures using this ambrolhe approach fails to account
for, however, any changes in the shape of the wetthce at elevated temperatures.

The experimental results which show the actual blakehaviour of concrete at
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elevated temperatures, produced by Haksever and{Eb®87 #70}, were discussed
earlier and are presented here again for compari$be experimental results
indicate that at elevated temperatures the biatdaliniaxial fb/fc compressive
strength ratio changes with a subsequent changeeirshape of the yield surface.
Haksever’s results suggest an increase i theatio at elevated temperature. The
assumption typically made and shown in Figure Z&90s that the ratio remains the

same thus making this a conservative assumption.

Several 3D constitutive models have been develoford typically ambient
temperature usage, given the typical approach fgh hemperature analysis as
outlined above, a discussion of these various nsodtluding their limits of
applicability follows. Concrete behaviour is chdeased by a non linear stress-
strain relationship in multi-axial states of streaspost-peak strain softening stage
characterising cracking and crushing and differgield points in tension and
compression {Yu, 2007 #113}. All of these charaistiers must be captured by the

constitutive model.

The essential elements of any model based on cégdasticity theory are the yield
criterion, the flow rule and the hardening rule. Tas is to be interpreted in a broad
sense so that both hardening and softening mayct®uated for {Lubliner, 1989
#96}.

Yield criteria

The yield criteria must fit the strength of the nmetiein all quadrants that is biaxial
compression, biaxial tension and tension-comprasside significantly different

strength of concrete under compression and temegrits in a difficult yield surface
to formulate. As a consequence of this there a wadge of yield criteria that have
been developed for concrete behaviour. These eriteange from the classic
Drucker-Prager and Mohr-Coulomb yield surfaces t¢phssticated descriptions
requiring specification of numerous material parterse

The simplest models require only a small numberasameters to define the yield
surface. However modification of the yield surfgpegameters to fit behaviour in one
guadrant (say biaxial compression) generally resuit sacrificing accuracy in

another. A consequence of this is a limited abtlitycapture accurately behaviour in
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all quadrants. A common approach to amend this &lbpt two failure surfaces, one
which characterises the biaxial compressive belavamd another to characterise
the biaxial tension and tension-compression beluavitirasek and Bazant {, 2002
#80} have proposed that an approach such as tlygiested by {Feenstra, 1996
#140}, combining a Drucker-Prager criterion in coegsion with a Rankine

criterion in tension, could provide reasonable ltssior plane stress problems
(shown schematically in Figure 2-21 (a)). Disadeget of this approach are the
need to define uncoupled behaviour along each iptsstrain or stress direction and
the likely increase in computational cost assodiatgh the simultaneous solution of

two failure surfaces.

More sophisticated models such as shown in Figu?d Zb) typically involve a

single yield surface with an increased number oflifrable parameters to allow the
surface to fit in all quadrants. The most sophistidacriteria use up to 5 modifiable
parameters and provide an excellent fit with experital data {Yu, 2007 #113}. The
large number of parameters required for their d@bim can make them difficult to

apply where such information is limited countenagtthe potential gain in material
accuracy. Conversely the simplest models, despde ease of implementation fail
to capture behaviour reasonably in all quadranteldYcriteria such as that of
{Lubliner, 1989 #96} offer an appropriate compromisetween material accuracy

and ease of implementation.
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Figure 2-21 (a) Schematic representation of multifsce failure criteria (combined Drucker-
Prager/Rankine) in plane stress (b) Lubliner yiélohction in plane stress space reproduced from
{Lubliner, 1989 #96}

Flow rule

The flow rule is used to evaluate the developmemliastic strains when the material
yields, this occurs when the equivalent stresshesmithe yield surface. The flow rule
commonly adopted for describing the behaviour oftaisereferred to as the
associated flow rule assumes plastic strainingrsnal to the yield surface. Smith et
al. {, 1989 #100}, however, have shown experiméytdlat the associated flow rule
is inadequate for concrete as it overestimatesweldilation at peak stress. Jirasek
and Bazant {, 2002 #80} have also recommended agasing the associated flow
rule for pressure sensitive materials. For conapfdications it is therefore common
to employ a flow rule where the plastic potentialdathe yield criteria are not
associated; termed the non-associated flow rulgulA description of the non-
associated flow rule can be found in Jirasek andaB@ {, 2002 #80}. The
disadvantage of a non-associated flow is the promluof an unsymmetrical tangent
stiffness matrix. In finite element analysis thagant stiffness matrix is commonly
assumed to be symmetrical to save computationafteffherefore use of the non-

associated flow rule is computationally more expens
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Hardening rule

The ‘hardening rule’ is a broad term relating to hbdtardening and softening
behaviour after initial yield. This behaviour meahat yield surfaces are typically
described in an incremental elasto-plastic coristgdaw which prescribes the entire
response curve of the material and characterisesstitength envelope indirectly
(such as the constitutive curve described in seco2.5). These should be
established from experimental results (of both g@ne post-peak behaviour). The
yield criteria previously described are all opeangl the hydrostatic axis. Softening
behaviour is not experienced in this direction hesvethe material response is not
linear; therefore the initial yield surface markitige onset of non-linearity must be
enclosed. Several models have been developed tmotbase this behaviour
{Jirasek, 2002 #80} therefore the previously definmodels (unless modified)

should be applied only to conditions where confymessures are low.

227  Concrete summary
In this section the complex and varied behaviourarfcrete at ambient and elevated
temperatures has been examined and the modelalaeafor characterising that

behaviour reviewed. The following paragraphs sumseathose findings.

The effect of high temperature upon concrete corsprestrength has been studied
in more detail than for tensile strength. Aggredgpe, cement past — aggregate ratio
and pre-stress have all been identified as beimgpitant for the residual strength of

concrete at elevated temperatures. Currently drdyaggregate type is considered by

design guidance.

The highly non-linear compressive behaviour of ceters well approximated in the
pre-peak phase by a parabolic expression whichbkaa widely adopted. For the
post-peak phase behaviour would be best represénted stress-displacement
relation in the localisation zones and a stressrstrelation everywhere else.
Identification of these localisation zones is difiit and reliable information is not
available at ambient or elevated temperatures fibrer¢he full stress-strain curve is
used to describe compressive behaviour. Substgntiabre research has been
conducted into the post-peak behaviour in tengiespite this, accurate descriptions

of the descending branch shape and material prepeare difficult to establish
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accurately. It will therefore be necessary in atryicdural analysis to assess the

sensitivity of the model to this definition.

Fitting a failure surface to the ambient multi-ds@haviour of concrete is difficult
due to concrete’s differing behaviour under comgices and tension. Selection of a
yield surface requires a compromise between aaunaterial characterisation and
computational efficiency. Such a compromise is tbuyy either combining two
simple yield criteria or single criteria such asbliner {, 1989 #96} which requires
relatively few parameters without sacrificing a@ay in all quadrants. The non
associated flow rule has been found to describeplthstic flow of concrete better
than the associated flow rule. It does howeverease computational cost by

creating non-symmetrical stiffness matrices.

Haksever’s {, 1987 #70} work suggests that highgenatures influence the shape of
concrete’s failure surface. Attempts at developamdpigh temperature multi-axial
constitutive model for concrete have however bésvatted by a lack of material
data against which the models can be validated.clilment approach is therefore to
choose a suitable ambient temperature yield aiit@s described above) and shrink
this at elevated temperatures based on the redustianiaxial strength, thereby

assuming no change in multi-axial behaviour atatied temperatures.

The presence of load induced thermal strains (LITS)deen well established and
several empirical correlations have been formula@dvious research has indicated
that the LITS component influences deformation préoiis, performance during the
cooling phase of a fire and fire resistance periofdstructures which have a high
degree of axial compression. The correlations restbwcan be implicitly
incorporated into the parabolic stress-strain tduibe LITS in a structural analysis.
These correlations will be used in a comparativelysto assess the importance of

LITS in the structural analyses undertaken.

The free thermal stain term is of critical importario understanding the behaviour
of reinforced concrete structures in fire and stdbkerefore always be included. The
classical creep term however is ignored due todlsively short period of heating a

fire induces in a structure.
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2.2.8 Steel-concrete interaction

The bond between the steel reinforcement and theretanis critically important for
the resistance of tensile loads in a reinforcecceir structure. When the concrete
has cracked in tension, the tensile forces areechby the steel reinforcement (there
is little or no stress transfer across the cradattrete). This mechanism is however
dependent upon the transfer of stress from reiefoent to concrete in the
uncracked concrete, between cracks. The transfetreds is facilitated by the steel-

concrete bond.

In this section the physical interaction betweea #teel reinforcement and the
concrete is described, followed by a discussiothefeffect this interaction has on

the tensile and cracking behaviour of reinforcedccete.

The strength of the bond is determined by three corapts; chemical adherence
(which is typically small), friction (which occumnce adherence has failed and there
is relative movement between the concrete and tied)s and finally mechanical
interlock (which occurs for deformed bars wherere¢hés interlock between
reinforcement ribs and embedded concrete) {Giraéd2 #166}. For plain bars the
bond strength is determined by chemical adherendefrection; for deformed bars
the bond strength is principally determined by tiechanical interlock. Due to the
enhanced bond strength afforded by the mechamtadack, deformed bars are now
more commonly used than plain. Experimental estimmafebond strength are made
by conducting pull-out tests for different reinferasent and concrete types. The
results of such tests are bond stress-slip reksttips.

The process of cracking in a reinforced concretgcsiral element is summarised in
Figure 2-22 for the purpose of establishing the sikel reinforcement plays {after
\Beeby, 1978 #160}.
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Figure 2-22 Series of events in cracking of reioéat concrete sections

The presence of reinforcement alters the crackigaweur of the concrete. The
stress transfer between the reinforcement and dherete results in a pattern of
multiple distributed cracks as opposed to the tsdlaracks associated with plain

concrete.

The transfer of stress between steel and the utkenlaconcrete results in another
effect referred to as ‘tension stiffening’. Tensisfiffening is distinct from the

tension softening effect described in section 2.2déspite the somewhat
interchangeable use of the terms. Tension softemfeys to the gradual unloading
witnessed at increasing deformations in the poakpgeehaviour of plain concrete.

Tension stiffening refers to the increased stiffnedsa concrete-steel system
compared to a plain steel bar. The transfer leng#tribed in Figure 2-22 results in
a minimum crack spacing; between cracks the com@saindamaged and contributes
to the overall stiffness of the system via the bbativeen the reinforcement and the
steel. The tension stiffening effect is evident igufe 2-23 which compares the

stiffness of two systems — a plain steel bar astéal bar embedded in concrete. The
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stiffness of the embedded-bar system is higher thanof the plain bar {Kotsovos,
1995 #82}.

Stabilised cracking

Crack formation l

yielding

Concrete
embedded steel

———~ Plain steel

[
»

0

Figure 2-23 Schematic load-displacement responsestéel bar and a concrete embedded steel bar

The degree of tension stiffening is affected by feetement ratio, modular ratio,
member dimensions and reinforcement dimensionsefiget of reinforcement ratio
has been shown to be substantial with greateraerdiffening witnessed at lower
reinforcement ratios. At higher reinforcement rstithe stiffness of the reinforcing
bar dominates the system stiffness rendering thatribation of the concrete
negligible {Gupta, 1990 #171}.

229 Modelling steel — concrete interaction
The physical interaction between the reinforcementthe concrete is characterised

by the use of either of the following models:
e Bond-Slip
* Tension Stiffening

Bond slip models are used to characterise the ideton of the bond between
concrete and steel at increasing deformation {@jra002 #166}. Such models take
the form of empirically derived bond stress-slipvas. They are typically used to
define the behaviour of interface elements in érelement analyses between the
reinforcement and the concrete. By defining therelegof bond strength these
models can capture the tension stiffening behavwdueinforced concrete and also
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model the deterioration of bond strength undereasing slip. Bond-slip models
provide a detailed representation of the physintdraction between concrete and
steel, they therefore require that the crackinghefconcrete is modelled in a semi-
realistic manner also; they are typically combinath discrete or embedded crack

models which are described in more detail in chragte

Tension stiffening models do not define the bondrgjth, rather they assume perfect
bond between the concrete and steel and insteadynatther the steel or concrete
material properties to account for the tensiorfestihg effect {Stramandinoli, 2008
#167}. These models are easily implemented in &efiaiement analysis. The better
models include modifiable parameters such as neiafoent ratio to produce a range
of possible tension stiffening definitions. Tensistiffening models made be used
with more approximate cracking models such as sedearacking (discussed in
more detail in chapter 4); they are therefore chgal providing accurate global

predictions of behaviour, but not local failure.

The objectives of the analysis will determine whiohthod offers the best solution.
Where it is desired to consider the influence ofaknscale interactions and
phenomena for the global structural behaviour bahsehaviour does not dominate
the overall structural response, the tension-siiffg model approach provides an
adequate solution. Where the small scale behawaodrphenomena will dominate
the structural response and where reliable mateaita is available the more detailed

bond slip model is the appropriate solution.

2.3 Conclusions

231 Reinforcing steel

The material parameters required for modelling heansfer in steel are
straightforward and have been defined in the liteea The process of heat transfer
in concrete is more complicated involving a coupleglationship between
temperature evolution and the mass transport oémwapour. It has been shown
however that a reasonably accurate prediction otrete temperature evolution in
fire can be obtained using a decoupled heat trarmsfalysis (no mass transport

considered) in combination with ‘apparent’ thernpabperties; thermal properties
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including the effects of moisture transport suclaapike in the specific heat term at

115°C to account for latent heat of vaporisatiowafer).

The behaviour of steel reinforcement may be adetyuatedelled using a uniaxial
assumption of behaviour. Any biaxial effects ocoarsuch a small scale as to be
beyond the capabilities of a typical structural mla capture. Anderberg’s uniaxial
constitutive curves provide a good model for théawsour of steel at elevated
temperatures. The material data used to createntbdel was however primarily
produced with exposed steel structures in mind;refbee the assumptions
concerning the implicit consideration of creep dx apply for steel reinforcement.
The implications of reinforcement creep for the htar of reinforced concrete

structures at elevated temperatures is not unaetsto

There is limited information concerning the high parature effects for reinforcing
steel rupture strains. In the Eurocodes it is taltera constant value. Rupture is
modelled as an inclined descending branch to ptewemerical difficulties arising

from the sudden loss of strength at rupture.

2.32 Concrete

The potential variation in concrete mix has a sigaiit influence of the mechanical
properties at elevated temperatures; despite thsgd guidance still provides
mechanical properties predominantly for ‘normal’igi# concretes which cover a

large range of possible concretes.

Modelling of concrete behaviour requires a compldescription of the load
deformation behaviour and an understanding of hiewated temperatures influence
this behaviour. Constitutive models for the prelpphase of behaviour are able to
capture the highly non-linear nature of concretdemrcompression and the chiefly
linear response under tension provided reliable erredt data such as high
temperature strengths are available.

The post-peak behaviour for both tension and corsfmess dominated by strain

localisation; this behaviour is therefore best espnted by a stress-displacement
relation for localisation zones and a stress-stra@tion elsewhere. We are currently
unable to accurately model the post-peak behawbaoncrete under compression at

ambient temperatures and consequently at elevateperatures also. This problem
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is perhaps not critical to some areas of ambieekuflal analysis but under

mechanisms where large compressive forces areedducs less clear.

Ambient post-peak tensile behaviour is substantiaditter understood and described
than the compressive post-peak behaviour. The feoctmergy (area under the
stress-displacement softening curve) is establisiseal material property. The effect
of high temperatures for either the fracture enargyhe tension softening curve is

not understood.

There are several multi-axial models available whach capable of capturing the
behaviour of concrete under biaxial and tri-axitdtess of stress. Attempts at
developing a high temperature multi-axial model enéveen thwarted by a lack of
material data to validate such models this is desmdications that at high

temperatures the behaviour of concrete under raxiél stress states alters.

There are several empirical correlations which descthe LITS component of

concrete behaviour these can implicitly includea imumerical analysis.

2.3.3  Steel-concrete bond

The interaction between steel and concrete heavilyances the cracking behaviour
of concrete under tensile loads. The transfer @sstbetween the concrete and the
steel results in a distributed pattern of smalcksacompared to the isolated larger
cracks typically of plain concrete structures. Tload between the two will impose
minimum and maximum crack spacings. The type of kingcis important for
deciding what method of crack representation toimsefinite element analysis; this
is discussed further in chapter 4.

The treatment of cracking is also important for steain development in the

reinforcement as it is through cracking that stiegeansferred to the reinforcement.

The steel-concrete bond is also responsible forfiactefor referred to as tension
stiffening, where the concrete between cracks dmngs to the overall system
stiffness. This effect may be account for using itEtabond-slip models which
explicitly model stress transfer between concrete steel and the deterioration of
the bond between the two, or it may be accountednf@ phenomenal manner by
modifying the concrete or steel material propertidse latter assumes perfect bond
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between the concrete and steel and is intendediderwhen the concrete steel

interaction does not dominate the global structtespponse.
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3  Compartment fires and structural fire fundamentals

Recent research into the spatial and temporalillistons of temperature within full
scale fire tests has demonstrated that statistisahificant thermal variation exists
{Stern-Gottfried, 2010 #227}. An objective of thibesis is to establish if this
variation could be significant for the concreteustural performance. It is first
necessary to formulate thermal exposures whichucaphe spatial and temporal
variations of temperature produced by a compartrinent

The compartment fire thermal environment is examirmBd a discussion of
compartment fire dynamics to establish the parammetéhich influence thermal
variation. The temperature measurements of a fallestire test are presented to
demonstrate the potential thermal variation imr@dompartment. The conclusions of
this discussion are contrasted with the assumptiopBcit in current design fires for

structural analysis.

The first step in establishing the significance lértnal variation in predicting
concrete structural behaviour is to examine thelicapons for the thermal
expansion behaviour. The thermal expansion behawbar structural element is a
fundamental component to determining the high teatpes structural behaviour
{Usmani, 2001 #138}. Non-uniform thermal exposuaes formulated to investigate
the effect of both spatial and temporal variatibgas temperature upon the thermal

expansion behaviour of a simple concrete element.

The conclusions of this investigation will be usedhtlp interpret the behaviour of
more complex structural forms under non-uniformgenature conditions in chapter
5.

3.1 The compartment fire thermal environment

In this section the nature of the temperature fieithin a compartment fire is
considered. In section 3.1.1 compartment fire dyna are briefly discussed to
identify the parameters which influence the tempeeafield. In section 3.1.2 the
temperature measurements from the Dalmarnock Fist ODae are presented to
demonstrate the potential thermal variation withircompartment fire. Finally in
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section 3.1.3 the assumptions of the current defirgs for structural analysis

concerning compartment thermal variation are diseds

311 Compartment fire dynamics

A compartment fire refers to a fire that occurshmtsome boundary, such as the
walls of an office, which confines combustion protduand controls the ventilation
supply. As we will see this strongly influences thening behaviour of the fire.

@ Ceiling jet d / () d

ot gase

Hot upper layer gt —
Plume —
All fuel burning
Entrained air " R
}W
Cool air in

Cool lower layer

Figure 3-1(a) Pre flashover fire development incenpartment (b) post flashover fire

In the early stages of a fire the burning is laygehaffected by the compartment
boundaries. Figure 3-1 (a) summarises the earfyesdavelopment of a compartment
fire. Hot combustion products rise vertically irplume entraining cool air from the

compartment as it does. The entrained air coolsddates the combustion products.
When the plume reaches the compartment ceiling; iBodeflected horizontally until

it reaches the compartment edge. Once it has rédbkeedge of the compartment a
smoke layer is created that starts to increasesfhcl hot gases will escape when it
drops below the soffit of an opening in the commanmnt edge. The loss of hot gas is
balanced by cool air drawn in through the openings.

Radiation from the hot smoke layer back to the hed increases the burning rate
and consequently the temperature of the smoke,ldyeher increasing radiation
from the smoke layer to un-ignited fuel. At a @dti value of radiative flux from the
smoke layer it is possible for fuel remote from five source to ignite and begin
burning. This leads to a rapid increase in bothbtlvaing rate and the temperature of
the compartment. This process of fire spread to temlbjects represents a transition
in behaviour from a single burning item or collectiof items within a compartment

to full compartment involvement. This transitionreferred to as flashover; a pre-
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flashover fire therefore refers to behaviour ptmthis point and a post-flashover fire

after this.

During the post-flashover period temperatures argchmhigher than the pre-
flashover period (>>600°C) and the flow of gas witthe compartment becomes
turbulent (Figure 3-1 (b)). The burning rate is dietl by the relative abundance of
fuel and ventilation; where ventilation is abundaat fuel is limited, the burning
behaviour is referred to as fuel controlled and nvtieere is limited ventilation but
abundant fuel the burning rate is ventilation colféd. Thus the size, compartment
openings and relative fuel layout in a compartmstinbngly dictate the thermal
environment in a compartment fire. For exampleyary large compartments typical
of modern office construction the likelihood thilaé tentire compartment will become
fully involved at one point in time reduces; instdaurning will progress through the
compartment subject to fuel layout and ventilatioonditions. This concept is
presented by the schematic in Figure 3-2 of a deempartment with an opening at

one end.

Figure 3-2 Progressive burning in a deep compartmeith opening at one end {Buchanan, 2001
#54}

Post-flashover fires are considered to be mostatitor structural performance due
to the very high temperatures they can achieve. ddmgn fires that have been
developed for structural analysis try to charastethe environment created by a fire

involving the entire compartment.

3.12 Full scale fire test temperature data
Typically a small number of temperature measuremant made of the gas phase
temperature field during full scale fire tests; ghhese tests offer little insight into

the horizontal and vertical variations of temperatwithin a compartment.
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Two recent full scale fire tests have included agdamumber of gas phase
temperature measurements, the Cardington NaturalSafety Concept 3 (NFSC3)
test series {Bravery, 1993 #179} and the Dalmarneick Tests {Rein, 2007 #174}.
In both of these tests it has been shown that thexe statistically significant
variation in compartment temperatures during buggBtern-Gottfried, 2010 #227}.
Temperature data from Dalmarnock Test 1 is preseante@émonstrate the influence

of both fuel distribution and ventilation condit®mn

Dalmarnock Test 1 was conducted in July of 2006 i@3astorey cast in situ
reinforced concrete structure by the BRE Centrd-ie Safety Engineering. The test
was conducted in a 4.75m x 3.5m x 2.95m (high) cannpent. Figure 3-3 shows the
natural fuel distribution within the compartmengnsor positions and ventilation
locations. A total of 220 thermocouples were usethéasure gas phase temperature

field distributed over 20 thermocouple trees sptdadughout the compartment.

The highest concentration of fuel is found in thertmoeast corner of the
compartment. The fuel load density in the compartnveas estimated to be 32
kg/m?, wood equivalent. Ventilation is provided througio open door ways in the

south east corner and a closed double window imvest wall.

SENSOR KEY
54 Internal thermocouple tree
N R i <+ External thermocouple tree
! i — L o ¥ 1| Heat flux gauge
k) 4 16 ! T 18t (i) &5 _' — Horizontal obscuration sensor

(T i + Vertical obscuration sensor
—= Air velocity probe
- Camera

18
d FURNITURE KEY
& 12+ v ' i Sofa
+ ' i Desk, chair and computer
A S e 20 &15 do N i Bookcase
! [ ) ] ? iv Cabinet
Tz it St v Coffee table
vi Tall plastic lamp
vii Waste paper basket

Figure 3-3 Fuel distribution and ventilation locatis: Dalmarnock Test 1 compartment plan
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The fire was ignited in the waste paper basket-(Wigure 3-3) and subsequently
spread to the sofa. Figure 3-4 presents the averag@hase temperature history for

the fire; key events in the fire development hagerbmarked.
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Figure 3-4 Gas phase temperature measurements sjdely events in fire development

Flashover occurs 300 seconds after ignition; attime there is a significant spike in
compartment temperatures. The transition was coafirivy video footage showing
remote ignition of fuel at this time. In the initipost flashover stages ventilation is
provided through the south east corner doorways. éiter 801 seconds the north-
west window pane breaks; this not only increasesathount of available ventilation
but introduces a new ventilation location. This évarresponds with a second spike
in compartment temperatures. After 1140 secondgpeament temperature decrease
due to fire fighting intervention.

Figure 3-5 presents plan contour plots of tempeeatumeasured in the horizontal
plane 50 mm below the compartment ceiling at setetime steps after flashover.
These contour plots are presented to demonstratentluence of the fuel load

distribution and ventilation conditions on the maasl temperature field close to the

structure (concrete ceiling).

In Figure 3-5 initially peak temperatures are coni@ed in the north east corner
close to the ignition source and the highest fuesity; at this time ventilation is
from the south east corner only. As fuel is consdithe temperatures in this location

start to reduce (Figure 3-5 (b)). After the windbmeakage the greater availability of
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ventilation increases the burning rate adjacetitéonvindow. This can be seen by the

peak temperatures developing in this region in 45 (c) and (d).
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Figure 3-5 Gas temperature plan contour plots at®® below ceiling level (a) 400 (b) 700 (c) 860
(d) 1140 seconds

3.1.3  Structural design fires

Early structural fire engineering was heavily demaridupon empirical data to
determine the performance of structures in fire.standardise the thermal loading
used in the test procedure the ‘Standard Fire’ t@atpre-time relation was
developed {Babrauskas, 1978 #157}. The standardtéikes the form of an ever
increasing temperature-time relationship. This dueve is still available in Eurocode
1 as the standard temperature time curve. This cwasdeen plotted in Figure 3-6.
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Figure 3-6 Temperature-time design fires availabl&urocode 1 {, 2002 #30}

Structural fire resistance is measured in time efgrmance under exposure to the
standard fire; for example, 30 minutes fire resiséindicates the structure achieves
its performance requirements (stability, integréagd insulation) for at least 30
minutes exposure to the standard temperature tumeec This convention stems
from the empirical origins of structural fire engering. It is therefore common for
the standard temperature time curve to be useddesign fire in a structural fire
engineering analysis. The standard temperature tomee has no physical basis
{Drysdale, 1998 #17}. It is considered to adequatedpresent the severity of a
compartment fire. No variation in the compartmeperature field is considered,
temperature and heating rate are judged the magsirtant factors for determining
severity for structural behaviour. Where it is thbtia more severe fire is likely to be
encountered the hydrocarbon fire has been includdtlrocode 1 (also plotted in
Figure 3-6).

Parametric fire curves

Parametric fire curves are a very simple form of fnodel; the temperature-time
data are calculated and published. The designerlysrequired to select the correct
curve based on design variables {ASCE, 2009 #231}.

Pettersson’s curves {Pettersson, 1976 #41} arentbst commonly cited set of
parametric fire curves. Pettersson et al. calcdldieir compartment temperature

histories using the fundamental heat balance emuatnd Kawagoe’s burning rate
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equation {Kawagoe, 1963 #43}. The model is simptifizy making the following
assumptions:

(1) combustion is complete and takes place within trepgartment;
(i) temperature in the compartment is uniform at ales;

(i)  a single heat transfer coefficient may be usedtHercompartment inner
surface; and

(iv)  heat flow to and from the compartment is one-dineerd, that is,
corners and edges are ignored and the boundamesssumed to be
‘infinite slabs’.

Despite these simplifications the calculation omperature requires numerical
integration. Therefore Pettersson et al. publishedtaf temperature-time data from
which designers can choose the appropriate cursedban the compartment fuel
load and ventilation factor. Ventilation factor atds the size of opening and the

compartment size. A representative set of curvepeasented in Figure 3-7.
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Figure 3-7 Temperature-time compartment fire curwéth different fire load densities for opening
factor AHYA(mY?) = 0.04nt"” {Pettersson, 1976 #41}

The parametric fire curve available in Annex A of &ode 1 {, 2002 #30} is based

on Pettersson et al. {, 1976 #41}. The temperatsrelaéfined according to the
equation:
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T, =20+13251-0324¢7°% - 02046 - 04727 ) Equation 3-1

Wheret* = t-I" andI” = (O/b)%(0.04/11603. O is the opening facto = A,(H)Y%/A,
and b represents the compartment lining thermabrakisity, b = (koc)*%. Several
parametric curves have been calculated using theeabquation and are plotted in

Figure 3-8 for different (a) opening factors anjiifbundary thermal properties.
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Figure 3-8 Parametric fire curves calculated accogito Eurocode 1 {, 2002 #30} for (a) opening
factor, O (b) thermal absorptivity, b.

The assumption of a uniform compartment temperat@mains ingrained in
parametric fire models. This assumption places apewgimit on the model
applicability in terms of compartment size; in Ewde 1 this limit is a compartment
500nt in plan and 4m in elevation. Experimental data frdva Dalmarnock and
Cardington fire tests demonstrated statisticallgnificant thermal variation in
compartments substantially smaller than this (16.6na 144rf respectively). These
data contradict the assumption of compartment teatypee homogeneity in small
compartments. It is, however, not sufficient tot jdesmonstrate that variation exists.
The significance of that variation for structuratfjpemance must be demonstrated to

establish whether spatial and temporal variatianignportant design consideration.

Furthermore in large compartments the variatiorth@ compartment temperature
field increases. The UK Eurocode 1 Annex permits afsparametric fires beyond
the floor area limit of 500/ however. This is justified by assuming that a#lfis

simultaneously burning producing a temperature lgeneous environment. It is
thought that this will be the worst case scenaoiothe structure; this has not yet

been demonstrated.
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To demonstrate whether a non-uniform thermal enwemt is significant for the
performance of a structure it is necessary to forstlentify the effect upon structural
behaviour. Section 3.2 investigates the influendenon-uniform temperature
distributions for the thermal expansion behaviducancrete; the thermal expansion
behaviour is fundamental to understanding the strakt behaviour at high

temperatures.

3.2 Thermal expansion induced structural behaviour

Thermal expansion significantly influences strudtupgrformance in fire. The
relationship between thermal expansion and fundéhestructural behaviour has
been established by Usmani et al. {, 2001 #138}uioiform thermal exposure. The
implications of non-uniform thermal environments &iructural behaviour can be
explained by establishing their influence upon cete&s thermal expansion

behaviour.

The concrete vertical thermal gradient dictatesthieemal expansion behaviour of a
structural element; this profile is a product oéninal exposure, material thermal
properties and element geometry. Section 3.2.1 sanseas the relationship between
thermal profile and fundamental high temperatureucstiral behaviour. The

influence of specifically concrete’s thermal resg®nupon thermal expansion

deformations is then analysed.

Having established the influence of concrete’smtarproperties and geometry for
thermal expansion behaviour section 3.2.3 invegfthe influence of spatial and

temporal temperature variations.

321 Thermal expansion effects for fundamental structurdbehaviour

Thermal strains arise from the expansion behavidumaterials under increasing
temperature as discussed in chapter 2. The totahstwhich dictates the structural
deformation, is the sum of the thermal strains ang mechanical strains arising
from restraint and/or applied load (Equation 3-R)is the mechanical strains which

determine the stress state of the structure.

& t&

total

= Eihermal mechanical Equation 3-2
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If there is no applied load, when the element igesinained, thermal strains develop
freely and the deformation is dictated purely bgrthal expansion. Theechanical

strainsare zero therefore no stresses develop in theeglie(Bquation 3-3).

&

total

=&

thermal?

€ mechanical — 0 Equation 3-3

If the element is then restrained against thermphesion theotal deformationis
zero. The mechanical strain is therefore of an equdl opposite magnitude to the
thermal strain (when the unloaded specimen remstiregght) and gives rise to a

restraining force in the element (Equation 3-4)

gtotal =0= gthermal + gmechanical = gthermal = gmechanical Equation 3-4

The influence of thermal expansion for structurdbdeation has been described by
Usmani et al. {, 2001 #138}. The influence has beéescribed as two fold: pure

thermal expansion and thermal bowing.

Pure thermal expansion

5)(
(a) : N : fn = %
S & & & = QAT
(b) —E <P—
P=¢,EA

P =-aATEA

Uniform temperature rise

Figure 3-9Uniform heating of an (a) unrestrainedda(iv) axially restrained element

An increase in the average temperature of an uanmestl element induces thermal
expansion strainsef) that increase the element length. Where this msipa is

restrained, the axial restraining force will be qoassive.
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Thermal bowing

Uniform thermal gradient

Figure 3-10 (a) Unrestrained and (b) axially restvad structural element subject to a uniform
thermal gradient

If there is a thermal gradient through the sectitbwe, differential rates of thermal

expansion induce curvature. Where there is no asaén the centroidal temperature
the length remains unchanged; however, the unnesttaends of the element will

contract to accommodate the thermal curvature.r&astof this displacement will

induce a tensile axial force in the element as shiowrigure 3-10.

The deformation response of a structure is a cortibmaf thermal expansion and
bowing. To compare the relative influence of eadbatfUsmani et al {, 2001 #138}

have defined an effective strain where
Et =& TE, Equation 3-5

The term g, is an interpretation of the inwards displacemestsed by thermal

bowing as a contraction strain as shown in Figui©.3

Figure 3-11 summarises the spectrum of deformatsponses that can arise from
combinations of the thermal bowing effect and puepansion effect. The
deformation and stress behaviour is described lier ¢ase of pure expansion,
dominant expansion, balanced expansion and bowidgdaminant bowing. When

expansion dominates the deflections are smallercantpressive restraint forces are
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induced; when bowing dominates the deflections larger and tensile restraint

forces are induced.

The relative influence of each effect is determimgdthe through depth thermal

gradient. This gradient is a product of the therexgdosure and the material thermal

properties. The thermal properties of concrete ajklyinsulating resulting in steep

thermal gradients thus increasing the influencehefrmal bowing. Fast hot fires

induce steeper thermal gradients compared to @u fires which cause higher

average temperatures.

Pre-buckling Bifurcation

T
o

Compressive
forces in the beal

the beam

Condition Behaviour
£ h(g = 0) Pure thermal expansion and no thermal bowing; whstrained induces
hte large compressive stresses leading to either lmg;kyielding or a

combination of both depending upon slendernessvatdrial strength

En > €, Expansion and thermal bowing; Expansion is domittaertefore restraining
forces are compressive

En =& Equal expansion and thermal bowing; Restrainingdads zero

9
En <E, Expansion and thermal bowing; Thermal bowing is ohamt, increased

deflections and restraining forces are tensile

Figure 3-11 Thermal expansion induced deflectiospomse for various combinations &f and ¢,
{Usmani, 2001 #138}
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322 Thermal expansion behaviour of a concrete element

The discussion of concrete’s thermal propertieshiapter 2 established that concrete
is a highly insulating material; through depth thal gradients in concrete are
typically steep and non-linear. Figure 3-12 presemtcross-section of a typical
concrete temperature profile and the associatathsind stress profiles.

Tension
Compression

@ @) (b) (©)

Figure 3-12 Thermal effects for concrete: crosgiseca) temperature (b) strain (c) stress

The free thermal strain distribution is non-lineare to the non-linear temperature
profile (Figure 3-12 (a)) and the non-linear vaaatof concrete thermal strain with
temperature (Chapter 2). For the section to remalene self equilibrating
mechanical strains develop (Figure 3-12 (b)) rasylin stresses developing through
the section despite an absence of load or restrame typical stress profile is
presented in Figure 3-12 (c) stresses are compeessithe top and bottom extreme

fibre and tensile in the mid depth region.

Thermal expansion induced deformations may be lzkal using analytical
methods {Usmani, 2001 #138}; however, these areptimated by concrete’s non-
linear thermal behaviour therefore a very simplatdi element model of a plain
unloaded concrete beam has been analysed usitg diement software ABAQUS
{, 2008 #120}.

The beam is 100 mm deep, 100 mm wide and 6000 nmength. The heat transfer
and subsequent mechanical analysis is conductedy ushiell elements. In an
ABAQUS mechanical analysis shell elements provideatgr thermal resolution
through the element depth than beam elements. Ul®teemperature definitions
through the depth can be used in a shell elemerdppssed to 3 with a beam
element; three temperature definitions is insuffitito capture the non-linear nature

of concrete’s thermal response.
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The thermal and thermal expansion properties ofrate are taken from Eurocode 2
{, 2002 #30}. The mechanical behaviour is assumedbé linear elastic and

independent of temperature to simplify the resditsee deformation of the element is
analysed for three restraint conditions, unrestéitaterally restrained and laterally

& rotationally restrained shown in Table 3-1.

Table 3-1 Concrete beam boundary conditions

. Restrained
Diagram Name
component

Rotational

. Vertical
{»T § @To} Fixed L atoral

g @ Pinned Vertical
I

T Lateral

@ @ Simple Vertical

The thermal expansion behaviour is interpreted gusire peak span deflections,
dy.max and where unrestrained the end lateral displactan®, or the axial forceP,

when laterally restrained as indicated in FigurE33-

@)

AR

Figure 3-13 Deflection output locations for the mimal expansion analysis of a plain concrete
element (a) maximum span deflection and laterglldcement (b) axial force
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The thermal expansion behaviour of the plain caecedement is first investigated
under uniform thermal exposure. The standard teatypes time curve is used to
define a uniform thermal exposure to the beam tsdfigure 3-14 presents the
central deflection of the element under each bogyndandition.

A steep vertical thermal gradient induces the tladmowing behaviour described in
section 3.2.1. When thermal bowing dominates, dafie behaviour is characterised
by a large increase in central deflection, thigwgdent in Figure 3-14. Rotational
restraint opposes the curvature induced by thenthlegradient thus the central

deflection for this case is zero.
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Figure 3-14 Plain concrete beam central deflectittming 120 minutes exposure to the standard fire

Where the element is unrestrained the lateral atgphent is negative (Figure 3-15
(a)) as the element ends ‘pull in’ to accommodhteihcrease in curvature. Lateral
restraint opposes this pull in and therefore redutiee magnitude of central
deflections which is evident when the simple anthpd cases in Figure 3-14 are
compared. This restraint will also induce a tenséstraining force in the beam
which can be seen in the plot of axial force inufgg3-15 (b) (note positive values

indicate tension).
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Figure 3-15 (a) Simply supported beam lateral dispiment (b) pinned beam axial force during 120
minute standard fire exposure

After prolonged exposure (> 100 minutes of standiae) the unrestrained element

peak deflections and negative lateral displacenséant to decrease. Figure 3-16
presents the temperature and thermal strain psofie selected time steps. The
magnitude of deflection is dictated by the curvatwhich is in turn dictated by the

thermal strain differential through the elementtiefynder prolonged exposure the
differential decreases as the average temperafuitee eelement increases and also
due to the plateau in concrete thermal expansi@insat 700°C. The effect of the

plateau upon the thermal strain vertical profilgigble in Figure 3-16 (b).
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Figure 3-16 (a) Temperature profile and (b) thernsafain profile of a 100mm concrete element
under standard fire exposure

Influence of element depth

The influence of increasing element depth upon ttilermal expansion induced
deformations is investigated. The concrete beard irsthe previous investigation is
reanalysed using depths of 100, 150, 200 and 250 Imereasing the depth of the
cross section increases the proportion of cool maador the same exposure; this
has the effect of reducing the thermal strain d#iféial. As we saw in the previous
analysis a decrease in the thermal strain diffeaedecreases the thermal curvature
and consequently the magnitude of deflection. Tkakpcentral deflections are
presented in Figure 3-17. Figure 3-18 presents(&)esimply supported lateral

displacements and (b) pinned beam axial forces.
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Figure 3-17 Influence of cross-section depth fan@y supported beam central deflections during 120
minute standard fire exposure

An increase in element depth causes a substaetatase in the magnitude of peak
deflection and lateral displacement generated ®yntal expansion. The lateral

displacements we know result from the element mpgllin to accommodate

curvature; therefore as the curvature decreasemstoes the negative displacement.
In Figure 3-18 (a) it can be seen for the deepesstsesections the lateral

displacement is initially expansive. The surfaceagerature is not affected by the
increased cross section depth. Thus the thermahstlifferential in a deep cross

section is reduced to such a degree that thernmnsion initially dominates over

thermal bowing behaviour.
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Figure 3-18 Effect of cross-section depth for thegimply supported beam lateral displacements (b)
pinned beam axial force
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Consequently in Figure 3-18 (b) we see that ldiera@strained shallow elements
develop significant tensile stresses whereas theavweur of the deepest cross-

section transitions from significant compressioretasion.

323 Thermal expansion under non-uniform thermal exposue

The effect of a non-uniform thermal exposure is phoated by the simultaneous
variation of gas temperatures both spatially andptrally. The objective of this
section is to identify how non-uniform temperatulistributions affect the thermal

expansion behaviour of a concrete structural elén¥dns complexity is simplified
by:
* investigating first the effect of spatial temperatdistributions,

» the significance of temporal variation of thosdrilisitions is then

investigated.

The first step will involve analysis of thermal exysion behaviour under a static
temperature distribution. This establishes theca#yi what effect gas temperature

variation can have upon thermal expansion behaviour

The behaviour of the beam is then analysed foristealspatialand temporal
temperature exposures. This demonstrates the is@gpsif concrete’s thermal
response to different temporal conditions; that wsether concrete’s thermal
response is sufficiently ‘fast’ to be affected ®ynjporal changes encountered in a

compartment fire.

Temperature spatial variations
Thermal exposure

To investigate the influence of spatial temperatwegiation for the thermal
expansion behaviour of the concrete beam a simiplead variation of gas
temperature along the beam length is used. A linegaiation is an over
simplification of the thermal variation found in ampartment fire. However, it
allows for the thermal expansion behaviour of ceteeunder different magnitudes of
variation with an equivalent average temperaturédccontrasted. Figure 3-19 (a)
presents the temperature spatial distribution selieaily. Different magnitudes of

variation, V %, about the average temperatuiig,e’C are considered. In this
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investigation the thermal and mechanical respohsieeoconcrete element usivg=
0 %, 20%, 40%, 60% and 80% is analysed. Figure @)L@resents the temperature
history; the evolution of the average temperatuith ime is defined by the standard

temperatu re-time curve.
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Figure 3-19 (a) Linear variation of gas temperatusdong beam x-axis (b) evolution of gas
temperature with time

Structural response

Under exposure to a constant temperature in th@exttbn the beam thermal
curvature is constant hence thermal expansion pesda symmetrical deflection
profile. If the gas temperature is variable in theirection the vertical thermal
gradient responsible for thermal curvature willoalsary in the x-direction. This
longitudinal variation of thermal curvature dissorthe element deflected shape.
Figure 3-20 presents the deflection profiles far s#imply supported element under

increasing horizontal gas temperature variation,
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Figure 3-20 Influence of a non-uniform thermal exp@ for deformation of a horizontal concrete
element: Simply supported beam deflection profilenhutes exposure

Thermal curvature is greatest under the peak teatyoer (x = 6 m); consequently the
position of peak deflection shifts from the mid sgawards the peak temperature
location. The distortion of the deflection profile most prominent for the most

severe variatiorly = 80% considered.

Figure 3-21 compares the evolution of peak defbectinder increasing horizontal
temperature variationV]. The magnitude of peak deflection is not subsiint

influenced by the thermal variation used in thigestigation. Initially the highest
thermal variation causes the largest peak deflestilowever, under prolonged
exposure the lowest variation (0%) produces thetgst deflections. As seen in
section 3.2.2 this is due to the reduction in therstrain differential caused by

increasing average temperature and concrete’s thetrain plateau.

The effect for peak deflection magnitude is strgndépendant upon not just the
distribution of temperatures but also the magnitodeeemperature thus general
conclusions concerning the effect of non-uniforrmperatures for peak deflections

cannot be drawn from this investigation.
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Figure 3-21 Influence of increasing horizontal \atidn in gas temperature upon the peak beam
deflection

The same effect can be seen in the simply supptatedal displacements which are
plotted in Figure 3-22 (a). The pinned beam axaaté under increasing horizontal

temperature variation/j is plotted in Figure 3-22 (b); again the changexial force

magnitude is not substantial being linked to therkd displacements.
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Figure 3-22 Influence of horizontal temperature igéion for (a) simply support beam lateral
displacement (b) pinned beam axial force

Influence of element depth

In section 3.2.1 it was shown that as the deptteofion increases the dominance of

thermal bowing decreases also and the influenceexpfansion increases. The
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principle effect of a spatial variation in gas tergdure for the shallow concrete
element considered previously was to distort th8edi&gon profile by inducing
horizontal variation in thermal curvature. As th&eet of thermal curvature
diminishes in deeper cross sections it should foleat the distorting effect of a gas
temperature variation decreases also. Figure 3@8epts the deflection profiles for
different depthsd) of beam for the most severe horizontal variatonsideredy=
80%. As the depth of the cross section increasesdistortion of the deflection

profile is visually less evident.
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Figure 3-23 The influence of cross section depthtiie deflection profile under horizontal gas
temperature variation, V = 80%.

Expansion dominated behaviour is characteriseddngation; therefore deflections
are low and restraining forces are compressivaurEig§-24 presents the influence of
increasing thermal variation upon the (a) simplgmarted lateral displacement and
(b) pinned axial force of the deepest cross sectibr 250 mm. The effect of
increasing thermal variation for the thermal expestonsidered is not substantial as

each exposure has the same average temperature.
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Figure 3-24 Influence of horizontal temperature igdion upon (a) simply supported lateral beam
displacements (b) pinned beam axial forces

Temporal changes in spatial distribution

The effect of a simple static temperature distrdoutfor the thermal expansion
behaviour of a concrete beam has been investigdsadng established the influence
of a spatial gas temperature variation for therttatrexpansion behaviour of a beam,
the sensitivity of concrete’s thermal expansionawebur to spatiallyand temporally
varying gas temperatures is now investigated. Tils establish whether under
realistic fire imposed thermal conditions concreteaffected by thermal variation.
For this reason the spatial and temporal temperatariations employed in the

investigation must be of a realistic nature.

Thermal exposure

A fire within a compartment produces a gas tempeeatistribution; as fuel is
consumed that temperature distribution will charnigee rate of fuel consumption is
dependant upon the burning rate which also inflaenthe gas temperature
distribution. A high burning rate produces a fasarging thermal environment and
high gas temperatures; a slow burning rate prodwstew changing thermal
environment and lower gas temperatures. Alpert 9721 #217} empirically

correlated the burning rat@; and ceiling temperaturé.iing at radial distance to

the fire plume using Equation 3-6 and Equation 3-7:
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Forr < 0.1

16'9Q62/3 Equation 3-6
Teeiing = 20+W q
Forr > 0.1&H
Tceiling = 20+M Equation 3-7

WhereH is the ceiling height (m); the correlation is hss a series of large scale
tests which involved the burning of substantiaégin4.2 up to 98 MW) under flat
ceilings at various heights (4.6 to 15.5m). Thepshaf the temperature distribution
is presented in Figure 3-25.

»

Plume Axis —

Ceiling jet

(Do) P12y

<

Radial distance;

Figure 3-25 Alpert correlation for maximum ceilitgmperature and fire burning rate

Alpert’'s correlation can be used to produce a ranfestatic gas temperature
distributions by varying the burning rate. Using@ ttompartment fuel load and the
burning rate we can calculate the total time f&i fronsumption (burn out time). The
temporal change in gas temperature distributioaclsieved by moving the Alpert
plume axis along the length of the compartment i@t@ prescribed by the burn out
time and the compartment geometry.
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For this investigation burning rates of 60MW, 38Makid 20MW were chosen to
represent a fast, medium and slow fire. The theempbsure for each burning rate is

formulated in two steps:
1) Calculate burn out timéy,, and plume axis velocity,
2) For each time increment calculate temperatureiligion

Step 1: Burn out time and plume axis velocity

The burn out time is calculated using the fuel Idadsity and the burning rate:

_ FuelLoadDensity Equation 3-8
Q

Only one dimensional variation (x direction) is satered in this analysis therefore

ty

the fuel load density is expressed as a linear lagd in the direction of variation.
The plume velocity is calculated using the burntoue and the compartment length

in the direction of variation:
t, Equation 3-9

Alpert’s correlation is valid for smoke layers whemnorizontal travel is unimpeded
and a static layer of gas does not develop. Thiaclseved if there is a clear
horizontal distance of at leasH3between the plume axis and the nearest vertical
impediment {Drysdale, 1998 #17}. This makes therelation applicable for fires in
large compartments where the fire is remote fromticad barriers. A compartment
length ofL = 18 m is used and a ceiling heigHt= 6 m.

Step 2: Calculation of temperature distribution

The gas temperature distribution along the lendththe compartment ceiling is
calculated at each timg, For each time step the location of the plume axiBrst

calculated:

The magnitude ofr at this location is set to zero and the Alpert gemature
distribution calculated using Equation 3-6 and Hiquea3-7. The gas temperature

distributions at different time increments are shaghematically in Figure 3-26.
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Figure 3-26 Ceiling gas temperature distributionZatlifferent time steps

Temporal and spatial gas temperature distributemescalculated for each burning
rate. In Figure 3-27 the temperature distributiftmmseach burning rate considered are
plotted att = O for comparison. The maximum temperature irsgsaas the burning
rate increases, thus the fastest burning rate pesdthe hottest fire and the shortest

burn out time.
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Figure 3-27 Temperature distributions calculated¢amaling to Alpert {, 1972 #217} for burning rates
of 60, 38 and 20 MW and ceiling height 6m at t se@onds

In this analysis the behaviour of a single elemgmonsidered and the surrounding

structure is represented by a considering a rarfgboandary conditions. The
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compartment length is in excess of the beam spasiadered therefore the 6 m plain
concrete beam element is assumed to span frend — 12 m. Figure 3-28 presents
the spatial distribution of gas temperature aldmg beam length at selected time
steps for the fast fire.
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Figure 3-28 Spatial distribution of gas temperatimehe beam x-coordinate for the fast burning rate
at selected time steps.

Structural response

Figure 3-29 presents both the evolution of maxinwartical deflections and vertical
deflection profiles in separate plots for eachhaf three fires: fast, medium and slow.
The maximum vertical deflections are presentedhm top row; for each fire the
maximum vertical deflection for the pinned and dynsupported boundary
conditions are presented. The fixed boundary candits not included as it was
shown in Figure 3-14 that rotational restraint aggmthermal curvature producing
zero deflection. The phase during the fire whenpbak temperature traverses the
element span is highlighted in yellow. The tempaet of the fast fire are higher
than those of the slow fire; in concrete this iases the thermal bowing effect
therefore the deflections in the fast fire are tgethan those caused by the medium

and slow fire. This behaviour has been previousiyudnented {Lamont, 2003 #7}.

It is clear in each fire that the evolution of peddflection exhibits three distinct

phases: (a) gradual initial increase (b) a shagrease as the plume & peak
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temperature traverses the element (c) and finallyeduction after the peak

temperature has passed.

Prior to the plume traversing the element tempeeatincrease gradually, hence the
deflection response is gradual. As the plume armk gemperature traverse the
element the surface temperature increases enhati@nigpermal bowing effect and

increasing the rate of deflection. The drop in terapure after the plume passes
causes the surface temperature to drop. The irduen thermal bowing decreases
and so the peak deflections decrease.

It has been shown in the previous investigatiorst thpatial variation of gas
temperature produces variation of thermal curvataleng the beam element
distorting the deflection profile. Figure 3-29 peats the deflection profiles under
each fire separately for selected time steps. Famh dire the distortion of the
deflection profile is visually evident. As the petknperature traverses the span the
location of peak deflection shifts in responseht® ¢hanging thermal curvature along

the length of the element.
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Influence of cross-section depth

In section 3.2.1 it was shown that increasing ceesgional depth reduced the effect
of thermal bowing. The effect of spatial gas terapge variation for deep cross
sections was substantially reduced. Figure 3-3Qrasts the deflection profiles of

the simply supported 250 mm deep beam during tte f@edium and slow fires.
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Figure 3-30 Sensitivity of a deep concrete beam*260mm) thermal expansion deformations to a
(a) fast (b) medium and (c) slow changing fire: IBetion profiles.

Distortion of the deflection profile is still evide for all fire exposures. The
distortion is however, much less significant thdmattexhibited by the shallow

concrete beam.
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33 Conclusions
Full scale experimental compartment fire data hemsve that the temperature field
within a fire compartment varies both spatially aachporally. From fire dynamics

we know that this variation is likely to increaselarger compartments.

This variation is ignored in the analysis of stuwat performance at high temperature
in both small (< 500 A) and large (>> 500f) compartments. In small compartments
it is assumed that the amount of thermal variatisnnot high despite recent
contradictory experimental data. In large companti:ies assumed that burning
everywhere will produce a homogeneous compartmemipérature which is the
worst case for the structural performance. The icapbns of the likely spatial and
temporal variations in temperature for structuraéhdwiour have not been

investigated to fully substantiate this justificeti

The thermal expansion behaviour of structures iRirmlamental component of
understanding high temperature structural behaviotlte thermal expansion
behaviour of concrete under uniform thermal expessiinvestigated. It is found that
the behaviour of shallow concrete cross-sectiondoiminated by thermal bowing
which induces large deflections and tensile resimngi forces. Increasing depth of
section decreases the influence of thermal bownaleehaviour tends towards being
dominated by expansion. Behaviour is then charaetrby low deflections and

compressive restraining forces.

The effect of a non-uniform thermal exposure fonaete thermal expansion
behaviour was investigated in two stages to simphie complexity of simultaneous

spatial and temporal variation. The effect of digpaariation was first investigated.

Spatial variation of the gas temperature causemti@ar in the vertical thermal
curvature. In shallow concrete elements which argceptible to thermal bowing
effects this induces non-symmetrical deflectionfifgs. In deep concrete elements
expansion dominates over thermal bowing behavicherefore reducing the

influence of the spatial gas temperature variation.

For both the shallow and deep concrete elementgadbhdemperature variation does
not substantially influence the simply supportechdibon lateral displacements
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under simply supported boundary conditions. Thidus to the linear distribution of

gas temperature and the common average tempefatw@ach exposure.

Spatially and temporally varying gas temperatusgritiutions have been formulated
using Alpert’'s correlation of burning rate and oel temperature. A fast, medium
and slow burning rate were chosen to compare thsiteaty of concrete’s thermal

expansion behaviour to temporally changing themnaironments.

It was found that for a shallow concrete beam tiseodion of the deflected profile
was evident for all three burning rates. The thérmgansion behaviour of the
shallow concrete element is dominated by the teatpess near the surface which
induce thermal bowing. The insulating nature ofarete’s thermal response means
the surface temperature responds quickly for atiperal variations considered and
therefore the distortions they cause were alsoeewidThe behaviour of the deep
concrete beam however was increasingly less sublEepb this distortion as the

burning rate decreased.
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4 Benchmark structural model

In this chapter a benchmark structural finite eletmaodel is developed. A two-way
spanning reinforced concrete slab is used as thehbeark structure. Reinforced
concrete slabs have been studied extensively inctiigext of steel-concrete
composite structures in fire due to performanceaanimg stability mechanisms such
as compressive membrane action and tensile memlaetien they exhibit. Full
scale fire tests were undertaken at Cardington {@mg 1993 #179} which in
addition to smaller single span tests {Lim, 2002}thave been used to validate
numerical models {Huang, 2003 #185; Elghazouli, 2@082; Foster, 2007 #183;
Gillie, 2000 #186} and subsequent design methodetodBailey, 2000 #214;
Usmani, 2004 #151} which have been employed hetberlUK {Bailey, 2001 #65}
and abroad {Clifton, 2006 #215}. The depth of ursd@nding of the behaviour of
these slabs in fire makes them an ideal case tudpvestigating the implications

non-uniform thermal exposure has for well estalgltsmechanisms of stability.

Section 4.1 summarises the known behaviour of twg-spanning slabs at elevated
temperature and section 4.2 discusses the finienait modelling of tensile

membrane behaviour.

In section 4.3 the finite element model developedhis thesis is described and the
behaviour of the slab analysed under uniform thérexgposure. There are two

purposes to this analysis:
» Verify slab membrane behaviour

« Develop performance indicators for use in the itiga§on of non-uniform

thermal exposure effects upon structural behavioghapter 5

Section 4.4 presents geometric parametric studiedentify any variations in slab
behaviour. Section 4.5 presents material paramsttidies to identify the model

sensitivity to different material models discussedhapter 2.

4.1 Behaviour of two-way spanning slabs in fire
Two-way spanning concrete floor slabs are a featofetraditional concrete

construction where vertical support at all edggsras/zided by beams or walls. They
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are also encountered in composite concrete-stesireation, where the steel frame
supports concrete floor plates. Figure 4-1 presehes typical load-deflection
behaviour of a reinforced concrete slab at amlaedtelevated temperatures.

Applied
load &

Tensile membrane
Capacity

Compressive
membrane capacityy

High Temperature

| Ambient
|
Yield Line Capacit) !
: :
| |
| |
| |
| |
| |
| | R
“« > > " deflection
Compressive Tensile membrane
membrane action action at high temp
at high temp

Figure 4-1 Characteristic load-displacement cungg feinforced concrete slabs at ambient and

elevated temperatures

As slab deflections increase the flexural capaeitiyer disappears or is significantly

reduced. At the same time increasing deflectionltgesn the slab pushing out at the

edges, where restraint exists this induces in ptamepressive stresses in the slab,
hence this is known as compressive membrane adtianline of thrust generated by

horizontal restraint through the slab is shown stdtecally in Figure 4-2.

Applied Load

4_.
Line of thrust

Fire

Figure 4-2 Role of lateral restraint in the devetopnt of compressive membrane action
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When the central deflections increase beyond thel lef this line of thrust tensile
stresses and cracking develops at the mid sparedlab. The portion of the slab in
tension hangs by catenary action anchored by either surrounding ring of
compression or lateral restraint where it existis is referred to as tensile membrane

action.

The capacity afforded by tensile membrane actiosinslar to that of compressive
membrane action; deflections can often thereforeeamse rapidly when transitioning
from compressive membrane action to tensile menebraction. As the slab
continues to deflect an increasing proportion & #hab is supported by catenary
action. The slab ultimately fails due to eithenfercement rupture or crushing of the
concrete at the slab corners {Bailey, 2007 #212}Figure 4-1 the tensile membrane
capacity of the slab at elevated temperatures @vishto be greater than that
achieved at ambient temperatures. The thermal lgpw@used by exposure to fire
(that is the curvature caused by differential ratethermal expansion) enhances the
tensile membrane capacity by increasing deflectisitisout increasing mechanical
strains {Lange, 2009 #180}.

411 Influence of restraint

Under fire exposure the development of compressigebrane action is dependent
upon horizontal restraint resisting thermal expamshereby inducing large in-plane
compressive stresses in the slab. The positiohi®fihe of thrust was shown by Lim

et al. {, 2004 #12} to be critically important fahe development of compressive
membrane action. From Figure 4-2 we can see tleatitiher the position of the line

of thrust in the structural cross-section the nmayadly deflections will exceed this

distance and the viability of compressive membiati®n lost.

Lateral restraint is not necessary for the devekpnof tensile membrane action in
two way spanning reinforced concrete slabs. Thie d&formation is one of double
curvature; this geometric form leads to the devalept of a self supporting ring of

compression at the slab periphery (Figure 4-3).
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Figure 4-3 Tensile membrane action in an unrestdifloor slab

This ring of compression supports the internal ipartof the slab which at large
deflections is supported by catenary action. thesefore very important that vertical
lines of support are maintained at the slab edgesllow double curvature to
develop. If the slab is laterally restrained, dtgbiis less dependent on the
compressive ring and a greater proportion of thé shn be supported by catenary

action.

The initial slab lateral movements are expansiwydver, at increasing deflections
the slab mid-span edge starts to pull in to accodatethe large central deflections,
thus any boundary conditions must be able to resistcommodate this movement.

412 Failure mechanism

The definition of failure for a two way spannin@islin fire is difficult and dependent
upon the circumstance. In structural fire engimegithere are three criteria which
can result in failure: integrity, insulation andalsility. In this study we focus on

failure by loss of stability.

Bailey and Toh {, 2007 #212} investigated failurechanisms of small scale lightly
reinforced concrete slabs at ambient and elevatdperatures. At ambient
temperatures the failure mechanism has been fauieé either rupture of the short
span reinforcement at the mid span or by crushirigeoconcrete at the slab corners.
Whether crushing or reinforcement rupture occurdl wdepend upon the
reinforcement ductility and reinforcement ratiogHlireinforcement ductility and/or
ratios will result in failure of the slab by compséve concrete crushing. At elevated

temperatures they consistently found reinforcemargture to be the failure
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mechanism. Bailey and Toh {, 2007 #212} stated thbhere the high temperature
reinforcement ratio remained equivalent to theosateading to crushing failure at
ambient temperature, concrete crushing is a pas&liure mechanism. Their study
focused on a lightly reinforced concrete slab tgpaf those used as part of concrete-
steel composite construction; however, the reirdorent ratio in a concrete structure

will be much higher.

Failure by crushing of concrete or by reinforcemeapture assumes that the
surrounding structure is capable of resisting thé-ip forces generated at large
deflections and that vertical lines of support araintained at the slab edge. An
accurate description of either failure mechanisouires detailed consideration of
concrete cracking and crushing and reinforcemepitura. In the following section

the characterisation of these features of behavioua finite element model are

discussed.

4.2 Finite element modelling of reinforced concrete slas in fire

421 Thermal modelling

It has been shown {Gillie, 2004 #210} that the thal gradient through the
structural cross section is primarily responsiliethe deflections achieved and the
reduction in material strength a secondary causs.therefore important to make a
reasonable estimate of the through depth temperagt@dients. This is particularly
true when considering the effects of a non-uniféhermal environment which will

result in a variation of the thermal profile in tbencrete structure.

While the development of stress and strain is hea@pendent on the temperature
distribution in the structure, the reverse is natet Temperature evolution is
generally deemed to be independent of the stress. Sthis allows the thermal and

stress analysis to be decoupled which typicallyroxips computational efficiency.

The thermal analysis may therefore be performesl @aupled heat and mass transfer
analysis. Moisture migration, pore pressures aedmhl distributions are analysed
simultaneously, or moisture effects may be negteetad only thermal distributions
calculated. Purkiss {, 2007 #86} has compared tieeliptions of a fully coupled heat

transfer analysis and a simplified analysis congigeonly temperature evolution
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with experimental results and found the simplifraddel (which neglects moisture

effects) to provide adequate estimates of the temtyne evolution.

422 Finite element requirements

It is computationally and mathematically advantageto model a slab as a 2D
surface rather than a 3D body. This involves saang some of the detail of

behaviour, however the mathematical advantagessaiffeciently strong that this

sacrifice is acceptable {Calladine, 1983 #213}; IElleeory has therefore been
widely applied to the analysis of reinforced comerslabs both at ambient and
elevated temperatures {Gillie, 2000 #186; Huan@36193}. Finite elements that
use both thick {Huang, 2003 #193} and thin {Lim,G20#12} plate theory have been
validated against (separate) experimental resuits,{2004 #12}. Thin plate theory

(Kirchoff) assumes that the transverse shear stfinis negligible; thick plate theory
(Mindlind/Reissner) considers shearing distortian te important and therefore
considers the transverse shear stiffness in tiite trement formulation. As both thin
and thick plate theory have provided satisfactagults it is unlikely that shear

distortion is critical, particularly for slabs withlow slenderness ratio.

Previous research has shown that a high temperdinite element model of
reinforced concrete slabs must be capable of dagtuhe following behaviour
{Huang, 2003 #193; Gillie, 2001 #208}:

* non-linear thermal variation through depth;

» variation of material properties with temperature;
» thermal expansion;

e geometric non-linear behaviour; and

* material non-linear behaviour including the postakpebehaviour under

compression and tension (crushing and cracking).

The treatment of cracking and crushing has beeaxaemely active area of research
in the field of numerical analysis of concretesittherefore discussed in more detail
in Section 4.2.3.
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423 Modelling cracking and crushing in a finite elementanalysis

In Chapter 2 the behaviour of concrete under battmpression and tension was
discussed together with the material models fortedléo describe that behaviour for
a stress analysis. Under compressive loading therete strength-deformation
response is highly non-linear and characterisedrbghing after the peak stress has
been reached. Under tensile loading cracking is dbminant behaviour. Both
cracking and crushing are localised leading toysigll discontinuity in the concrete
structure; special attention is therefore requicedddress both phenomena in a finite

element analysis in which the concrete is assumég homogeneous.

The following section discusses how the materialdet® from Chapter 2 are

implemented in the finite element analysis in gtigdy.
Tensile cracking

The cracks that occur within concrete are physiiatontinuities which must be
represented in the finite element mesh. A numbenethods have been developed to

represent tensile cracking in a finite element méstse include:
» discrete cracking;
* embedded finite element method (EFEM or XFEM); and
* smeared cracking.

Discrete crackingnodels are closest to reality, as an actual gagrisduced into the

finite element mesh. Crack paths may be predef{nedcracking is forced to occur
along existing boundaries), or cracks may be altbwe propagate automatically
requiring adaptive meshing techniques. For bothhoud, interface elements are
inserted in the gap to model the tension softerbegaviour across the crack.
Predefined crack paths are possible only when thekctrajectory is known in

advance. For more general cases automatic cragiagation is required. Either
method provides a detailed description of crackwgian; however, there are several
challenges associated with discrete automatic cmopagation models. Firstly,
automatic crack propagation poses significant cdatfmnal challenges including
the use of complex remeshing algorithms and caiomaof crack propagation

criteria at the crack tip {Yang, 2004 #161; Yan03 #162}. Secondly, increasingly
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fine and complex meshes can arise from adaptiveskmg for tortuous crack paths.
As the element size approaches the scale of theriaatonstituents (for example

aggregate), the assumption of material homogebeitpmes less valid.

Embedded FEM or XFEMeXtended Finite Element Method) models have been
developed more recently with the aim of providingnare detailed prediction of
crack evolution associated with discrete crack r®deombined with the
computational efficiency of the smeared crack modeéhite element displacement
functions are enriched using additional displacemiemctions and degrees of
freedom that represent a discontinuity (crack) inith finite element {d'Avila, 2008
#92}. The crack is therefore represented indepeahdehthe mesh and consequently
this methodology has been referred to as meshdireaesh-less crack modelling.
The capability of the method to predict the operohgdividual cracks has led to its
use to predict integrity failure which may precediability failure in the analysis of
reinforced concrete slabs in fire {Yu, 2008 #168}.

With thesmeared craclapproach no gap is introduced into the finite eetrmesh.
Instead, the crack is represented by a drasticgghanmaterial properties. Such an
approach results in considerable improvements impcational efficiency;
however, representing the crack in this manner &si¢he crack across the area of a
finite element represented by a material integrapoint. This area is substantially
larger than that of a single crack. One consequeheenearing is the possibility of
introducing mesh sensitivity (solutions are meslpetelent) into the numerical
solutions when it is used to analyse concrete Vmithe isolated cracks. In this case
further mesh refinement does not lead to the deweémt of additional crack bands
changing the final solution. Where concrete is fogited in tension the cracking
behaviour is altered; crack sizes reduce and ldigtan increases. For this case mesh
refinement will therefore lead to new crack bamatsning which should be sufficient
to allay mesh sensitivity concerns. Despite the amw cracking methods
simplification of the cracking process, it has bg@eaviously applied to the analysis
of concrete structures in fire {Fox, 2007 #233; @aom, 2003 #79} and has been
found to provide accurate global descriptions ohdwour. It cannot, however,

predict the growth of individual cracks which candiitical for establishing integrity
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failure {Yu, 2008 #168}, reinforcement rupture {@ldo, 2008 #129} or shear
failures.

It is therefore possible to model the tensile ciagkof concrete in a spectrum of
detail. The more detailed approaches are apprepwhen cracking will dominate
behaviour and the simplified methods such as srdeawcking when the influence

of cracking is only required to model global belvawi

For the current investigation an accurate desomptif global behaviour is sufficient
for establishing the implications of non-uniformaliag for structural performance
therefore a simplified approach is adopted witlpees to concrete cracking. The

concrete material mode employed is described madieih section 4.3.1.

Compressive Crushing

The treatment of concrete crushing has receivediderably less attention than that
of concrete cracking. Tensile cracking occurs ghificantly lower stresses than
compressive crushing it is therefore more commomgcountered under
serviceability conditions therefore demanding cdesation. The pattern of
localisation in crushing is also significantly maremplex. The author is unaware of
any attempts to formulate physical crushing behavio a finite element analysis.
The softening behaviour that crushing is respoasiior is therefore modelled
phenomenologically. This softening behaviour isegpnted in a plasticity model as

stress unloading at increasing strains.

424 Summary

It is possible to combine the computational efficig of shell elements with the
behaviour required for modelling reinforced conerat high temperatures. The slab
is modelled as 2D surface however integration gothtough the shell thickness
allow one to consider: material non-linearity aratiation at elevated temperatures,
thermal expansion, geometric non-linearity and hio@ar through depth temperature
gradients. The concrete tensile post peak behawdube smeared, this approach is
able to model the global behaviour of reinforcediarete structures accurately but
unable to model crack propagation and the associateack-reinforcement
interaction.
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4.3 Finite element analysis of a two-way spanning RCai

A two-way spanning reinforced concrete slab is¢aibed as a benchmark structural
model to investigate the effect of varying therneanditions for structural fire
performance. In this section the benchmark strattonodel is defined and a finite
element model developed to analyse its behaviouwtemurbenchmark thermal
conditions. The benchmark thermal condition usetthésstandard temperature time

curve.

The behaviour under benchmark conditions is exatniodirstly verify that the slab
develops compressive and tensile membrane behasimdirsecondly to establish
aspects of behaviour which are critical for thef@@nance of the slab. These aspects
of behaviour will be used in subsequent analyse®lasive performance indicators
when contrasting the effect of the thermal defomtifor concrete structural

behaviour.

In this investigation the general purpose finiteneént software ABAQUS {, 2008
#120} will be used to analyse both the thermal amethanical response of the slab
to heating. The structural model used is basedosetdemonstrated by Cameron {,
2003 #79} and Fox {, 2007 #233}. The thermal andudural analyses are
performed sequentially, that is the thermal analysiconducted first; the resulting

thermal distributions are then read directly irfte structural analysis.

431 Definition of the benchmark slab finite element moel

The reinforced concrete slab spans 6m x 6m. Thehmeark slab thickness is
100mm. The slab span to depth ratio is therefor@l@i@h is atypically slender when
compared to typical concrete construction. Reirdgorent is provided at the top and
bottom of the slab by a 6 mm and 12 mm diameterhnmespectively. The mesh
spacing is 200 mm for both. The axis distance (frtva slab surface to the
reinforcement mesh mid depth) is 30 mm for bothaog bottom reinforcement. The
applied load is 5 kN/f In Figure 4-4 the slab geometry is summarisedthadinite
element representation depicted. The model takeandage of symmetry so that a

quarter of the slab is modelled, applying symmbtsyndary conditions as indicated.
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Figure 4-4 Reinforced concrete slab geometry amitefielement analysis representation of RC
concrete slab for heat transfer and stress-dispiaeet analysis

Heat transfer numerical analysis

The thermal response of the slab is modelled uéingde (DS4) heat transfer shell
elements. Temperatures can be calculated at a murhlexenly spaced integration
points through the shell thickness. In this invgegiion temperatures are calculated at
19 points through the slab depth as this is theirmax number of points for which
temperature can be defined in the structural arsalifer a 100mm slab temperatures
are therefore defined every 5 mm. A steep thegradient develops in concrete due

to its insulating properties, requiring a high dsgof resolution through the depth.

For the initial verification of the finite elementodel, the Eurocode 1 {, 2002 #30}
standard fire will be used to define the thermglasure. The Eurocode 1 standard
temperature time curve is the most widely adoptedigh fire in structural fire
engineering; it has been used in most structulrésearch and is used frequently in
design. It is therefore appropriate to use this &is the benchmark thermal condition.
All references to time of exposure refer to expedorthe standard temperature time

curve.
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Structural numerical analysis

The slab is modelled using the ABAQUS {, 2008 #13%R shell element. S4R is a
quadrilateral, stress/displacement general purpsisell element with reduced
integration and a large strain formulation. In ABB& general purpose shell
elements allow for transverse shear deformationth&sshell thickness increases
they use thick shell theory and as the shell theskndecreases become discrete
Kirchhoff thin shell elements; the transverse stoformation becomes very small
as the thickness of the shell decreases {ABAQU®828120}. The S4R element
uses a fully nonlinear formulation allowing largsflacement analyses to be
conducted; the elements are allowed to distort frthwir original shape under

increasing deformation.

The reinforcement is modelled as a smeared lay#nirwihe element that is a
constant thickness equal to the area of one raimigr bar divided by the

reinforcement spacing. This method of modellinghicgicement for RC slabs has
been widely adopted as an efficient means of dgjirthe reinforcement within a
shell. The implications of adopting such an appnoa®an that strains are evenly
distributed over the width of an element. For geafireinforcement, however, strains
localise at the profiles where the reinforcemenimiechanically anchored in the
concrete as described in chapter 2. This methothadelling reinforcement will

therefore likely under predict local strains.

The analysis is split into two steps: the mechdnaad is first applied, followed by
the temperatures. The definition of temperaturdwianm is read from the results of
the separate thermal analysis. The analysis isedolwysing explicit dynamics
(ABAQUS/Explicit) which is more efficient than implt integration

(ABQUS/Standard) for extremely discontinuous eventsr processes.
ABAQUS/Explicit accuracy checking is however lessigorous than

ABAQUS/standard, it is therefore good practice tonpare standard and explicit

solutions to ensure the explicit solution is orckra
Material Models

The steel thermal and mechanical properties frono&e 2 {, 2004 #27} are used
to define the behaviour of the reinforcement. Ttiess-strain curves are plotted in

4-96



Figure 4-5. A rupture strain of 15% as prescribgdBurocode 2 is used in this
preliminary analysis. The linear descending braaftér strains of 15% is included to
ease numerical solution. The real behaviour aftpture is an instantaneous loss of

strength. Rupture strain is further consideredhm material sensitivity studies in

section 4.5.
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400 S —o0— 100°C
—4— 200°C
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g —— 400°C
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Figure 4-5 Steel reinforcement stress-strain cua@sording to Eurocode 2 at elevated temperatures

The concrete thermal and mechanical propertiestaken from Eurocode 2. The
concrete is assumed to be siliceous and the meistntent taken as 3 %. The peak
ambient compressive strength is taken as 30 N/amd the peak tensile ambient
strength is 3.39 N/mf This was calculated according to the correlatipEquation
4-1 as reported by Shah et al. {, 1995 #60}.

f, = 0-3( f, "'8)2/3 Equation 4-1

The concrete failure surface is described usingtmerete damage plasticity model
in ABAQUS. The concrete damage plasticity failunerface is based on that
developed by Lubliner et al. {, 1989 #96} with mbdations proposed by Lee and
Fenves {, 1998 #126} to allow for the different &woon of stress under tension and

compression. It provides a good description offtikire surface of concrete under
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both compression and tension. The shape of theréadurface and the shrinkage of

failure surfaces at elevated temperatures werepted in chapter 2.

Yielding under compression is described using aassociated flow rule which has
been shown to give more accurate results for comd¢han the commonly adopted
associated flow rule. Yielding under tension isadé®d in terms of either a stress-
strain, stress-displacement or fracture energytioglaln this case a stress-strain
model is used; the tension stiffening effect ddmatiin Chapter 2 is included by
increasing the slope of the concrete tensile ss@am descending branch. A
parametric sensitivity analysis is conducted tcedwine an appropriate degree of

tension stiffening in section 4.5.1.

Boundary conditions

The boundary conditions that the surrounding stmectexerts upon a single
structural element can vary enormously. Continwoitythe slab with both the edge
beams and adjacent slabs imposes vertical, laiadhtotational restraint components
upon the slab edge. This is shown schematicaliigare 4-6

Surrounding
Structure

Surrounding

2 way slab Structure

|
|
|
|
|
|
< »&
<« L |
|
|
|
|
|
|
|

. T

»
»

T Vertical restraint—> Lateral restraint( Rotational restraint
Figure 4-6 Components of restraint surrounding staue imposes upon two-way spalling slab

It is difficult to quantify the stiffness of thisestraint, in particular at elevated
temperatures when the cool surrounding structwstaias the thermal expansion of
heated elements. Therefore a number of possibiemgsconfigurations are applied
to the slab to provide an envelope of possible tmm$. The combinations applied
are; unrestrained, lateral restraint, rotationadtreent and lateral and rotational

restraint. These have been summarised in TableT&d range of combinations has
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been chosen such that comparison of behaviour weatdr boundary condition will
identify the contribution that each component oétr@nt makes to the global

behaviour of the slab.

Table 4.1 Boundary conditions examined

Restraint Description Restraint Condition

Unrestrained

Laterally Restrained

Rotationally Restrained

Laterally & Rotationally Restrained
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432 Behaviour of the benchmark slab finite element mode

This section looks in detail at the behaviour & ttenchmark finite element model
for two reasons: to verify the development of coesgive and tensile membrane
behaviour and to identify aspects of behaviour Whian be used as an indicator of
slab performance.

Verification of membrane behaviour

The deformation behaviour of the slab and the adracand reinforcement stress
state are used to verify the development of mengtshaviour in the benchmark

finite element model.

Deformation behaviour

Figure 4-7 plots the central deflections of alltr@st cases considered for 60

minutes of exposure to the standard temperatuie ¢umve.
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Figure 4-7 Effect of boundary condition for the rahdeflection of a two-way spanning slab

For all restraint cases large central deflectiomvetbp; these deflections are
substantially bigger than would be feasible underepflexure. There is a distinct
difference in deflection behaviour between thosdsiwhich are laterally restrained
and those which are not. When lateral restraindlisent the slab experiences a
gradual increase in deflection during exposure. rila¢ bowing and high
temperatures lead to a gradual reduction in fldxatrangth until the slabs transitions

to tensile membrane behaviour.
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When lateral restraint is present the slab deflactnitially increases very gradually
due to the enhanced load carrying capacity arifiogn compressive membrane
action. The additional capacity is lost when thebstentral deflections exceed the
line of thrust from the lateral support as expldime section 4.1. Tensile membrane
action is mobilised at significantly larger defiiects therefore the transition between
the two mechanisms here is characterised by a di@amerease in central deflection

referred to as snap through.

Concrete stress state

The slab stress state is also indicative of the haw@ism of stability. During
compressive membrane action large in- plane sgedseéelop in the concrete cross-
section. Under tensile membrane action the constedss state is characterised by a
ring of compression surrounding a central tensgie Mhe stress state of the concrete
and reinforcement is examined for evidence of teeetbpment of compressive and

tensile membrane action.

The concrete stress state for each restraint sgeesented in terms of the maximum
and minimum principal stress resultants (Figureah@ Figure 4-9). Stress resultants
are calculated in the x, y and x-y direction bydfing the integral of the through
depth stress distribution at each integration poWbhr's circle is then used to

calculate the minimum and maximum principal stfesshe section at that point.

Plan contour plots of principal section stress hlagen presented after 6 minutes of
exposure (Figure 4-8) and 60 minutes of exposuigu(€ 4-9). After 6 minutes the
section stress of the laterally restrained casegur€i 4-8 (b) and (d) are
predominantly compressive indicating the developnoétarge in plane compressive
stresses characteristic of compressive membram@naétor the restrained cases in
Figure 4-8 (a) and (c) where lateral restraint isemt both cases show distinct

regions of tension and compression, indicatingutexor tensile membrane action.

After 60 minutes exposure (Figure 4-9) all of tlestraint cases are exhibiting the
distinctive ring of compression and central regidriension associated with tensile
membrane action. In the laterally unrestrainedssl&igure 4-9 (a) and (c), stability
is reliant on the support of the tensile net byrthg of compression. For the laterally
restrained slabs’ stability, Figure 4-9 (b) and, (&) not wholly reliant upon the
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compression as the lateral restraint can suppendimforcement by catenary action.
For this reason a greater proportion of the slabd=velop tension. Comparing all
four restraint cases the shape of the ring is eabty different for the laterally

restrained conditions and for the laterally uni@strd conditions. For the laterally
restrained case the ring hugs the slab perimetér avgreater proportion of the slab
in tension. The compressive stresses are alsoasutadly higher. This is due to

compression being induced in all directions by téstraint of the slab corner as it

moves out to allow the slab to pull in.
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Reinforcement stress state

As introduced in Figure 4-4, the slab has two layef reinforcement mesh,
positioned 30 mm from the top and bottom surfadds.of the restraint cases
examined are exhibiting tensile membrane behavadier 60 minutes of exposure
(Figure 4-9). The reinforcement behaviour is exadito verify this behaviour. The
net of concrete tension evident in Figure 4-9 igpsuted by the reinforcement; it is
therefore expected that reinforcement stress \eélkpat the slab centre. Figure 4-10
and Figure 4-11 plot normalised reinforcement streofiles across a centreline
though the slab at y = 0 m. Profiles are plottedselected time intervals to
demonstrate the transition from flexure to compwessnembrane behaviour to
tensile membrane action. Reinforcement stresseaaralised by the temperature

dependent maximum stress (Figure 4-5).
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In the unrestrained case Figure 4-10 (a) the nasethreinforcement stress profiles
show bending behaviour initially at zero minutep@sure with compression in the
top layer and tension in the bottom layer. Afterrbidiutes of exposure both the top
and bottom reinforcement are experiencing tensiemahstrating catenary action.
Stresses peak at the slab mid span where curvetugeeatest. The top layer of
reinforcement is significantly more stressed thha bottom reinforcement once

catenary action is established; this is true fbreaitraint cases.

Lateral restraint initially induces compressiveessies in the reinforcement (Figure
4-10 (b) and Figure 4-11 (b)). Under tensile memeraction (profiles 30, 45 and 60
min) a second peak forms at the slab edge affecboth top and bottom

reinforcement layers. This is due to restraint led slab edges pulling in under

increasing central span deflections.
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Rotational restraint under pure flexure causes héghforcement stresses at the slab
edge. The top layer reinforcement experiences leessiess and the bottom layer
compressive stress. This is evident in Figure 4Hd)0and Figure 4-11 (b) at zero

minutes. Rotational restraint counteracts the langeature which develops in the

slab under tensile membrane action resulting in ignificant increase in

reinforcement stresses at the slab edge for bpthnd bottom layers.
Slab performance indicators

Failure of a slab under tensile membrane actidoyisither crushing of the concrete
within the compressive ring or by reinforcement tamp. These two aspects of

behaviour will be used to monitor slab performance.

Measuring concrete behaviour

Crushing is not explicitly modelled in this analjsithe concrete post peak
constitutive curve is defined using a softeningesdrstrain definition. The
development of plastic strains will be used to meagoncrete failure; the strain at
maximum stress in the constitutive curve is talenepresent the onset of crushing.
The concrete strain state is represented by thevaqnt plastic strain, which is
calculated at each section point through the slapthd The degree of concrete
crushing is determined by the ratio of equivalefdsfic strain to the strain at
maximum stress. This is referred to as the propoeati equivalent plastic strain; its
calculation is summarised in Figure 4-12. A projoordl equivalent plastic strain

value greater than 1 indicates the onset of crgshtnhat location.
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Figure 4-12 Calculation of proportional equivalgpiastic strains

Figure 4-13 to Figure 4-16 present contour plotsthed proportional equivalent
plastic strain term for all restraint cases aft@m@nutes of exposure to the standard
fire. Plan contours are provided at the top, mid &ottom surfaces and a cross-

section through the slab is presented.

After 60 minutes of exposure all of the restraiaises are exhibiting concrete
crushing behaviour at the top surface in the coofethe slab. Where the slab is
rotationally free (Figure 4-13 and Figure 4-14) kiighest degree of crushing occurs.
Crushing is evident across the entirety of the eofout the peak value is highly
localised to the tip of the corner of the slab fcdomate (0,3)). Crushing is evident in
the corners of the rotationally restrained slabguife 4-15 and Figure 4-16) also.
However, rotational restraint reduces curvaturthatslab edge preventing crushing

at the corner tip. The magnitude of crushing sg@rtherefore less.

Under tensile membrane action the slab edges tstagrtill-in to accommodate the
increasing central deflections; in a two way spagrslab this results in the corner of
the slab pushing outwards. Lateral restraint presvéims movement increasing the

compressive loading along the slab edge. In thescsection plots Figure 4-14 (d)
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and Figure 4-16 (d) it can be seen that this irsgédoading has caused compressive

crushing along the slab edges.

For all restraint cases the peak crushing stragurscin the slab corners on the top
surface. In chapter 5 the top surface crushingnstravill be used to contrast the
influence of non-uniform thermal exposure for treefprmance of the compressive

ring.
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Measuring reinforcement behaviour

In Figure 4-10 and Figure 4-11 the reinforcemergsst was presented. In this section
the mechanical strains are examined to measurerdlagive behaviour of the
reinforcement. Once the steel has yielded therslviaitory provides a better indicator
of relative performance. It is not possible to ma@enforcement rupture due to the
smearing of the concrete’s post-peak tensile belbavand the reinforcement. In
reality strains concentrate around the rib for iedf reinforcement where the
reinforcement is mechanically anchored in the oetecrit is not possible to represent
this given the current modelling approach so theetigpment of large mechanical
reinforcement strains will be interpreted as insieg the probability of rupture at
that location. Estimates of when reinforcementutgivill occur are avoided.
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Figure 4-17 and Figure 4-18 present the mechastcaih profile across a centreline
through the slab for the top and bottom layerseafforcement. The distribution of
strains closely reflects the stress distributionssented in Figure 4-10 and Figure
4-11. For all restraint cases the bottom layerfoeaement strains are typically lower
than the top layer reinforcing strains. This is dodhe relieving effect of thermal
expansion. The bottom reinforcement is hotter &edefore is experiencing a greater
degree of thermal expansion.

Figure 4-17 (a) presents the mechanical straingherunrestrained slab, the peak
strain occurs in the top reinforcement at the skatitire. Both lateral and rotational
restraint exhibits a peak in strain at the slakltreeand also at the slab edge (Figure
4-17 (b) and Figure 4-18 (a)). The edge strainsiged by rotational restraint are

substantially larger than those caused by latestraint; they are also much larger
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than the mid span strains for all cases. The coatioim of lateral and rotational

restraint (Figure 4-18 (b)) induces the largesteestgains.

The magnitude of reinforcing strains is substalytimwer than the defined rupture
strain of 15% in this investigation. For this sthle behaviour of the concrete is more
critical for performance than the reinforcement.eTtelative importance of the
concrete and the reinforcement for slab performanagd# depend on the
reinforcement ratio. It is therefore possible tinabther slab design the reinforcement
behaviour will be critical. For this reason the &e@bur of the reinforcement in

subsequent analyses will be examined in additiarotxrete behaviour.

Peak strains have been shown to develop both alahemid span and at the slab
edge. Rupture of the reinforcement at the mid spenbeen shown experimentally
{Bailey, 2007 #212} to cause failure of the slalupg®ure of the reinforcement at the
slab edge will change the slab boundary conditisnsh that it behaves as an
unrestrained slab. Continued stability will therefalepend upon the nature of the
vertical support which is critical for maintainirsgability. Cracking at the slab edge
will also prove critical for the shear capacitytbé slab. The model used here is not

capable of capturing this effect or modelling sHedure.

The critical location for reinforcement in the ustrained slab is in the top layer at
the slab centre. For the laterally restrained #hegbcritical locations are in the top
layer at the slab edge and the slab centre. Forotlational restraint and combined
lateral and rotational restrained slabs the cliticegation is in the top layer

reinforcement at the slab edge.

Summary

In this section the finite element predictions loé behaviour of a two way spanning
reinforced concrete slab under standard fire exgosmd a variety of boundary
conditions have been discussed in detail. The gieds are in agreement with the
prior knowledge of the behaviour of these slabsyaestrating that the finite element
model is able to model the membrane behaviouraifssunder a variety of support

conditions.
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Features of behaviour demonstrated include the logwent of compressive
membrane action in laterally restrained slabs, diegelopment of the concrete
compressive ring and central net of concrete andoreement tension associated
with tensile membrane action in unrestrained arstrasmed slabs and the clear

transition between the two mechanisms for laterabtrained slabs.

The finite element model created is capable of rliogethe global behaviour of
reinforced concrete slabs. The prediction of Issli concrete crushing and
reinforcement mechanical strains are limited duéh# simplifying assumptions in
the smeared tension and shell model used. Howéwesr allow the comparative

behaviour of the slab to be examined under diffecenditions.

The behaviour of the concrete and reinforcementbesen further investigated to
establish performance indicators for use in submetganalyses. Performance is

assessed in terms of concrete crushing and reerfaent rupture.

Concrete crushing is indicated by the proportigeiaktic equivalent strain, which is
a ratio of the plastic equivalent strain to theistrat maximum concrete stress. The
critical location for concrete crushing is the wpface of the slab.

The increased likelihood of reinforcement ruptweénidicated by the development of
large mechanical reinforcement strains. Reinforcemeatrains in the top

reinforcement are substantially larger than the@dmotreinforcement strains and are
therefore taken to be more critical for performaree restraint condition strongly

affects the reinforcement strain distribution. Foe unrestrained slab the mid span
location is considered critical. For the lateraligtrained condition, the mid span and
slab edge strains are critical and for the rotalignrestrained slabs the slab edge

location is considered critical.

In the following sections the influence of otherrgraeters upon structural
performance is investigated. Section 4.4 investgagjeometric parameters and

Section 4.5 investigates material parameters.
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4.4 Geometric Sensitivity Studies
In this section the influence of geometric paramsgtslenderness ratio and aspect
ratio upon the high temperature structural behaviexhibited by a two way

spanning reinforced concrete slab is investigated.

4.4.1  Slenderness ratio

The magnitude of deformation is very important tbe behaviour of reinforced
concrete two way spanning slabs. At low deflectidlexure and compressive
membrane action are the dominant load bearing nmésahg; at large deflections

tensile membrane action dominates.

The influence of slenderness ratio for the two wpgnning slab is investigated by
varying the slab depth; depths of 100 mm, 150 m@ &hm and 250 mm are
analysed. Cover to the sagging reinforcement isytamied at 20 mm as is the load

ratio of 0.48 maintained in the benchmark analysisection 4.3.1.

Increasing the depth of the slab has two imporédfgicts for the behaviour of the

slab. Firstly, the depth at which compressive meméraction can be mobilised is
increased. Secondly, in chapter 3 it was shownahancrease in cross-section depth
decreases the magnitude of thermal induced deftextiThese two effects enhance

the compressive membrane behaviour of the slab.

Figure 4-19 contrasts central deflections of slabsicreasing depth when laterally
restrained and laterally and rotationally restrdig@mpressive membrane action is
not possible in unrestrained slabs). Compressivenbingne action is identifiable
from the deflection results of laterally restraingldbs by low deflections which
increasing slowly. This was confirmed in sectio.2.by examining the concrete
maximum and minimum principle stresses. The priecigtresses indicated the
presence of large in plane compressive forces gjirotine section typical of
compressive membrane behaviour. Compressive membaation is terminated
when the peak deflections exceed the line of thgaserated by the lateral restraint.
This is accompanied by a sharp increase in deflestuntil tensile membrane action

is mobilised.
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Figure 4-19 Effect of slenderness ratio for theletdfon of a slab exposed to the Standard Fire with
(a) laterally restrained (c) laterally and rotatiafly restrained boundary conditions

In Figure 4-19 increasing the slab depth or redydire slab slenderness clearly
increases the period of compressive membrane adtloder lateral restraint the

period of compressive membrane action is increéseer 90 minutes of standard
fire exposure. Where rotationally restrained thesiqd is increased from less than 10
minutes to over 240 minutes. With such long perioficompressive membrane
action it is entirely possible that under expostwea real fire some concrete
structures will never develop tensile membrane Welia. It is also possible that by
the time the slab does snap though to tensile mamebaction the reinforcement will

be substantially weakened reducing any contribstitm strength. Thus for many
forms of concrete construction compressive membeati@n will be the dominant

load bearing mechanism in fire. Such structuredude the stocky solid slabs
considered here and also flat slabs. Tensile memlaation requires vertical lines of
support at the slab edge, in flat slabs where cadrtsupport is provided by the

columns the effect is diminished.

A stocky slab will be included in the investigatiohnon-uniform thermal exposure
and explosive spalling in addition to the slendab greviously analysed. This will
allow conclusions to be drawn concerning both tensiembrane behaviour and

tensile membrane behaviour.
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In investigating these effects relative performawidebe judged by the effect on the
period of compressive membrane action achieved.ekkample a reduction in the
period of compressive membrane action will be abergd a decrease in

performance.

442 Aspect Ratio

The enhancement of strength two way spanning sieligve from catenary action at
ambient and at high temperatures is dependent ti@odouble curvature nature of
the deformed shape. This enhancement is at itdegteahen the aspect ratio of the
slab is closest to 1 {Lim, 2003 #218}. The previyusxamined model has assumed
a square slab; in this section the influence fdnabveour a rectangular geometry

poses is investigated.

The behaviour of the 6m square slab (aspect rafipis compared here with that of
a 6m x 4.5m slab (aspect ratio = 0.75). Advantage taken of symmetry about both
the x and y axes and a quarter of the slab was lteddd=igure 4-20 plots the

evolution of the slab central deflection with ingseng time of exposure and the
deflection profile for each slab after 60 minutepasure to standard temperature
time curve; at this time both slabs are exhibiticgtenary action. The central
deflection of the rectangular slab is less than dhdhe square slab due to the stiffer
response of the short span; consequently the tiam$iom compressive membrane

action to catenary action is delayed.
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Figure 4-20 (a) Development of slab central deftattduring standard fire exposure (b) 6m span
deflection profile after 60 min exposure to thensi@rd temperature time curve

’ 4-120



The slab geometry influences the development ottmpressive ring; Figure 4-21
compares the maximum and minimum principal concettess resultants of the
rectangular and square slabs at 60 minutes expésutiee laterally restrained slab.
In the rectangular slab compressive stresses athesshort span edge increase
relative to those which develop with a square gepméhose along the long span

edge decrease.

It was seen in section 4.3.2 that under the inedeflections of catenary action the
slab edges start to pull in. The geometry of aamggtilar slab alters the proportion of
pull in along the long and short span edges. Thg kpan edges are able to pull in
more than the short span edges, therefore in F¢p2%® where the slab is restrained
laterally we see an increase in tensile stresséleaedge of the long span and a

decrease at the short span relative to the long ggpametry.
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Figure 4-21 Square and rectangular slab maximum mmdmum principal stress resultants for a rotatidlg and laterally restrained boundary condition



In a series of small scale tests on rectanguldntlligreinforced and unrestrained
concrete slabs, Bailey and Toh {, 2007 #212} fouhdt ultimate failure at high
temperatures was consistently by rupture of reagorent in the long span direction.
Increased pull in along the long span edge allowsatgr relaxation of the

reinforcement spanning in the direction of the skpan.

In Figure 4-22 reinforcement normalised stress il@®fare presented for both the
rotationally and laterally restrained case and stnaghed case. The profiles have
been plotted for the long and short span of théarggilar slab, hence stress values
have been plotted at normalised distances fronetlye kX = 0) to the centre of the
slab &=1).
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Figure 4-22 Reinforcement normalised stress profil@) Restrained slab, top and bottom
reinforcement (b) Unrestrained slab, top and bott@mnforcement
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For the unrestrained case it is evident in bothtdipeand bottom reinforcement that
reinforcement stresses in the short span redude witse in the long span increase.
This behaviour is reversed however when the slakessrained laterally. Lateral
restraint opposes the slab edges pulling in; care#ty this increases the
reinforcement strains in the short span reinforggmia Figure 4-22 (a) it can be
seen that the magnitude of reinforcement straithénshort span is greater than the

long span strains and the square slab reinforcestiexins.

443 Summary

The investigation of slenderness indicates thatksto slabs are less likely to

develop tensile membrane action for an equivalieateixposure than a more slender
slab. For such slabs flexural strength and commpesmembrane action will

determine their fire performance, therefore it mportant to consider the

implications of non-uniform heating for these meukms in addition to tensile

membrane action.

A rectangular geometry reduces the strength enhateof a concrete slab by
increasing maximum reinforcement mechanical straifbis is an important
consideration for the design of reinforced concsetdbs; however, as the mechanism
of behaviour has not changed the behaviour of mgctar slabs is not further

investigated.

4.5 Material sensitivity studies

In chapter 2 a detailed review of the assumptiorslenin reinforced concrete
material modelling was discussed. In this secti@densitivity of the finite element
model predictions to some of those material de@ing is investigated. The material
definitions investigated include the tension stiffeg definition in section 4.5.1, load
induced thermal strain in section 4.5.2 and recdgorent rupture strain in section
4.5.3.

451 Tension stiffening
In the Chapter 2 the mechanisms responsible foteahsion stiffening effect have
been described and models devised to charactaisbdhaviour in a finite element
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analysis discussed. In this section the signifieamicthe degree of tension stiffening

for the structural performance is investigated.

Chapter 2 has described how tension stiffeningbmacharacterised for analysis by
modifying the concrete tensile constitutive curygically reducing the slope of the
post peak descending branch for increasing levélsemsion stiffening. In this

analysis the degree of tension stiffening will barted the tension stiffening factor

which is defined in Equation 4-2.

u :
TS=¢ T/CKO Equation 4-2
ET

Where,er &° is the initial cracking strain (strain at peakesgth) at temperatur@,
and,et’, is the ultimate tensile strain at temperat(ieThe post peak descending

branch is assumed to be linear, a typical tensiteecis shown in Figure 4-23

s €
t
»
ck0 u = * ~ckO — * ~ckO
ey e =T &% e p= TS &%y

Figure 4-23 Modification of the concrete tensilenstitutive curve to include tension stiffening efffe

For the sensitivity study an increasing range ofvaties of 0, 5, 10, 20, 40, 100,
200, and 400 are adopted. Figure 4-24 (a) preskatambient post peak branches
and Figure 4-24 (b) a set of temperature dependemtrete tensile curves for a
selected TS value. It should be noted that theidenstiffening is assumed to be

constant with temperature.
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The two-way spanning slab outlined in section 48ds analysed using each of
these post peak definitions for a 60 minute stathfies exposure. Abrupt changes in
material properties can cause numerical instadsliduring the analysis therefore in
addition to investigating the sensitivity of structl predictions to the concrete

tensile model definition, numerical stability isalcompared.

Numerical Stability of the Concrete Tension Model

Increasing the brittleness of the tensile post-pdekcending branch reduces the
numerical stability of the finite element solutiofhe abrupt change in an element’s
constitutive response when cracking occurs cau$es dolution to become
temporarily unstable and equilibrium must be redglsshed. Unless an extremely
small increment in solution time is applied, théuson will jump from the pre-peak
response to past the end of the descending poktrpsponse. Equilibrium of the
solution will be lost, particularly if multiple ebeents become cracked during the
same solution increment. Conversely, increasindehgth of the descending branch
aids numerical stability but introduces an increglsi ductile concrete tensile
response. Figure 4-25 presents contour plots esstat the slab bottom surface for
TS values of 0, 5 and 10. Local cracking due to ewircal instability can be seen by
the unsymmetrical behaviour of the slab with thestriwittle definition (Figure 4-25
(a), TS=0). Such behaviour is not evident at higffewvalues. Due to the numerically
unstable results produced by the most brittle mo@8l = 0, this definition will be

excluded from subsequent comparisons in the seitgitivestigation.
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Figure 4-25 von Mises stress contour plots at 3660 ISO fire exposure — bottom surface for TS
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Structural Sensitivity to the Reinforced Concrete ensile Model

Figure 4-26, Figure 4-27 and Figure 4-28 preseats#nsitivity of the slab model to
the tension stiffening factor. Figure 4-26 plots #iab central deflection against time
of exposure for each of the TS values used. Figi2& and Figure 4-28 present the

effects for reinforcement stress and mechanicairstespectively.

-0.05

-0.15

Vertical deflection (m)

-0.25

Time (mins)

Figure 4-26 Variation in the slab mid span deflens with concrete tension definition for a 60 ménut
standard fire exposure
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Figure 4-27 (a) and (b) present the top reinforggmseess at the edge and mid-span
of the slab respectively. Figure 4-27 (c) and (b¢spnt bottom reinforcement
stresses again at the edge and mid-span locatsoaspaoportion of the maximum
steel stress defined by Eurocode 2 {, 2004 #27}.

Figure 4-28 presents the effect the tension siiffgfiactor upon the reinforcement
mechanical strains. Again these have been plottad tlie top and bottom
reinforcement at the slab edge (Figure 4-28 (a)(Ahdespectively) and for the top
and bottom reinforcement at the mid-span (Figug84e) and (d) respectively).

The increased stress transfer between reinforceamehtoncrete implied by a higher
tension stiffening definition is significant forahbehaviour of the two way spanning
slab. From the plot of central deflections in Feyu-26 it is evident that a high

degree of tension stiffening leads to a signifibastiffer slab response.
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Figure 4-27 Effect of tension stiffening factor thie reinforcement normalised stress at the slakeedg
(a) Top location and (b) Bottom location and at glab mid-span (c) Top location and (b) Bottom
location.
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The effect is most significant after the slab haapped through from compressive
membrane action to tensile membrane action whereehtral portion of the slab is
predominantly in tension. Prior to snap-though isitgds dependent upon flexural

and compressive membrane action, therefore, theedesf tension stiffening has a
negligible effect. The additional capacity of thencrete results in reduced
reinforcement stresses and strains which have jple¢ed in Figure 4-27 and Figure
4-28.

This sensitivity study has shown that the cracleaviour of concrete is a source
of numerical instability in the analysis. The irduztion of some tension stiffening
which is a real effect can have the additional beraé alleviating some of the

numerical difficulties associated with softeningheiour. Increasing the quantity of
tension stiffening has the effect of smoothing itifeience of the concrete cracking
and altering the structural behaviour. To avoid atigal problems it has therefore

been decided to use a TS value of 10.
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Figure 4-28 Effect of tension stiffening factor e reinforcement mechanical strain at the edge of
the slab (a) Top location and (b) Bottom locatiordaat the mid span of the slab (c) Top location and

(d) Bottom location.
Accurate representation of reinforcement behavisucritically important for the
prediction of tensile membrane behaviour in strreguThe reinforcement behaviour

is in turn inextricably linked to the concrete tibmslefinition.

In conjunction with the literature review of con@dehaviour in chapter 2 this study
highlights the difficulties in accurately represagtthe tensile behaviour of concrete
in a finite element analysis and the significamiseguences of misrepresentation in
predicting structural behaviour.

452 Load Induced Thermal Strain (LITS)

The influence of Load Induced Thermal Strain (LITipon the behaviour of a two
way spanning slab is investigated in this studyevlus research concerning the
importance of LITS for structural behaviour, sumised in chapter 2, has identified

the strain term as important for compressive memiseich as columns and for
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structures in cooling where it is important to poedhe appropriate amount of non-
recoverable strain. In this study the effect of LIKES term upon the behaviour of the

two-way spanning slab is investigated.

Anderberg and Thelandersson’s {, 1976 #31} corre@mafor transient strain (which
is the largest non-recoverable component of LIT8&% wescribed in chapter 2. It is
easily incorporated into the concrete constitutiveve used in the previous analysis.
Figure 4-29 plots the amended curve at 300°C irchvimclusion of the transient
strain term changes the initial tangent modulusw Land Gillie {, 2008 #388}
demonstrated that using this new ‘apparent’ modtditiser than the actual material
modulus in a structural analysis will lead to ineatly calculating the proportion of
elastic and plastic strain making up the totalissalf the slope of the apparent
modulus is reduced it will therefore over predlat elastic strain quantity and under
predict the plastic strain component. The actuatiuhgs is therefore used in this

investigation.

——&— Anderberg Transient
Young's Modulus
= = Apparent Modulus

T T

1 |

| | Il |
: : —=— Anderberg
| |

| |

| |

| |

| |

| |

| |

| |

Stress (MPa)

Strain (-)

Figure 4-29 Incorporation of LITS term into the tiaistaneous stress-strain constitutive relations
according to Anderberg and Thelandersson {, 1976}#880deg

The slab is analysed for a 60 minute exposuredsthndard-temperature time curve
with both unrestrained boundary conditions andyftaistrained boundary conditions.
Figure 4-30 plots the deformation behaviour of bétigure 4-30 (a) and (c) plot the
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deflection profiles; Figure 4-30 (b) and (d) pléetevolution of the central slab
deflection for the duration of exposure. The inmuasof the transient strain term has
little noticeable effect upon the deformation babaw of the unrestrained slab but
does affect the deflections of the restrained slate the slab has snapped through to

tensile membrane action.

@

005 3

i e e e e Op -~~~ 7 -~~~ 7T~-~~7~-~~79-~--7

-0.1

-0.15

-0.2

Vertical Deflection (m)
Vertical deflection (m)

-0.25

-0.3

-0.35

-04
0

oR

-0.05

-0.15

—+— Anderberg Transient
—&— Anderberg

Vertical deflection (m)

-0.2

Vertical Deflection (m)

-0.25

-0.3

o
=
S)
N
=3
w
S
IN
S]
o
<]
o
o

-0.35

Time (mins)

X-Coordinate (m)

Figure 4-30 Unrestrained slab (a) Mid span deflentprofile at 60 minutes (b) slab central deflentio

and restrained slab (c) Mid span deflection proéite50 minutes (d) slab central deflection

The effect is a stiffer response from the mateariatel including the transient term.
This at first appears somewhat counter-intuitivettees inclusion of the transient
strain term in the compressive stress strain cleokens’ the compressive material
response (Figure 4-29), but this can be explainedxamining the slab response in

more detail.
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Figure 4-31 presents schematically the materialit@phistory for the central portion
of the restrained slab. In the early stages of supo the slab experiences
compressive membrane action (1). For the samenatrader compression the LITS
modified material model develops a larger plastrais componente() for the

same total strain than the model which does naudecLITS. The equivalent plastic
strains for each analysis are plotted in Figure24aier 10.5 minutes of exposure
which is just prior to the slab snapping throughteasile membrane action. The
magnitude of equivalent plastic strains for the eiadcluding the transient strain

term is significantly larger than that for the nr&kmodel excluding the transient

strain term.
No LITS

A — Oy

IEN )
(1) Central slab is loaded in /| N
compression initially due to : ' €
restrained thermal expansion @) ' ---- Anderberg
(2) Slab unloads in compression N )
and reloads in tension at ‘snap — -~ Anderberg Transient
through’. LITS model permanent ) )
compressive strain is higher : No transient strain

! model loading history
(3) Consequently LITS model A — Transient strain model
cracks at a smaller differential /,/ loading history
strain transferring load to the L !
reinforcement at lower el o
displacement than the non-LITS e T i
model - T } .

~—-~ V& Eepl | LITS Model Strain Components
| gl €pl | Non-LITS Model Strain Components

Figure 4-31 Material loading history for the resingd slab
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(a) Plan Section at 0.100 m: Max 0.00006298, Min 0.00000000 x 10 (b) Plan Section at 0.100 m: Max 0.00011388, Min 0.00000000 X 10"’
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Figure 4-32 Plan contour of unexposed surface mlasfuivalent compressive strains at 10.5 min (a)
Non-LITS model (b) LITS model

The proportion of plastic and elastic strain makupgthe total strain is important
when the slab unloads in compression and reloatEngion which occurs when the
slab ‘snaps through’ from compressive membran®madb tensile membrane action
after ten minutes of exposure (Figure 4-30 andn(Bigure 4-31). Upon reloading in

tension the additional non-recoverable transierdirstcomponent results in the
concrete cracking at a lower total deformation tithe non LITS model and

transferring load to the reinforcement. Tensile rbmme action is therefore

mobilised at smaller slab deflections and the respas stiffer as seen in Figure
4-30. The effect is not noticeable for the unresad case as it lacks the lateral

restraint to allow compressive membrane actioretebbp.

Figure 4-33 presents the reinforcement mechantcains for each material model.
For this scenario neglecting the transient str&mmt results in a conservative
estimate of the reinforcement strain thereforeltiéS terms has not been included

in subsequent analyses.
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Figure 4-33 Effect of transient strain componemtriEinforcement mechanical strain at the slab edge
slab (a) Top location and (b) Bottom location aridree mid span of the slab (c) Top location and (d)
Bottom location.

This study has highlighted the importance of thangrent strain term where
unloading of the structure occurs during heatingpiedicting behaviour. Previous
research has predominantly focused on the effectsdmpressive members such as
columns and in some cases the cooling behavioue. iffportance of LITS for
predicting concrete structural behaviour has, h@wnewot yet being widely adopted
by the design community this is despite the appboaof performance based
engineering principles to the design of reinforoemcrete slabs in the context of

concrete-steel composite structures.

453 Reinforcement Rupture Strain

In this section the sensitivity of the finite elemenodel to the reinforcement rupture
strain is assessed. Given the current model fotmul# is not possible to model the
physical process of concrete tensile cracking leado reinforcement rupture. The
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cracking behaviour of concrete in tension is chiaréed using smeared cracking
concepts and reinforcement rupture is characteribealigh a sharp decrease in
strength at high strains. Both the concrete crarlkand reinforcement strains are
averaged across the width of one element, therefocaracy is particularly limited.

The aim of the study is to assess the sensitiithi@model to reinforcement rupture
rather than to make predictions of cracking anafoecement rupture behaviour
under membrane action. Rupture is assumed at Stw&id% and 8% and compared
with the Eurocode recommended 15%. The slope ofléseending branch adopted
by the Eurocode is adopted for the 4% and 8% aeslys sloped descending branch

is unrealistic; however, it is needed for numersgtability

These definitions were used in the analysis of filley restrained slab where
rotational restraint at the slab edges resultaige strains of the top reinforcement
under catenary action. The results of these amalgee presented in Figure 4-34 to
Figure 4-36. Figure 4-34 plots the top and bottemforcement normalised stress at
the mid span slab edge and at the slab centreurd=#335 plots the top and bottom
reinforcement mechanical strain for the same loaati Figure 4-36 plots the mid

span deflection profile and slab central deflection
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Figure 4-34 Effect of reinforcement rupture straiafinition for reinforcement normalised stress at

the slab edge (a) Top location and (b) Bottom limcatind at the slab mid-span (c) Top location and
(b) Bottom location

The evolution of stress in Figure 4-34 (a) indisatkat for the 4% and the 8%

rupture strain definitions the top reinforcementiteg slab edge has ruptured. The
gradual ‘load shedding’ exhibited is of course afistic. The consequences of

sudden load transfer that would occur are not cagtin this analysis; it is not clear

what effect this would have for the stability oétklab.
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Figure 4-35 Effect of reinforcement rupture straiefinition for reinforcement mechanical strain at
the slab edge slab (a) Top location and (b) Bottooation and at the mid span of the slab (c) Top
location and (d) Bottom location.

From inspection of the mechanical strain respondeédure 4-35 the loss of strength
in the top reinforcement results in increased simgi of the bottom reinforcement at
the slab edge as the slab edges continue to pudirds. There is no significant effect
upon the development of strains in either the topattom reinforcement at the slab

centre.

Figure 4-36 compares the increase in slab cenéfféfd¢ations for each reinforcement

material definition and also the deflected proéifeer 60 minutes exposure.
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Despite the complete loss of strength in the tapfeecement the definition has an
almost negligible effect on the deformations of sfeb. This is due to the smearing
of the effect of the crack and the reinforcemergtute across the width of one
element and the infinite strength of the boundanyditions defined, thus preventing

any real increase in rotation at the slab edge.

4.6 Conclusions: Benchmark slab model

46.1 Finite element model of a two way spanning RC slab

In this chapter a finite element model has beereldged to investigate numerically

the behaviour of two way spanning reinforced cotecstabs exposed to fire. A great

deal of research has been conducted in this fielg;research has been drawn on to
establish a benchmark finite element model thaludes the features required for

subsequent analysis of the slab.

The general purpose finite element software ABAQAES used to undertake both
the heat transfer analysis and the stress/displEmemnalysis. Computationally

efficient shell elements were used to model thb.slhese elements are capable of
modelling: non-linear thermal variation through tslab depth, thermal expansion
and geometric and material non-linearity which hbeen found to be necessary for

the modelling of reinforced concrete slabs at haghperature.
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The predictions of the finite element model for thehaviour of the reinforced
concrete slab under standard fire exposure wagrgeaent with the state of the art
understanding of their behaviour in fire and mod#ls compressive and tensile
membrane behaviour of these slabs. The model'sbdapdor predicting ultimate

failure due to concrete crushing or reinforcemeture is limited by the use of a

smeared crack simplification, but allows compaastudies to be performed.

The investigation of behaviour has shown that cetecplastic equivalent strains and
reinforcement mechanical strains can be used dsrpemnce indicators in chapter 5

to judge the influence of non-uniform thermal exjp@supon slab performance.

46.2 Geometric Sensitivity Studies

The influence of slenderness ratio upon the mengbbaiaviour was considered for
a two way spanning slab. The slenderness ratioglyanfluences the development
of slab deflections and therefore the compressingetansile membrane behaviour.
The reason is two fold:

* Increasing depth of cross section reduces the ralgiof vertical

deflections from thermal expansion (demonstratedhapter 3)

« Compressive membrane action is feasible at grelaféxctions in deep cross-

sections

The consequence of these effects is that increlgssignder reinforced concrete
slabs will develop tensile membrane action whestasky slabs will be dependent
upon flexure and if possible compressive membratiera The investigation of non-

uniform thermal exposure will study both slended atocky cases.

The aspect ratio of the slab is known to affect firee performance of reinforced
concrete slabs. The effect of aspect ratio is upendevelopment of concrete stress
and reinforcement mechanical strains have beerewexd. The analysis predicts
increased reinforcement strains across the sham $pr restrained slab and a
reduction for an unrestrained slab. Although theeast ratio is important for
performance it does not alter the behaviour exéublity the slab. The investigation
of non-uniform thermal exposure will therefore gohsider aspect ratio.
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463 Material Sensitivity Studies

In Chapter 2 a detailed review of the material beha of reinforced concrete at
high temperatures was undertaken. This review tghgtdd some shortfalls in our
current capability to characterise the behaviowasfcrete at ambient and at elevated
temperatures thus during the development of a eadhmodel sensitivity analyses
were conducted to assess the significance of tjegse in current knowledge.

The post peak tensile behaviour of concredad the tension stiffening effect
associated with reinforced concrete were invesjaReducing the amount of
tension stiffening increases numerical instabiilyile increasing tension stiffening
improves stability. However, it also smothers tmacking behaviour of concrete,
leading to under predictions of reinforcement strdt was found that a tension
stiffening value of 10 provides a numerically stallnalysis without significantly

compromising accuracy and will be used in futurslists

A significant amount of research has been conductederning the occurrence of
load induced thermal strairbut its effect on slab performance has not been
considered in depth. The effect upon behaviourheftivo-way spanning slab was
found to be significant where the slab unloadecdcompression and reloaded in
tension such as the transition from compressive lonene action to tensile
membrane action. For this type of load history aatu prediction of the
development of plastic strains is important. Foe tbcenario considered here

neglecting the transient strain term caused thdaeement strains to increase.

The reinforcement rupture strairprovided in Eurocode 2 is relatively high; a
sensitivity analysis was conducted to establish dffect of rupture strain upon
deformation and reinforcement stresses and straiffee reduction of the

reinforcement rupture strain definition resulted@mforcement ‘rupture’ at the slab
edge where rotational restraint is applied. It feashd however to have a negligible
effect upon behaviour. This is due to the modellmgthodology rather than a real

behaviour.

The finite element model developed in this chaptdirbe used in chapter 5 in the
investigation of the implications of non-uniformetmal exposure for structural

behaviour.
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5  Structural implications of non-uniform fires

5.1 Introduction

In this chapter the structural behaviour of two-wapanning reinforced concrete
slabs exposed to non-uniform thermal conditiongvestigated. The investigation
builds directly on the findings of the investigaisoin chapters 3 and 4. These
chapters demonstrated the effect of non-uniformntlaé exposure upon concrete
thermal expansion behaviour and the uniform therexglosure behaviour of two-
way spanning slabs respectively

The high temperature behaviour of the two-way spanslab was shown to be
dominated by tensile membrane action under a rafigestraint conditions. The
analysis exhibited the key features of tensile nmamd action under biaxial
deformation: the self supporting peripheral corerehg of compression and the
central net of reinforcement tension. The analg§ithe slab under uniform thermal
conditions was performed not only to verify andabish behaviour but to identify

performance indicators for the tensile membranehaieism.

Failure of the compressive ring is by crushinghie tegion of the slab corners where
the effect of biaxial bending is greatest. As tbaarete material model is based on
plasticity, crushing is not explicitly modelled. @wete plastic straining is therefore

used to indicate the onset of material crushing plastic equivalent strain is used to
indicate the degree of plastic straining in an @emThis strain is expressed as a
proportion of the strain at peak stress; a valeatgr than unity indicates the onset of

crushing.

The performance of the tensile net is dependenht upe reinforcement behaviour.
Under large deflections and high temperatures thtenal yields quickly therefore
strains are used to measure behaviour. The accpratiction of reinforcement
strains is compromised by smearing concrete’s pesk tensile behaviour; however,

they provide a useful indicator of relative perfamoe.

These performance indicators will be used to meathe structural implications of
non-uniform thermal definitions for the tensile ni@ane mechanism exhibited by

the slender slab.
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The tensile membrane mechanism at high temperatsregongly influenced by
thermal expansion behaviour. Chapter 3 investigdbed effects of non-uniform
thermal exposures upon the thermal expansion betmavof simple concrete
elements. The temperature field within a fire cortrpant varies both spatially and
temporally. The influence these temporal and spati@ations upon behaviour is
complicated by the different characteristic timéssassociated with changes in the

gas phase temperatures and changes in the cotesrgierature.

To simplify this complexity the effect of spatiaanation of gas temperature only
upon thermal expansion deformations was first itigated. The spatial variation in
gas temperature caused a similar variation in themgnadient and hence thermal
curvature along the length of the beam. This haal éffect of distorting the

deflection profile; the peak gas temperature Igcaitreases the thermal curvature

shifting the peak deflection towards its location.

Behaviour under spatiand temporal variation was then investigated. Différen
temporal variations were employed to identify tle@stivity of concrete’s response
relative to temporal changes encountered in the masse. Shallow concrete
elements were found to be sensitive to spatiakgaperature variations in even fast
changing thermal environments. In shallow concretiements the surface
temperatures strongly influences the thermal cureatAs concrete is an insulator
the surface temperature reacts quickly to chang#seigas phase.

The investigations of chapter 3 have shown the rdedtion behaviour of shallow
concrete cross sections to be sensitive to speiahtion in gas temperature. The
tensile membrane mechanism exhibited by the slesldbris strongly influenced by
deflections. In this section we will therefore istigate the implications of these
deformation effects for tensile membrane performreaby examining the more

specific questions:

1) What are the effects of deflection profiles fromatal T, variations upon

tensile membrane behaviour

2) Are these effects still evident under temporal atzoin?
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3) Are uniform Ty assumptions capable of capturing behaviour exddbiinder

non-uniform thermal exposure?

The investigations are performed using the 100 reepdinite element slab model
from chapter 4 under simply supported, pinned amedf boundary conditions.
Section 5.2 investigates the effect of a distortlllection profile for tensile
membrane action by analysing the behaviour of tlad sinder a static gas
temperature variation. In section 5.3 the effeca @jpatially and temporally varying
temperature distribution is investigated and finall section 5.3.2 behaviour under a

uniform and non-uniform temperature distributiorcdstrasted.

Chapters 3 and 4 also examined the effect of steedse ratio upon the behaviour
demonstrated. In chapter 3 it was shown that asdéph of the concrete cross-
section increases the influence of thermal bowiagrelases and expansion increases
producing larger lateral displacements and loweticad deflections during thermal

exposure.

Subsequently the analysis of the high temperatetealiour of slabs of reducing
slenderness in chapter 4 demonstrated that thism#theexpansion behaviour
increases the compressive membrane capacity ofsthle. The compressive
membrane behaviour is further enhanced in deepecrete cross sections as the

depth at which compressive membrane action candiised.

From these findings we can conclude that stockpssl@duced susceptibility to
vertical thermal expansion deformations will makerm less susceptible to the
effects of spatial and temporal variations of gasngerature. This will be

investigated in section 5.2.3.

5.2 Structural implications of spatial variation of Ty
In this section the effect of a spatial variationgas temperature upon the tensile
membrane behaviour of the slender concrete is figated. The effect is

investigated in two stages:

« First the sensitivity of the tensile membrane actmthe magnitude of spatial
gas temperature variation is investigated using implse linear gas

temperature variation of increasing slope.
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* Then the effect of the peak temperature locatiortdnsile membrane action
is investigated using static gas temperature digions with different peak

temperature locations.

52.1  Tensile membrane sensitivity to spatially variation magnitude

The linear gas temperature distribution used is thvestigation is summarised in
Figure 5-1; it is the same distribution as usesaation 3.2.3. Variation values \¢f=
0%, 20%, 40% and 80% are used.
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Figure 5-1 (a) Linear variation of gas temperatweross slab span (b) evolution of gas temperature
with time

Figure 5-2 presents the deflection profile afterrbibiutes exposure for increasing
values ofV. Thermal expansion deformations are a substactialponent of the
deflection of a slab at high temperatures. Thu&igure 5-2 the non-symmetrical
deflection profile produced by spatial variationgafs temperature is evident. Under
increasing variation the degree of curvature uridertemperature peak increases,
exaggerating the distortion of the slab profileeTgeak deflection increases in the
unrestrained slab results presented due to theioatidn of the localised increase in
curvature and material degradation. The resultd/fer20 % are absent due to the

analysis’ inability to converge.
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Figure 5-2 Mid span vertical deflection profile fa simply supported slab under linear gas
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The unsymmetrical profile increases slab pull-inaloto the hot slab edge. Figure
5-3 presents a plan view of the slab lateral degteents for 0% and 80% variation
showing the localised increase in slab pull in\for 80 %. The localised effect upon
slab pull-in increases under increasing variation.

/Axes of symmetry

V=0%
_— V=80%
—— Un-deformed

————

Figure 5-3 Horizontal deformation induced by a onifi (V = 0%) and liner variation of ;T(V =
80%) (deformation scale factor 10)

The effect of this distortion upon the tensile meame action is examined in terms

of the effect upon the compressive ring and thsikemet in the following sections.
Effect of linear Ty variation upon the compressive ring

The shape of the compressive ring is visible byttiplg the net principle stresses
through the depth of the slab, the principle stressiltants. Figure 5-4 presents the

minimum principle stress resultants as a contoat far the cases of 0% and 80%
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variation. The ring of compressive stresses ariigea the double curvature of bi-
directional bending; therefore any distortion of tdeflected shape affects the

development of the compressive ring.
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Figure 5-4 The effect of a linear Tg spatial vaiget upon the compressive ring: minimum principle
stress resultants in a pinned slab after 60 minetgsosure (a) v=0% (b) v = 80 %

The effect of spatial variation of temperature isible in the shape of the
compressive ring. Peak temperatures are locatdteatght hand side of the slab in
Figure 5-4. The increased thermal curvature in #inéa further increases the stress
concentration at the bottom right corner producang unsymmetrical ring and

increasing compressive strains.

Figure 5-5 (a) and (b) contrast the distributiontitedse compressive strains for the
same analyses; they are presented as a propoftitme cstrain at peak stress to
indicate the relative degree of crushing. From térag we know that crushing
failure in the compressive ring initiates at thabstorners where the compression
arising from bi-directional bending is greatest.
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Figure 5-5 The effect of a lineag $patial variation upon the compressive ring: Prdpmnal plastic
equivalent concrete compressive in a pinned sléy 80 minutes exposure (a) V=0% (b) V =80 %
From these contour plots it is clear that a lineanation of gas temperature causes
an increase and concentration of crushing strainthe corner closest to the peak

temperature; strains are reduced and more distdbunder the cooler temperature
regions.

Figure 5-6 compares the maximum crushing straidipted for the simple, pinned
and fixed boundary condition under increasing tterariation. The result fov =
20% and simply supported boundary conditions iseabslue to the analysis’
inability to converge. The maximum crushing straiarrelates positively with
increasing thermal variation due to the higherntarcurvature associated with the
increasing peak temperatures. For all boundary itiond increasing thermal
variation increases the peak crushing strain,darsbe considered a decrease in the
performance of the slab. The increase is greabeshé simple case. For the pinned
and fixed boundary conditions restraint reducevature at the slab edge; lateral
restraint prevents the slab from pulling in andatiohal restraint induces an
opposing moment at the slab edge. Localised inessiascurvature are missed by the

average temperature uniform assumption.
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Figure 5-6 Effect of thermal variation and restraigondition for maximum crushing strains:
maximum proportional plastic equivalent compressirain after 60 minutes exposure

Effect of linear Tg variation upon the tensile net and reinforcement

Under tensile membrane action the reinforcemeninstrare greatest at the slab mid
span where deflections are greatest and also aldbeedges when restrained. The
large edge strains arise from the tensile forcaiired to prevent the slab from
pulling in and the hogging moment induced by restraf rotation. Figure 5-7 (a-b)
presents plan contour plots of the top and bottayerl reinforcement mechanical
strain under uniform exposur¥ € 0 %) and pinned boundary conditions. The peak
strains are evident at the mid span location (xrs)3n the top layer and at the slab
edges (X = 0 & 6 m) in the bottom layer of reinfarent.

The linear variation in gas temperature causesnarease in the peak mid-span
deflection and a local increase in the amount ab gbull in. The effect upon

reinforcement distribution is dependent upon thepsut conditions. In the

unrestrained slab the mid span strains increask thié peak deflection; in the
restrained slabs the edge strains increase wittetts#le restraining force. Figure 5-7
(c-d) present the top and bottom layer reinforcammeachanical strains for 80%
thermal variation. The slab is laterally restraired the localisation of strains at the

slab edge is clearly visible.
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Figure 5-7 Effect of a linear gas temperature véda upon the distribution of reinforcement
mechanical strains in a pinned slab: Contour plotschanical strain of reinforcement spanning the
same direction as the linear gas temperature gnaidie

We therefore expect under increasing thermal variato see an increase in
reinforcement mechanical strain at the ‘hot edg@ a reduction at the ‘cool edge’.
The effect of increasing thermal variation upon teamforcement is examined by
contrasting the maximum mechanical strain in ttmeees shown schematically in
Figure 5-8.
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Figure 5-8 Slab cross-section showing zoning fomparison of reinforcement peak mechanical
strains

These maximum strains are presented in Figureds-8&ch boundary condition. The

unrestrained slab peak deflections increase umdgeasing thermal variation thus
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there is an initial increase in the maximum midnspeechanical strain. At increasing
thermal variations these begin to decrease as tbpogiion of thermal strain
increases at higher temperatures relieving soméhef mechanical strains. The
increase of reinforcement strains at the hot edgk decrease at the cool edge is
evident in both the pinned and fixed slabs in Fegbh9 (b) and (c).

In Figure 5-9 it can be seen that under increasiegmal variation the magnitude of
reinforcement strain at the hot edge becomes ertyefarge. The finite element
model used is not capable of realistically modglliarge through depth cracks and
reinforcement rupture. Relative comparison of ttrais magnitudes indicates that
the likelihood of reinforcement rupture increasasbstantially. This analysis
demonstrates that the uniform average temperassumgtion under predicts locally
high reinforcement strains. This effect is incraghr prominent under more
restrained boundary conditions (pinned and fixedjictv are more akin to the

boundary conditions encountered in reinforced cetecstructures.
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Figure 5-9 Effect of linear thermal variation foraximum reinforcement strains at critical edge and
mid span locations in a slender two-way spannirigfegced concrete slab

Thus we can conclude from this study that the emed distortion arising from high
levels of thermal variation has serious implicasicior the development of the
compressive ring and tensile net that is criticatensile membrane action. Locally
high concrete crushing strains and reinforcementhaweical strains will not be

captured by an assumption of gas temperature wmiipas is used in design.
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522 Tensile membrane sensitivity to peally location

The influence upon the tensile membrane mechani$nth@ location of the
temperature peak is now investigated. Alpert’'saatron {, 1972 #217} which was
described in chapter 3 will be used to providedistc static spatial distribution of
gas temperature. In Alpert’s correlation the pluames corresponds to the location of
peak temperature. The behaviour of the slenderwithiibe analysed assuming the
plume axis in two locations: at the slab edge, Whscakin to the previous analysis
but using a realistic temperature distribution atdhe slab mid-span. The spatial
distribution of temperature for each case is sheghematically in Figure 5-10.

(@) Tco) Plume Axis—__ (D) ey Pume Axis—__

Ceiling jet § Ceiling jet g

900 - 900 |

296 -

Slab x — coord (m) Slab x — coord (m)

Figure 5-10 Alpert correlation plume location (dak edge and (b) slab mid span

The Alpert temperature distributions calculated staic, that is, independent of
time; however, direct exposure to high temperateresates numerical difficulties.
To minimise this the temperatures are evolved usireg exponential function in
Equation 5-1 usingr = 0.005 which provides a moderate growth ratenf-l2005
#226}.

Ty =Tt (Tg +T, )(1_ e_m) Equation 5-1

The influence of the location of the peak tempemtyon the deflection profile is
demonstrated in Figure 5-11. Increased thermal mpwai the slab edge as we have
seen produces an un-symmetrical deflection prdfitesitioning the temperature peak
at the mid span produces a symmetrical temperaligstebution; consequently the
slab deflection profile remains symmetrical alsbeTncrease in thermal curvature at

the slab mid-span does, however, increase the gefdction.
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Figure 5-11 Effect of peak temperature locationdtab deflection profile after 60 minutes exposure

Figure 5-12 contrasts the evolution of peak defbdecfor both exposure cases. The
peak deflections under exposure to the mid-spak pe@perature case increase
noticeably faster. A consequence of increased dedle rate is the more rapid

development of tensile membrane action. The triamsib tensile membrane action

under a fixed boundary condition is clearly eviddmyt a sharp increase (snap
through) in peak deflection. In Figure 5-12 snapotigh for the mid-span peak

temperature locatiors after approximately = 10 minutes; the slab exposed to the
edge peak temperature location does not snap thraogl approximatelyt = 15

minutes.
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Figure 5-12 Influence of peak temperature locafienslab peak deflections (a) mid-span location (b)
edge location

In the previous investigation it was shown that sineymmetrical deflection profile
produced by a linear variation in gas temperatuae &dverse effects for tensile
membrane action by increasing concrete crushinginstrunder low restraint

conditions and increasing reinforcement strainseumigh restraint conditions.

The deflection profile produced by the mid-spankptesnperature location exposure
is symmetrical. The implications of this symmettigaofile upon the concrete
compressive ring and reinforcement behaviour aretrasted in the following

sections with the behaviour produced by the edg& pEmperature location.

Effect of peak Ty position upon the compressive ring

Figure 5-13 contrasts the distribution of compnessstresses in the slab under
pinned boundary conditions for the (a) edge peakptature location and (b) the
mid-span peak temperature location. Due to its sgtrioal deflection profile the

effect of the mid-span peak temperature locatioonujine distribution of stresses in
the compressive ring is more subtle than the eftdédhe edge peak temperature

location.

While the edge peak temperature location stressesancentrated in the bottom
right corner due to locally increased curvaturthathot edge. The peak curvature for

the mid-span peak temperature location is at theegpan and curvature decreases
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towards the slab edges. This has the effect ofciaduhe magnitude of compressive
stresses along the x =0 and x = 6 m edges.
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Figure 5-13 Effect of peakyTocation upon the compressive ring: Minimum prpleistress resultant
(a) Edge location (b)Mid-span location after 60 mii@s exposure in a pinned slab

The reduction in edge compression stresses is igaifisant for the crushing
behaviour of the pinned slab, however. Crushinghentop surface of the slab is
concentrated in the corner regions where the effebiaxial bending is strongest in
producing compression stresses. Figure 5-14 cdstthe distribution of crushing
strains on the top surface for the edge and mid-gpeak temperature locations. It
can be seen that the edge peak temperature logataiuces the highest crushing
strains, almost twice the magnitude caused by tle-span peak temperature
location.

The effect upon the magnitude of crushing strasnsmvestigated by contrasting the
evolution of maximum crushing strain for each expescase. Figure 5-15 presents
the evolution of maximum crushing strain in the tegrface of the slab under,

simple, pinned and fixed boundary conditions fochethe edge and mid-span peak

temperature location.
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Figure 5-15 Effect of peak temperature location émncrete crushing: Max proportional plastic

equivalent strain

Typically the magnitude of crushing strains inceeas the slab peak deflections

increase. This is true for a uniform thermal expeswhere increasing deflection
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corresponds to a uniform increase in curvaturegatbe slab length. It is specifically
the curvature at the slab edge however which @istdte magnitude of the concrete
crushing strains. For this reason we see increasedmum crushing strains for the
edge peak temperature location and lower crushnagns in the mid-span location

despite the larger deflections associated witHatter.

The results for the fixed boundary condition app@acontradict this behaviour as
the mid-span peak temperature location inducesteggreaushing strains. However,
this occurs due to the rotational restraint comportampening the effect of any

increased edge curvature in the edge peak tempetatation.

Effect of peak Ty position upon the tensile net and reinforcement

The deflection profile (Figure 5-11) produced by ttwo exposure cases is quite
different; consequently the effect upon reinforcatmenechanical strain is also
different. Figure 5-16 compares the developmenmnakimum reinforcement strain
at each edge of the slab and the mid-span as ddiné&igure 5-8. The effect of the
edge peak temperature is to increase edge stnaitteedieated edge and reduce them
on the cool edge as seen in the previous invegirgathe effect of mid-span peak
temperature is to increase the mid-span strains tduthe increased mid span
deflections. Again this localised increase would be captured when using a

uniform averagdy assumption.
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Figure 5-16 Effect of reinforcement location forximaum reinforcement mechanical strains in a pinned
slab
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52.3 Slab slenderness ratio

It was shown in chapter 4 that for slabs of redyctenderness the compressive
membrane behaviour at high temperature is enhatheedo reduced vertical thermal
expansion deflections. In this section the respaighe stockiest slab analysed in
chapter 4, d =250 mm is investigated under theaflingpatial variation of gas

temperature employed in section 5.2.2.

Figure 5-17 presets the vertical deflection respaofsthe slab with lateral restraint
under increasing values of thermal variativh,Under pinned boundary conditions
the sharp increase in deflection after 120 minatgsosure indicates the transition
from compressive to tensile membrane action. Thiacat deflections of the fixed
boundary condition slab remain very low due to ddelitional rotational restraint;

compressive membrane action and flexure providettral stability.
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Figure 5-17 Effect of linear spatialyVariation upon peak deflection of slab with (apmped (b) fixed
boundary conditions

The increasing magnitude of thermal variation htke Isignificant effect upon the
deflection behaviour of the slab. Only the largestgnitude of variationy = 80%,
which is in excess of the scale of variation likedybe encountered in a real fire has a

noticeable effect upon the deflection responséefstab.

This investigation has demonstrated that the effactspatial gas temperature
variation upon the thermal expansion behaviour @é@p concrete cross section does

not significantly influence the slab structuralfjpemance.
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Unlike the slender concrete slab considered in@eét2.1 and 5.2.2 the stocky slab
is less susceptible distortions of the verticallet#fons which are substantially
smaller than the slender slab. The largest vanatemnsidered in this analysis are in
excess of those likely to be encountered in a fiealtherefore we can reasonably
conclude that stocky restrained slabs are not ptibteto deformation effects from

spatial variations of gas temperature. The perfogeaof stocky slabs is therefore

not further considered in this chapter.

This investigation has not considered explicitlg tmplications of non-uniform fires
for material strength. This would require a moreaded analysis of the slab capacity
and so is beyond the scope of this thesis. Itagydver, an area of potential further

study.

5.2.4 Summary of spatial variation effects
This section has investigated the implications e tlistorted vertical deflection
profile caused by gas temperature spatial varidbothe structural behaviour of the

two way spanning reinforced concrete slab.

It has been shown that distortion of the slendab sleflection profile can have
adverse effects upon the compressive ring andléenst which are critical for
tensile membrane behaviour. This distortion, howekad no significant effect for

the compressive membrane behaviour of a stocksarest! slab.

The design of concrete structures is predominasdlycerned with establishing the
maximum temperature reached by the concrete andioforcing steel and the

associated reduction in material strength. Thisestigation demonstrates that the
deformation behaviour of a structural element clo @fluence high temperature
structural behaviour when the behaviour is domuhdby a mechanism that is

strongly dependent upon deformations such as eemsinbrane action.

Having established the implications of spatial agon of gas temperature for the
slender slab structural behaviour, in sectionsab® 5.3.2 the influence of temporal

variations is considered.
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5.3 Structural implications of temporal and spatial T4 variation

53.1 Influence of temporal variation

In chapter 3 spatially and temporally varying tenapere distributions were
formulated to investigate the sensitivity of corete thermal expansion deflections
to temporal and spatial variation of gas tempeeatlihese temperature distributions
will be used again here to investigate whetherstingctural implications of spatial
gas temperature variation demonstrated in secti@naBe evident under temporal

variation also.

The temporally and spatially varying temperaturéniteons were formulated using
Alpert's {, 1972 #217} static correlation of burmgnrate and radial ceiling
temperature which was described in chapter 3. Teahpariation was introduced by
assuming Alpert’s plume axis to traverse a compamntrat a speed determined by the
compartment length and the burn out time; the lmwintime being calculated from
the burning rate and the compartment fuel load. Saree fast — 60 MW, medium 40
MW and slow 20MW burning rates used in chapter & @wed here. The resulting

Alpert static gas temperature distributions arenshm Figure 5-18.
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Figure 5-18 Temperature distributions and total espre times for fast, medium and slow burning
rates according to Alpert’'s {, 1972 #217} corretati (H = 6m)

As in chapter 3 the length of the slab is shor@ntthe compartment length. The

slab is considered to span from x = 6 — 12 m. EgH19 presents the spatial
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distribution of gas temperature along the slabtlerag selected time steps for the fast

fire.
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o
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Figure 5-19 Spatial distribution of gas temperatimethe slab x-coordinate for the fast burning rate
at selected time steps

Figure 5-20 presents both the evolution of slab imam vertical deflection and
vertical deflection profiles in separate plots &ach of the three fires: fast, medium
and slow. The slab maximum vertical deflections armsimply supported, pinned
and fixed boundary conditions are presented indperow for each fire. The period
during exposure when the peak temperature travéinseslab span is highlighted in
yellow

As we saw in chapter 3 the fast hot fire produdeslargest deflections as under
short exposures to high temperatures thermal bowdogiinates the thermal

expansion response. The effect of the traversiagj gealso clear from the peak slab
deflections. For each fire prior to the peak tragethe increase in deflections is
gradual; as the peak traverses the slab spanithaneoticeable increase in deflection
rate for the pinned and simply supported slabsthadixed slab snaps through from
compressive membrane action to tensile membranenactfter the peak

temperature traverse the rate of deflection inaeasps almost to zero.

The deflection profiles at selected time stepstlierpinned slab are presented in the
bottom row of Figure 5-20; each fire is presented separate plot. The distortion of

the deflection profile is clearly evident for edofe. The peak temperature traverses
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from the right hand side of the slab (x=6 m) to léfe hand side (x = 0 m), as it does
so the shape of the deflection profile changeshaspeak deflection shifts towards
the position of peak temperature. Thus for eachtfie final deflection profile is less
distorted than under a static gas temperatureadplgiribution.

In section 5.2 it was shown that the location &f peak gas temperature is important
in determining the implications of the gas tempamatvariation for the tensile
membrane mechanism. In the following sections fifeceof spatial and temporal
gas temperature variation upon the compressive aimy the reinforcement tensile

net is investigated.

5-162



Slow fire 20MW

Medium fire 38MW

Fast fire 60MW

Peak

—+— Simple
-~ =~ 1—©—Pinned

—*— Fixed

Peak

—+— Simple

—OS— Pinned

—*— Fixed

R

|

|

|
e

|

|

|
4

|

0.15F — - - — - -

(w) uondayaP [BIMBA

UONJ3|Jap [eINISA X\

60

30
Time (mins)

20

30

15 20

Time (mins)

10

20

10
Time (mins)

a|ijoid uonoa|jap [eoIIBA

5-16:<

X-Coordinate (m)

X-Coordinate (m)

X-Coordinate (m)
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Effect of spatial and temporal Ty variation upon the compressive ring

In section 5.2 it was shown that by locally inciegsthe thermal curvature the
formation of the compressive ring is distorted. Urgy5-21 presents the minimum
principle stress resultant for the fast, medium slodv fires at the end of exposure

from which the shape of the compressive ring isatisible.
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Figure 5-21 Effect of spatial and temporal variatiof gas temperature upon the compressive ring:
Minimum principle stress resultants under pinnedrstary conditions

Under each exposure a small amount of distortionsible at the end of exposure;

this distortion is most clearly visible for the fest burning fire. For the fast and
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medium rate fires the stresses are concentratéet inght hand corner of the slab. In
the slab subjected to the slow fire where distarigless evident there is some stress

concentration at the left hand corner of the slab.

A consequence of this distortion is unsymmetricakhing behaviour as was seen in
section 5.2. The influence of spatial and tempweealation upon the evolution of
maximum crushing strains is presented in Figur& 5K this figure the maximum
crushing strain for the left hand side (x = 0- 3anyl the right hand side (x = 3 -6 m)

of the slab are presented separately.
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Figure 5-22 Corner crushing strains for differentirhing rates: Proportional plastic equivalent

strains (a) Unrestrained slab (b) laterally restnaid slab

By presenting the evolution of peak crushing strion each side of the slab

separately the unsymmetrical crushing behaviowvigent in all fires by the lag

between the right hand side and left hand sideegalAs was seen in the deflection
profiles (Figure 5-20) the peak curvature travergg# to left following the peak gas

temperature during exposure. Thus the magnitudeusthing at the right hand side
increases more rapidly initially and there is ailaghe development of the left hand

side crushing strains.

Where the slab is unrestrained the crushing stragigeved at the left hand side
exceed those of the right hand side which levelafér the peak temperature has
traversed to the left hand side. Figure 5-23 catdrthe final distribution of crushing
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strains for the slab exposed to the medium fireeursimply support and pinned

boundary conditions.
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Figure 5-23 Effect spatial and temporal variatiohgas temperature upon the distribution of concrete
crushing strains: Plan contour of top surface prapmmal plastic equivalent compressive strains (a)
simply supported slab (b) pinned slab

For each thermal exposure the effect of temporalattan is to produce an
effectively symmetrical distribution of compressigrushing strains. The localised
increase in compressive crushing under static gapdrature distributions is absent
at the end of exposure due to the peak temperaaversing the entire length of the
slab.

Effect of spatial and temporal Ty variation upon the reinforcement

In Figure 5-24 the evolution of the reinforcemergamanical strain distribution in

the top and bottom reinforcement layers is preskme@ series of plan contour plots.
The initial effects of the spatial gas temperattagation are evident after 12 and 15
minutes where strains are concentrated at the hightl side of the slab. As seen in

the deflection and crushing strain comparison (FEdgar20 and Figure 5-23) at the
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end of exposure the distribution of reinforcememdiss is similar to that produced

under uniform thermal exposure (Figure 5-7 (a & b))
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Figure 5-24 Evolution of reinforcement strain dibtrtion under pinned boundary conditions and fast
fire exposure (a) 12 min (b) 15 min (c) 19 min
Figure 5-25 contrasts the final distribution ofnfercement mechanical strains for

each fire exposure. There is a noticeable diffezénthe fastest and slowest fires.

For the fast and medium fires the peak strain enttdp mid-span reinforcement is
much higher than the slow fire. This is potentiatigused by two factors: The
deflections of the slabs exposed to the fast andiunefire is much greater than the
slow fire; and secondly the strength of the botta@imforcement in the fast and
medium fires is lower due to the higher temperatassociated with these fires
placing greater demands on the top reinforcement.
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Figure 5-25 Effect of temporal changes in tempemtgpatial distribution for reinforcement
behaviour: Pinned slab rebar mechanical strains Kajt fire 19 min (b) Medium fire 30 min and (c)
Slow fire 58 min

The structural performance under each fire (fasliom and slow) is however quite
different. The fast fire produces the largest dgitens and consequently the highest

reinforcement strains and compressive crushingnstra

For each fire, however, the investigation has destrated that the localised
increases in compressive crushing and reinforceragain caused by spatial gas

temperature variations are not evident under teadp@riation.

532  Uniform and non-uniform thermal exposures

In this section the behaviour of the slab undetiagpand temporal gas temperature
variations is contrasted with behaviour causedrfotm temperature conditions. In

the previous investigation it was shown that thageral variation ‘evened’ out the

localised effects of gas temperature spatial VanatBy contrasting the structural

performance under non-uniform and uniform thernmadditions the effectiveness of

the uniform temperature assumptions can be judged.
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Figure 5-26 (b) presents the temperature-time tyistd the uniform temperature
assumptions for the fast, medium and slow fireso Bssumptions of uniformity are
made: the maximum gas temperature and the aveesyéemperature. Figure 5-26
(a) shows schematically the maximum and averagetegaperature for two time

steps.
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Figure 5-26 Maximum and average uniform temperagxgosures for the fast medium and slow fires

Figure 5-27 contrasts the evolution of slab maximuertical deflection under each
non-uniform fire with the average and maximum umifagas temperature exposure
deflections. The deflections presented are foipiheed boundary condition only as
the behaviour the same behaviour was exhibited ruadle conditions (simply

supported, pinned and fixed).

For each fire the uniform maximum gas temperatw®u@ption predicts a larger
deflection than both the uniform average and nafetm gas temperature
definition. The deflection caused by the unifornei@ge gas temperature assumption
is initially greater than the non-uniform exposueflection; however, the uniform
average gas temperature assumption fails to cagitareharp increase in deflection
caused by the peak temperature traversing theHesfghe slab span. Consequently

the average assumption ultimately under predigsrtaximum slab deflection.
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Figure 5-27 Evolution of maximum slab vertical deflon for non-uniform and uniform thermal
exposure

There is a significant difference in the contrastieiform and non-uniform thermal
exposure final deflections for each fire. The unmifcassumptions of temperature for
the fast fire produced deflections closest to tlm-vniform thermal exposure
(Maximum Ty +24 % and averag&, -9%). The slow fire analysis produced the
greatest difference in predicted deflections (MaxamTy +38 % and averaggy -
25%).

This is potentially due to the behaviour of thewsldire exposed slab being
dominated by thermal expansion as opposed to thengodominated behaviour of

the fast and medium fires. The peak temperatureahamre substantial effect for
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slow fire exposed slab deflections than the fast aredium fires; therefore the
uniform maximum gas temperature assumption alsdymes substantially bigger
deflections. Likewise the uniform average gas ta@pee assumption which fails to
capture the deflection influence of the peak temfpee predicts a much smaller

deflection.

It was shown in section 5.3 that spatial and tempeariation of gas temperature
ultimately produced a uniform like distribution obncrete compressive strains and

reinforcement tensile strains, that is, symmetrical

The contrast of reinforcement and compressiversraiising from uniform and non-
uniform thermal exposure therefore reflects thetrest indicated by the deflections
in Figure 5-27. As an example the evolution of maxin crushing strain and the
maximum reinforcement strains at the slab mid spach slab edge are presented in

Figure 5-28 and Figure 5-29 respectively for thenpd slab boundary condition.
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Figure 5-28 Evolution of maximum crushing strairthe pinned slab under uniform and non-uniform
thermal exposure
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Figure 5-29 Evolution of maximum reinforcement istsaunder uniform and non-uniform thermal
exposure at (a) slab mid-span (x =1.275 — 4.725) @) edges (x =0 - 1.275, 4.725 - 6)

53.3 Summary of spatial and temporal temperature variaton effects

From this study we can conclude that the straimlisations that were caused by
spatial variations in gas temperature are evewntualened out by simultaneous

temporal variations.

The ability of uniform temperature assumptions teake adequate predictions of
behaviour induced by these non-uniform thermal remvnents was therefore
subsequently examined. Performance under non-umifdrermal exposure was
contrasted with two assumptions of uniformity; wnih maximum gas temperature

and uniform average gas temperature.

The most commonly used design fires the standangeeature time curve and the
parametric temperature time curve from EurocodeZD02 #30} both make uniform

temperature assumptions. The standard-temperatueectirve has no physical basis
therefore it is not possible to establish what ttesnperature represents. The
parametric temperature time curve, however, is dase the Swedish curves
{Pettersson, 1976 #41} which derive compartment peratures from ‘energy

balance’. The solution of the energy balance igbfrad by using a single average
compartment temperature. We can therefore consigeparametric temperature-

time curve to represent an average temperaturengsisun.

Broadly for each fire the uniform maximum gas ternapg&re assumption provides a

conservative estimate of slab performance overigiiad maximum deflections. The
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uniform average temperature assumption unconseehatiunder predicts slab

deflections by failing to capture the influencetod peak temperature for deflections.

For each fire, fast, medium and slow the relativféeence between uniform and
non-uniform gas temperature predicted deflectioifferd. The uniform maximum

gas temperature assumption produced the most eatiser estimate of behaviour
for the slow fire and the least conservative fa thst fire. The uniform average gas
temperature assumption was the most unconserviatiibe slow fire and the least
unconservative for the fast fire. This indicatestttie ability of uniform temperature
assumptions to characterise non-uniform thermabsuyes for structural analysis is

dependent upon the type of fire.

5.4 Conclusions

This chapter has focused on establishing implioatiof the deflection behaviour
induced by spatial and temporal variations of gamperature for the structural
performance of a two-way spanning reinforced caecstab.

The findings of this investigation challenge thegsilar focus of material strength in
structural fire engineering design by demonstrating influence of deformation

behaviour for structural performance

Undoubtedly material strength is important for deti@ing performance however it
has also been shown that the tensile membranenaetioibited by slender slabs is
sensitive to the deflection profile distortions sad by spatial variation of gas
temperature. This variation resulted in localisedreases in both the concrete and
reinforcement strains used to indicate performaridee compressive membrane
behaviour of stocky slabs however, was found tensgive to spatial variation of

gas temperature.
The sensitivity of slender and stocky slabs differswo reasons:

» Slender slabs are dominated by thermal bowing #mdetore are more
susceptible to the deflection distortions caused sipgtial variation of
temperature. Stocky slabs which have lower thenedical deflections are

substantially less susceptible to these distortions
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* Slender slabs exhibit tensile membrane action gh hemperatures; this
mechanism has been shown to be influenced by ti@tsrin the deflection
profile. Stocky slabs exhibit compressive membraebaviour which has
been shown to be insensitive the small distortmmssed by spatial variation
in stocky concrete sections.

Under temporal variation it was found that the lsea peaks in reinforcement and
concrete strains caused by static spatial distabatof temperature were not evident.
These localisations were evident during exposutaibunately the final distribution

of strains was symmetric, akin to the distributiaraised by uniform temperature

exposure.

The performance of the slab was therefore contritht the performance predicted
under two uniform temperature assumptions, a umifaraximum gas temperature
assumption and a uniform average gas temperatwe@mg@sion. These uniform
temperatures assumptions were found to provide nssuative (average) and
conservative (maximum) predictions of behaviouwds also found that the degree
of conservativeness (or not) was dependent uponyfie of fire (fast, medium or

slow).

The results of this study indicate that uniform pemature assumptions can provide
both conservative and unconservative predictionse Tmplications of spatial

variation need to be considered very carefullytfi@er design context.

Identifying the appropriate design fire is a funatiof the compartment fire dynamics
and the structural behaviour. This investigatiors ltemonstrated the differing
vulnerabilities possible in structural behaviouefgler versus stocky behaviour). It
is therefore necessary in identifying the worsecsesenario to consider both fire and
structural parameters to avoid overly conservativeconversely unconservative

designs.
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6  Consequences of Spalling

Spalling is a phenomenon of concrete behaviouteatated temperatures involving
the breaking off of layers or pieces of concretarfrthe exposed face at high and
rapidly rising temperatures. The physical effectspélling is to reduce the cross-
sectional area and potentially expose reinforcen@ritigh gas temperatures. It is
therefore thought that spalling poses a potenhigdat to the stability of concrete

structures in fire.

The severity of spalling for structural fire perfmance will depend upon the affected
structural arrangement. A simply supported beameliant purely upon flexure for
stability, for example. Exposure of the reinforcemi® high gas temperatures causes
a rapid decline in steel strength and consequéhdyflexural strength of the beam.
Due to the absence of alternative load paths sgadiccelerates failures of the beam

at high temperatures.

However structural elements rarely act in isolatmal this is particularly true in fire

where the effect of thermal expansion can changhl b restraint and loading

conditions of a structure (Chapter 3). Restraimeaimal expansion induces large in-
plane compressive stresses which enhance the kmthf capacity. Consequently
the reduction in flexural strength due to spalliadess critical for stability in these

structures due to alternative support mechanisitis asi arching action.

Such behaviour has been witnessed experimentabyidia 2002 #4}. A full scale
fire test of a concrete structure resulted in sewgralling of a flat slab exposing the
majority of the sagging reinforcement but duringd aafter the test no signs of
collapse were evident. It is thought that larg@leme compressive stresses resulting
from restrained thermal expansion increased theerggvof concrete spalling.
However, these compressive stresses also have dplage important role in
maintaining the stability of the slab by enhancthg load-carrying capacity. This
case demonstrates the complex interaction of bebaviwhich dictates the
performance of concrete structures at high tempesit This interaction is a delicate

balance between detrimental and beneficial effeictdpe able to design concrete
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structures for fire confidently we must be ablegtmntify these effects, and to do this

we must be able to:
(1) fully understand the load carrying mechanisms oiccete in fire,
(2) understand the mechanisms of spalling and quasyidling severity; and

(3) consider the interaction of concrete structural maecsms with concrete

spalling behaviour.

In this thesis we look specifically at points (1ida(3). Chapters 2-5 have looked in
detail at the load carrying mechanisms of two-wpgsing slabs and our ability to
model this behaviour numerically. In this chapter ok at implementing the effect

of spalling in a structural analysis to achievenp@).

Point (2) is not addressed in this research. Irtigex 6.1 and 6.2 background
information is presented to identify the motivatimn decoupling spalling prediction
from high temperature concrete structural anah®etion 6.1 presents background
information on the current understanding of spgllibehaviour, the initiating
mechanisms and current predictive capabilities.sTéection demonstrates the
complexity of spalling and considerable challendasing spalling prediction.
Section 6.2 reviews the current guidelines for lggalbehaviour in the design of
concrete structures for fire and the applicabilitfy those guidelines to modern
concrete structures. This discussion demonstragerded for calculation methods in

the design of concrete structures against spalling.

Section 6.3 outlines a new design methodology de#dnto address point (3). The
section explains how the methodology decoupleslisgabrediction from the
structural analysis; the spalling severity thendmees an input for the structural
analysis therefore some reference is made to sgalprediction techniques
developed by others. In Section 6.4 and Sectionvéoscase studies are presented to

demonstrate the implementation of the design metlogg.

6.1 Spalling behaviour of concrete

A substantial body of research concerning the n@shes of spalling of concrete at
high temperatures exists. In this section the typésspalling, the governing
mechanisms and predictive techniques are discu3$esl.discussion highlights the
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complexity of spalling prediction and the feasilyilof spalling predictive techniques

in a design or structural analysis context.

6.1.1 Types and consequences of spalling
Spalling has been classified into 3 different typemmely, explosive spalling,
aggregate spalling and corner spalling {CIRIA, 19222}:

Aggregate Spalling — This type of spalling occurghe early stages of the fire and
involves small pieces flying off from the surfad®@amage to the concrete cross-

section is cosmetic.

Explosive spalling — Typically occurs in the eadtage of a fire and has been
witnessed at temperatures as low as 200°C {Bot®9 #25}. This type of spalling is
violent and destructive, involving rapid expulsioh pieces of concrete from the

exposed surface.

Corner Spalling — this type occurs in the lated aften, decay stages of the fire. It is
characterised by large corner pieces falling off toncrete. Tensile cracks develop

at the corners and edges where reinforcementas tdtated {Connolly, 1995 #29}.

Explosive spalling is generally considered to be thost detrimental to concrete
structural behaviour by removing concrete crossi@e@nd reinforcement cover in
the early stages of the fire when gas temperatareshigh and rapidly rising.
Aggregate spalling results in only superficial dgmao the concrete structure.
Although corner spalling occurs in the loss of &apncrete pieces this concrete is
already significantly weakened because this typspafling occurs late on in the fire.
In a real fire, temperatures are reducing at ttagesunlike in the fire resistance test
where the temperature rises indefinitely and cospalling can result in failure of
the member {Bailey, 2002 #4}.

The majority of research is therefore concernech vekplosive spalling; in the
following sections the mechanisms of explosive lspaland prediction techniques

are described. All future references to spallirfgreo explosive spalling.
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6.1.2 Mechanisms of spalling

The precise conditions under which spalling ocesitill the source of much debate
{Khoury, 2000 #81}. Broadly, the proposed mechargdail under three categories;
pore pressure spalling, thermal stress spalling @mdbined pore pressure and
thermal stress spalling. Each is described briedie.

Pore pressure spalling

In general terms pore pressure spalling occurs vavaporation and migration of
free water from the heated surface increases pessyre locally at some distance
from the heated surface. Continued heating andtareisnigration will result in the

pore pressure reaching the tensile strength otdnerete, resulting in an explosive

local failure.

Thermal stress spalling

At sufficiently high heating rates ceramics havspthyed explosive spalling due to
excessive differential thermal expansion {Khour§0@ #81}. This demonstrates that
factors other than pore pressure contribute todbeurrence of spalling. When
concrete is heated steep thermal gradients devélmpdifferential rates of thermal
expansion through the cross section result in cesgive stresses at the exposed face
where expansion is highest and tension in the icwetior where thermal expansion
is lower (chapter 3). The thermal expansion diffiéed is thought to give rise to

thermal spalling.

Combination thermal stress and pore pressure spafig

There is growing consensus that spalling of coeaeses from a combination of the
tensile stresses induced by differential thermpb@&sion and increased pore pressure
{Phan, 1997 #85; Khoury, 2000 #14}. This theorygigen credence by the lack of
experimental evidence directly supporting eithereppressure spalling or thermal
stress spalling as being individually capable afucing spalling. The combined
stresses from increased pore pressure and thetrass sire, however, thought to be
sufficient. There is continued debate surroundihg tnteraction of these two
mechanisms and how this interaction results inlisggalRecent numerical modelling

has suggested that the influence of each mechamigynchange depending on the
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scenario {Zhang, 2009 #91}. Much of the difficulty understanding this lies in the

experimental challenge of concrete micro structuyehaviour during high

temperature experiments.

6.1.3 Influencing parameters

Several substantial reviews of the experimental raunderical research in this field
have been undertaken {Khoury, 2000 #81; Khoury,02804} therefore this section
briefly summarises the current consensus concethmghechanisms which give rise

to spalling and the influencing parameters.

A large number of factors have been found to cbute to the occurrence of
spalling. Khoury {, 2000 #14} has grouped somehs most significant parameters
under the following categories: material factorsyi;onmental factors and geometric

factors. These are presented in Table 6.1.

Table 6.1 Factors contributing to the spalling betwaur of concrete

Category Contributing Factor

Material Moisture Content

Concrete Permeability
Cracks
Aggregate Type and Size

Reinforcement

Environmental Heating rate
Heating profile

Thermal Restraint

Geometric Section shape

Section size

Moisture Content

Moisture content is considered one of the mainofacin the occurrence of spalling.
Concrete with a moisture content above 2-3% by kteigas a much higher
propensity to spalling than that of drier concréteywever, a high moisture content is

not a prerequisite for the occurrence of spallihdury, 2000 #14}. Increased
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moisture content will correspondingly result in iacrease in pore pressure due to

the greater volume of evaporable free water ah#dated surface.

Permeability, water/cement ratio

High strength concretes are considered more pme&losive spalling than normal
strength concrete even though high strength coexrate also stronger in tension.
This increased propensity to spalling is not duth&r higher strength, but due to the
means by which the concrete has been strengthéhembmmon method is the
inclusion of densifying additives such as silicankior a low water/cement ratio. A
side effect of this is a reduction in material peafility and it is this low
permeability which is thought to increase theikrtd spalling by preventing the
ready escape of water and increasing pore prebsilceup {Hertz, 2003 #1}.

Aggregate type and size

Thermal incompatibility between the aggregate dedcement matrix can contribute
to spalling behaviour, and some aggregates are proree to spalling than others.
Siliceous aggregates tend to perform poorly witmeosuch as Thames gravel
breaking down at temperatures as low as 350°C {Kho2000 #14} and quartz
aggregates experiencing alpha-beta conversion @fC54Bazant, 1996 #22}.
Calcareous aggregates owe their better performangdéower thermal expansion co-

efficient and so a greater thermal compatibilityhithe cement paste.

Heating rate and profile

The heating rate has been shown to be a signiffeatir in explosive spalling. The
likelihood of spalling increases when heating rades fast. The faster the rate of
heating the steeper the thermal gradient in thereda cross-section and the larger
the differential rates of thermal expansion incie@shermal stress. An approximate
minimum thermal gradient in the section is 5K/mnd @t 7-8K/mm spalling is very
likely {Fletcher, 2007 #3}.

Restraint and applied load

Restraint against thermal expansion of a heatedctsnal element induces

mechanical strains equal and opposite to the tHemmpansion strains. The
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development of these mechanical strains resultgoimpressive stresses which
increase the likelihood of spalling. Applicationlofd can also increase compressive

stresses, resulting in a greater possibility oflsga{Hertz, 2003 #1}.

Cross section geometry

Sharp changes in geometry such as corners havendemted a tendency for
spalling, due to the higher thermal stresses amidteer rate of heat influx.

There is experimental evidence that thinner cressiens spall more readily than
thicker cross sections; it has been suggestedtratpressure magnitudes in thinner

cross-sections could be higher {Khoury, 2000 #81}.

6.1.4 Predictive capabilities

Coupled hyrdo-thermal-mechanical models

To model the mechanisms of spalling accuratelyhimat transfer, mass transfer and
mechanical stress analyses must be coupled in vghaermed hydro-thermal-
mechanical modelling. Advances were made with #pproach in the 1990s with
major contributions from Gawin et al. {, 2003 #94&houry et al. {, 2002 #38} and
Khoury {, 1995 #95}. This was largely driven by tBeropean wide HITECO (HIgh
TEmperature COncrete) project. Further developmeat® been made by Tenchev
and Purnell {, 2005 #6} and Davie et al. {, 2008181

These models are able to describe accurately wen#l, hydro and mechanical
processes that occur in concrete at elevated tetypes; however, the predictive
capabilities of such models has been limited byioability to clearly identify the

conditions under which spalling occurs. There issiderable experimental difficulty
in measuring conditions within a specimen at higmgerature which has made it
difficult to establish the exact criteria for spadl and also to validate predictions
made by these models. Therefore the models haveyeiotprovided effective

predictions of spalling {Davie, 2008 #119} suitalbbe a design scenario.

Coupled hydro-thermal models

To simplify the modelling process for the purposecambination with a structural

analysis some have developed coupled hydro-themmdels which ignore the
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thermal stress contribution by performing the dtreel analysis separately
{Dwaikat, 2009 #68}; this simplification has yet twe justified experimentally or
theoretically.

6.1.5 Summary of spalling mechanisms and modelling

It is clear that numerical modelling has made digant advances in our
understanding of the conditions in heated con@peeimens. Predictive techniques
are limited by experimental validation and confitima of the conditions which lead
to spalling. Simplified prediction models are urdared by limited theoretical

justification.

The mechanisms that govern spalling have been idedchere; the scale at which
these occur is not compatible with a structurallywis In addition the accuracy of
current prediction techniques is not yet sufficitartdesign purposes. It is therefore
concluded that current spalling predictive techegjare not suitable to be coupled
with a structural analysis. This does not, howenegate the need for the ability to
capture the detrimental effects of spalling inracural analysis which is described

in section 6.2.

6.2 Design of concrete structures for spalling

In this section the guidelines concerning the spglbehaviour of concrete under
Eurocode 2 {, 2004 #27} are reviewed and the assiomp behind those guidelines
are discussed in the context modern concrete gtesct

6.21 European spalling guidance

In Eurocode 2 three design approaches are descfdrethe design of concrete
structures in fire; the tabulated data, simplifealculation methods and advanced
calculation models. Only principles are provided the advanced calculation
models; however, more detailed guidance is proviftedthe tabulated data and
simplified calculation method approach. The natafethese approaches and the

spalling guidance provided are described in thieWhg sections.
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Tabulated data

The tabulated data consists of sets of minimum scresction dimensions and

reinforcement cover levels to achieve a partictitar resistance rating for different

structural elements (beams, walls, slabs etc). drgins of the tabulated data are
empirical, primarily derived from standard fire istance tests of isolated concrete
structural elements conducted in the 1940s {Len2004 #225}.

When a design is compliant with the geometric resquents of the tabulated data no
consideration of spalling is deemed necessary.h&sotigins of the tabulated data
are empirical it is assumed that the detrimentékcts of spalling are already

implicitly accounted for by the experimental proges

However, an inherent limitation of empirical metsod that their applicability is
determined by the conditions under which their dai@s obtained. Spalling
behaviour is influenced by a large number of matergeometric and thermal
parameters (for example, as discussed above, tiregaje type). There is a natural
degree of variation in these parameters which shbel covered by the range of

tested specimens; however, these parameters rsavehanged over time.

Kelly and Purkiss {, 2008 #220} have investigatad validity of applying historical
test data to modern concrete structures, partigulacusing on spalling behaviour.
They found that typical concrete porosity and pexbiléy has decreased since the
tests in the 1940s as a by product of increasinty eday concrete strengths.
Permeability is a significant contributing factorthe spalling behaviour of concrete;
therefore the ability of an empirical approach whiases historical data to
adequately address the issue of spalling is quesiie.

It should also be noted that material changes nti@te are not the only difference
between the test data and modern concrete stracfline tabulated data are largely
based on unrestrained concrete specimens subjecsitagle heating condition, the

standard temperature time curve. Restraint of tabaxpansion and the heating rate
have strong influences upon the development ottieemal stress, indeed Ali et al.

{, 2004 #5} have shown the likelihood and sevedfyspalling are affected by both

of these parameters.
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Simplified calculation method

When using a calculation method to estimate figstance, either the simplified
methods of Eurocode 2 Annex B {, 2004 #27} or adexh calculation models,
spalling risk is determined only by the concreteisnwe content by weight.
According to the UK Eurocode 2 Annex {, 2004 #22h¢ critical moisture content
of concrete by weight is 3%. The moisture conteay e assumed to be below this
if the member is designed for an X0 or XC1 exposiliass; these exposure classes
represent internal exposure. Where the designés the moisture content may be
above 3% it is recommended to check for the efdédpalling by assuming loss of
cover to one reinforcing bar or bundle of bars. lhis assumes only localised
spalling. This check may also be avoided if whéeernumber of reinforcement bars
is large as it is thought that an acceptable nebligion of stress is possible without

loss of stability. This may be assumed for theokelhg situations:
» solid slabs with evenly distributed rebar; and

* beams with a width of greater than 400mm and mioa@ 8 reinforcement

bars in the tensile area.

For high spalling risk scenarios the use of spglimitigation measures such as
polypropylene fibres are advocated. Polypropylebee$ melt at 160°C; it is thought
that this process reduces spalling by providingnokés to relieve the build up of

pore pressures {Khoury, 2000 #81}.

Although moisture content is a significant conttibg parameter in the spalling
behaviour of concrete it is not solely responsilflee use of a singular parameter to
determine spalling risk ignores the effect and ratdons of other contributing
parameters; neglect of these has not been jusfifetly, 2008 #220}. The use of
moisture content alone also focuses on pore presgaalling as being predominantly
responsible for spalling. Recent numerical reseéZblang, 2009 #91} has indicated
that the relative importance of thermal stress pock pressure could be scenario

specific.
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6.22 Summary of spalling design guidance

Spalling is only considered in a small number cfesaunder European concrete fire
design guidance. Some of the underlying assumpaoaglifficult to justify, such as
the use of historical data to ensure fire resigasome have not been justified, such
as the use of a singular parameter for the detatroim of spalling risk. Modern
concrete structures are typically lighter than itradal concrete construction thus

making them more vulnerable to the effects of spgihnd fire.

Spalling risk assessment methods need to be imgrawe it needs to be recognised

that this is a two-stage process:
» the likelihood of spalling occurring; and

» the consequences for the structure should spaikiogr.

6.3 Spalling design framework
A new design framework has been developed herehwdiros to directly address the

design of concrete structures for the effectsrefdind concrete spalling.

This framework improves on previous approaches kgodpling the spalling
prediction from the structural analysis. The spaglldesign framework developed
here focuses on the implementation of the spaéiifect in a structural analysis. This
provides the opportunity to pursue design solutiowkich minimise the
consequences of spalling for structural performahteddition to current spalling
mitigation measures this will increase the avadabptions for designing concrete

structures for the effects of spalling.

The spalling design framework is appropriate foe us performance based design.
Performance based design is used when it can ddd tma design; this is typically

achieved with new and innovative designs which taltside the boundaries of
prescriptive guidance. As discussed in sectiontBe2 current European guidance
provides limited information for determining spadi risk; this impedes the use of
calculation techniques necessary for ensuring edeatructural fire resistance under

performance based design approaches.
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A key feature of this framework is to separate thsks of determiningpalling risk
and investigating theonsequences of spallinfpr structural performance. The
advantage of determining spalling risk and struadtuesponse separately is greater
freedom and flexibility to chose the most appragriapalling tool or structural
analysis for the given situation. Additionally witha design there is likely to be a
substantial amount of variation in parameters douting to spalling behaviour.
Combined with the variation in structural form thpsoduces a potentially large
number of analyses to be conducted; by separatiagtask of spalling risk and

structural analysis this may be reduced.
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6.3.1 Spalling design framework overview

The proposed spalling design framework is summarisehe flow chart in Figure
6-1.

Legend — | Design Parameters <

e | Performance Requiremen
i Process:

Decision @ RELSE spalllng A R
; occurring : ) o ]

b T ‘ ' Modification spalling:

l . risk parameters |

Modification
Spalling Severity i structural design i

==

Assessment of spalling
@ i consequences of structural
v 3 stability !

Performance
Criteria

Acceptable Unacceptable

Figure 6-1 Flow chart of proposed design procedtwe the consideration of spalling effects for
concrete structural performance in fire

The procedure consists of two separate sequentialyses. The first analysis
considers the likelihood of spalling; the secondcuates the spalling affected

structural performance and assesses the conseguensgructural fire performance.

The first stage of the analysis examines the likeld of spalling. Spalling prediction
may be undertaken using a variety of methods: aoatly observed spalling rates,
numerical spalling models or risk-based assessm&htse methods are discussed
more fully in section 6.3.2. The inputs to the dasprocedure are the spalling risk
factors, that is, the thermal, material and geoimd#ctors summarised in section
6.1.3. The thermal conditions are defined by thereyriate design fire, the material
factors are determined by the concrete mix desigh the geometric factors are
determined by the structural design and structooalditions, that is, restraint and

applied load. Whichever method is used, the ouipwt quantification of spalling
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severity which is input to the structural analydikis quantification is expressed as

an area of cross-section lost.

The consequences of spalling upon the structundbqmeance are assessed in the
second analysis. The spalling affected structural gerformance is first calculated
and then the consequences of spalling for structineaperformance are judged on
the basis of the design performance criteria. Hpe of structural analysis used is
dictated by the performance requirement. Simplelyaea might omit thermal
expansion (for example) but are typically conseveatmore detailed calculation
techniques such as frame and finite element asabrg more accurate but require
more assumptions to be made. Inputs will therefiegend upon the type of analysis

adopted but will include the spalling severity éfithed in the first analysis.

To determine the consequences of spalling the gestlistructural performance is
compared with the performance requirements to ater acceptability. Where the
interpreted performance meets the fire resistareguirements the design is
acceptable and the process comes to an end; wiheraimacceptable the process
must be repeated following modification of the desiThe performance may be

improved by either:
* reducing spalling risk factors;
« spalling mitigation measures; or
» improving structural stability in the event of dpad.

Reducing the spalling severity entails changindlisparisk factors such as high
levels of restraint against thermal expansion arcoete mix design. Measures to
mitigate spalling include application of protectiiesulation layers such as
plasterboard and the use of polypropylene fibrestha concrete mix. These
approaches constitute the current treatment ofisgah design. The spalling design
framework offers a third alternative. Where theesdy of spalling is not excessively
onerous it may be possible to design out the effettspalling. This will require

identifying the consequences of spalling for suet support mechanisms, and
therefore an understanding of concrete structunggbsrt mechanisms.
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6.32 Spalling prediction

Spalling predictions can be made using empiricaladar numerical model
predictions. The spalling prediction methodologpessented in this section is the
work of others. They are presented to demonstrate they can fit in with the
spalling design framework developed by the authaeiction 6.3.1.

Empirical data derived from material and structuesits has allowed us to develop
an understanding of the conditions likely to caspalling. However, by its very
nature it is limited to the test conditions unddmieh it was derived, limiting its

applicability.

Numerical models vary in their sophistication, thest complex models are able to
accurately model the physical processes responiilildhave been limited by poor
definition of the critical conditions for spallirand a lack of experimental validation.
Simplified models naturally suffer from the sanmitations. The gap has yet to be
closed between empirical data and modelling capwybil

While both numerical and empirical based predidiordividually have limitations,
the combination of knowledge amassed from bothetlmesthods provides a wealth
of understanding concerning the conditions likelyetad to spalling and the potential

severity of spalling.

These approaches can be combined by using a rs#dbmethodology to make
spalling predictions. Risk based approaches aeadyrin wide spread use with the
fire safety community. Risk is calculated as a fiorc of the frequency of
occurrence, the probability of occurrence and thiesequence of occurrence. Each
of these depend upon a large number of contribufamgors, thus prediction of
spalling for a full design can be a laborious tagk.risk-based approach is
substantially faster than detailed modelling maktregtractive in a design context; it
allows detailed analysis to focus upon high risknents of a structure. The
framework of many risk-based approaches allowscfassification of risk to be

continually updated as research in the field adeanc

Two risk-based methods that have been developeéteyrmine the risk of spalling
are Lennon et al. {, 2007 #223} and Lamont e{,a2007 #219}.
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Lennon risk based approach

Lennon et al. {, 2007 #223} developed a risk baspgroach for demonstration
purposes in the design guideoncrete structures in firdisk is calculated according

to the equation:
Risk = frequency x probability x consequences Equation 6-1

Frequency refers to the number of fires that &elyito occur in a building, which is
a function of building size and usage. Probabiiglers to the likelihood of spalling
occurring; this is determined by the interactiontloé contributing factors (such as
moisture content, aggregate type, thermal exposwteth were summarised in
section 6.1.3. Consequences in this context musbhsidered the consequences of
structural failure occurring due to spalling foetfire safety strategy, rather than the
consequences of spalling specifically for strudtuperformance. Therefore
consequence is a function of the application of dtractural element for example
location and role in the structural arrangementewhbonsidering the consequences
of structural failure due to spalling for life sfer property protection Lennon et al.

assume the consequences to be proportional teetgkttof the building.

To demonstrate how the method can be used Lenmatect a hazard scoring system
for the likelihood of spalling; an extract is indied in Table 6.2. Each factor is
attributed a weighted score 1, 3 or 5 dependingtrmir effect upon spalling
likelihood. A score of 1 indicates a small efféct large effect.

Table 6.2 Example of hazard based scoring systerspilling of concrete structures {Lennon, 2007
#223}

Condition Factor Suggested Hazard Score
Low Med High

Thermal Normal (Standard Fire curve) 1
Exposure

Severe (Hydrocarbon curve) 3

Extreme (Modified Hydrocarbon 5
curve, RWS)

1 sided exposure 1

> 1 side exposed 3
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Spalling risk categories are attributed to band®tal hazard score; Lennon et al.’s

categorisation is included here in Table 6.3

Table 6.3 Hazard categorisation for spalling of cogte structures {Lennon, 2007 #223}

Hazard Risk of Overall Key factors
Category Spalling hazard score
Low Very low <10 Normal strength, lightweight

concrete, standard fire
exposure, mc <3%, | side
exposure, unloaded

Low 11-15 Normal strength, normal
weight concrete, calcareous
aggregate, standard fire
exposure, internal environmer
restrained, unloaded

—*

Medium Medium 16-20 Normal strength, normal
weight concrete, siliceous
aggregate, hydrocarbon fire
exposure, internal environmer
restrained, loaded

High High 21-25 High strength (Class 2 of EN
1992-1-2) Hydrocarbon fire,
siliceous aggregate

~+

Very high >25 High strength concrete (Class 3
of EN 1992-1-2), tunnel fire
exposure, high moisture

content, siliceous aggregate

Once the spalling hazard has been identified Lenusas a matrix in Table 6.4 and
the categories in Table 6.5 to judge the overal dategory in terms of the spalling
hazard and spalling failure consequences (theréafi an element due to spalling)

and suggests possible actions.
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Table 6.4 Risk Assessment — possible templatésfoprofiling {Lennon, 2007 #223}

Hazard Consequence class — function of building height (m)
2 (5-18m)| 3(18-30n) 4 (30-60m) 5 (>60n

Category 1 (0-5m)

Low
Med
High

Table 6.5 Possible risk categories {Lennon, 2002342

Colour Risk Category Action Required
Code

Acceptable risk No action required

Tolerable Consider the use of passive fire pragact

Unacceptable| Measures to reduce or mitigate consequences of
risk spalling essential

This method demonstrates how spalllikglihood can be quantified. The focus for
risk profiling is, however, upon spalling mitigatiovhich is only one potential
solution to minimising the threat of spalling belwawy. The consequence of
structural failure is considered in relation t@Igafety by linking the risk to building
height.

Lamont risk based approach

Lamont et al. {, 2007 #219} adopts a similar metblody to Lennon {, 2007 #223}
to determine spalling hazard. Factors affectingdlisigalikelihood are designated a
weighted score of 1, 3 and 5 to represent low, oradand high hazard. Table 6.6
allows the total risk score (column 3) to be tratesil into different spalling risk
categories. Five risk categories are defined wik\gerity of spalling associated with

each category. These spalling severities correldteexperimental evidence.
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Table 6.6 Spalling hazard classification and spajlseverities {Lamont, 2007 #219}

Category | Risk of Total Key factors Spalling
spalling Risk Level
A Very Low <11 Ordinary Strength, normal weight, Zero or

unloaded, unrestrained, standard fire minimal
exposure, reinforced, moisture < 3%,
one side exposure

B Low 12-20 Ordinary Strength, normal weight, Up to the
unloaded, restrained, standard fire level of the
exposure reinforcement

Significant no. of key variables likely to
promote spalling

C Med 21-28 Ordinary Strength, normal weight, 3 mm/min
unloaded, restrained, standard
hydrocarbon fire exposure

Small no. of key variables likely to
promote spalling

D High 29-37 Ordinary Strength, normal weight, 7 mm/min
unloaded, restrained, standard
hydrocarbon fire exposure

Significant no. of key variables likely to
promote spalling

E Very high >37 High strength (design strength > 55 Un-
MPa), standard hydrocarbon fire quantifiable
exposure

Lamont et al.’s method fails to consider the conseges of spalling-induced
structural failure in the hazard scoring. The consmces of failure are, however, an
important contribution to the total risk. Relyingurgly on spalling hazard to
determine risk neglects scenarios where the coesegs of structural failure are
sufficiently severe to warrant consideration of éswisk events (such as in nuclear

applications).

This approach has the advantage of attributingipalyspalling rates to different risk
categories. These spalling rates may be used aeee thput into the structural
analysis in section 6.3.3. The spalling severi#ies currently based on experimental
evidence and are tied to the standard temperaituee durve, the methodology is

open however to modification as numerical and erpantal research advances.
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Summary

Risk based approaches provide a more robust desigtion for spalling prediction
than current numerical solutions are capable ofidnog. The framework of a risk
based approach is open to development as numennwhlexperimental research

advances.

The risk based approaches reviewed here represenfirst attempts to quantify
spalling risk. Naturally, there is room for impronent. Immediate improvements

include:

* Inclusion of consequences of structural failure fioe safety strategy in

hazard scoring; and

* more experimental evidence of spalling severities

6.3.3  Structural Analysis

The structural analysis stage of the design framlewassesses the structural
performance should spalling occur. The inputs &dtiuctural analysis are: material
properties, structural arrangement, design firallislg severity and the performance

requirements.

The type of structural analysis depends upon tlsggderequirements and can vary
from simple estimates of flexural strength to mdetailed frame and finite element
analyses. In both cases the heat transfer andwgtalianalysis is typically performed
separately but the analysis must correctly modelttiermal distribution due to the

loss of concrete section when spalling occurs.

The predicted structural performance (e.g. timedlapse) must then be compared
with the performance requirements. The degree wd fesistance required is
normally specified in terms of the stability, ingtibn and integrity performance of
the structure (the three essential fire resistamiteria). For load bearing structures,
we are primarily concerned with stability, but ifetion and integrity can also

become the limiting performance requirements.

6-194



In section 6.4 and section 6.5 two case-studies um@d to demonstrate the
implementation of this new design framework forgisimple calculation technique

and (ii) a finite element analysis.

6.4 Case Study 1: Continuous two span RC beam
This case study demonstrates the implementatidgheospalling design framework
for the simple structural analysis of a concreteicttiral element in fire. The
structure analysed is a two span continuous raiatbconcrete beam which is 600
mm deep, 300 mm wide and has 6 m spans. The antmantete strength, is 30
MPa. Figure 6-2 shows the reinforcement quantiéied curtailment. The ambient
reinforcement yield strength fg = 500 MPa and the cover level to top and bottom
reinforcement is 35 mm. Temperature dependent mahtaroperties for both the
concrete and reinforcing steel are taken from Eaote.

A

2No.16 mm i 2.4 m
——>

2No.16 mm: 3.2 m

A-A

2 No. 16 mm 12m

®0e®®® | 5 No. 16 mm

oo oo 4NO.16mm
o 7,
4 No.16 mm e 12m

6m 3 6m

A

Figure 6-2 Two span continuous beam reinforcemesttilution

The beam load ratio is 0.5. Load ratio comparesafiied bending moment in fire

conditions M*e) to the beam ambient ultimate moment capa&tyd):

- *
rIoad =M fire

I'M 4 Equation 6-2

6.4.1 Step 1: Spalling assessment
The spalling assessment by Lamont et al. {, 2000@¥2s used here to define the
spalling severity (Table 6.6). The structure inigeged is an ordinary strength,
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unrestrained beam exposed to the standard fireecitris assumed that a significant
number of key material variables likely to promstmlling are present, for example
high moisture content. The spalling hazard categsrtherefore B for which the

spalling severity is the loss of reinforcement gove

If the category had been C or D, the most sevelegosaes the loss of cover to the
reinforcement and the reinforcement (spalling pesges beyond the reinforcement
level) would occur in 12 min and 5 min respectivelfhe consequence of these
spalling classifications for flexural structuralesients is so severe as to make it
impossible to design out the effects of spallinyj a0 measures need to be taken to

minimise spalling risk or spalling mitigation meassishould be adopted.

6.42 Step 2: Structural performance

The spalling affected thermal response of the bearalculated using the finite
element method. The structural response is subsdyguealculated using plastic
hand calculation analysis and moment redistribugsmcommonly used for ambient
design). The standard temperature time curve id tssdefine the thermal exposure.
The failure mechanism is considered to be the faomaf two plastic hinges within
a single span and the duration of exposure totdredard fire required to cause this

is the failure time.

The moment capacity of the beam cross-section gurgating is calculated using
the 500°C isotherm method from Appendix Bl of Eode 2 {, 2002 #30}. This

method assumes that concrete heated above 500°GQehasstrength and below
500°C the strength is unaffected by temperature. 900°C isotherm method is the
simplest calculation technique available for theigle of concrete structures for fire.
The thermal and mechanical analyses are perforrepdrately. The mechanical

analysis is performed in two-steps:
» Sectional analysis to calculate spalling affectedhmant capacity

» Structural analysis to calculate implications fog tontinuous beam
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Thermal analysis

The thermal analysis is performed for a 2D crosstiae of the beam using
commercial finite element software ABAQUS {, 200828}. During the heat
transfer analysis finite elements are removed ® rmfinforcement cover depth.
Spalling is assumed to occur instantly and at asqoileed rate of 3mm/min to
compare the effect for temperature evolution ofhbtite reinforcement and the
concrete cross section. Each time a layer of com@kements is removed from the
analysis the thermal boundary conditions are reegpFigure 6-3 presents a contour
plot of cross section temperatures during the traasfer. Elements coloured white

represent spalled material and have been remowedtire analysis.

I
NN

TEWP Reinforcement | mewe TEMP

(avg: 75%) (Avg: 7S5%) (Avg: 7S5%)
189.08 H H 314.05 1152.73
174.99 axis distanc 289,55 1085.18
1£0.90 265.05 1017.62
146.81 240.54 950.07
132.72 216.04 882.52
118.63 191,53 814.97
104.54 167.03 747.42
20,45 142,52 5679.87
76,36 Lig.uz E12.31
62.27 93.51 544,78
48.18 £9.01 477.21
34.09 44.50 409,66
20.00 20.00 342.11

(a) 60 seconds (b) 240 seconds (c) 14400 seconds

Figure 6-3Beam cross section temperature profifs)(

The thermal response of the cross section is suis@thin terms of the temperature
of the bottom reinforcement steel and the effeatiess-sectional area in Figure 6-4.
The effective cross sectional area is the crosseset area of concrete below
500°C. Three cases are compared in Figure 6-4:patirg, category B spalling

instant removal and category B spalling progressiigure 6-4 (a) compares the
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evolution of bottom reinforcement temperature amgufe 6-4 (b) the reduction in

effective cross-sectional area.

No Spalling
=+=+=Category B Spalling |,
|| ====Category B Instant

0.04+ No Spaling |- - -1 L W
|
|
|
|

Reinforcement Temperature (degC)

==+= Category B Spalling
====Category B Instant

0 20 40 60
Time (mins) Time (mins)

Figure 6-4. Effect of spalling characterisation f@a) Bottom reinforcement temperature and (b)
effective cross section area upon exposure totdredard temperature time curve

Spalling increases the rate of temperature rigaafeinforcement and increases the
reduction in effective cross-sectional area. Remgall of the spalled material prior
to the start of the analysis as opposed to gragaiifing the analysis results in a
faster initial rise in reinforcement temperaturige@20 minutes of exposure when all
the spalled material has been removed the spalffgcted reinforcement
temperatures are almost the same. Similarly insembval of the spalled material
results in initially a much higher reduction in effive cross-sectional area.
However, once all of the spalled material has besnoved the effective cross
sectional areas are equal; it is therefore possvblen spalling of the reinforcement
cover is considered to simplify the analysis byuassg the loss of concrete cover

prior to the start of the analysis.

Section capacity

The effect of temperature for the beam moment dgpa calculated using the
500°C isotherm method from Appendix B1 Eurocode2@02 #30}. Figure 6-5
presents the reduction in normalised sagging aggihg moment capacities for the

case of no spalling, Figure 6-5 (a), and categospaling, Figure 6-5 (b).
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It is apparent from both figures that the mid spagging moment capacity is most
adversely affected by fire exposure and spalling wuthe proximity of the sagging
reinforcement to the exposed beam surface. The @dgcline of moment capacity
will lead to yielding of the reinforcement at migas.

—+— Sagging
—o&— Hogging - Support
—+— Hogging - Midspan

—— Hogging - Curtailment
****** e B |

(b)

My ©)

*

ult

M

—+— Sagging
|| —©— Hogging - Support
0.1H —*— Hogging - Midspan | _
—— Hogging - Curtailment

|
|
4
| | |
| | |
T | | |
0 30 60 90 120 150 180 210 240
Time (mins)

Figure 6-5 Cross section sagging and hogging mornapécity for (a) No spalling and (b) Category
B spalling under standard fire exposure

Structural analysis

The structural response of the beam is calculasgtplastic analysis and moment
redistribution. Thermal expansion effects are nohsidered in this calculation.
Figure 6-6 demonstrates the moment redistributia dccurs during heating of the
beam. The ambient temperature bending moment aagrad moment capacity
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envelope are presented in Figure 6-6 (a). In Figdée(b) the rapid decline in mid
span sagging moment has led to the developmenptdstic hinge. As the sagging
moment capacity continues to decrease so too doesntid span moment,
redistributing moment towards the central suppbinis is evident in Figure 6-6 (c)
where a third plastic hinge forms at the centralpsut due to a reduction in hogging
moment capacity and redistributed mid span momdmchwwill result in failure of

the slab.
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Figure 6-6 Moment Redistribution in a two span @mndus beam exposed to a fire (a) Ambient
conditions (b) plastic hinge development at beam spians (c) plastic hinge develops at support —
failure mechanism

The duration of exposure to the standard temperaiomre curve that causes this
failure is used to determine the fire resistanceope Table 6.7 summarises the
duration of exposure which causes the first andrsplastic hinge to form which
correspond to the failure times of a simply supgaibeam and a continuous beam

respectively.
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Table 6.7 Fire resistance periods of continuous $wan beam under spalling categories A-D

Spalling Designation First Yield Second Yield Fire Resistance
(min) (min) (min)
No Spalling 125 180 180
Category B Spalling 19 30 30

Spalling significantly reduces the fire performarafethe beam by causing a rapid
decline in the sagging flexural capacity. The fiystld of the beam is due to the
reducing sagging capacity. In Table 6.7 we cantbat spalling reduces the first
yield time from 125 minutes to just 19 minutes. T¢exond yield occurs at the
continuous support due to moment redistributionTdtle 6.7 it can been seen that
continuity improves the performance time of the 4spalling and spalling cases to
180 minutes and 30 minutes respectively. For ttadlisg case the improvement is
less significant than for the non-spalling cases Itlear that the sagging moment

capacity is critical to the performance of the beam

A structural element may be attributed a fire tasise rating of 30, 60, 90, 120, 180
or 240 minutes, which ever is less than the preditailure time; the fire resistance
times of the continuous beam based on the calonkin this section are included in
Table 6.7.

Consideration of the spalling effect has shown peeformance of the two way
spanning beam to be inadequate. The designer newaeoptions, (1) to reduce the
spalling risk or (2) having identified the consences of spalling for the structure
they can design out the effect of spalling. Thiscpess is demonstrated in the

following section

6.43 Step 3: Spalling re-design
The analysis of the structure demonstrated thatrapel deterioration in mid span
sagging capacity was critical for the behavioutha® beam. If the designer is able to

attenuate that decline, the fire resistance parfdde beam can be improved.

The reduction in cross section sagging capacitycheefly due to the rise in
temperature of the steel reinforcement. To imprpegformance it is therefore
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necessary to limit this temperature rise. This ddag achieved by redistributing the
bottom steel layer into two layers (Figure 6-7). thVithis arrangement of
reinforcement only the lowest layer of reinforcemen exposed and 50% of the
reinforcement is insulated. Figure 6-7 presentthwe reinforcement detailing.

A

2No.16 mm | 2.4 m
——>

2No.16mm: 3.2m

_ 2No. 16 mm 112m AA
: $eeee®! 6 No. 16 mm
s S8 8No.12mm
A
4 No. 12 mm o 12'm #
4 No. 12 mm 12m .
A

Figure 6-7 Reinforcement redistribution to improsalling performance of a two span continuous
reinforced concrete beam

Figure 6-8 compares the reduction in capacity waetouble layer of reinforcing
steel is used in the bottom layer for the caseallisg and no spalling.

16 P TSROSO
0.9 77773 777777 I —+— No Spalling Single J
: | —©&— No Spalling Double |
o8l - - X L Ry Ry I 4___| —+— Spalling Single  |:
| —— Spalling Double |,

07F--%--r-——-———=—————=-§- -~ e B e T 1

Mult*/MuIt (_)
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Figure 6-8 Effect of redistribution of sagging rircement for the sagging moment capacity without
spalling (Cat A) and with spalling (Cat B)

The decrease in sagging capacity is attenuatedatiially maintaining insulation to

the bottom reinforcement. The moment redistributioas been calculated to
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determine the failure time under exposure to tlaadard temperature time curve,

this is summarised in Table 6.8.

Table 6.8 Effect of sagging reinforcement distiimtupon fire resistance periods in the event of
spalling (Cat B) and without spalling

Spalling 1*' Yield 2" Yield Fire Resistance
No Spalling 180 216 180
Category B 20 107 60

Spalling

The fire resistance rating for category B spalimgignificantly improved achieving
the predefined performance criterion of 60 minditesresistance. This demonstrates
that by understanding the consequences of spaltingtructural behaviour it is

possible to design out the effects of spalling.

6.5 Case Study 2: Two-way spanning slender slab

In this case-study the spalling affected perforneared a two-way spanning
reinforced concrete slab is analysed. The reintbomncrete slab spans 6m x 6m and
100mm deep as shown in Figure 6-9. This model nslai to that used in the
chapters 4 and 5. In this model only tensile recgment is provided (12 mm
diameter mesh with 200mm spacings). The reinforcenagis distance (from the
slab soffit to the reinforcement mesh mid depthB@smm. The applied load is 5
KN/m?,

12mm @ 200mm mesh N —

Mesh axis distance, a= 30 mm

~ 4 100mm

Figure 6-9 Reinforced concrete slab geometry

The ambient concrete strength is 30 MPa. The ambient reinforcement yield
strength isf, = 500 MPa and the reinforcement cover is 35 mmm@erature
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dependent material properties for both the concaetk reinforcing steel are taken

from Eurocode 2. The fire is defined by the staddemperature time curve.

As discussed in chapter 4 two-way spanning slalperence tensile membrane
action in fire. This mechanism is heavily dependapbn the reinforcement to
support the concrete slab by catenary action so inaogease in reinforcement
temperature due to spalling could have importamsequences for the slabs
performance. In this investigation the effect otlipg upon a slab experiencing

tensile membrane action is investigated.

6.5.1 Step 1: Spalling assessment

As in the previous section Lamont et al.’s {, 20719} spalling assessment is used
here to define the spalling severity (Table 6.6)e Tnputs are the same as case study
1 therefore the spalling hazard category is B fos tcase study also; only the

reinforcement cover is removed.

6.5.2 Step 2: Structural performance

The performance of the slab is analysed using ithiee felement method using the
slab shell model employed in chapters 4 and 5. diedysis is a sequential heat
transfer—stress analysis, with spalling implemenigidg the method described in the

following sections.

Unlike the previous example of a continuous bedme, failure point or limiting
performance of the slab is not readily apparentth@ two-way spanning slab.

Careful and considered interpretation of the fieliement result is required.

The typical failure mechanism for a slender two wagnning slab which develops
tensile membrane action is rupture of the mid spainforcement but it is not

possible to model this localised behaviour with $hell model used due to smearing
of both the concrete tensile behaviour and thefggement (chapter 5). The design
of composite steel-concrete structures for tensiEmbrane action instead uses a
deflection limit {Bailey, 2001 #65}; this is currég considered conservative but is

limited by experimental validation.

6-205



Thermal analysis

The thermal analysis is conducted using the fieleament software ABAQUS {,
2008 #120}. In section 6.4.2 it was demonstratest immediate removal of the
spalled material has a conservative effect forttieemal response of the structure.
This simplification is adopted here and the thermtribution for the spalling
affected depth of slab established.

Stress analysis

The stress analysis employs the shell model usetiapters 4 and 5 to analyse the
behaviour of the slab. Alternative solutions in@dutie use of solid elements where
elements maybe physically removed from the analySslid elements are
computationally more expensive than shell eleme®pecialist finite element codes
such as Vulcan {Huang, 2007 #224} have also beguimdlude techniques in their
code to mimic the effect of spalling.

The analysis contains two steps: (i) the load ipliag first under ambient

temperature and then (ii) the slab is heated. Pladlexl material must therefore be
removed between the load step and the heating Istispnot possible to change the
shell thickness during an analysis. The spallirfgatfis therefore approximated by
using a composite shell cross section where diftereaterial properties can be
assigned through the shell depth. Figure 6-10 ptese schematic of the slab cross-

section and the composite shell section used tacteise it.

Slab geometry Composite shell

: : TN 3n .

| | | ¢} X | Layern -concrete

o X ' Layer 4 - concrete

: Remamlng cross-section : : o X : Layer 3 - concrete

i i T so© :

! ! ! 40 5 X ' Layer 2 - concrete
W i 3 A 4 '

b d " ~ 3

spalled material 20 X 2 1 Layer 1 - Spalled material

o Temperature d.o.f.
X Shell section point

Figure 6-10 Composite shell section for approximatdf spalling affected slab cross-section
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Layer 1 represents the spalled material; this lés/@ot physically removed from the
model but is assigned modified material propertsesh that it has full strength at
ambient temperature and no strength at elevatedpetetures. The material
properties assigned to the spalling layer are ptedein Figure 6-11. The 20°C line
represents Eurocode 2 ambient temperature concraterial properties. The 50°C

has minimal strength.
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Figure 6-11 Spalled material properties under (@ympression (b) tension. Above 50 °C material
properties assumed unchanging showing how materigperties are modified to effectively remove
the concrete

Figure 6-12 demonstrates the variation of thedajperature (b) thermal strain and
(c) material strength through the shell thicknessrimdy the analysis. This
demonstrates that the spalling layer makes no ibomitvn to structural strength, nor

does it affect differential thermal expansion, tigh the use of material properties.
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Figure 6-12 (a) Temperature (b) thermal strain afod normalised concrete strength profile after
sixty minutes exposure for spalling affected slab

Slab analysis
Thermal response

Figure 6-13 presents the thermal profile afterxéysninute exposure to the standard

fire and the evolution of reinforcement temperatiarethe spalling and non spalling

case.
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Figure 6-13 (a) Thermal profile after sixty minutgandard fire exposure (b) Evolution of
reinforcement temperature during exposure to taadard fire.
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Material response

Figure 6-14 (a) and (b) present the decrease iareement strength and the drop in
average concrete compressive strength for the @eston. Spalling reduces the
concrete effective area in Figure 6-14 by not aeiyoving concrete cross section
but also by increasing the average temperatureofitiee cross section. Exposure of
the reinforcement causes a rapid decline in remefmient strength. After about 30
minutes the steel strength is less than 20% ocamhigient temperature strength, while
for the no spalling case the strength remains eotdtl. The reinforcement strength
is critical for tensile membrane action, where thimforcement supports the central

portion of the slab in catenary.

(a) 1% S ettt wlidtr Sl (b) 1oe
09l -1\ || — No Spalling
' —S— Category B spalling

| —— No Spalling
| —&— Category B spalling

o o
N o

o
)

©
S

Reinforcement Strength (°C)
o
(6]

o o
Now

Normalised Average Concrete Strength
o
ol

©
[

0

© S &
0 30 60 90 120 150 180 210 240 0 30 60 90 120 150 180 210 240
Time (mins) Time (mins)

Figure 6-14 (a) Reinforcement strength (b) averagacrete compressive strength through shell
cross-section

Structural response

Figure 6-15 presents the deformation history ofdlaé for the case of spalling and
non-spalling. Spalling results in an immediate @ase in slab central deflection;
after approximately 90 minutes of exposure the yamimgl predicts runaway

deflections. The increased rate of deflection amdaway deflection associated with
the spalling case is due to the decrease in r@afoent strength. Larger deflections

increase the strength enhancement from tensile mamabaction therefore the
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deflections increase more rapidly to compensate th@ loss of reinforcement

strength.
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Figure 6-15 Central slab deflection of a lateratlystrained two way spanning slender concrete slab
for the case of spalling and no spalling
These rapidly increasing deflections are imporfantthe reinforcement behaviour
which is critical for the catenary action whichsigpporting the central portion of the
slab. The peak reinforcement strains are contrastdee slab edge and the slab mid-
span in Figure 6-16. After less than 30 minutedlisgaaffected reinforcement strain
deviate from the no spalling case, increasing 8amitly in line with the slab
deflections. In the steel constitutive curve usedhis analysis total strength loss
occurs at 15% mechanical strain. It is at approsetgathis percentage strain that

deflections runaway.
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Figure 6-16 Peak reinforcement strain (a) Slab ef@4.2 m) (b) slab mid-span (1.2 — 3m)

From these results it is evident that the rapidideadn reinforcement strength is
critical for the performance of the slab. The imsed deflections required to
mobilise tensile membrane action induce large rstrat both the slab edge and the
slab mid span. These spalling model strains arexaess of 15% after 90 minutes
which is defined as the rupture strain in the asialjthese strains are not achieved in
the no spalling model after 240 minutes of exposdids explains the runaway
deflections as the slab fails to maintain stability section 6.5.3 alternative designs

are investigated to try to design out this spalbiffgct.

6.5.3 Step 3: Spalling re-design

As the reinforcement strength is critical to thefpenance of the slab under tensile
membrane behaviour, to reduce the detrimental teffiespalling for the slab it will
be necessary to reduce the loss of reinforcemeesngth. Two solutions are
considered:

(1) Redistribution of the sagging steel layer into taxers.
(2) No curtailment of the hogging reinforcement.

Figure 6-17 presents the reinforcement layouts thar original design and the
alternative design options.
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Figure 6-17 Design option 1 and alternative desaptions 2 & 3 slab cross section showing the
exposure cover (d) for each reinforcement layer

The spalling designation remains the same, thatspglling removes only the
reinforcement cover. Therefore in the alternativesign solutions insulation is

maintained for a portion of the reinforcement.

Thermal response

Figure 6-19 compares the evolution of reinforcententperature for the depths of
cover present in design options, 1, 2 & 3 for tasecof spalling and no spalling.

(a) 1200777T777\7777\777\7777777\7777777\ (b)1200*777\777\7777\777\7777\777\7777777\
—+— Exposure Cover =20 mm | | | —+— Exposure Cover = 20 mm p—+++
. —o— Exposure Cover =40 mm | | b —o— Exposure Cover =40 mm | |
810007 —+— Exposure Cover=80mm | | 9(_11000* —+— Exposure Cover=80mm| | |

() | | | | | | | () | | | | |
= T 3 AR R = - At
E 800”’7\777\7777777\777T777 T T 5 800’777 I e N I [ I
Q | | | | | | | () | | | | | | |
o | | | | | | | o | | | | | | |
I | | | | | e | | | | | | | |
eSS N G - B or R A SO Ll
€ oo e | E S A T = L
g | | | | | | g | | | | | |
| | | | | | | | | | | | | | |
8 400F - -+ £ - - < - - -t - -+ - - 8 400 -+ @ ————+ - — & - - o=
S Y A R N T R R = S
= | | | | | | < | | { | | | | |
(] | | | | | | | | ()] | | | | | | | |
x 200F-)f-+g--—--—gFK-- ———F — === ==+ - = x 200H-F+--—-FF-—4-——————4+—-——l———4+—-— -l
A 2 A R R R R
| | | | | | | | | | | | | | |
| | | | | | | | | | | | | | |
O( 1 1 1 1 1 1 1 | O 1 1 1 1 1 1 1 |
0 30 60 90 120 150 180 210 240 0 30 60 90 120 150 180 210 240

Time (mins) Time (mins)

Figure 6-18 (a) No spalling and (b) Spalling afiedttemperature evolution for each reinforcement
layer

6-212



Material response

To compare the relative reduction in reinforcem&néngth for each design option
the equivalent reinforcement area is presentedignré 6-19 for no spalling and
spalling. The equivalent reinforcement area isatea of reinforcement modified by

the high temperature reduction in steel strengdtls ¢talculated as per the following

Aseq =A* ( fy% j Equation 6-3
y

In Figure 6-19 the normalised areas representthetbop and bottom reinforcement.

equation:
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Figure 6-19 (a) no spalling (b) spalling affectedrmalised equivalent reinforcement area.

By maintaining cover to a portion of the steel feinement the alternative design
options 2 and 3 retain a greater proportion ofrtkeel strength under increasing
exposure to high temperatures. The proportionatedse in reinforcement strength
is lowest initially in design option two as a gmeyatpercentage of the slab
reinforcement maintains cover. For a longer duratd exposure the reduction in
reinforcement strength for design option 3 is lowkee to the large amount of cover
to the top reinforcement. The performance of eaeigh solution is investigated

using reinforcement mechanical strain and concrtenpressive proportional

equivalent plastic strain as performance indicators
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Slab Performance

In Figure 6-20 the slab central deflections ares@néed for the spalling and no
spalling case. For the case of no spalling theuamite of the reinforcement
distribution is small initially. Under the effectsf spalling, there is a significant
difference in the deflection response of the slie analysis was run for a 4 hour
exposure; the runaway failure exhibited by thet folesign is delayed in design
option 2 and never seen in design option 3. Foroughree hours the second design
where the sagging reinforcement is redistributeéd two layers exhibits the lowest

deflections due to the lowest reduction in overthforcement strength.
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Figure 6-20 Slab central deflection (a) No spallifi Spalling

The reinforcement mechanical strains are usedritrast the performance of the two
alternative design options. In Figure 6-21 the feetement performance is

compared for the case of spalling and no spalling.

For the case of no spalling, reinforcement straires substantially lower due to the
higher reinforcement strength and lower deflecti¢its the duration of exposure the
reinforcement strains are below the 15% rupturarstiThe reinforcement strains in
design option 3 are significantly higher than opsiol and 2. The additional
reinforcement in this design is much cooler thanr#sinforcement present in options

1 and 2 therefore the strain relieving effectshefinal expansion are less.
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For the case of spalling, the magnitude of reirdorent strains is considerably
higher than the no spalling case. As seen in tlewigus analysis rapid loss of
reinforcement strength induces large deflectioaistrates. For design options 1 and
2 runaway failure is exhibited when peak reinforeemstrains reach 15%. For
design option 3 peak reinforcement strains reachou0%, well in excess of the

rupture strain. Stability is maintained by the otlagers of reinforcement.

Improving slab performance by informed redistribatiof the reinforcement is a
balance between ensuring sufficient cover is rethito minimise strength loss and
limiting that cover to prevent large mechanical asts developing in the

reinforcement. Both alternate design options imprtive slab performance in the
event of spalling. The appropriate design solutiolh also depend on other factors
such as build ability and cost.

6-215



o o
i m T T C - - T T T T T T T T IO T T T T T T m
| [aao] :
I = 1€ € | |
e e e e e S S H8Sg -t N
I laa 2 I
| o 1| O OM | | o
Ly 53] Hc c s Tt e S @
! = 222 ! =
| e B |
| o O O A | w
[ e B\Qﬁ oo I e B e A =
I I c I I
= ™M | O.W | | | o
4 e c S NIESE R N
e o 8 — @ [ [ A
s s a8 | e | |
I W.%.O | o= ! I | | o
| c c S DL A e (o] L I [o)]
I o I I I I |
I wwg I I ° I I I o
[ O|_L1___1 [P T S L X%
| %%D | | © | | | | ©
I I I I I I I
I I I I I I I
,\"y + + B e B R Al Ml % [ e e B B T
I I I I I I I I I I
I I I | I I I I I I I
L T I I To L I I I I I I o
N~ (] 0 <t ™ N - o o o o o o o o o
AQV ulens juswadliojulay |edlueyds\ dead ~ © 0 M @ o -

o7 : : Agv ulellS Juswiadliojulay [edlueydsN Yead

o o
-k — - e Qe = = S - O — ————r—— = — S
I I I I
, | o gyl o
| | | |
i i At M Nyl it < Il iy S8 888t ATy =
| | | pp%.,
| | o 1| o o | o
e e R el o S © He e §lr---r----F oo -G ©
| | — | .@.@.& | —
| | 0 un !
| | Q | o e% | o
[ i Al oty Bl ity 'S L% 160 T L©
I I I I I c I
= o @ | | O.W | | o
He e S|+ I i . NS FER Y N
e o 9 | | — @ | —
s s gl | | | e |
2 g I | I o ! | | o
12 ©Q cjr-———r-——- [ Sl i < > [ e e e i Sl >
| mvm“g, | | | ¥ | | | |
R w | I I I I ° I I I I o
[ oL B R T ) B 1o
| %%D | | | | | © | | | | ©
I I I I I I I I I I
I I I I I I ! I I I I
,\A’v + + T - ——-T--—-r I 3 m [t Sttt it et Rl T %
| | | | | | | \Ke, | | | | | | | |
I I I I I I I P I I I I I I I I !
L T I I I I I I To L I I I I I I I o
(] <t N o [ee] (] < N o o o o o o o o o o
— — — — [0e] N~ © wn < ™ N —
(%) UrenS JUBWBIOJUIDY [eIIUBYIBIN Yead (9%) UTeNS JUBWISIOUISY [eIIUBYIDIN Nead

Buljreds oN Buljreds

Time (mins)

6-216

Time (mins)

Conclusions
design and modern concrete construction is questien Neither is this approach

Figure 6-21 Peak reinforcement strains for desigtians 1, 2 and 3 at the slab edge and mid-span
The current method of designing concrete structtmeshe effects of spalling is
predominantly based on empirical data. This apgrosas sufficient at the time of
its development, however, the applicability of tliata to modern concrete mix
In this chapter a spalling design framework hasnbdeveloped which directly
addresses the effects of spalling upon structugopmance. In this framework the
spalling prediction and structural analysis areod@ted. The analyses are performed
sequentially; the spalling prediction output oflBpg severity is used an input to the

structural analysis. Advantages of the framewodkuide:

applicable to performance based design.
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* Spalling prediction and structural analysis areodeted. Comprehensive
review of the mechanisms of spalling and spallimgdgction techniques

found that they are not compatible with structaalyses

» Structural analysis can be used in conjunction \aitly spalling prediction
technique provided the output quantifies spallireyesity as an area of

concrete lost

» risk based approaches to spalling prediction peWee most robust solution
for design purposes as the accuracy of numericaletads not yet sufficient

for design purposes.

The spalling design framework was applied in tweecatudies: an analytical
calculation of a two span continuous beam anditefelement analysis of a two-way

spanning slab.

These case studies demonstrated how the crititattefof spalling for structural

stability can be identified and subsequently desigout. It was found in both cases
that spalling poses a serious threat to structsteddility; it was also demonstrated
that informed re-design of the structure can impretructural performance and is a

viable design solution for addressing the issugpalling risk.
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7 Conclusions and further work

7.1 Introduction

Detailed research of high temperature concretectstral behaviour is necessary to
help facilitate the advancement of performance dadesign in this area. The
research conducted in this thesis makes an imgactartribution to furthering our

understanding of the mechanisms of concrete stalgberformance in fire.

The relationship between fire compartment gas phasgerature variation and
reinforced concrete slab structural performance gpecifically examined. This
relationship was investigated numerically and aaited review of the necessary

background knowledge undertaken. These areas ediud
* material modelling of reinforced concrete,
» finite element modelling of reinforced concretaistures; and
e compartment fire thermal variation.

Preliminary studies identified the relationship vbe¢n gas phase temperature
variation and concretes thermal expansion behavighich is fundamental to
understanding structural behaviour at high tempeeat These preliminary studies
provided the necessary fundamental behaviour tenstehd the implications of gas
phase temperature variation for reinforced con@etectural performance.

The behaviour of a two-way spanning reinforced cetgcslab under a range of non-
uniform thermal definitions was investigated. Thesalyses were contrasted with
behaviour exhibited under uniform thermal expodorgidge the ability of uniform
temperature assumptions to predict behaviour.

These investigations of behaviour did not consillerinfluence of concrete spalling.
The incorporation of spalling into structural arsdyis not straightforward. The
influence of spalling upon behaviour was therefdealt with separately. The current
approaches and capabilities of spalling predictechniques were reviewed and a
methodology to include the effects of spalling frustural analysis developed. The
consequences of spalling for two case-studies wmerestigated to identify the

critical effects upon performance.
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In this chapter the key conclusions from this redeare identified in section 7.2 and
the need for further research which has been ifilehtby this work is presented in

section 7.3.

7.2 Summary and conclusions

The research conducted is briefly summarised aedk#y conclusions from this
research presented in bullet points.

7.21  Finite element & material modelling of RC two way panning slabs

Under increasing thermal deformation two-way spagrslabs exhibit compressive
membrane action at low deflections and tensile ntan®action at large deflections.
Under tensile membrane action the central portibthe slab is supported by the
reinforcement in catenary action, this in turnugorted by lateral restraint and/or a

self supporting ring of concrete compression atstab periphery.

A finite element model was developed to analysehigk temperature behaviour of a
two-way spanning reinforced concrete slab. Durings t development the
assumptions of reinforced concrete material mauglind structural assumptions of

finite element modelling were reviewed in detail.

 This review found finite element modelling able pryovide reasonable
predictions of high temperature tensile membrartfeabieur in concrete slabs
using simplifying assumptions. Finite element mbdgl of the tensile
membrane mechanism has been validated againsschi- experimental
studies by others.

The investigation of finite element model sensiyitdo material definitions included:

tension stiffening, load induced thermal strain egidforcement rupture strain.

» The model was found to be quite sensitive to theciztie tensile definition.
Load induced thermal strains were also found teecaffoehaviour. The
sensitivity of the finite element model to the tensdefinition is particularly

important

» Varying the amount of tension stiffening found thatge tension stiffening

definitions smothered the cracking behaviour ofarete producing an overly
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stiff deflection response and underestimating cegément strains. This
sensitivity is important for design where it is fdifilt to accurately know
material properties. Too little tension stiffeningis found to create numerical

instabilities for the analysis

* Inclusion of the LITS component in the analysidhod two way spanning slab
was found to reduce deflections and reinforcemdrdins during tensile
membrane action. Detailed examination of the skialiour indicated this was
due to the non-recoverable transient strain compiooieLITS which develops
when the slab is initially loaded by in plane cosgsion from thermal restraint.
In this context inclusion of the LITS has been show make a more
conservative prediction of behaviour. The LITS tehas not been widely
adopted in structural engineering. The findings tlis study further our
understanding of the manifestation of LITS in higgmperature structural

behaviour.

Ultimate stability failure of two-way spanning stabnder tensile membrane action
has been shown experimentally by others to be therimid-span reinforcement
rupture or where the reinforcement ratio and/ortitityc are high compressive

crushing at the slab corners.

» Comparison of the mechanism of failure with the @ifging assumptions of
the finite element model has demonstrated the litabf the model to analyse

behaviour under failure conditions.

* The simplifying assumptions to most profoundly lkirthie ability of the model
to analyse behaviour at failure is the smearedfomiament and smeared
concrete tensile cracking assumptions. These aggmapare not able to
capture the large discrete cracks and subsequafbreement rupture at slab

failure.

Where it is not possible to model the final failun®de of the slab it is possible to
contrast performance using the indicators developetis thesis. The performance
of the tensile membrane mechanism is dependant thpomeinforcement for the
mid-span catenary action and the ring of concretepression for lateral support.

(This investigation assumes continuity of vertisapport).
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In this research it has been shown that slab peegbce can be indicated by the

performance of the compressive ring and the tengile

The performance of the compressive ring is meashyethe development of post
peak compressive strains. Equivalent plastic cosgive strains are expressed as a
proportion of the strain at peak stress. This rasioused to indicate extent of

crushing; a value greater than unity indicatesotineet of concrete crushing.

The performance of the reinforcement is measuredhiey magnitude of tensile
mechanical strains. Smearing of concrete tenséekong and concrete-steel bond
properties will lead to possible under predictiadntlee reinforcement mechanical
strains. However, the accuracy of these predictisraglequate for relative measures

of behaviour.

» The thermal and mechanical behaviour of reinforcedcrete is complex and
provides serious numerical challenges. Simplifyaggumptions can provide
reasonable estimates of behaviour however thedimits of those assumptions
must be understood when using numerical modellfirgioforced concrete as a

structural fire engineering research or design.tool

Investigation of geometric parameters for slab grenbince found slenderness ratio
to have a significant effect upon the behaviourlaidd by the slab.

* The high temperature behaviour of slabs with redwtenderness was found to
be dominated by compressive membrane action. Thaskedly different
behaviour is important for identifying the criticaleakness in fire of different
types of structures. For example the implicatiorisnon-uniform thermal
environments for slender and stocky slabs will etifiue to the different
mechanisms of stability exhibited at high tempea®atwy both.

722 Structural implications of spatial & temporal variations in Ty

Compartment fire thermal variation

The variation of gas temperature within a fire camyment is both spatial and
temporal. This considerably increases the complesitthe relationship between
structural behaviour and gas temperature variafitre timescales associated with

changes in gas phase spatial distributions andretndeating are considerably
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different. Therefore to establish the implicatiasfsthermal variation for structural

behaviour the response of the concrete was inastign stages;

» the RC response to a static spatial distributiorga$ temperature was first

established; and

» then the sensitivity of the RC response to diffetemporal variations (fast,

medium and slow) of spatial gas temperature digioh was investigated.
Concrete thermal expansion behaviour

The behaviour of structures at elevated temperstuse also complex being
influenced by thermal expansion, temperature deg@ndhaterial properties and
structural restraint. The influence of gas tempemtvariation upon structural
behaviour was investigated by first establishing@ ttelationship between gas

temperature variation and concrete thermal exparisbaviour.

e Thus is has been demonstrated that complex staichehaviour can be
explained by understanding the role of underlyimgdamental behaviour such

as thermal expansion

The thermal expansion behaviour of concrete wasdaw be sensitive to spatial
variations in gas temperature. The sensitivitytallow and deep concrete elements

was significantly different however.

» Shallow concrete elements are susceptible to tHdoowing due to the steep
vertical thermal gradients which develop in conerefross-sections upon
heating. Exposure to spatial distributions of gamgerature produced distorted
vertical deflection profiles due to variation inetinal curvature laterally. The

peak deflection shifts towards the location of pleak gas temperature

* In deep concrete elements the influence of the tEgtface temperatures
diminishes thus expansion behaviour dominates otlmrmal bowing
behaviour. The vertical deflection profile is there significantly less affected

by spatial distributions of temperature.

* For both the shallow and deep concrete elementgabdemperature variation

does not substantially influence lateral displacetsie
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The thermal expansion behaviour of shallow conceteents was also found to be
sensitive to the effects of spatial variation irs gamperature at a range of temporal
variations. The vertical deflection profile of aegebeam is however, significantly

less affected by the temporal variations in gagoenature.

» The sensitivity of shallow concrete elements seiit to changing
distributions of gas temperature is due to contgatesulating nature and the
susceptibility of shallow elements to thermal bogvifthe insulating properties
of concrete mean that the near surface temperatespsnd quickly to changes
in the thermal environment. In shallow concretensnts the near surface
temperatures dominate the thermal gradient anddnfle the thermal bowing
behaviour. This explains the reduced sensitivitydeeper concrete cross-
sections where the influence of the near surfangpéeatures for the thermal

expansion behaviour is reduced.

Two-way spanning slab behaviour

The implications of the thermal expansion distorsi@aused by spatial and temporal
variation of gas temperature for the structurafqrerance of a two-way spanning
reinforced concrete slab were investigated undsrcsgjas temperature distributions

and temporally varying distributions separately

The effect of spatial variation was investigated doslender and a stocky slab the
high temperature behaviour of which are dominatetebsile membrane action and

compressive membrane action respectively.

» The tensile membrane mechanism exhibited by thelsleRC slab was found
to be sensitive to the distortions caused by spatsation. The distorted
vertical profile produced localised peaks in bdih teinforcement mechanical

strains used and concrete crushing strains useditate performance.

* The compressive membrane action exhibited by thekgtRC slab was found
to be not significantly affected by the verticaktditions caused by spatial
variation of gas temperature. These distortionsevggnificantly less than in
the slender slab. The compressive membrane penfmenaf the slab was not

further investigated under temporal conditions.
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The effect of temporal variation was investigated the slender slab exhibiting
tensile membrane action. The behaviour exhibitedeurtemporal and spatially
varying temperatures was then contrasted with khebavcaused by uniform
temperature exposures. These investigations provitee following specific
findings:

* Under temporal variation the localised peaks imfoecement strain and
crushing strain seen in the slender slab behav#onot evident. This is due to
the complete traverse of the peak temperature sctos slab span. The
distribution of reinforcement strains and concreteshing strains used to
measure behaviour are symmetric for all temporaiatians. The traverse of

the localised peak temperature does cause an secteate of peak deflection.

» Contrasting performance with different uniform tesmgture assumptions it was
found that a uniform maximum gas temperature assompprovided a
conservative estimate of behaviour. A uniform ageragas temperature
assumption provided an unconservative estimateedbpnance. The average
assumption could not capture the increased ratéefiéction caused by the

traverse of the peak temperature across the siab sp

* The relative accuracy of the uniform temperaturuagtions varied for each
fire considered also. The uniform maximum tempeg@ssumption was the
least conservative for the fast fire and the maosiservative for the slow fire.
Similarly the uniform average gas temperature agtiom as the least

unconservative for the fast fire and the most useorative for the slow fire.

From the findings of the investigations of spatald temporal variation of gas
temperature effects upon reinforced concrete stracperformance we can make the

following conclusions:

» The findings of this investigation challenge thegby strength based approach
commonly adopted for the design of concrete strestat high temperatures.
Slab deformations have been shown to be capabi&loéncing performance
in structures where stability is heavily dependentdeformation dependent

mechanisms like tensile membrane action.
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7.2.3

Structural fire engineering commonly makes unifaemperature assumptions.
The results of this study indicate that uniform pemature assumptions can
provide both conservative and unconservative ptietis. The implications of

spatial variation need to be considered very clyefior the design context.

Previous research has shown the thermal variatitninaa compartment to be
statistically significant; this research has dem@ted that non-uniform
thermal distributions do have implications for tbehaviour of structures

susceptible to thermal bowing and changes in ngdeice temperatures.

Identifying the appropriate design fire is a funatiof the compartment fire
dynamics and the structural behaviour. This ingagion has demonstrated the
differing vulnerabilities possible in structuralHaviour (slender versus stocky
behaviour). It is therefore necessary in identifyihe worst case scenario to
consider both fire and structural parameters toidawwerly conservative or

conversely unconservative designs.

Consequences of spalling for concrete structural aviour

Explosive spalling poses a serious threat to redeft concrete structural stability by

reducing the concrete cross-sectional area anafpatg exposing the reinforcement

to high gas temperatures. To properly quantify ¢basequences of spalling for

structural performance it is necessary to implentbet effects of spalling in a

structural analysis.

A review of the current understanding of the medas responsible for spalling

and current predictive capabilities came to thiewaihg conclusion:

The mechanisms responsible for the occurrence afirsp occur at the micro-

scale which is not captured in a typical high terapge concrete structural
analysis. They are also complex requiring coupbhdghe thermal, hydro and
mechanical processes occurring as concrete ischektes is beyond the scope

of a structural analysis particularly in a designtext.

This research has therefore developed a spallingjgaeframework for the

consideration of spalling in a structural analysishout explicitly modelling the

mechanisms of spalling. This has been achieved égoupling the spalling
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prediction and the structural analysis. The praaficof spalling severity (by others)
becomes an input to the structural analysis. Tladisg design framework that has
been developed here is concerned with the strdcamalysis and establishing and
the consequences of spalling for structural peréoroe rather than spalling

prediction.

The spalling design framework has been demonstragdg two case studies
employing two different structural analyses; a dyrgupported continuous two span
beam and a two-way spanning slab. The case stutige demonstrated the
implementation of the methodology and how it canubed to identify the critical

effects of spalling and design the structure adogiyl.

* The spalling affected analytical analysis of theatomious two-span simply
supported beam demonstrated that the sharp dedreieeural strength due to
the exposure of the reinforcement was critical fmrformance. Moment
redistribution from continuity was not sufficierd improve performance to an
acceptable level. It then demonstrated througlséimee analysis procedure that
performance could be improved by attenuating theedese in reinforcement

strength by redistribution of the reinforcementeste

» The performance of the restrained two-way spanslag was analysed using
the finite element method. This analysis demonstrathat the loss of
reinforcement strength was critical not only foe fiexural strength but for the
tensile membrane mechanism. By maintaining reigfimrent cover by either
redistribution of the sagging reinforcement or ommtion of the hogging
reinforcement tensile membrane action could be hsebi and the effect of

spalling for performance minimised.

* It has been shown in this investigation that theseguences of spalling are
critical for the structural fire performance of thieuctures analysed. It has also
been shown that by understanding the critical effgmalling has upon a
structure those effects can potentially be mitidat®y designing out the
detrimental effects of spalling upon structuralfpenance.

» Spalling is not currently explicitly considereddoncrete structural fire design.
The effects of spalling are assumed to be impjicgtcounted for in the
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empirical data which underpins most of concretecstiral fire engineering.
This research offers a methodology for the strattfire design of modern

structures that fall out with the applicability thiat empirical data.

7.3 Further work
The investigations conducted in this thesis hawghllghted the need for further
research.

This thesis has focused on establishing the fundeahéoehaviour of singular
structural elements. To do this the structural loauy conditions needed to be
simplified and behaviour was investigated undeeawvelope of idealised boundary
conditions. The restraint conditions imposed ineal rbuilding are much more
complex. The next logical step is to therefore stigate whole building response to
non-uniform thermal environments. This is particiylamportant for non-uniform
thermal exposures where the location of the peaipéeature changes with time
causing the boundary conditions for each struckleahent to change also.

This thesis has also focused on the implicationsoofuniform thermal variation for

slender structural elements where deformationsnglyo influence behaviour.

Investigations of slenderness effects showed theaweur of stockier concrete
elements to be quite different and less susceptiblehe effects of distorted
deformations arising from thermal variation. Thegpes of structures should be
further investigated by undertaking a more detagleamination of the effect of non-
uniform thermal exposures upon structural capaaity the implications of that for

performance.

This research into the relationship between compent fire thermal environments
and structural behaviour would benefit from addiébfull scale fire testing in large
compartments typical of open plan offices foundagpdetailed instrumentation of
the fire tests would provide valuable additionaladan the thermal variation present

in compartment fires.

The investigation of our current predictive capiéies of concrete spalling has
demonstrated that their accuracy is not currentifficsent for use in a design
context. Nevertheless there is a need for providipgling estimates for the design
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of structures which fall outside the limits of ajppbility of the tabulated data. Given
the current limitations of numerical predictionskrbased methodologies provide the
most robust solution for design. Some initial effdrave been made to develop a risk
based approach; these methodologies would berefit further numerical and

experimental research characterising spalling naeler different conditions.
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