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Notation

floor area

atotal area of enclosure

total area of vertical opening

buckling restrained brace system

thermal absorptivity of surrounding surfacettoé compartment
width of the opening

specific heat

collapse prevention

collapseprevention fire

Elastic modulus
European convention for constructional steelwork

fire only

fire following anearthquake
fire safety design

effective yield stress
proportional limit

Modulus of elasticity in shear
height

heigh of opening
inter-storey drift ratio
intermediate occupancy

intermediate occupancy fire

the ratio of the second stress invariant on the tensile meridian to that on the

compressive meridian



length at 26C

LC lightweight concrete

LS life safety

LSF life safety fire

m combustion factor

MRF moment resisting frame

NC normal weight concrete

NSPA  nonlinear static pushover analysis

O opening factor

O operational

OF operational fire

OCBs ordinary concentrically brace system
PEF postearthquakdire

RBS reduced beam section

Otd fire load density

Of k characteristic fire load density

t time

t* time t multiplied by
t*max  time when maximum gas temperature occurs
GREEK SYMBOLS

U coefficient thermal expansion

Ch energydissipation factor

T change in temperature

ol temperature induced elongation

a dimensionless parameter

a

di

mens i

onl
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The factor to take account the fire activation risk due to the site of
compartment

The factor to take into account the fire activation dslk to the type of
occupancy

The factor to take into account the different firefighting measures
yield strain

strain at proportional limit

limiting strain for yield strength

ultimate strain

strain resulting from a changetemperature
steel temperature

concrete temperature

gas temperature

thermal conductivity of boundary tfieenclosure
density

poison ration
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Abstract

Postearthquake fire events over the past few decades have become a majdiothreat
buildings in seismic prone regions. Although peatthquake fire events have caused
many fatalities and high levels of damage, current building codes do not consider fire
following anearthquake as a specific loading case. Furthermore, the currrsophies

of seismic design permit a certain degree of damage to the structural elements which
potentially makes structures more vulnerable when subjected tegqistjuake fireThis
studyis intended to address the fact that only limited research existse behaviour of
earthquake damaged composite steel framadiia. The main objectives to improvethe

current understanding of pesarthquake fire behaviour of composite steel frames with a

view to providing design recommendations.

This study anlgsed a generic fivstorey composite steel frame office building which is
commonly used for modern buildings in seismic regions. For the first timee t
dimensional numerical modelgeredevelopedo simulate the structural behaviour under

fire following an earthquakeThe finite element software ABAQUS v6.13 was used to
model the structures. Steel beams and columns were modelled usingde/tinear beam
elements while concrete slabs were modelled using shell elements. A series of verification
analyseswere conducted to ensure that the results obtained from analysis give an
acceptable level of accuracy.

The finite element model was used to investigate the effect of earthquake damage on the
fire resistance of composite steel frame buildings. A totaiwaf types of earthquake
damage; fire insulation delamination and residual lateral deformation, were investigated.
Failure of the structure was defined using two measures, a beam deflection exceeding
span/20 and column buckling was foundthat the earthgake damage can significantly
reducethe fire resistance of the c@wsite building. The reduction in fire resistance times
resuls mainly from fire insulation delaminatiomarticularly in the colums, rather than

residual defanmation
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It was also foundhat fire insulation delamination on the protected beams, as might occur
in an earthquake, considerably reduces the development of tensile membrane action. This
has significant consequences for design because the benefits of tensile membrane actio
are ofte used for performandeased fire design of composite structuregsoTnethods of
improvementare presentedn this studyto enhance the development of tensile membrane
action concurrent with fire insulation delaminatioBased on the results obtained,
increasing slab thickness and improving fire protection rating can enhance the fire

resistance of the whole building even with fire insulation delamination

The progressive collapse analysis of a 3D composite building under fire foll@aming
earthquake waalso investigated. Several different locations of fire scenanese first
studied to investigate load redistribution path aldwg horizontal directions and the
members interaction within the composite building frame. Then, the effect of residual
deformation after an earthquake on the progressive collapse analyis composite
building was investigated. It is found that neither the load redistribution path nor the fire
resistance of the building is considerably affected by the residual deformatsemies of
progressive collapse analyses subjected to travelling fire resulting from fire compartment
damage was also performed. It is concluded that the survival of the building can be greatly
affected by the spatial nature of the travelling fire ai a® the inteizone time delay.
Therefore, a range of travelling fire scenarios must be considered based on the
compartment condition to guarantee that

scen.ari ob
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CHAPTER 1

INTRODUCTION

1.1Background

Fire following an earthquake has become a major threat for buitdingseismic
prone areas. A number of recorded experiehe@gindicated that damage caused by fire
following an earthquake could be more severe than phaduced bythe earthquake itself
(Scawthorn et al., 2005)-or instance, fires following the earthquake caused 80%beof
total damage in th#906 San FrancisoearthquakgScawthorn, 2008)in the 1923 Tokyo
earthquake, the losses due to fire following the earthquake eesabwer 70% of total
building losses and resulted140,000 deathé&Scawthorn, 2008More recentlythe post
earthquake fire destroyed 7000 builgsnn the 1995 Kobe earthqualkeaggiano, 2007)

Although the damage caused by fire followangearthquake can be very significant,
fire following anearthquake is not consideredaespecific loading case imany prevalent
design approacheghis is due to the fact thas probabilityis consideed low. However,
the historical records above showat theconsequenaeassociateavith fire following an
earthquake can be very high. Thus, the design should comply with a special accidental
situation such as fire followingn earthquake, as specified lfturocode EN 199QCEN,
2002a) Regarding load combinatienthe concomitancy of two accidental loads is not
takeninto account reflecting the perceivedarity of such a concomitancy of two lew
probability events. Although this assumption can tstiffed for independent events such
as floods and arson, it is not reasonable for the case of interdependent actions such as fir
induced by earthquake or explosions. Given the numerous fatalities and highsBseiios
past events, it seems essentialstody the behaviour of buildings under minézard

events such as fire followirgnearthquake.

The current philosophies of seismic design pemlndertain degree of damage in
structural elements under earthqua&achstructural damage potentially makesildings
more vulnerable when subjected to fire followiag earthquake. Meanwhilghe fire-

fighting system may have difficulties in suppressing fire due to extreme traffic congestion,
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lack of water supply and other possible proldemthetime periodafter the earthquake.

In this case, more time will be needed to control fire tivarthe normal condition.
Furthermore,in the context of steel buildinggassive fire protection systsnmay be
compromisediue to damagand fail to delay the temperaturseiinthe stee|] as assumed

in design These phenomena contribute a negative effect on the fire resistance of the
building. Thus, the reduction of fire resistance due to earthquake damage becomes

critical aspect when evaluating fire safety of buildiradter an earthquake.

This research concentrates on the behaviour of composite stees fnader fire
following an earthquake. Composite steel frame structures have been widely used in
multi-storey building construction since they offer many advantagethis context, a
composite steel frame structure is a structure whereby the steel floor beams act
compositely with the concrete floor slabs. Such structures have the advantage of being
lightweight andutilise the composite interaction between the slab and steel bsams
enhance load carrying capacity and stiffpéisgs representing a more efficient use of steel
compared to a neoomposite frameMoreover, metal decking on the top of the steel
beams can act germanent formwork in order to eliminate external formwork. Hence, the
use of composite slab reduces construction as well as workforce cost. However, since stee
is sensitive material, there is a significant reduction of material properties such astrengt
and modulus of elasticitgt elevated temperature. To maintéie stability and integrity of
steel structures durirgfire, fire insulation such as spray firesistive material (SFRM) is
commonly applied on the surface of the steel structure. Theapyirole of fire insulation

is to delay the temperature rise of the steel duaifig.

To date, only limited studies have been conducted on the behaviour of earthquake
damaged composite steel frasna a fire. Thus,in this study attention is focused on
addressinghe lack of detailedinderstanding ofhe behaviour of earthquake damage
composite steel fransen afire. For the first time,lireedimensional numerical models are

employed to simulate the structural behaviour under fire follo@megarthquée.

1.2 Objective

This research is intended to address the fact that only limited research exists on
behaviour of earthquake damaged composite steel frameefren The ultimate goal of
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this research is to improvbe current understanding @ostearthquake fire behaviour of
composite steel frames with a view to providing design recommendations. Thus, the

objectives of this research are:

1. To developand validate numerical models alesimulate the @ behaviour of
composite steel frames sutijed to fire followingan earthquakeThe numerical
modek are developed to take into accoutite damage typically seen in the
earthquakedlamaged structure.

2. Using the validatedinite element FE) models, to provide a comprehensive review
of the effect oearthquake damage on the behaviour of composite steel frames in
fire.

3. To investigate theonsequencef fire insulation delamination on the protected
beams as might occur in an earthquake, regards to the behaviour of the
composite floos under fire conditionsandto provide methods to improve the fire
resistance of the composite flsavhen fire insulation delamination hascurred

4. To present progressive collapse analysis of composite busldiigected to local
postearthquake fire. fie interion is to give fundamental insight into load
redistribution paths along two horizontal directions and the member interactions

within the composite building frame

1.30uitline
This thesis is structured into seven chapters as follows:
Chapter 1 presesita general introduction to this research, objectives and thesis structure.

Chapter 2 reviewshe behaviour ofthe composite building under fire and earthquake
damage. This chapter aims to showcase, theoretically and practically, the numerical
analysis nethods used in the studies. eTbhapter concludes by highlightiripe gaps

among theexistingstudies that require further investigation.

Chapter 3 describabe numerical modelling and validation. The ABAQUS.13 finite
element software package is used to model and analyse the structure. A series of
verification analyses are also conducted to confirm that the results obtained from the finite
element software give an acceptable level of accuracy.
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Chapter 4 utilisesa threedimensional numerical model to simulate the behaviour of
composite steel framsein the fire following an earthquake. Two types of earthquake
damage, fire insulation delamination and residual deformation, are considered. This
chapter investigatebe effect of the damage on the reduction of fire resistance rating.

Chapter 5 investigates the effect of fire insulation delaminatidheoprotected beams on
fire resistance ofhe composite floor. This chapter also provides the methods that may be
usedto enhancehe fire resistance of composite slabs when fire insulation delamination

occurs afteanearthquake.

Chapter 6 studies the robustness of earthquake damaged composite stedUgacted
to postearthquakdire. Several fire scenarios are sutered to identify the critical part of

the building that may be vulnerable to pestthquake fire loading.

Chapter 7 summases the main conclusions and identifies future resegppbrtunities.
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CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

The main topic of this research project is the behaviour of composite steet frame
under fire following an earthquake. Therefore, this literature review will cover the

following aspects:

Fire followinganearthquakevent

Earthquake damage

Steelframedcomposite structusan afire

The methodology of posearthquake fire analysis

Previous studies on pesarthquake fire analysis

o ok~ 0N PF

Progressive collapse

2.2  Fire following an earthquake event

Fires and earthquake are basically accidental astiand consideredio be
independent evest However, a major earthquake may cause a chain of catastrophic
events one of which could be fire followingn earthquakdFFE). A review of historical
records indicates that in the last century fire followamgarthquake grew to disastrous
dimensionsin the 1906 San Francisco earthquake, the losses dbue postearthquake
fire were estimated to be approximately 80% of total damage with 3000 fatalities
(Scawthorn, 2008)Iin the 1923 Toky@arthquake, more than 70% of total building losses
resuling in 140,000 deathwerecaused byostearthquake fireconsideredo bethe most

destructive ones durirtfpe peacetime

There have been other major earthqsatket have been followed bfires. The
majority of Californiad sarthquakes have been followed by multiple ignitions. For
instance, the 1971 San Fernando and 1994 Northridge eartbquaiesfollowed by more
than 100 ignitions. The Kobe 1995 earthquake was also followed by over 100 mgnition
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(Scawthorn et al., 2005)Other cities that experiencd fire following an earthquake
includeNapier, New Zealand in 1931 and Izmit, Turkey in 1999. Although the numbers of

deaths were significantly less, the damage due tegaotiiquake fires was substantial.

However, many recent earthquakasve not beenfollowed by fire, for example
2011 Christchurch (New Zealand), 2008 Wenchuan (China) and 2005 Kashmir (Pakistan).
This shovs that the risk of FFE is veryponuniform. The level of urbanisation and
industrialisation is an apparent factor that possibly causes this uncera@iryexanple,
fire following an earthquake is unlikely to occur in the remote regions of Kashmir.
However, the risk of FFE must be considered in urbanised areas with dense gas, fuel anc
electrical supply network<Electrical and gaselated failures are the mostnamon fire
triggering events(Rahmanian and Ismaill992) Recently, in the 2018 Lombok
earthquake and the 2019 California earthquake, there aveuenber of posearthquake
fire events whiclwerestarted by damaged gas majB8C News, 2019, 2018)

For this reason, the timing @n earthquake also plays a crucial in fire spreading
(e.g. electrical appliances are usadre ofenin the evening om winter time).With an
increag in the worldd gconomy, FFE events have the potential to create adaster
and thus need to be considergdsmani, 2008) Furthermore, current philosophies of
seismic design allowa specific degree of damagettee structural member, connection and
fireproofing which could leave some structural elements and components vulnerable to
postearthquake fire. With substantidhmage recordeftom previous events, there is a
need to understand and quantify the responsheobtildings under mutiazard events

such as fire following@nearthquake.

2.3  Earthquake damage

A key aspect ofire following anearthquakeanal ysi s i s deter mi
state after an earthquake as this represents the initial condition foulibeqsent fire
event.The current philosophiesf seismic desigmallow a certain degree of damagsich
potentially makes buildings more vulnerable when subjected to fire followimg
earthquake However, t is well known that providing detailed information regarding
earthquake damage is difficult duethee randomness and uncertainties of both structural

properties and earthquake vibration. Although the capability of computational modelling
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for earthquakehas been significantly improved recentdecades, it remains challenging
to provide accurate predictions of structural performamecordingly, his section
presentshree forms of damage that may occur duartearthquake, which can be used as

aninitial step for fire analysis, as follows:

1. Geometrical damage
2. Mechanicadamage

3. Fire protection damage

The three forms of damage are described in the followirgsectiors including

existing experimestand previous studies
2.3.1 Geometrical damage

Geometrical damage is the irreversible deformation dua pdastic strain that
commonly exists aftean earthquakelt should be considered as the change of the initial
structur® geometry due to the residual deformation result of gl@stcursions dunig an
earthquake Residual deformation can be dangerous sitiee bending moment in the
members will be increased by the interaction of vertical with the horizoniactieh, or

socalled Rgp e f Bsallostratedn Figure 2.1.

Gravity load

!

Storey drift, &3

Hs

Figure 2.1 Residual deformation ofa structure after an earthquake
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Current seismic design philosophig®videa realistic and reliable understanding of
the riskto life, occupancyandeconomic loss that magffect a buildingduringand afteran
earthquakeDesigncriteria aredetermined by stating the performance objectives that can
be achieved whethe structureis subjected tan earthquakeThe performance levels of
the building are categorised into three different levels, i.e. Immediate Occupancy (10),
Life Sdety (LS) and Collapse Prevention (CP). Each level represents the expected damage
caused bynearthquakeas shownn Table 2.1.

The performance levels can be tied to the isterey drift ratio (IDR) as an
indication ofthe global stability ofa strucure (Bruneau et al., 1997; Della Corte et al.,
2002) ThelDR is the ratio between storey displacement relative to the adjacent storey,
and the storey heighThe IDR may also be associatedth local plastic deformation
(Gupta and Krawinkler, 2000)According to ASCE 4D6, the IDR value is less than
0.7%, 0.72.5% and 2.5% forthe performance level of IO, LS and CP, respectively.

Table 2.1Building performance levels(ATC, 1996)

Level Description

Operational (O)| Very little damage, temporary drithe structure retains original

strength and stiffness, all systems are normal

Immediate Little damage, temporary drifthe structure retains original strengt

Occupancy (I0)| and stiffness, elevator can be restartied protection still works

Life Safety (LS)| Fair damage, some permanent drift, some residual strength ang
stiffness left, damage to partitiaitne building may be beyond

economical repair

Collapse Severe damage, large displacement, little residual stiffness and
Prevention (CP) strength but loadbearing column and wall functiothe building is

close to collapse

Table 2.1 showshat the seismic design allovescertain level of damage the
structure indicated bthe inter-storey drift ratio. Thus, tle presenstudy investigatethe
influence of the damage on the pestthquake fire behaviour of composite steel
structurs. The effecs of two damage levels, Land CP(Life Safety and Collapse

Prevention), are investigated. Operational (O) and Immediate Occupancy (I3)devel
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not takeninto account since the buildings Velittle damage and temporary drift (within

theelastic region).

2.3.2 Mechanical damage

The mechanical damage can be quantified by means of strength and stiffness
degradation of those parts of the structure engaged in the plastic range deforfiegion.
repetition of plastic deformation duringn earthquakecan cause some reductiom
mechanical properties.

For simplicity, an ideal elastiperfectly plastic structure with netegrading
componerg is considered in # presenstudy This assumes théale repetition of plastic
deformation duringan earthquake does not induce some reductiddnmechanical
properties.The assumption of nedegrading structural components is realistic in the
range of plastic deformation induced by earthquakes at design performancélieel
Corte et al., 2003)If the structure is designed adequately agaanstarthquake, plastic
deformation demand is relatively small. Therefore, in such a case, the mechanical damage
is apparently negligibldn contrastif the structure is not sufficiently strong, the effects of
strength and stiffness degradations need to be considered.

Furthermore, rmament resisting frames are commonly used for building fsame
seismic regioa The frames designed with high ductility are expected to experience large
deformations. For moment reigy frames designed according to Euroco&d® 19981
(CEN, 2004a)strength degradation becomes significant only for engye values of the
peak ground acceleration (PGA), which permitsite disregardedh a wide rangeof
pracically useful seismic intensit§pella Corte et al., 2003)

2.3.3 Fire protection damage

Damage sustained by active and passive fire resistancansystesteeframed
buildings afteranearthquakénas been highly variable and can be substantial. This damage
may result in the structural element being exposed to elevated temperature when fire

following anearthquake occurs.
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Past events have demonstrated thatearthquake can cause fires in building
damage active fire protection and reduce the effectiveness digfiteng capabilities.
During earthquake eventa puilding that has beedesigned beyonthe Life Safety levé
is expected to have considerable damage to-stroictural componest and fire
suppressing pipingATC, 1996) Thus, passive fire proteom systers, such as sprayed
fire-resistive material (SFRM), may plan important role to mitigate the effects of the
fire on the structural system in a building. The main function of SFRM is to delay the

temperature rise in steel.

However, he role of SFRM can be compromisedtibecomesdetached from the
steelmember Re@nt studies have shown that SFRM can delaminate under gtdtic a
dynamic loadingBraxtan and Pessiki (2011) conducted a leatgme experimental test to
examine damage patterns in SFRM on steel moment frames. The frames insulated with
SFRM (drymix materal and wetmix material) were subjected to quasatic loading.

Large deformation and plastic hirggeccurred, resulting in local damage to the SFRM on
the beams adjacent to the colymas shown in Figure 2.2Vang et al (2013) conducted

cyclic monotonic tests on a cantilever column insulated with cenwerstiSFRM.The
results showed that thedhesion of fire insulation with steel columns is generally weak
and the fire insulation delaminates from the steel surface at the bottom of the columns

under cyclic loading.

To understand the extent and location of fire insulation delaminafiodur ard
Arablouei (2015) investigatedthe mechanismsof fracture and delamination of fire
insulation froma steel structure usingn experimentahumerical approach based on
fracture mechanics. The extent of delamination over the structural memilasrs
qguantified and related to a delamination characteristic parameter urshercsand blast
loading. The results indicated thite elasic modulus ofthe SFRM, its thickness and
fracture energy are the most influential parameters that govern the mechanics and exten
of delamination of fire insulation under seismic loadifge above studies indicated that
SFRM ould crack and delaminatedm steel structureduring an earthquakdhe fire

insulation delamination is concentrated in éhements where plastic hingescur.
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Figure 2.2: Fire insulation delamination ona beam (Braxtan and Pessiki, 2011)

The effect of fire insulation delamination on the st@eimberscan jeopardize the
structural stability of the buildindgSeveralstudieshavefocused on studying the effect of
fire insulation delamination on the firesistance. Tomecek and Milk@993) utilised a
finite element heat transfer analysis to study the behaviour of steel columns wit loss
protectve material. The failure criteria based on the predicted thermal response and
ASTM E-119(ASTM, 1995)thermal criteriaareapplied to estimate fire resistance of the
columns. They found that thereasignificant reduction in fire resistance for lightweight
columns and fothe scenario where the location of fire protection loss ishmflange

rather thartheweb.

Ryder et al.(2002) studied the effect of the loss of fire protection on the therma
response of the columnwo columns,W6x16 and W14x233, were protected with
sprayed applied fire protection material. The thickressdetermined for the case of full
protection to obtain a oAgour and twehour fire resistance ratinghreedimensionaheat
transferanalysis wasperformedto simulate the heating conditian accordance with
ASTM E-119 thermal criteriaThe results showethat loss of fire protection and column
size havea significant effect on the thermal response of the column regardless of the
protection thicknessKeller and Pessik(2012) presented a case study to evaluate the
effect d earthquakenduced damage t&FRM damage on the behaviour afsteel
momentresisting framen afire. The damaged SFRIA the hinge regions exposes bare
steel to elevated temperature durengostearthquake fire event and leaits softening

momentrotation response of the beamolumn assembly. Theeduction of rotational
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stiffness causes an increase in the flexibilityhaf structural system and worsens the drift

demands.

Wang and Li(2009)conductedanexperimentabtudy to investigate the behaviour of
steel columns with partial loss of fire insulation. The damaged length of fire insulation is
14% and 7% for specimers-1 and S2, respectivelyat both ends of the columns. The
specimens wersubjected to the ISO 838tandard FirgBSI, 2014) Displacementand
temperature were measured and compared with finite element analysis. The results
showedthat fire resistance of the steel column with fire insulatiamage is reduced. The
failure mode of specimens can be yielding or buckling at the location of steel without
insulation. It is worth noting that the finite element modséd by Wang and Léamot
capture local buckling. This shortcomingeans thatire resistance of the column frotine
finite element is higher than that thfe experiment for specimen5 When the damaged
fire insulation is long (specimen®, buckling occurs before yielding.

Arablouei and Kodu(2016)studied the effect of fire insulation delaminationtba
structural performance o steel structure during fire following an earthquakeThe
extent of delamination ahe fire insulation over the structural elements is adopted from
previous fracture mechanitmsed studie@Arablouei and Kodur, 2014Four incremental
delamination scenarios, i.e. 25%, 50%, 75% and 100%,tbegiastic hinge region are
considered.The steel cross section is left completely unprotected in the delamination
region. The results showed that fire insulation delamination fhaplastic hinge region

in the beam near coluntrasasignificant effect on the reduction of failure time.

The above studies indicate thht passive fire protection system hasignificant
role in the vulnerability of steel structuresibjectedto fire following an earthquake.
Therefore, it isessentialto quantify theprotectiondelamination in theassessment of a
building subjectedo fire following anearthquake. Accordingly, ithe presenstudy; it is
assumed that fire insulation delamination may occur at both ends of the primary beams
and at the bottom of the columns where the plastic hingeotay during an earthquake
in line with the experimental observations descridaedthese delamination regions, the

steelcan beassumedo beunprotected
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2.4  SteeHramed composite structuresin afire

This sectiondescribes a variety of factors that affect the behaviour of steel framed

composite structusan afire.
2.4.1 Material behaviour

Knowledge of a materiab fehaviour at elevated temperature is crucial to an
understanding of structures in fire conditions. Thi&eatfof temperature on material
behaviour broadly consists of the reduction of material properties (yield strength and
modulus elasticity) and thermal expansion. The material behaviour of steel and concrete at
elevated temperature is more complex than rabiant temperatureBoth materials
become weaker and flexible high temperatureA number of theoretical modelsave
been produced to represerihe material behaviour of steel and concrete at elevated
temperatureMany national codesuch as NZS 3404AS 4100, BS 811Gnd Eurocode
have proposedslightly different approximatios for design purpose In this study,
Eurocode is selected since it is widely used and has been validated by many researcher
(Jiang and Li, 2016; Lin et al., 2015; Memari et al., 2014; Selamet and Bolukbas, 2016)

a. Steel

At ambient temperature, steel is relatively ductile and can be considered to have the
same strength and stiffness in tension and compression. Although these characteristic:
remain, the material and thermal properties of steel at elevated temperaturéeram d
to those at ambient temperature. Eurocode EN -I993CEN, 2005a)resentstandard
hot-rolled carbon steel temperatediependnt properties including stress$rain

relationship, thermal expansion, specific heat and conductivity.

Stressstrain relationships at elevated temperatures are basie steadystate test
at certain elevated temperaturegransient state teirby and Prestor(1988)conducted
tests under both steadyate and transient state. At ambighperature, the steel yield
plateau is essential since it defines the design yield strength of the material at a given
strain. However, at elevated temperatuthe tests showestrains in excess of 3%wvhich
included the thermally induced straifhen, the Eurocode EN 1993-2 (CEN, 2005)
adopted the results from Kirby and Prestb®88)to describe the stresgrain relationship
of carbon steel by a linear response up to the proportional limit, followed by an elliptical

transition zone turning into a plateau at the effective yield sfretsted to a 2% strain
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limit) until the strain reahes 15%and thera linear decrease to zero stress at ZQfain.

Figure 2.3 gives the stresfrain relationship without strain hardening. Figure shdws

the reduction factors for yield stress, elastic modulus and proportional limit.

Stress, 0 A

fy,e

fp,e 3

_______ fy,B : effective yield stress

fp,e: proportional limit

€y,0 :yield strain

€p,0 : strain at proportional limit
£1,8 : limiting strain for yield strength
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1
1
: €u,0 : ultimate strain
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Figure 2.3: Stressstrain relationships for carbon steel at elevated temperatures

(CEN, 2005a)
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Figure 2.4: Reduction factors for carbon steel at elevated temperaturd€EN, 2005a)

Thermal expansion occurs when materials are heated. The coeffiethiermal

expansiony [, can be defined by:

2.1)

wherery [ is the strain resulting from a change in temperaturegané a change in

temperature. The coefficient of thermal expansion
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temperature up to around 780 At this stagea temporary sudden shrinkage tbe steel
occurs aghe atomic structure chargé&om bodycentred cubic to faceentred cubic.

Then the expansion starts again at around@50

In practical designthe thermal expansion can be determirmdusingthe value of
1.4 x 10° C* (BS EN, 1990) Eurocode EN 1993-2 (CEN, 2005a)presents a more
detailed approach whicldivides thermal strainrather han coefficient of thermal
expansionjnto three stages in the rangei2020C0°C, as shown belowTl he thermal strain

can be converted tihe coefficient of thermal expansion within small temperature ranges.
For 20C da< 750°C:
Yja p& pm-A M@ pm-A cd8popm (2.2)

For750°C daO860°C:

Yo pp pm (2.3)
For860°C < da 01200°C:
Yja ¢ pm-A @8 p (2.4)

wherel is the length at 2, d is the temperature induced expansion pads the steel

temperature°C).

b. Concrete

The characteristibehaviourof concrete is more complex than that of steel. Concrete
is alsoa brittle materialand the stressstrain behaviour in compression is very different
from the behaviourin tension. Schneider(1988) provides an overview in assessing
material properties for concrete at high temperature. Then, the refsaftalytical models
for strength and stresdrain response became the basis for the modealrocBde 1992-

2 (CEN, 2004b) These were developed footh normal and lightweight concrete.

Eurocode 1992-2 (CEN, 2004b)gives concretéemperaturalependnt properties

including thermal and mechanical propertidstypical stressstrain curve for concrete in
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compressions shownin Figure 25, basel on the values in Eurocode EN9921-2 (CEN,
2004b) This curve is represented as:
B

o (2.5)

h B

whered(d) is the compressive streand Uis the compressivstrain Table2.2 showsthe
main parameters to define the stregin relationships of concrete at elevated
temperature.

After heating tothe maximum temperature, concrete does not recover its initial
compressive strength Eurocode ENL9941-2(CEN, 2005b) recommends that an
additional loss of 10% of the value at maximum temperature can be applied when the
maximum terperature exceeds 300°C. The evolution of the compressive strength is
considered as varying linearly from maximum temperature to ambient temperature. Figure
2.6 illustratesthe recommendation of Ewwade EN19941-2(CEN, 2005b) The dashed
line showsthe reduction of compressive strength durihg heating phase and the solid
line shows the reduction of compseg strengthwhen heating up to 500 followed by
cooling to ambient temperaturdt can be observed thalhe reduction of 0.6 at 50C

reducs linearly toareduction of 0.54 at ambient temperature.

fc,e """" =

Figure 2.5: Stressstrain relationship for concrete at elevated temperatures
(CEN, 2004b)
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Table 22 Value of the main parameters of the stresstrain relationship for concrete
at elevated temperature(CEN, 2004b)

TEMPRRME | ko mfe fie | B a| Gui, g
20 1 0.0025 0.0200
100 1 0.0040 0.0225
200 0.95 0.0055 0.0250
300 0.85 0.0070 0.0275
400 0.75 0.0100 0.0300
500 0.6 0.0150 0.0325
600 0.45 0.0250 0.0350
700 0.3 0.0250 0.0375
800 0.15 0.0250 0.0400
900 0.08 0.0250 0.0425

1000 0.04 0.0250 0.0450
1100 0.01 0.0250 0.0475
1200 0 - -

1.2 4

-

—o—Heating only
——Heating and cooling

o
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L

Reduction of compressive strength
o
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Figure 2.6;. Reduction of compressive strength during heating and cooling
(Li and Franssen, 2011)

Tensile behaviour of concrete at elevated temperature is difficult to predict. For
structural design purposeEurocodeEN-19921-2 (CEN, 2004bksuggest thatthetensile
strength of concrete can be assun@de zero (conervative). In such cases when the

model is a little vague, the tensile strength may need to be considered in the analysis.
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Schneider (1988) provided a condensed survey of the present state of knowledge in the
field regardingthe high temperature of concrete to estimiefire behaviour of concrete
members. T study reported thahe tensile strength of concrete che assumd to be

10% of the compressive strength.

The thermal expansiorf ooncrete is very complex sintige constitueningredients
of concrete behave differently when they are heatedsTihdepends on many factors
such as type of aggregatgpe of cemenandwatercementratio. EurocodeEN-19921-2
(CEN, 2004b)presentsa simple formula to calculate concrete thermal expandian.
lightweight concretgthe equations:

Yja ¢ pm A ¢m (2.6)

wherel is the length at 2@, i is the temperature induced expansion fods the

concrete temperaturéQ).

2.4.2 The behaviour of compositesteetframed buildingsin afire
a. The behaviour of restrained steel beansin afire

Steel beams athe primary loadcarrying members in a stehmed structure. The
restrainecbeam response afire can be split into three stag@¥ang,2002) as shown in
Figure 27. In stage lthe elastic response dominatesthe beam behaviowrherein the
beamexpands aa result of continuous heating, and compressive axial force and bending
moment develop due to the effect of emdtraints. Firenduced internal forces and
deflections continue to increase until yielding. In stagdahg, elasteplastic response
dominates irthe beam behaviour. As the steel temperature continues to increase with fire
exposure time, softening tifie steel causelarger deflection and rotations until the first
plastic hinge develops in the beam. The deflection increases suddenly beqdasie
hinge forms at the location ¢iie maximum beding moment in the beam. In stage 3, the
beam movesto catenary action. Tensile force develops in the beam and thédeaaitg
mechanism gradually changes from flexural to cable (tensile) until failuwarody
rupture of the beam. It is assumed that the connections perform elastically in the three

stages abové&.herefore, connection failure is not taken into account.
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In order to determine the capacitytbe beam, British StandadS476(BSI, 1987)
suggestsnaximum midspan deflection L/20 in which L is the beam spahis limit is
applied to ensure the safety of equipment dutirefire test. Moreover, tathis sage, the
beam is not able to transfer the load @haktic hinges are formg@odur and Dwaikat,
2007) Therefore, this limit is adopted the presenstudyto determinehe failure of the

beam
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Figure 2.7: Typical fire response of a restrained beam ima fire (Wang, 2002)
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b. The behaviour of composite slabin afire

In the most common and conventional fire safety design, the fire resistance of steel
framed buildings hebeen estimated b$tandardFire tests on isolated elements sugpdr
statically determinatel{BS EN, 1999) In reality, the buildings do not behave as isolated
individual elements. When an individual steel element loses strength and stiffness, in
many cases the load will be transferred to other parteedftructure, i.e. loadarrying
mechanisms change. Therefore, the actual response of buildings cannot be assessed by tl
conventional approach. A clear example of this sort of behaviour seen in real structures
was shown dung the UK Cardington fire test¢Bailey et al., 1999; Gillie et al., 2001)
These tests indicated that tensile membrane action in concrete floor slabs-cbsteete
composite buildings can improve the fire resistance substartigyignd that which might

be assumed from single element tests.

Tensile membrane action develops when the slabs undergo large vertical
displacements. As can be seen in Figli8e tensile membrane action occurs in a-twey
spanning slab when the inducedlied tension in the centre of the slab is balanced by a
peripheral ring of compressiofBailey, 2004) Tensile membrane action can develop
within the floor slab whenthe s | ab 6 s peri meter i's , theer t i
supporting beam arountthe perimeter of the slab panel must be able to support the
vertical load without plastichinge forming.When tensile membrane action is considered
in the design, the composite slabs need to be divided into slab panels. The internal
secondary beams can be left unprotected and the supporting beams around the perimete
of the slab panel are prated so that they can support the vertical load without plastic
hinges forming. Vertical support can practically be achieved by protecting beams around
the perimeter of the slab panel to achiatemperaturef less than 620°C (specific limit

temperatureat the required fire resistance tirffbu et al., 2008)
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Figure 2.8: Tensile membrane action ina slab (Bailey, 2004)

Allowing for tensile membrane action in design can signifigar@duce the need for
fire protection of steel beams. Hence, it is not surprising that many studies have been
conducted on the influence of tensile membrane action on the fire resistance of composite
steeframed buildings. Huang et al(2004) conducted a series of analyses to investigate
the effectof tensile membrane action in composite slabing different patterns of fire
protection for the steel beamsinga computer program, Vulcai his study was based on
a composite floor with four bays 89 m) in each directianThe aspect ratios of the
unprotected slab areas ranging from 1:1 to 4:1 were considéredstudy showed that it
is possible to leave a number of the beams unprotected due to the beneficial effect of
tensile membrane actioA further series of analysesere also performed witthe fire
compartment in different locationshe results showethat the surrounding cool structure

can improve the fire resistance of the fire compartment.

Lamont et al(2007)compared the fire behaviour of composite buildings when fire
protection is appliecdnly to edge beams and when no beams are fire protettesl.
generic structure was designed watlsimilar constructia to the Cardington frame. The
structural behaviour ahe frame subject t@ natural fire was analysed using a numerical
model. It was found that when external beams are protected)dbeends to span in two
directions owing tothere beingsufficient support for the tensile membrane action
mechanism. In contrast, when no beams are protected, the slab tends to span in on
direction in a mannesimilar to beams in catenary actioithus, fireprotecting edge

beans increasethefire resistanc®f composite building
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Lin et al.(2015)investigated the effect of protected beaansd heir connectionsn
the fire resistance of composite buildingsgeneric 45 m x 45 m composite floor subject
to fire was analysed. The behaviourtloé end plate and partial end plate connectiaas
modelled usingsimplified connections modetieveloped by the author§he connection
failure was considered. The results showed that connection failure setieceertical
support for the slab panel, resultimga significant reduction of tensile membrane action
within the floor slab. The studyism compared the behaviour of the composite floor with
fixed and norfixed vertical support on the protected steel beanthegperimeter ofthe
slab panel. The results showed that -fisad vertical support significantly reduced the
development of tensilemembrane action. In comparison tiee case with fixed support,

tensile membrane action was fully mobilised.

Nguyen and Tan(2017) conducted experiments on three ea@uarter scale
composite slabs with different bending stiffnesses of protected edge beams under fire
condition. A typical specimen witha slab 2.25 m x 2.25 m and amutstand of 0.45 m
around the four edges was investigated. 3lab panelvas rotationally restiaed. A load
of 15.8 kN/nf was applied. The slab was heated up to failure. When the failure was
identified, the load was removeahdthe cooling phase begaiihe results showed that an
increase of the edge beam bending stiffnegliy reduceal the deflection. At higher

temperature, the effect tie greater stiffness of the edge beams was negligible.

Jian and Li(2018)investigated parameters affecting tensile membrane action of a
reinforced concrete floor iafire. A 6 m x 9mconcrete slalwith a depth of 200 mm was
investigated. The concrete slab was subjected toS&@dardFire. An explicit dynamic
analysis was carriedut using LS DYNA. The effects of load ratio, boundary condition,
slab thicknessand reinforcement layout on the development of tensile membrane action
were investigated. The failure of slalvas initiated by the rupture of reinforcement. The
study found five failure modes of the sldépenéhg on reinforcement layout, aspect ratio
and baindary condition.The results also revealed that the critical reinforcement

temperature of 60C is essential to ensure the development of tensile membrane action.

All of the aforementioned studies confirmed that protected edge beams have a
significant efect on the fire resistance @f structure.However, these studies mainly
assumed that vertical support along the perimeter of the slab panel was provided by

protected beams. It appears there are no studies on the effect of fire insulation
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delamination bthe protected beams, as might occur in an earthquake, on the ability of a
structure to develop tensile membrane action as adaagiing mechanism in the floor

slabs.

The omposite slab contasna steel beam and a concrete slab intemected by
shear onnectors. The shear connectors require enough strength and stiffness to allow the
two components tbedesigned as a single structural memBer.a composite slab witka
rigid shear connection, there is full interaction between the steel beam and ¢hetecon
slab. This approach is commonly followed by most codes (e.g. theidiadl plastic
method in Eurocodd9941-1 (CEN, 2004c). Nevertheless, full interaction is hardly
achieved in realitylt is recognised thaa rigid connection is generally beneficial for the
capacity resistance @& composite slapwhich means that the assumption may lead to

unconservative results.

There curently exist several studies on the effect of partial composite interaction on
the behaviour o& composite building ira fire. The studies from Huang et §.999)and
Jahromi et al(2012)showed that consideration of partial composite interaction can lead to
the reduction of structural resistance by only abeli0%. Thus, for simplicity, this study

assumed full interaction between the steel beam and the concrete slab.

c. The behaviour of restrained steel columrsin afire

When a column forms part of a statically indeterminate structure, it has many
interactions with the adjacent structuvéang (2002)described two types ahteractions

that can affect thbehaviour of restrained steel colusin afire:

1. Change in column axial load on the column due to axial restraint to its thermal
expansionasshown in Figure 2.

2. Change in column bending moment due to thermal expansitineofonnected
beam as shownin Figure 210a. When the connected beam develops catenary

action, the beam will pull the column baels shown in Figure 20b.
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Figure 2.9: Effect of restrained thermal expansion on column behavioyWang,

2002)
P
1
1
1
1
16
1
1
a. beam in tension b. beam in compression

Figure 2.10: Effect of the connected beam on column behavioujWang, 2002)

Wang (2004) presentedhe behaviour of an axially restrained columahelevated

temperature. The behaviour can be divided into three stagebhownn Figure 211.

1. Prebuckling (GA): the column is relatively stable in thistage. The axial force
increass with the increasein temperature due to restrained thermal expansion

2. Buckling (A-B): the huckling stage starts when the increased column compressive
load reaches its buckling resistance at elevated temperature. In this stage, the
column underges a large lateral deflection and compressive load suddenly
reduces.

3. Postbuckling (B-C): during this stage, the column undergoes further lateral
movement until reachingquilibrium position. The laral deflection causean
increasan the column bending moment. Thus, the column dagdis reducing in

order to maintain stability.

42



By
Pre-buckling,
phase

Buckling

Post-buckling phase

e

L

o Buckling
temperature

rd

Temperature

Figure 2.11: Full load-temperature relationship for an axially restrained steel column
(Wang, 2004)

The behaviour othe column shown aboveanbe applied to determine themit of

failure ofthe column.For a practical measure of performance, the lioahbe defined by

first buckling of columns which is identified whéime vertical displacement of the top of a

column rapidly reduces as temperatimaeasegat point A).

2.5 The methodology of postearthquake fire analysis

Proper sequential analysis is required to investigate the behavianreafthquake

damagd building in a fire. Figure 212 schematically shows the steps involved in the

analysis. Firstly, the gravity load is appliedttee undamaged frame. To investigate the

earthquake damage in the structure, seismic hazard is determined from the seismic hazar

spectrum according tehe seismc region, followed by seismic structural analysis. The

seismic loadinduces lateral vibration and¢auses damage and permanent lateral

deformation in the buildingl'his deformation causes additional stress in the frame due to

the moment caused bthe P-p ffect. In addition, fire protetion systems are also

damagedOnce earthquake damage in the structure is determinedegtisjuake fire

(PEF) analysis can be performexdthe da

maged structure.

Detailed earthquake and fire analyses are described fallineing subsectiors.
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Figure 2.12: Stages of the fire followingan earthquake analysis

2.5.1 Earthquake analysis

There are three common analysis approaches to evaluate the behasistuaitire
during an earthaquake: linear static, nonlinear dynamamd nonlinear static analysis. The
linear static analysis is the simplest approadh the application of a factor to
accommodate dynamic effect and nonlinearity of material and geometry. Therefore, the
nonlinearity and dynamic effect cannot be accuratelyigied using this approach. On
the other handhe nonlinear dynamic analysis is theoretically the most accurate method
however, it isvery conplicated because it considers all typef nonlinearity, but it

requires time history grounghotion data to simulate the dynamic effect. Nowadays,
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nonlinear static pu®ver analysis (NSPA) has been introduced as a new technique to
solve the problem expressed above. This method considers both material and geometrica

nonlinearity but does not neéiche history records to calculate the dynamic response.

In NSPA, a specific lateral load pattern is subjected to the structure. The load
magnitude incrementally increasantil the structure reaches a target displacement or
collapse. The relationship betere base shear and roof displacement expreksegobal
response of the structure against lateral loads. The target displacement represents the ta

displacement when the building is subjected t@sign earthquake.

Figure 213 illustratesthe performance level of the building along with a force
displacement curve which shows the global behaviouh®@structure againghe lateral
load. It can be seen that the target displacement deternfiaésilding performance level

that represents minéo major damagas previouslhpresented in Table 2.1
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Figure 2.13: Pushover analysis curveand performance level§Hakim et al., 2014)

2.5.2 Fire analysis

Current design methodallow the development of finitelement models that are
utilised to evaluate building performance in fire conditions. The models are subjected to
temperaturdime curves (design fire) and then the behaviour of the structure is ohserved
Traditional fire design, the most commarses StandardFire curves which assume that
the temperature conditions are uniform and subjected to the whole floor of the
compartment. Theétandard Firecurves used in most building codes are adojbteah
either the ASTM E119ASTM, 1995)test or the ISO 834BSI, 2014)test as shown in
Figure 214.
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Figure 2.14: Standard Fire 1SO 834 curve(BSI, 2014)

The Standardrire, unlike a real fire, has a relatively medium growth ,raie
temperature reduction and is not influencedhsy/characteristis of the building, such as
fuel load, ventilation and geometrHowever, he Standard Fires do not accurately
represent redires, which may burn locally but spread through the enclosure with time,
creating lower temperature and longer durafidanzello et al., 2009; Stei@ottfried and
Rein, 2012a)The difference in temperature, location and time betweeStdnelardFire
and the real fire may result edifferent respons&om the structurgLaw et al., 2010;
SternGottfried and Rein, 2012b)

Fire modelling methods haveeen improved rapidly inecentdecades to overcome
the limitation of theStandard FiresWickstrém(1981)developed the background concept
of ParametricFire method which is relatively simple to use.réldé is proposed that the
compartment fire based on heat balance dependhe opening factor, thermal inertia,
fire load and fire compartment time factor. These theoretical assumptions were validated
using the experimental data developbg Magnusson and Theldersson(1970) The
ParametricFire method was then adopted and desdrifudly in Eurocode EN 1991-2
(CEN, 2002b)

Bmax

Temperature

heating cooling
phase phase
1

t*max Time

Figure 2.15: Parametric Fire curve(CEN, 2002b)
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There are two phases the ParametricFire method, heating phase and cooling

phaseas shownn Figure 215. In theheating phase, the gas temperature is defined by:
— ¢mpocw MR MR’ m™xQ ° (2.7)

t*is obtained by the timemultiplied by a dimensionless parameiietefined by:

) i
& (2.8)

WhereO is an opening factatefined by

65 — (2.9)

b is the thermal absorptivity of surrounding surfaces of the compartment obtained by:

[

"o (2.10)

WhereA, is the total area of vertical openis@n all walls,heq is the weighted average of
window heights orthewall, A; is the total area othe enclosure/r is the density¢ is the

specific heat and o theboundhrgothedneasureal condu

The cooling phase is generated by:

o] ™ — — Pco O (2.11)
™ QO ¢ — — cuvm O o o (2.12)
o} ¢ — — cu o (2.13)

where maximum gas temperature occurs in the heating ph&ase.d@btained by

o T8 pTNRI0 W (2.14)

N NROJO (2.15)
whereg:qis the fire load densityr is floor areaand 4 is the total area of enclosure.

The ParametricFire depends on several factors, such as ventilation, fire load, fire

protection, etcThus, he fire load densityg:scan be defined by:
s 1 1 1 ang (2.16)
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where} gz is the risk of fire activation} 42 is the type of occupangy, is the active fire
fighting measure,m is combustion factor andy« is characteristic firdoad density
obtained from EN 1991-2 (CEN, 2002b)Table E4 The calculation of parametric fire

is presented in Appendix B.

In this study, theParametric Fire curve is developed with the fuel load of 511
MJ/m?, which is used according to Annex E of EN 1992 (CEN, 2002b)or an office
building. The ventilation factor and thermal inartif compartments are taken as 0.08°m
and 1470 W& m’K, respectively When an earthquake occer the factors may change
which make the ParametricFire curve afteran earthquake different compatto those
beforean earthquake. There &possibility of window breakager damage to the building
envelope and partitionafter an earthquake that can increase the opening factor of the
compartmentFigure 2.16 shows the comparison of parametric fire curves with different
opening facta. It canbe seen thathe increase of the opening factor will increase the
maximum temperaturand reduce the burning timBurthermore fire-fighting measures
may be different betweeafire in normal conditions andfire after an earthquak€&igure
2.17showsthe comparison of parametric fire curves with different-fighting measures.

It can be seen that fifighting measures increase both the maximum temperature and

burning time.
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Figure 2.16: Parametric Fire curves with different opening factors
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Figure 2.17: Parametric Fire curves with different fir e-fighting measures

In this study,the opening factor is taken as 0.06 and 0.08 for before and tager
earthquake, respectively. Thire-fighting measures for two conditions, before an
earthquake ahafter an earthquakare presented in Table 2.B is understood that the
modification factors after an earthquake are somewhat arbifrbeyvalues are based on
the possibility of disturbance of both internal facilities such as sprigkded urban
facilities asa result ofthe earthquakeHowever, the inteion of this study io show
contrasting behaviour resulting from different fire curves before and after an earthquake
with different fire duration and maximum temperat@® shown in Figure 281 The
different firefighting measure and opening factgrafter an earthquake may cauae

higher maximum temperature almhger fire period

Table 23 Function of active fire-fighting measures before and aftean earthquake

AT Automatic fire AT " Safe Fire Smoke
water Independent A alarm Fire o
N detection & . A access | fighting | exhaust | SUM
. extinguishing | water supply | transmission | brigade devi
Eire systems alarm to fire brigade routes evices| system
Uz U2 Us/ 40 Us Us/ 70| Us Uo U10 ISAVI
Eleore 0.61 1.00 0.87 0.87 0.78 | 1.00 | 1.00 | 1.00 | 0.36
After 0.61 1.00 0.87 0.87 0.78 1.50 1.50 1.50 1.22
EQ . . . . . . . . .
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Figure 2.18: Parametric Fire curve before and afteran earthquake

The most important shortcoming of the conventional meth@&@tandard
Fire/Parametric Fires the assumption of uniform burning and homogenous compartment
temperature regardless of the compartment Bizeeality, temperature conditiaare non
uniform in mostcompartmentsA newy designed method called the wedling fire has
recentlybeen introduce@Law et al., 2010; Ster@ottfried and Rein, 2012bYThe concept
of the travelling fire method is that the effect of all travelling fire scenarios on the
structure is taken into account instead of the worst case based on the highest temperature
It can be assumed that the fire burns over a certain pegeeafahe floor area, ranging
from low temperature with long duration to high temperature wghort durationin the
past it was believed that the conventional methods were conservative and suitable for
engineering design. However, recent studiesw et al.,, 2010; Rezvani and Ronagh,
2015) have shown that travelling fires are more dangerous to structure than the

conventional design fire.

2.5.3 Heat transfer in structures

Heat can be transferred from one location to anothehi®e basic mechanisms of
conduction, convection and radiatiohe pocess can occur separately or together
depending on the circumstancdsis section briefly explains each mechanism before
showing how the temperature of the structure is determ@eaduction is the mechem
for heat transfer in solids on a molecular scale but without any movement of macroscopic

portions of matter relative to one another. Convection is the heat transfer mechanism due
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to the movement of fluids, either gases or liglidcontrast to conduicin and convection,

heat transfer by radiation does not need any medium between the heat source and othe
objects. In radiation, the exchange of heat is due to electromagnetic wave released by &
body solely on account of its temperature.

Theoretically, i is not possible to find analytical solution to a heat transfer problem
except ina simple case. In fire safety design, heat transfer problem is usually solved by
either experimentally or numerically. Experiments are expensive and their results can be
apgied onlyto the specific situations. Numerical analysis can be more general and widely
used. An understanding of the three heat transfer mechanisms is essential to conduct th:

numerical heat transfer analysis.
a. Heat transfer to the steel structure

In anydesign of steel structure to resist fires, it is essential to determine the steel
temperatureThe calculation of steel temperature is handled differently depending on
wheter the steel is protected or not. For unprotected steéglpossible to assumkbdt the
temperature ofthe steel structure isgenerally uniform as most steel sections are
sufficiently thin. Thus, a simple energy approach can be used to determine the change in

temperature of steel sections.

The method is based on the principle that the heating entering the steel over the
exposed surface area in a small time sfEfs) is equal to the heat required to raise the
temperature of the steel by T(C) assuming that the steel section is a lumpessnatihe

uniform temperature, so that
Heat entering = heat to raise temperature
q" Foptc\= @T (2.17)

where} s is the density of steel (kgfn cs is the specific heat of steel (J/kgkp Tis the
change in steel temperature in the time step ging the heat transfer at the surface

(W/m?), given by

q"=ho(Tii T + 0 (0 T (2.18)
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whereh, is the convective heat transfer coefficient (Vi) G is the StefarBoltzmann
constant (56.7 x I kW/m?K?), Uis the resultant emissivityl; is the tempetare in the
fire environmentndTsis the temperature of the steel

These equations can beaganged to give:

YY —-— QY Y ,-Y Y Yo (2.18)

The quantly of F/V is known as the section factor of the steettion and is given in

many section tabse or it can be calculated manuallyhere F is the surface area of unit
length of the member (#) and V is the volume of steel in unit length fo the membéy. (m
As shown in Figure.19 steel member acting congitely with a concrete slab can be

assumed not to be heated through the surface that contacts the slab.

T d T d
> «—>
b b
F=3b+2d-2T F=4b+2d-2T

Figure 2.19: Typical perimeter of section factors

Steel with fire insulation hestup much more slowly than unprotected steel due to
the applied thermal insulation which protects the steel from rapidptiosoof heat. Thus,
the guation is slighly different as follow:

v v

vy - . Yo (2.19)

where}; is the density ofnsulation (kg/m®), ¢ is the specific heat ohsulation
(J/kgK) and d; is thethicknessof insulation(m). The equation above can be to calculate
the temperature dhe steel section for gas temperatures (standardfiggarametric fire)
providing a sufficiently small timestep is usddurocode EN 1993-2 (CEN, 2005)
suggests a time step of no more than 30 s and a minimum value of the section factor F/V
of 10 m*. Previous studie@Gamble, 1989; Kay et al., 19965ive shown that this method

can give a very good prediction of steel beam temperatures.
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b. Heat transfer to the concrete structure

Concrete structurebiave a good reputation in fgebecause concrete is Ron
compustible and has a low thermal conductiviy. Howeveat transfer tdhe concrete
structure is more complex than that of stéeé to heterogeinity of concreteloreover,
concrete sections tend be stocky so that temperature through a concrete section is not

uniform.

To determine temperatures within concrete structures, it is necessary to understand
c o n c rtleetmal properties such as conductivity, specific heat and density. Harmathy
(1970)used the addition of the component parts to formulate a bulk characterisation for
each of the thermal properties. Fram experimental study, the first set of thermal
properties of concrete was presented. Sthea, nanyresearcltstudiessuch asHarmathy
and Allen(1973) Kodur and SultarfKodur and Sultan, 1998and KieYeol Shin et al.
(1999) have been conducted to understand the thermal properties of eommsign
codes such as Eurocode EN 192XCEN, 2004bhavealsobeendeveloped to model the
thermal properties of concrete at elevated temperature.

A comprehensive reviewfdhe effect of temperature on the thermal properties of
different concrete typas presented by Kod2014) Overall,thethermal conductivity of
concreteis in the range 0D.8 and 3.6 W/mKat ambient temperatureepending on the
type of aggregatand reducegraduallywith increasingemperatureEurocode EN 1992
1-2 takes simplied approache$or design purpose The approximate value is OV8/mK
for lightweight concrete, 1.3 W/mK for calcareous (limestone) aggregate concrete, and 1.6

W/mK for siliceous concrete.

The specific heat of concrete depends on the moisture cartdiaiggregate type
Theheating phasbetween 10%C and 200C allows for water being driven offor design
purpose, the value from EN 19922 (CEN, 2004b)s 840 J/kgKfor lightweight concrete
and 1000 J/kgK for siliceous and calcareous aggregate conbrgiag fire eventthe

density of concrete decreaseith increasing temperature due to loss of moistlypical
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normalweight concrete has a density of 232800kg/m®. When the temperature reaches
100°C, the density of concrete reduces up to 100 Rghowever, it does not change much
at temperaturebeyond thigSchneider, 1988)

Analytical methods are currently availabledalculatethe temperaturef concrete
elemens exposed to theStandardFire (Wade, 1991) On the other handvery little
published information is available on the performancietoncrete elemesexposed to
Parametric Fire. Wade (1994) presents approximate methoddor calailating the
temperature in concrete exposed to Parametric Hiogvever, tle study coveed only a
limited range ofParametric FireFurthermore empirical calculation particularly during
the cooling period is lesaccurate because the maximum concrete temperatures occur a
considerable time after the fire temperature passes its peak(Wadale, 1994)Thus, it is
best to use finite element analysis to provateaccurate thermal gradient in concrete

elements exposed to realistic fire.

2.6  Previous studies on posearthquake fire analysis

Several studies have been conducted on the behaviour of earthqnakged steel
frames in afire. Della Corte et al(2003)developed numerical models to investigate the
response of steel moment resisting framneder postarthquake fire scenarios. Two types
of 2D frames considering only the ultimate limit state (ULS) and both the serviceability
seismic design (SLS) and ULS were prepared. The earthquake effect on the buildings was
represented by imposing a residual deformation on the frame. Mechanical damage was
introduced by reducing the steel modulus of elasticity and yield strength in certain parts of
the frame. Tke thermatmechanical analysis was then applied usheyISG34 Standard
Fire curve to simulatea fire event andthe fire resistance rating was found lging
numericalcode SAFIR(Franssenteal., 2002) The results showed that the drift ratio is an
important parameter that affects the fire resistance. In addition, it was obseat/¢leth
seismic design philosophiesn significantly affect the performance of steel strusture
under posearthquake fire.

Faggiano et ak2008)applied pushover and coupled therrmedchanical analysis to
evaluate 2D steel moment resigt frames (MRFS) subjected to lateral loads and fires,

respectively. The result showed that fire resistance and collapse mechanism of portal
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frames subjected to fire followirmn earthquakevereessentially the same when the frame

did not exceed the opéianal performance limit durinthe earthquake. A small reduction

in thefire resistance ofhe portal frame was observed when the performandbeedffame

was at the life safety and near collapse levels. Faggiano and MazZflafh) assessed

the robustness of steel frasnander FFE in accordance witthe performancebased
approach according to FEMA 356EMA, 2000) and philosophy of the Fire Safety
Engineering (FSE), which included Operational Fire (OF), Immediate Occupancy Fire
(IOF), Life Safety Fire (LSFandCollapse Prevention Fire (CPF). The seismic behaviour

of the structure wa determined through pushover analysis. Fire analysis was performed
once the seismic analyses were carried out. The study included the identification of the
seismic damage state and determination of the residual bearing capabilities of the seismic
damagedtructures subjected to fire.

Yasin et al.(2008) presented a review of pesarthqake fire (PEF) hazard and
performance of stedtame building structures under PEF conditions. Unprotected steel is
particularly vulnerable to fire hazard. The mechanical strength of steel reduces drastically
at high temperaturéds previously discussedn ia postearthquake scenario, the building
frame and its fire protection system may be significantly damagedcandequently
resistance to subsequent fire is reduced. An analytical study eflitmensional steel
frames under the effects of seismic lateral loads and subsequent fire has been presente
The study reveals that the PEF performance of steel frames is affected layetaé
deformation caused by the seismic ground motion.

Zaharia and Pinte@2009) presentedan evaluation of fire resistance rating for an
earthquake damad@D steel frame. The earthquake response was introduced by imposing
residual deformation using pushover analysis. Two different seismically designed frames
(moderate and severe seismic regions) were prepared.83heStandard ISO and
EurocodeParametricFire curves were applied in this study. The structures, subjected to
vertical loads corresponding with fire load combinatismereloaded with lateral forces up
to the target displacemehen the target displacement was achieved, the lateral loads
were removed Residual displacement and residual stresses exist because the frames
respond in the plastic range. At this stage of structural damage, fire avehgsiten
performed. The results showed that the frame desifprestronger seismiactionhasa

higher fre resistance rating ithe case of posearthquake fire.
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Behnam and RonadR015)presentecnevaluation of 2D steel framsasubjected to
fire following an earthquake. Based on FEMA 356, a series of analysis was performed on
the Immediate Occupancy (I0) and Life Safety (LS), corresponding to strsidesigned
as a school anda residentialbuilding, respectively. Pushover analysis was applied to
repregnt the earthquake load. After pushover analysis, some degree of damage exists ir
the structure. The damaged structwasthen loaded with fire as a sequential load using
Standardand ParametricFire. Fire analyses onlwerealso performed fothe undamaged
frame, as a benchmark. Two type of collapse, global and local collapse, were observed
during the analysiswWhile the global collapsevas defined asa situation in whichthe
frame fails because of considerable lateral movement of coluthesloca collapse
involved the failure of beams mainly. The results revealed that the damaged framnes
lower fire resistance thatme undamaged framélhis study confirmed the importance of

postearthquake fire in the process of analysis and design.

Moreover, Memari et al.(2014) presented finite element simulation to stutg
performance of low medium and highrise steel MRFs with reduced beam section
(RBS) connection subjected to fire followiag earthquake. The frames were subjected to
ground motion records to simulasém earthquake using nonlinear tirhéstory analysis.

The thermalmechanical analysis was then performed. The material was assumed as
elastiecperfectly plastic Temperaturalependnt mechanical, deformational, and thermal
properties were considered. TBerocodeParametricFire curve was used in this study to
simulate a realistic fire event. Howeve@hanges ifactors whichaffect the Eurocode
curve were not explicitly quantified in this study. The frame elements were considered
fireproofed and the postarthquake fire was applied only at the location of the RBS
connection considering that finesulationwas damaggduringan earthquake. Globand

local responses of the frames were investigated according to ASCE standagd 41
performance limits. Global responses are evaluated irstefrithe changen inter-storey

drift ratio (IDR). Local responses are investigated by highlighting the axizd-bending
moment interaction of the elements. In terof IDR, postearthquake fires resulh
smaller IDR tharthe earthquake itself. In general, the global structural performance level
is not affected by postarthquake fire scenarios.

All of the aforementioned studies have focusedgaometrical damagthat exists
afteran earthquakeMost of the steel structures were assuntedeunprotected which is

very rare in practicerire insulation is commonly appli¢d steel structur® As mentioned
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previously, fire insulation delamination may occur and affect the vulnerability of steel
structures subjected to pestrthquake fire. Thusconsideration of fire insulation
delamination beconsessential when evaluating the behaviour of the building ymaisr
earthquake fireMoreover, nost of the structurem previous studiebave been analysed
assuming 2D planffame behaviour, without considering the presence of a composite
slab. Although some essential issues of fire behaviour can be capt@2D), frames fail

to consider the load redistribution path in a realistic structar@articular the tensile
membrane action of the concrete slab. Therefore, the preseaceraposite slab must be
considered in the analysis to obtain realistic behaviduhe steel frame. This research
will utilise a threedimensional numerical model to consider redistribution occuniag

the composite concrete slab.

2.7  Progressive collaps®f composite buildings

In accidental evest such as fire followingn earthquakebuildings must havéhe
ability to remain standingor a certain periodto safely evacuate occupants prior to
structural collapseThe designers have a responsibility to ensurectreespondindire
safetyof the building.One ofthe mostextremecasea would be the collapse of the World
Trade Centein New York which servesistragic a reminder of initiallocalisedfailure
followed by fire,resulting inthe collapse of thevhole structure Progressive collapse af
structure occurs when an initial lodallure spreads from element to elemdaading to
collapse of a disproportionately large parttbé structure or the entire building. This
indicates that the failure of individual elements may be acceptable thkesiructural

collapse is prevented.

Robustness is the ability of structures to maintain their stability under events such as
postearthquake fire, without disproportional failure after local dam¥gé substantial
damage and losses ihe case of collapse, it is essential to understandcpaohtify the
performance of the building under fire to mainta stability without disproportional
failure after local damageA wide range of research hasgoeonductedn the robustness
of steelstructures under fire loadingPorcari et al(2015) presented a brief overview of
current work carried out by researchers into the mechanisms involved in tiveltioed
progressive collapse of steel buildin@sased ora literature review, structusewith large

crosssection membeargenerally have better collapse resistance comparednies with
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slender members. This is due to increased strength and stiffness associated with larger
cross section memiserMoreover,a large crosssection area also delays the onset of the

thermal strain décts as the heat is dissipated averlarger area.

Researchers havusegunto further study the mechanisms of fireduced structural
collapse of steel building structures. With the emergence of perforrhased design,
engineers needn efficient tool to investigate and apply alternative fire protection
strategies.Sun et al.(2012) developedthe staticdynamic procedure in the Vulcan
software to assess the robustness-bf &eelframed structurein a fire. This approach
allows an analysis to remain beyond the temporary instabilities which can cause
singularities in the static analysis. Thus, the software can be utilised to investigate the
progressive collapse mechanism initiated by local damage. Hudtsreof parametric
studies showed the larger beam and lower loading ratio can incteaskilure
temperatureat which structural collapse occurs. Moreover, the lateral stiffness bracing is

helpful to prevent initial local failure spreading from elenterglement.

Talebiet al.(2014)investigated thefficiency of Buckling Restrained Brace system
(BRBSs) to prevent the progressive collapse of structural samefire. Fourstorey steel
structures with different bracing configuratowere studiedA 2D planar frame finite
element mdel was developed usinthe Vulcan program.The BRBs are modelled
implicitly, usingthreenode line elements. In Vulcathe BRB sectionsveredefined asa
concretefilled steel hollow element with the core insideTihe gap element was used to
model the clearance between the steel core and the resth@rabenchmark, the results
were compared with the Ordinary Concentrically Brace systems (OCBs). The results
indicated that BRBs provide higher collapse temperataoenpared to OCBs. This is
because BRBs have greater stiffnesgl ability to redistribute the loaslustainedby
heated columns tthe adjacent member without any buckling occurrencéhabracing

member.

Jiang et al (20178 conducted experimental studies tre progressive collapse
resistance of steel moment frames under localised fire. The tests investigated the influence
of key stages in the response of the heated column under gravity loading on the
progressive collagsresistance dhe steel framesThe results showed thatsteel column
may fail gradually in a static way or suddenly andynamic way, depending otine
conditions of restrainprovided by beams in the frame and the load level. Basedese th
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tests, Jiarg et al.(2017a)also carried outa dynamic explicit analysis to simulatbe
progressive collapse resistance of steel fraexposed to localised fire. The results were
compared with the previous experimanducted by the author¥hen, the effets of
damping and strain rate were investigated. The results showed teainping ratio
ranging from 0 to 10% has a negligible effect on the performance of the steel frame. On
the other handthe strain ratéhas little effectbefore buckling of the cotun but hasa
significant effect aftewards Ignoring the dynamic effects may significantly underestimate
the maximum displacement of the structures and thus lead to unsafe design.

The previous studies mentioned above focusethetwo-dimensional framesothe
models do not predict the overall structural behaviour accurately. Recently, some
researchies haveanalysedhreedimensional stedramed structures. Agarwal and Varma
(2014) investigated the importance gfavity columns on the stability behaviour af
typical midrise (10storey) steel building with composite floor systesuhjected to
corner compartment firegffects of gravity loads and fire scenarios were considelted.
was found thatwhena column failure occurs, the load will be redistributed to the adjacent
columns to maintain the stability. The results also indicated that the steel reinforcement of
the concrete slahas a significant role inthe uniform redistributio of the axial load

dropped by the failed column to the adjacent columns.

Jiang and L(2016)presentec progressive collapse analysis of 3D steel fraime
fire. An explicit dynamic analysis was performed to investigate the effect of loading ratio
and heating location on the collapse mode and load redistribution path. They found that
the 3D model haa different collapse mode and load redistribution path cexgbto the
2D model. The collapse resistance of the frame is mainly affected by uneven load

transferal which cannot be captured in the 2D model.

From the above literature review, it is clear tlaathreedimensional model is
required to performa robustress analysis of the structure. Howevére majority of
previous works have investigated the progressive collapsdoilding under fire event
only. Therefore,there remainsa knowledge gap in understanditige robustness of

earthquakelamaged fransan afire. This aspect will be investigated in this research.
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2.8 Conclusions

This chapter has presented a review of relevant research studitse post
earthquake fire behaviour obmpositebuildings. The most significant conclusions are as

follows:

1. The keyaspect othe postearthquake fire analysis is the interpretation of earthquake
damage asninitial condition for the subsequent fire action. The structural damage
can be schematised as the combination of geometrical damage and mechanical
damage. Howeveran ideal elastiperfectly plastic structure with nedegrading
componerd can be used in pestrthquake fire analysi$he assumption is taken as a
simplification. However, it is widely accepted thhe elasticperfectly plastic stress
strainrelationship at ambient temperature transgitma nontlinear relationship at
elevated temperature. Furthermordje t assumption is realistic since plastic
deformation demand om building designedwithstandan earthquake is relatively
small. Therefore, my the effects of geometrical damage are considerdtampresent
study.

2. Previous experiments indicated that there aispossibility of fire insulation
delamination concentrated in the beams where plastic hinges are formed. The effect of
fire insulation delamination on the steel can jeopardize the structural stability of the
building. Thus, the fire insulation delaminatiorhosld be considered in the
assessment afstructure subjected to fire followiran earthquake.

3. Several assumptions must be considered vheRarametricFire is used to simulate
afire event. The opening factor of the fire compartment may increase due to window
breakage aftean earthquake. Firfighting measures may also be different between
thefire in normal conditioe and fire aftelmnearthquake.

4. Most of the research studiesvestigated building franseby assuming 2D plare
frame behaviour. This is not approprigt@articularlyat elevated temperatusedue to
the contribution of the slali’he 2D modes$ show different collapse modand load
redistribution path fromthe 3D modés. Moreover, the composite slabs haae
significant role in the survival of the frame through tensile membrane action.

5. Previous researdmasfocused orthe unprotected steel frame. There is asafeick of
detaikd research into the influence of fire insulation on steel fsathging a fire

following anearthquake.
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It appears there are no studies on the effect of fire insulation delamination on the
protected edge beams, as might occur in an earthquake, on theddkilistructure to
develop tensile membrane action as adocaatying mechanism in the floor slabs.

. Dynamic analysis is required in the progressive collapse analysis to cotisder
dynamic effect caused by column buckling. Moreovieappears there are studies

on theprogressive collapse analysis of composite gteehed buildings subjected to

fire following an earthquake.
Based on the above summathe presenstudy will address:

Effects of earthquake damage and fire insulation delamination on the behaviour of
composite steel fransen afire.

Development of tensile membrane action on composites stadposed to fire
following an earthquake.

Progressive collapsanalysis of compositsteelframed buildings subjected to fire

following an earthquake.
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CHAPTER 3

NUMERICAL MODELLING AND VALIDATION

3.1 Introduction

This research focuses on the behavioureafthquake damagecbmposite steel
framesin fire. As discussed in thigerature, the 3D model is essentalconsider the load
redistribution path in a realistic structure, in particular, the tensile membrane action of the
concrete slab which canntie capturel in a 2D model. Thus, for the first time, 3D
numerical modelsra employed to simulate the structural behaviour under fire following
an earthquakel'he 3D model will be used to investigate the effect of earthquake damage
and the development of tensile membrane actiothenconcrete slaburthermore, the
progressivecollapse analysis @i compositea building under fire followingan earthquake
will be also investigated.

This study analysed a generic fistorey composite steel frame office buildiag
representative of a midse multistorey structure commonbonstructed in city centres or
constrained site location®Ildham and Wolstenholme, 2014)ypically, the use of a
moment resisting frame as the primary means of lateral load resistance remains economic
up to around 5 storeySCI, 2008)

This chaptepresents the use of the commercial finite element software ABAQUS
v6.13 to model and analyse the structui2etails of the modelling are given in the
following sectiors. A seriesof validatiors were carried out to confirm the modielg
approat used in this studyFirst, nonlinear static pushover anasywas performed to
simulate the earthquak&he calibration frame froma previous studyVogel, 1985)was
selected to validate the analysis. Secdhdtmatmechanical analyseserecarried out to
simulate the fire event. The resulgere validated with previous numerical analyses
(Gillie, 2009; Jiang et al., 2017a)
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3.2 Numerical modelling
3.2.1. Beams and columns

The multi-purpose finite element softwafBAQUS v6.13 (Abaqus, 2014)s used
to model the structure. There are a number of hexahedron, shell and beam elgthents
different characteristiavailablein ABAQUS. In this study, steel beams and columns are
discretised using -D line elements ABAQUS library codeB31) and two-node linear
beam elemestin space.Localised buckling cannot be captured using thB line
elements. The local buckling tie steel section can be avoided by using sections with at
least Class 3 cross sectiohlowever previous experimental result&Correia and
Rodrigues, 202; Yang et al., 2006a, 2006b, 200&ve showrthat local buckling occurs
even for crossectiors with plate inferior classes (Class IClass 3) at high temperature.
Thus, it is advisable to uske smaller value of parametéli.,e0=0 . 8 5 Jigsteadl Bf/ f
U=4a(Q)35/f

For simplicity, it is assumed that the be#mcolumn and secondary bedm
primary beam connections behave as rigid ginded, respectively, whicls the common
practice for steel frangen seismic regios Thus, connectiofailures are not considered in
this study. Rigid and pinned jomtare modelled usingthe joint-rotation connector
available in ABAQUS It is worth noting thatat the elevated temperaturehangingthe
pinned connection to fixed has little effect e modelling results since the connection
will change from fixed to pinned as a result of heaflrgmont et al., 2004)

3.2.2. Slabs

The concrete slab is modelled using a foade shell element with reduced
integration ABAQUS library codeS4R), and rebais represented bthe rebar option in
ABAQUS. The shear stud is not modelled directly. Instead constrairg betweenthe
steel beam and sladre applied to accommodate tielly composite action betwedhe
concrete slab and steel bedimshould be noted that floor with fully compositeaction
will support a greater load compared doe with partial compositeaction However,
Jahromi et al(2013)found that consideration pfartialcomposite interaction can leadao
reduction of the structural resistance by only abeli®0%. Thus, fully composite action is
assumed in this study by adopting a rigid tie constraint betweeooncrete slabs and

steel beams.
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3.2.3. Numerical approach

There are two solutionsethodsin ABAQUS that can be used in this simulation.
The first solution isa general static analysis. Thimethodis still applicable until the
determinant of the stiffness matrix equals zeroiosmegative. However, the main
disadvantage of this solution is that it is difficult to solve the-cmmvergence problem
when complicated contacts are encountered. The seuettibdis an explicit dynamic
analysis. This solution can overcome the “convergace problem due to complicated

contact but it isavery timeconsuming process since very small time steps are required.

To resolve the nowmonvergence problesnin general static analysistabilisation
with dissipated energy fraction can be used. Nurakrconvergence problems can be
solved by a high dissipated energy fraction. Howeverattoeiracy ofthe results can be
compromised if the fraction is too high. The default energy dissipation factor of 072 x10
is suitable for most applications btite user can determine the value to obtain certain
accuracy if neededAbaqus, 2014) However, using static analysis may resulttle
numerical model stopping when any part of the structure has a zero stiffness (e.g. column
buckling). Moreover, dynamic effects may occur whieacolumn buckles suddenlas

explained in the literature review.

In the light of the above points) this stidy, a general static analysisgenerally
adoptedsince it is less time consuming and straightforward to customise the simulation
process. However, for progressive collapse aea)yexplicit dynamic analgs areusedto
capturethe dynamic effects duninthe failure process of the columasd to avoid

numerical convergence difficulties

3.2.4. Structural temperature

In this study, the procedure in Eurocode EN ¥293was adopted to calculate the
steel temperatures while a numerical heat transfer analysig finite element was used
to determine concrete slab temperatures through the thickness. In the numericalhaodel, t
structuraltemperaturesan beapplied as amplitude to the elemends discussed in
Chapter 2, the steel temperature witthia crossedions is assumed to be unifoassteel
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sections used in this study are sufficiently tHiaguation2.18 and 2.1%an be used to
calculate the temperature of steel sectionsafgiven gas temperature (Standard Fire or

Parametric Fire)An example othespreadsheet calculation is presented in Appendix C.

Figure 3.1 shows steel temperature for an unprotected beam of388BL27x39
exposed to standard fire calculated using Equation 2.18 with different timeltstam be
seen thathetime step is sesitive to the steel temperatu.larger time step may lead to
a lower temperature growth rateompared witha small time step However,the steel
temperature iselatively insensitivavhen the time step is not more tha® @ninutes as
suggested b¥urocode EN 1993-2 (CEN, 2005). This study shows tlesmall timeis

taken to obtain conservative results.
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Figure 3.1 Steel temperature forthe unprotected beam of UKB356x127x39 exposed
to Standard Fire

For steel members protected with insulation, Equation 2.1®eased to calculate
the steel temperatur€igure 3.2showssteel temperatures for the same beam exposed to
Standard Firewith different insulation thicknesse$he steel is assumed to be paied
with lightweight insulating material which haa thermal conductivity of 0.2 W/mK,
specific heat of 1100 J/kgK and density of 300 Kg/rit can be seen that fire insulation
can delay the temperature risetle steel beam. The thicker fire insulatioesults in the
lower temperature dahe steel beamincreasing the thickness from 10 mm to 20 mm can
reduce the maximum temperatimgabout 75% for 90 minutesf ISO Standard FirelThe
lower steel temperature can be also achieved by reducing the et ofthe fire
insulation as shown in Figurd.3. However the fire insulation haa small effectat longer

periods due tothe prolonged high temperature overwhelming
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Figure 3.2: Typical steel temperature forthe unprotected and protected beam with
different thicknesses of fire insulation
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Figure 3.3: Typical steel temperature forthe unprotected and protected beam with
different specific heat ofthe fire insulation

3.2.5. Fire insulation delamination

Previous studiesndicated that SFRM auld crack and delaminate from steel
structuresduring an earthquakd&he fire insulation delamination is concentrated in the
elements where plastic hinges forim.the previous studies, the steel cresstion can be
assumed to be left completely unprotected in the delamination regios. section
presents hedhetransfer analysis dhesteel beam with fire insulation delaminatidris
study is to investigate the heat transfer within the steel beden fire insulation

delamination occurs.
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A 9 msteel beanwith asize of UKB457x191x74 is selected shown in igure 3.4
A threedimensional finite elementeat transfer analysis is conducted simulate the
heating condition associated withe Standal Fire The steel bearwith fire insulation is
modelled using solid element (DC3D8)The steel is assumed to be protected @&i0
mm thickness ofightweight insulating material which hasthermal conductivity of 0.2
W/mK, the specific heat of 1100/kgK andthe density of 300 kg/rh The length of
delamination is assumed to be 5% of the member lehgtihe delamination region, the
steel is assumetd beunprotectedThe surface that contacts the concrete slab is assumed
not tobe heated as shown in FiguBedb.

Figure 3.5illustrates the predictedtemperature distribution dhe steel beamThe
resultindicates that there is heat transfer frim delamination region to the part tife
the protected stedkading toa considerale reduction in strength and stiffness of the steel
beam.In order to accounfor this phenomeon, another length of delamination (10%) is

examined.

Plastic hinge length

Steel

Fire
insulation

unprotected

protected

a. Steelbeam b. Fire exposure

Figure 34: Typical steel beam with fire insulation delamination exposed ta fire
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Figure 3.5: Temperature distribution of a steel beam with fire insulation

delamination exposed to Standard Fire for 60 minutes

3.3 Validation of the numerical model

Validation is required to show that the results obtained from the finite element
softwarecapture theaelevant mechanicsin this study, a series of validatistudieshave
beenconductedby comparing the model with analytical and experimental drtstly, a
nonlinear static pushover analysis was validated whth European calibration frame
analysed byVogel (1985) Secondly, thermahechanical analyses are carried out to
simulate the fire event. The results are validated with previous numerical anlayyses
Gillie (2009)and Jiang et a{2017a)

3.3.1. Nonlinear static pushover analysigNSPA)

As explained in Chapter 2, iINSPA, the building frame is subjected to specific
lateral load and then thedd is increased incrementally until the building collapses or
reaches target displacement. When the frame is pushed horizontally, the bending moment:
in the elements will increase duette interaction of vertical load with lateral deflection,

thesocalledPgp ef f ect .

Whenabuilding frame is subjected to lateral load, it will deflect horizontally and the
bending momeistin the membes will be increasd by the P-p e f, Whick ts the

interactionof vertical loadwith horizontal deflection. Furthermore, when the member is
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bent and deformed, the bending moment baincreasd by the P-U e f whiehcid the
interaction of axial force on the lateral deflection. To perform pushover analysis, these two

geometrical secondgaeffects known as secommdereffectsmust be considered.

The development of computer technology has recently supported the plastic hinge
theory which takes into account distribution thie plastic zone in members. Many
researchers have developed caiep programs in recent years but they encoedttre
problemof how to validate their program$he European Convention for Constructional
Steelwork (ECCS) proposed three tygeof the frame as benchmark problento
accommodatehe researcher for secoratderinelastic analysigvVogel, 1985) They are
portal frame, gable frame argix-storeytwo-bay frame as shown in Figure &. All
structural members are hatlled steelandthe connections arassumed as rigid. The yield

stress of al | members is 235 MPa and Youl

Sincea generic fivestorey composite steel frame office buildisganalysedn this
study, he six-storey two-bay calibration frame is selected to validdbe pushover
analysis. The frame is subjected to proportionally distributed gravity loads and
concentrated lateral loadss shown irFigure 3.1cln this study, steel beams and columns
are modelled using-D line elements. Eight elemerdasemeshed for ezh column and 12

elements for the beam.

The frames were previously analysed basedherplastic hinge theory by Vogel
(1985) Comparisonin Figure 37 showsgood agreement with the previous study. The
maximum capacity iseached at a load factor of 1.11 and 1.09 for the previous study and
the present study, respectivels seenin Figure 3.2, he resultsconfirm that the
modeling approachcan be used to perforapushoveranalysisthat is able to take into

account these®nd-order effect.
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Figure 3.6: The European calibration frames(Vogel, 1985)

Figure 3.7: Load-deflection behaviour of the study frame
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