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ABSTRACT

The University of Shetfield has a non-linear finite element analysis program called
VULCAN which has been developed in-house over a number of years and has been
thoroughly validated. A parametric study has been conducted using this software,
which assesses the influence of such factors as load, geometric imperfection, material
properties, temperature profile and axial and rotational restraint on the behaviour of
isolated steel columns in fire. This study is then extended to investigate the
behaviour of steel columns as part of a larger multi-storey frame, in which axial
restraint to thermal expansion of the heated column is provided by the floors above.
A method of modelling these effects in VULCAN using a linear spring element to
provide axial restraint has been developed and validated.

An experimental partner project has been carried out at the University of Ulster, in
which steel columns were furnace-tested with various levels of load, slenderness and
axial restraint. These tests have been paralleled with analyses using VULCAN and a
good correlation with test results has been shown. The VULCAN program was then
used to examine the effects of parameters outside the range of the physical
constraints imposed by the test facility.

A numerical model, capable of assessing the level of axial restraint imparted on a
column by a general multi-storey framed structure has been developed, which has a
number of levels of complexity, each giving a higher degree of accuracy. Once the
level of restraint for a structure has been assessed, the parametric studies and test
data can be applied, and conclusions drawn about the behaviour of the frame.

The applicability of different mathematical solution procedures to the analysis of
these columns, which exhibit snap-through and snap-back behaviour, has been
conducted. The arc-length method has been identified .as applicable in such cases
and a skeleton version of the procedure introduced into the VULCAN program.

The program structure of VULCAN has been improved and the format for data input
and output has been developed to allow flexibility. A graphical file-viewer program

has also been created. Details of these changes are shown 1n appendices.



CONTENTS

LIST OF FIGURES ...cccttcctcscnannnanccccccscssensassssccssssssssrsssssssasssssssssssssssssssssssasse IX
LIST OF TABLES citcecttttcctetsseseecncscssssssessessssesssssassssssssssssssssssssssssssssssssssases XIV

1 INTRODUCTION AND LITERATURE REVIEW.....cccceereeesssessssessesssssssee 1
L1l FIRE .iiiiiiiiiiiiiiiiiiinininiinieiessmmsiimesesesssssssssssssmsessissmsssesssssssssssssssssssssssassssssnsss 1
1.1.1 Development Of A Fire......uueieiviiiruvieiiioiriiniinnnsiiiicosisnnnnssessesssisssesseses 1
L.1.2 Fire SQfely ..uuuueereccrersiiiiisisiiniiniiiiiiiiiniiisisinmmmmenssossssisssssssssssssssssssssssssssss 2
L.1.3 RiISK.eoveueeeenenenernirniiiirissisesesesennnsasssesssesesessesssssssnessssssssssssssesassssssssesssssssssssss 4
L.1.4 Fir€ CONCEPLS .....uuvevvvrvirereneseessissssssssssssssseessssssesssssssssssesosssssssossssssssansssanns 4

| AN Y ¥ =) 2) OO S
1.2.1 StreSS-Straint CUIVES ......cooeeeeeeerrrrrerrrnesvnrieeserenereetsesseseessssssensinssessssssssessas 6
1.2.2 Elevated Temperature Material Degradaiion .......................................... 7
1.2.3 Thermal EXPANSION.......cocovvviioressineiininnienisiismmneeiismmssiissssmssssssssssssess 8
1.3 STEEL COLUMNS ... .ccitriurerennsrstmttttrismessesssossssssssssssssssssssssssssssssssssssssssasssssses 9
1.3.1 Slenderness And Euler BUCKLING.........uuveveiiieeniiiineiniiniiiininssmmessissssenieesn, 9
1.3.2 EC3 DeSign LOAd .............coveevevecerssrsnurveevenerniiisineneeeeeiesieieesiieiiesnsesssesss 10
1.3.3 EC3 Design IMPerfeCtion ........ucvvesessssssssscsisssssssesiesiecsssnsssseesmsnsesiasase, 12
1.3.4 AXIQL RESIIQINE..uvvvveveeeeeereriirrrneeenreeessssssssstssssssssessssssssassssssssssssssssssnsnsnes 13
1.4 VULCAN...ctttteiiccreeeeeernrereessssnesssssssseesssssstsessssssnnssssssssnnassssssnnnesssssssnsasssssnss .13
1. 4.1 Program HiSIOTY.......evveeereeririiecsssssssnnnisissssisssssssisssssessssssssssssssssses 14
1.4.2 General DeSCriDHON .........uuueeririrsesssssisssiisisiiissssisieriseetenssssesesessssssnsassess 14
1.4.3 Capabilities And LimitQtIONS .........ccouvummrerereirireiiiseississnnsnunnieseescesccssones 15
1.5 ULSTER TEST PROGRAMME .....cccovuieeirssssnnnnensssssssnnaeesssossssnsasessossosnnnaasossnss 16
1.5.1 MOIVALION cooooeennnnnvvrreeeeeerserrerssessesississssssestesssssssssssssssnnssasssssssssssssssssses 16
1.5.2 HiSIOTY..uverirreresricisnssseessssunsssssecsssssssssnesssnnsssssssossanssssssssssssasssssasssnsasess 17
1.5.3 Brief DesSCriDtiON ........ccoveeeecrneiseseisssssnesssssncssssssesssssaresssssasssssasasssssasasses 17

2  INITIAL INVESTIGATION OF ISOLATED COLUMNS.....cccccoessveeeeaees 19
2.1 UNIFORMLY HEATED COLUMNS OF VARYING SLENDERNESS........c.cc0uneeeeeenss 19
2. 1.1 INIFOAUCEION......onoeveeeeiireineeeeeeneneeiieeeenieseeessrreisesisssssssssssssssssseserssenssssenes 19
2.1.2 RESUILS ..ueveeeereeeiiieinrierireresieeeeessssssssssssssssssesssssesssssssssssnssssssssssssssnsnssssssss 19



2.2  COMPARISON OF STRESS-STRAIN MODELS ..eeveeeeerecsssocsossssssessssssesasssssssssses 22

2.2.1 The Ramberg-0sgo0d Model..........uuuuuueeuveeiviiiiiiriinnenenieensnssnsssssssssssssses 22
2.2.2 The EC3 MOdel..........euueeueeeeeneenneeeeeeneerrireeeesesiissssssssssssssssssssssssssssssssasses 24
2.2.3 Re-analysis Of Uniformly Heated COlUMNS ...........couvuuruuuueeeneeeireeieessons 25
2.2.4 CONCIUSIONS «uneeneeeererrrirerrnnnniieieeiiinetsnnssisssssssersessssussisssssssssssssssssssssssesssnas 26
2.3 COLUMNS OF VARYING SLENDERNESS WITH TEMPERATURE GRADIENTS ... 30
2.3.1 INIrOGUCHION .....ccoveeeereeereeeeireciirereeeeennnenensssssssssssesserssesssssssssssssssssesssenanns 30
2.3.2 RESUILS ...oeeeeeveeeeereerrrnrrrisesiieseenerientnnnansssssssesessssesessssssssssssssssesessssanssssssses 31
2.3.3 CONCIUSIONS «.uuveeeeeeeeeeerreeveereenenereeseesteessssssesesssssessesssssssssssssssssssssssssssssnnes 33

3  INITIAL INVESTIGATION INTO FRAME RESTRAINT .....ccccccecrccecees 35
3.1 ANALYSIS OF THE EFFECTS OF AXIAL RESTRAINT IN A SIMPLE FRAME ..... 35
3. 0.1 INEPOAUCHION c.eeeeeennnnnrnnnnrnereneeeeeeeeeecesessssssssssasssssssssssessesssssessesesssssssssane 35
3.1.2 RESUILS «.uunenneneeeevrvreneerenneeeeteeeeeneecesecesssssssssssnssnssssssnsrsasssssssessssssssassssnssanes 36
3.1.3 Analysis Of The Effect Of Axial Restraint In The Spring Model............ 40
3.1 RESUILS auveeeeeeeeeeeeerrereniisessrseereressassssssssesseesasesssressssssssanansssssnssesssssssssssssens 42
3.2 CONCLUSIONS ...ccteieetrieererneerensessssssssssssssssssssssssssssssssssssssssssssssssssssssesssssssssses 43
3.2.1 Effect Of ReStraiNnt........u.uueeeeeeerrrrrnsessscsssrsassssssissssssssssssssssssssssssssassnssssos 44
3.2.2 Beam Yielding ......uuueeeeeeereiiirrnnineeneeneerineccesisnsssssnnssssesssessssssssssssssasssnes 44

4  ULSTER TESTS ciccccctccecctertenteccnsecccscescsssssassssssssssssssessssssssssssssssssssssssssssssssssss 46
4,1  INTRODUCTION......uvveeererrrraeressrnessssssssssssssssssssssssssesssssassesssssanasssssssssnansssssns 46
4.1.1 DeSCription Of TeStS .....ccceeeeeerrrrrneeeeiseiisssissssssssssssssessasseesssssssssssssssssssses 46
4.1.2 Numerical Model DetQils.........eeeeeieiiiiininnnnrrosseniiinnmeersisoscssnnsssmeeessses 48
4.2  INITIAL PARAMETRIC STUDIES ...ccceicetteenmuisseresrensssecccsrarassosseesssssssessnsssesses 49
4.2.1 Basic Test COMPATISON aauvueererersesiiiiiarnireeensassessssssssssssssssssrsssssssssssssssens 49
4.2.2 Effects Of Rotational ReStraint.........eeeeeeeeevvrunieriosssssisnsesssosssssnsssnssnas 32
4.2.3 Effects Of Thermal EXpanSion ............coueeecreeisssissssnsssssesecsssescsssssssaasenns )4
4.2.4 Deflected SRAPE........uuuvcereevcvcviiiieennnnniiieninnntisiiessiiieessnsssessssssessonses 57
4.3  CONCLUSIONS ...cuuceetveeersssseessssessersesssssssssssssessssssssssssssssssssssssssnnsossnsssssssesssnns 59
4.3.1 General CONCIUSIONS .........euveeeeeeeerrrrneneerseceerrsrrnneeeeesessssssssssssssssssssssnnens 59
4.3.2 “BeSt GUESS” ANGLYSIS.....uuueueurerreeveeeneereeeteeeeneimimeeseseeeseeeeeetesesssstessessssees 60

5  ANALYSIS OF ULSTER TESTS.cuccccctticcccsccsccscsssssssssassesssssessesssssnsssssassssses 62
5.1  GENERAL ANALYSIS SET-UP....ccccirrueeiiiiirnreecrirnnneeecsnnnneesssseeeesssssessssssssseses 62

11



Dl 1 MateriQl PrODEITIES .......ccovveeerersrsiisesiesssssssssssesssssssssssssssssssssssssssssssssssses 62

3.1.2 Temperature DiSIrIDULION .........ccovveeerieeiiiririresersessressssssssssesssesssssssssssssens 66
5.2 FAILURE TEMPERATURES .....ccotorttisisruneercccrsnnessssssnnenesssrsasnsscsssannessssssssasssssns 67
3. 2.1 RESUILS cc.oecvirrnrreeeeeiinrrtneiienieriisseeeeesssssssssesssesssssssssesosssessssosssnnssssssssssnes 68
3.2.2 CONCIUSIONS «vvvvvveeeiiiiiiiinirerrnannneeiieeecessssssssssssnsessesssrsssssssssssssssnssssssssssssns 09
3.3 I52X152X23UC RESULTS...ciittitterrerrsrrrrrirsereersreesesssssssssssssessssssssssesessessesses 71
3.3.1 AXIQl DiSPIACEMENLS «.....eunereeeererrrrrrrsrsrsrrssssssssssssssessessesssssssssssssosssssssssnes 71
D.3.2  FOTCOS.ccieeiriiiiiiiiiiiiiirisiiienisresissssssssssssssssssssssssssnssssssssssesssssssssssssssssssssssses 74
5.4  178X102XI9UB RESULTS...ccocvttiicsssneersssssneeecsersanaeseccssnnsersssssasssessssnnasssssnes 76
3.4.1 Axial Displacement RESUILS .....uuuuuuevivveriiiireiiiiireeieeneneeresessssssssssssssessssees /76
3.4 2 CONCIUSIONS ..vvueeeeeeeereeeeeeeeneeeeeriiieraessssensssssssssssssssssssssasssasssssssssssosssssssnes 76
5.5  127XTOX13UB RESULTS...ccciceiiiirnnnttenieisesssnrnnneeenereeessssessrssssssssesesesssssssenssns 77
3.0.1 Axial Displacement RESUILS .........eeeeevieeeeeniinnnnrerrtnrernsisssiiesessesessessssenes 78
3.5.2 CONCIUSIONS «oveeeererrreereeeeereririeerieeesasesssnsarsresneereesessersssessssssssssssssssssssssses 78
5.6 OVERALL COMPARISONS......ccovceeeereisrsnntsssisssrnssesnscssssssnssessesesssnsasssssssssnnanns 80
3.6.1 Temperature At FAIIUTe..........uueieeiviiiiiiiiinsnineeeicinnnneeeeeninnssseesessrssassssens 81
3.0.2 FOrce At FQIlUE...ooccovivivinninreiiiiiieicciennnnnnnennnesinsieseessessssissssssssssesesees 81
3.0.3 EXDIANALION «ouveeveerrvrrrerrercieererenssssresssssssssossesssssensesstssnssssesssssssssssssssesssses 81

6 EXTENSIONS TO THE ULSTER TESTS....ccccccensccctvereernsesssssesssscccsssssssces 84
6.1 EFFECT OF AXIAL RESTRAINT STIFFNESS .. cocictterirraerennneeresernesssssssesssssnsssonss 84
O.1.1 RESUILS coveverereiieiieiieniiinnnnnciiiseessrasssanssssssssssesssnsssesesssssssssssnnarssssssssssssanes 84
6.2  SPRING STIFFNESS.....uueteeeeeeeerssnneeccsssssnsssssssssssnssssssssssssssssssssssssnsansssssssnsansans 86
0.2.1 INIFOAUCHION........coveeeeeeeeeeeeeeereeenreseecsssssssssssssssssssiisssessnsenssesssssessesssasssnes 86
6.2.2 Restraint In VULCAN MoOdel ..........eueenoriiiiriiiiniiciiicceirinnnnnenisssessssseesenes 86
0.2.3 ReStraint In UlStEr TESES .....uuuueeeeeeererersersssseieccererinnnresnnsnsssssssssesssssesassanes 87
6.3 EFFECT OF TEMPERATURE DISTRIBUTION ....ovvvuiecerecirsnnneneseencssrsanenecscssnnenns 93
0.3.1 INIFOAUCHION veeeennnnnniiriniinneeneenenunesesessssesenettesennarissessssesssssssssssasssnssssssns 93
0.3.2 INVESHIQALION.....uvveeeeeeeeeenrrreeiieneersnrenereessessssssrsnssssssssssssssrsssessssssssossnsenss 93
0.3.3 CONCIUSIONS ..voeeneeeerveeeerrrerrrerecrereesresissssesssneesssssssssssessssesssssssssssnsessnseses 96
6.4 EFFECT OF ROTATIONAL RESTRAINT ...cccotutttrmrnerecrrvncsssrneesssrsssssssessssonessssens 97
6.4.1 Comparison With Pinned CaASe.........evierreirieeiiiinneeeeseenessseseessssssssssesses 97
6.4.2 Comparison Of Model ANA Test .........uueuveeeeveiiirrreeosiieiessessssssssssessssssnsses 99
6.5 EFFECT OF ECCENTRICITY ...cvieerstiersnncssrescsseeesueccssnnssssesssnesssssessansssnsssssassses 99

11



7

0.5.2 UlSter MeQSUTEMENLS..........uueeeenveerneenirreieseeessaesessssesssssssessessssssssnsssnnes 100
6.5.3 Description Of VULCAN MOdEL...........ccccuenneeeeeeeerrsresseseesessssssssssssssesses 102
6.5.4 ReSults Of VULCAN ANGLYSES ....uvveeeeerreiveeeirresssssssssseseesssssssssssssssassesssnns 103
0.5.5 CONCIUSIONS ...uvvveeecrreeeerreerirrerisierensssnessssssecsssssssossasasessssnssssssnsssssssases 106
MATHEMATICAL RESTRAINT MODEL. .....ovveeccssnnescssnssescssssscsssessss 107

7.1 CARDINGTON COLUMN RESTRAINT TESTS...ccccccrereerrrrnneeersssssseneeseosssnnasenes 107
J. L1 INIFOAUCHION.....cvucoccnreneenerenecrrennnneeesscnneessisaeseseesssssssssessssssnnesessssnsens 107
7.1.2 ReSUILS Of TRE TESIS ....uueeeeeeerrrerererreenssinvreeescsseeesessssessssssesssssesessssessenns 107
7.1.3 Definition Of VAriQDIEs ......uueueeeveeeeeeenveeiieeeenieersesessessesssssssessssssnns 109
7.2 INFINITELY STIFF COLUMN MODEL.....ccuttettieierinrrnnreeecssssssssssssssesescssssssens 109
7.2.1 DESCIIDHOMN ......uveeeeecerrerreeeirraneiesiriseeesssssansesesssssssssssssssssessossnsssssssssnans 109
7.2.2 Lateral Stiffness Of Rigidly Connected BeAms ..........cccccevvvereeveeeserssnans 111
7.2.3 0N FLOOT c.....unnneeeeeeeeeinneeriieriirieeesssssnnssnsesisessssssssssssssssssnassesssssssnnanens 112
7.2.4 TWO FIOOTS ..oveeeeeeeeiiiieieiiiiiiiiissisnssnassssssssssssssssesssssesssessssssessssssassssssns 112
7.2.5 GeNeTAlISAON . .....cveeeeeeeeerrnrrrrreeeereesinessnnnrrseesesesssssssssssssssssssssssssssssons 112
7.2.6 Comparison Of External Column With Cardington Test ..................... 113
7.2.7 Comparison Of Internal Column With Cardington Test...................... 115
7.3  INCLUSION OF COLUMN STIFFNESS ...cccctrteeersrersssssessanssssescssessessesnasaasssssnnes 117
7.3 ONE@ FIOOT ......ceaeeeeeiiiiirririirrnersnneesessnnensssssssseeeeeeeesssstessssesssssssssssssssons 117
7.3.2 TWO FLOOTS cuuuenenneeeeeeeeeeeeenrernnereeeerenisersssssessssessesecessessnssssssssssssssssnssssans 117
7.3.3 GeNeraliSALION ........uuuueeeeeveeeenrvveerrsrsssssessesssssssssssssssseesessssassrsessssssssssene 118
7.3.4 Comparison With External Cardington Test Column...................ccu..... 120
7.3.5 Comparison With Internal Cardington Test Column................cceeeeen.. 121
7.4  SEMI-RIGID CONNECTIONS....ccceersrureeccsssssrrenesssssssrnnssccssossnnsessecssssrsnnnanesss 122
7.4.1 Modification Of Lateral Beam StiffeSS.....uuuuuuuueeereereeveeeiieiriesesssossesanns 122
7.4.2 Comparison With External Cardington Test Column ...............ccuu....... 124
7.4.3 Comparison With Internal Cardington Test Column.............ueeeeeeeenn... 125
7.5  COLUMNS IN TENSION ..cteieiiruiiecreiicssnnneessnneessrsenesssnnssssssssssssnnsesssnssessnnans 127
7.5.1 Modification Of Lateral Beam SHIfNESS......uuuuuueeeeeeerrverceeeressesssssseessess 127
7.5.2 Comparison With External Cardington Test Column.............uuueeveevenn. 128
7.59.3 Comparison With Internal Cardington Test COlUMN o..........evvvveeeeersenns 129
7.6 COMPOSITE BEAMS .....coouiiiiiiitiriiicntinneenneiieessisssesssecsssssssessssssssecssnesnns 131

v



9

7.6.1 Modification Of Lateral Beam Stiffriess........ccouvvuuenvirereriiiressrrrnnneneeees 131

7.6.2 Comparison With External Cardington Test Column ...............ccceunn... 132
7.6.3 Comparison With Internal Cardington Test Column............ueeeveevennnne. 134
7.6.4 Modification Of COnnection StIffNIeSS .......euveveereeerresssrersesessessssssssssssanes 136
7.7  EXTENSION OF MODEL ....uuuetttiieiicirinnenniccsossssonsasessssssssssnssssssssssssssssnnsssases 137
7.7.1 BeQM YieldiNg ......uuuueeeeeeeveeieiiiiirrnneneeeetiieeeieneiscsssssssasssssssseseesesssssssnns 137
7.7.2 Multiple BAy Fires......uniniiiiienenninieeeinieiiiinieiseeeineeenmeeesessesssssessens 138
7.7.3 Multiple FIOOF FiTesS........ccoveeiererrrnrnnnnnnanenaeseessesccssesssssscssssssssssssnsssanns 141

7.7 4 CONCIUSIONS «oneveeeeerevrreeeeeeeeererersssrrrrssesssisssssssssssesessessessssssssssssssssssssssnes 143
NUMERICAL ASSESSMENT OF THE MATHEMATICAL RESTRAINT
MODEL ..coveeeeeeesecsessssssssesscsssssesssssssessonsssnsessssssssssssssssssssassssssssssssssssssssssssassass 144
8.1 COMPARISON WITH CARDINGTON TESTS ...coivirrnrnnnnnnnrsnnneennneennnnenesssensssanes 144
B 1.1 INITOAUCHION eeeeeeeeeeennerrrerererereesssssssssssssaseensrnesseseesreesssessesssnssananssnssns 144
8.1.2 External COlUMN RESUILS .....ueeeeeeeiiiiiiiininiiiirinninneenernniinrecesssensesssesssssens 144
8.1.3 Internal Column ReSUILS .........couuvvreeeiirriivnnssiniiiiiiiniiernmaneseinessssssssssses 146
8.2  SINGLE HEATED COLUMN ....cueiiiminsnnermresssnneecccsssnnesssssssssssssssssssssassssscsss 146
8.2.1 Effects Of UpDer SIOTEYS .....cuvvvvrrvvrerieiiiiiiessesssssssssssssssssossanssssssssssessees 147
8.2.2 Effects Of LOWEE SIOTEYS ....cceveeeecvvveeiiisinesssssssnnsiesienssssssssssassssssssessss 148
8.2.3 CONCIUSIONS «.oevvvrennrrieerrerenrnneneerssssverssssssennsssssssstsnsesssssrnnrssssssassssossssses 149
8.3  MULTIPLE-BAY FIRES .....ccccttteememeiiiinnisissssnisestesnninmsesisssiiiiisisnecscssssssssens 149
8.3.1 Single COIUMM .........cccvviiiiiiiiiiiiiiiiriiiiiiiiiiiiiiiiineniiiiiieeiniieieiiieiiesessseeeens 150
8.3.2 Two Columns HEQLEd ........eeuueeeeeveiiiioiriiisscsssesssscssssssssssssssssersssssssssseses 150
8.3.3 Whole FIOOr HeQled ......uuuuueeveeeneeeeeeiiiiiiiinneniiiiiiiiiisesiiiinssssessssssssssssssens 152
8.3.4 CONCIUSTIONS ccvvueeeaeeeaeeereveevreereeeenenesstisisssssnmnnisiesttsssttssssssssssssssssssssssassess 153
SOLUTION PROCEDURES ...cicccctssssccrssersecccsccccsssssssssssanssssssssssssssssssssasses 155
0.1  GENERAL INTRODUCTION......uveeeersnniessuessssuneesssecesssanessssnesssssnsssssannssssnnesass . 155
9.1.1 Linear Ambient Temperature CASe........coovevecrrnviririeeirienrrrsnnsaeneeresssanens 155
0.1.2 Non-linear Ambient Temperature Case ...........cueevecrvveeererveeesssueeessnns 157
9.1.3 Non-linear Elevated Temperature CaSE ..........uuuuereeeeereiesssrrsvonereseees 158
0.2 DESCRIPTION OF ITERATION SCHEMES .....uvetiticerennenrecsraneeeresssssvsseecssssssees 159
0.2.1 Simple Incremental MetROd...........ucccccvuveeeecvveeeeirreenessseresesssesesssenens 159
0.2.2 Newton-RaphSOn MEIROG...............unuueeeereieenrrsrsrnseerseeessosnssssssssssssnesess 160



9.2.3 Modified Newton-Raphson MetROd ..............uerevreeeesesssonsorsesssserecssssenns 161

0.2.4 Displacement CONRtrol MetROd...............uueueeevervirsnveeveiiriersessssnsessssssns 162
0.2.5 Arc-Length MethOd................ccouunummereeeereeereiiieeessssssssssssssssssssssssesssses 163
9.2.0 WOork Control MetROd.........uuueeeeeeeeeeiiirnnnnnnnnnererieesesesssssssssnssssesssssssssses 163
9.3  INVESTIGATIVE COMPUTER PROGRAMS.......crverieerrrnnenrerineneecessnneessesannnens 164
9.3.1 Single Degree Of Freedom INVeStigation...........coeeveeveereeisrrsrssnneseesessens 164
9.3.2 Single Degree Of Freedom RESUILS......uuuuuuueveeeeeeveeeenesevessseneessossssesssssss 165
9.3.3 Two Degrees Of Freedom InVestigation ............ceeeevereereiersrssssssnnsessssnes 169
9.3.4 Two Degrees Of Freedom ReSUILS .....uuuuuueuueeeeuuveeeeenneneenensressssresssssssns 169
0.3.5  CONCIUSIONS «.vvevvvrreriiiiiiniiiiriinnnnnnetirieniessssrnnsnssteeesssssssssssssssssssssssssensens 169
9.4  INCLUSION INTO VULCAN ....cociiiiirneirinsniiniesssinenisnneseesssssssnesessssssssssssenns 170
9.4.1 Description Of Simple Structural Example..........uueueuuveeeiiiiiiirirsirisssnens 172
9.4.2 Initial Load Step Using Simple Example With Newton-Raphson
MEIROM .aaaeaeeeeeeeeeeeecennereeeeeeeeececessnsnatesttsteeessesssssssssssssnssssssesasssesssssssnses 173
9.4.3 Initial Load Step Using Simple Example With Arc-length Method ...... 173
0.4.4 FUItREr LOAA STEPS ouvuveeeeeeeeeieerrnnnveisicicsisinsnnasessesssssessssssssssessesssssassases 174
O.4.5 CONCIUSIONS ...ennvenverenneevrreneneeieieeeeeieeeisssessssssssssssssssssssssssssssssssssssssssanes 176
10 CONCLUSIONS cocicisnineescsscssssssssassssssssssssssssssssssssssssssenes cesssssssesseressensasanee 178
10.1 CONCLUSIONS ....cotiiiiiiiiiiisisresrersranesststeeessssssssssssssssssssssssssssssssssensssssssssssssss 178
10.1.1 General BeRAVIOUT .........uuueueeeeeeerrevennneceriirienemissesssesssssnesssssssssssssssssses 178
10.1.2 Finite Element Modelling Considerations ...........ecceveeeeerernecreeeccrensannes 179
10.1.3 Modelling Of UlSter Tests.......cceeererrrreccrsiiiseiisssissssscesssnsceneereesesssssssssss 180
10.1.4 Assessment Of AxiQl ReStraint .........ccocovvvrvvnniniiniiiinncernecsisseececcsssssssseens 181
10.1.5 VULCAN PrOZrQMi.........oceeveeeeeeneveessscsssssiineenmmsmssssssssssssnsnnsssssssssssssnannes 181
10.2 RECOMMENDATIONS FOR FURTHER WORK .....cccctteiiiiiiinniiisinssnnscssnsenseenens 182
J0.2.1 FUTTRET TESHING ....uueneerererrerereerereesrasesssssssssssssssssersnnennsensssssssssssssssssssnens 182
10.2.2 Software Development..............eeeiieeesissssssnenniiissssssssnsssannassaesesssssssssnns 183
10.3 CONCLUDING REMARK......ccctiiinmueriiisisiinnneniininreessinennessesscsssssesessssssssnees 183
REFERENCES ..cooveviiinniiirrsssssssssasssssssssssssassssssssssssssssssssssescescosssssessssssssesess 185
COMPUTER SOFTWARE REFERENCE ......ccitteeeeerrersenassassssssssssssssssses 190

vi



A INPUT- AND OUTPUT-FILE FORMAT....c.cccceennsesonesses ssnssesessssrsenssasssss A.l

A.l1  GENERAL DESCRIPTION....ccocccttrrueecsrvecerrareesssrnsssssesssssscssssseesssssssssssnssnnsssons A.l
A LD INDUL File FOIMUAL .........uunuueeeeeeereiirreinsisssrnsssssessssssssssssesssssnnsessssssssssssssns A.2
A.L.2 Output File FOIMAL..........ueeeeeeennrreeeiereirinenesssssosssessseessessssssssssssesssnsanes A.2
A.1.3 Remarks FOr FUUTE DeVelOPIMENL............ueveererirueersesesesesssessesssssssssessans A3

A.2 REQUIRED BLOCKS ....uuttiiicrseeronisnniicssnneeccrssaneesssnescssssssassssossassosssssessesssnes A3
A2 ] HEAAET.......uuunveeeeeevvreriieneiiereieeciiteeesesssssseesssssssssssssssssssasssssssssssesssssnns A3
A.2.2 Program CONIOL.........uuiececorueiieinsenreeninineeisnsnnessssssnseessessssssssssssssssssns A4
A.2.3 SIrUCIUTE INfOTIALION .....ouveeeireirirneniinrecniirenceeessssessssssesssesenssesensassnnns A5
A.2.d NOAGL GOOMEITY .coccvveeeeiirinrrrrnnneiiierisissssssssssesseeeesssssssessssssssnsensasssssssss A.7
A.2.D SCCHOMN SIZES cuuuveeeeeiiiiiiieriiirirrnnenneieieiiieessisssssnsssessssessesssssssssssnssnssssssssass A8
A.2.0 MGaLETIQl PrOPEITIES ....ucc..nuuereeerrrveieirieeeerisnrreesssassessssssssesssssonsssssssssseses A8
A.2.7 ReSIAUAL SIrESSES ...uuuvvveveeeieirirrrrrrrereenieecssissinreseersssesssssssssssssesssssssssssssns A9
A.2.8 MeEMBDET DQI......ooouueveeeeecrrrnnrreeerieieriessssnisnsseesesssessssssssssssssssssssssssssens A.10
A.2.9 Boundary CONItIONS........eeeeeeererveerneererrnneerecsssssnseneessssssssssssssssssssans A 12
A2 10 JOINE LOGAS.....uuneeeeevuveeeeirneeeersnneiessseescssnnssesssssnessssssssessssssassssssssness A.l3
A2 1] Temperature DAtQ...........ueueeeeeeeerrnveverrressissssneeeessssessssssnssessessssssssnss A.l13
A2 12 ENG Of File......ooonooovvunneeeeeeeeieirnnisiinieiisicsisssssseneieecessssssssssssssssssssssas A 14

A.3  OPTIONAL BLOCKS......ciitirerersrannnrensieeeensseniniiessesenissssssssssnsssssssssssssssssssssnns A.14
A.3.1 ROIQHONAL SHNESS ceuueueeeeecrireeriiiiiirreninterretrreesessssissssssssessessssessesssenss A.14
A.3.2 AXIQL SHIfTESS «ovveveeeeeervnvrvrirneeeieeeeieieriieeesesesessssssssssessrssssssssssssessesssssones A 14
A.3.3 Display Temperatures...........eeiiieisssveissnsssssssnisssssssssnenessessssssssesssseens A l5
A.3.4 Display DefleCtiOns ...........cccovrrueeeeeeeeeceieresssrsnsessssenessesessssssssssnssssasens A. 15
A.3.5 DisSplay FOTCES ........cnveveeerernrnsercsssssneeissccssssnssissssssssnneesesssssssssaseesens A 16

A4 OUTPUT BLOCKS......coovmererssmsaeesssnrsssssssssssssssassasssssssssssensenssnsssesssnnes A.16
Al HEAAET .......cneeeeveeeeneiineiieninnrireeeressssssitsttansnssssssessesssrsssssnsssssssssssssssnes A.16
A4.2 TOMPOIAIUIES uveeeeeeeceevrrrnereeereriesissssnnssssestecsssssssssnseseseesesssssssssssassssssens A.16
A.4.3 NoAal DiSplACEMENLS........ccvvrvreeeirrrnisisrsnniisinsnneeensssneeessssssesssssssssssssses A.l7
A 4.4 INLEITIAL FOTCES ovvueeeeeeirrvereeecnrneeseesssssnnseresscssnssnnssssssssssssssssssnnsesssssnnns A.l7

A.5  EXAMPLE FILES.....ouiiiiiinuiiiiiinniinsnnnniiiinnsstiiisssnnesnnssseeesssssresssssssnsssssssnses A.17
A5 S.DQL....corinreeniiiiiiinreneiiieiennsssesecsssssssnaeseesssssssssesesesssssssnnssessssssssnnnnes A.l8
AD.2 Silueuiiiiiiiiiiiiniiiinnrcnneeeeessstteesessssestasesesessrnsesssssssnensssseesssssansesesnns A2l

Vil



B SHOWGRID GRAPHICAL INTERFACE ..iiciniicciccnnssccsssnsscsens srsassses B.1

B.1 GENERAL DESCRIPTION......cctttiitieererssansesssssssssssecssosessrsssasssnssssssssssssssssssssess B.1
B.1.1 Graphical CONVENIONS......ueeveiiieieirieiiieierinsnesssessssssssssesssssssssssssanssssons B.1
B.2 MENU OPTIONS....cceiiiiiuietiisssrenesssssssstsssssssrnneessssssnsssesssssssssasssssssssssssssnns B.3
B.2.1 File MeRih...........couvuuieieeeiinirnnnnneeeeeeesssssssssssnssssesssesssssssssssssssssesessssnnes B.3
B.2.2 VIieW MERU......ccueueerrrrrrerirniicrirrirnssiriiesereseseserenneeeseessaressssssesssssssssssssses B.3
B.2.3 AXIS MENU.....ouuaaeeeiiiiiiiiriireneereiiiisreeseeeessstesesssssessssssssssssssssssassssssssssses B.4
B.2.4 SHOW MERUL ...oovveeeeerriiiiiiireiriieniieininenissssssssssisssssssssssesssesssssesssssssasessasans B.5
B.2.5 ANIMAIE MENU «...ooeeeeeeeieeeieiiiieiiienriiiinssnecesrssssssssssssssesssnsssssessssssnsasesssens B.6
B.3 REMARKS FOR FUTURE DEVELOPMENT .....cccoerteeerentessnnecssssaesssannessssnnessnes B.6

viii



LIST OF FIGURES

Fig. 1 Atmosphere temperatures during the development and decay of a fire. ............ 2
Fig. 2 Typical ambient temperature stress-strain curve for steel......uuiiiinennnrrrrsiennnn 6
Fig. 3 Column bBUuCKIING CULVE...cuuveiiiiiiiiiiiiirttitnntieeeneeneccrsssnnnnnesnsneesssseesesssssssnnnns 10
Fig. 4 Ramberg-0sgood Stress-Straln CUTVES ....uuuieieiereeeeeeiereriiiieiessssessssssssssssssssssesens 20
Fig. 5 Failure temperatures of imperfect columns.........covveeeeiicriiirnnnneeeeccninnnneeennes 21
Fig. 6 Failure temperatures of loaded columns........ccooviveeeeiiiiieeinincnnnnineennniinnenennns 21
Fig. 7 Ramberg-Osgo0d Parameters.cccuviiiiircrrersssrrnreecrerrnrsssesssnessssssaresssssssnsessessnsnees 23
Fig. 8 R-O stress-strain curves for S2735 steel around 400°C........ccoveeiiicnnnnneneccnne 23
Fig. 9 SR-O stress-strain curves for S275 steel around 400°C .........cocovvviieiiiiriieennns 24
Fig. 10 EC3 stress-strain curves for S273 steel around 400°C ..........cccovvveeereecennnen 235
Fig. 11 Normalised stress-strain curves at various t€mperatures .......eeeeeeeeceecrrrnanennes 25

Fig. 12 Failure temperatures of imperfect columns using smoothed Ramberg-Osgood
CUIVES ceverrnrerrrsssrersesrsessesssnsecsssssssassssssnnssssenssssssesssnsssssssnnssssnssssssssesnasssnsnnessnns .27

Fig. 13 Failure temperatures of loaded columns using smoothed Ramberg-Osgood
CUTVES 1 iiieeenrrnreeceeeeesernsssseeseernnsrerssssessssnasesssssssssssasssssssnsssanansssssssnssnnesssssssssnns .27

Fig. 14 Failure temperatures of imperfect columns using EC3 stress-strain curves.. 28

Fig. 15 Failure temperatures of loaded columns using EC3 stress-strain curves ...... 28
Fig. 16 Comparison of imperfect COIUMNS .........ccoovvuiiriiiinnniiieiiniiineeccinniieeeeen 29
Fig. 17 Comparison of loaded columns..........coovvemmriieiinnnnnriiicnniiniinecccccnnnneeenes 29
Fig. 18 Temperature gradi€nt.......ccovvvereeisieeiiissueeesisineeisssinnesssnnnecssssiesesesssesessssnssssssss 30
Fig. 19 Columns with initial imperfection away from fire .......cccccevirvvirinncnnnnnee, 32
Fig. 20 Columns with initial imperfection towards fire..........cccoeveeriniienrininiecninnne 32
Fig. 21 Failure of columns on slender- and stocky-side of peak...........c...ccunueeneene. 33

Fig. 22 Strain in thin-webbed columns with no initial imperfection and temperature

gradient factor 10 .......covvveiiiiinnnniiiiiniiirerii e seaessss e e 34
Fig. 23 Plane frame used for analysis of 0.6 x design load case .......cccccvverervrvvevnnenne 36
Fig. 24 Failure temperature of restrained columns .......ccovcecviiniecirenreennennnennnennnenns . 38
Fig. 25 Vertical displacement of heated column top in frame with 0.6 load ratio..... 39
Fig. 26 Axial force in heated column in frame with 0.6 load ratio ..........cccverrvvennnees 39
Fig. 27 Schematic diagram for analysis of spring model.............ccovvevveerieerrreennnnne, 40
Fig. 28 Axial displacement of top of heated column of spring model....................... 41

1X



Fig. 29 Axial force in heated column of spring model .......cccovvviiiiirniinniinninnnnnnneneens 41

Fig. 30 Minor axis deflection of heated column of spring model.........c.covvvrvereeinnnene 42
Fig. 31 ULStOr tESE TTg.uuueuieiiiiiiiiiieiiiiiiiiiniirrnsiuntetnstenseeersssesssssssssssrnsssssssssansanaaseessassss 47
Fig. 32 Schematic of the assumed modei e eeeteettttetettrateaeanranrnrnnaarenrerrresrerernsesesesananens 48
Fig. 33 Temperature along the length of the column.........cccoovvnnrnnnreeeeeiiecninnnnnne 50
Fig. 34 Displacement of test column during heating ........cecevvveeiieiinneniniiniereeesssnenes 50
Fig. 35 Displacement of model columns with different material properties ............ o1
Fig. 36 Column bearing CrosS-SECHIOMN ci.icciiirrririnnrereeeeerereeeeeressssssessssssssossrssssssassasaens 53
Fig. 37 Moment-rotation MOGEIS.....cciiiiiiiiiiiiiinnniiiiiimeieieimmeernemmmeeeeesneesseeeesens 53
Fig. 38 Displacement of models with different rotational end-restraint................... .35

Fig. 39 Displacement of model columns with different thermal expansion

ChATACEEIISTICS vuuurrenrersernssssroesarsssessssssssssssssssssasssesssensasenesesensesssssssssssssrenssssnses 55
Fig. 40 Thermal elongation of Steel......cccivvvviiriiinnniiiiiiiiniciienniinneereeccnnneeeeesscsnnnees 56
Fig. 41 Deflected shape of column with specified average temperature.........c......... 57
Fig. 42 Cooled test COIUMN .....viiiiiiiiiiiiinniininnnnsisiiiressessssssssssssssssssssssses 58
Fig. 43 Best guess analysis diSplaCeMENLS ....ciieiineierrnisinieisninniiiiinieeessmssesisnmens 61
Fig. 44 Thermocouple positions and analysis interpolation over cross-section........ . 06
Fig. 45 Thermocouple positions and analysis interpolation along length.................. 67
Fig. 46 Failure boundaries of 152x152x23UC columns.........ueeiiiiiiiiiiiiiininnnnnnnecens 68
Fig. 47 Failure boundaries of 178x102x19UB columns........cccoovieveiiiiiinneciiiininnne 69
Fig. 48 Failure boundaries of 127x76x13UB columns..........cccuveevinuiicnineiiinnnenne, 70
Fig. 49 Axial displacement of 152x152x23UC columns with no axial restraint....... 71
Fig. 50 Relative axial displacement of 152x152x23UC columns with oc = 0.0......... 72
Fig. 51 Relative axial displacement of 152x152x23UC columns with ov = 0.1......... 73
Fig. 52 Relative axial displacement of 152x152x23UC columns with o = 0.2......... 74
Fig. 53 Restraint forces in 152x152x23UC columns with 00 = 0.1 .......cccoeeuvrnernnenn 74
Fig. 54 Restraint forces in 152x152x23UC columns with = 0.2 ..........ccvevurernennn, 75
Fig. 55 Relative axial displacements of 178x102x19UB columns with o0 =0.0....... 76
Fig. 56 Relative axial displacements of 178x102x19UB columns witha=0.1....... 717
Fig. 57 Relative axial displacements of 178x102x19UB columns with o0 =0.2....... 77
Fig. 58 Relative axial displacements of 127x76x13UB columns with o0 =0.0......... 78
Fig. 59 Relative axial displacements of 127x76x13UB columns with aa=0.1......... 79
Fig. 60 Relative axial displacements of 127x76x13UB columns with ae.=0.2......... 79



Fig. 61 Relative axial displacements of 127x76x13UB columns with «=0.3......... 80

Fig. 62 Average temperature of columns at fallure .......ccocoveeeeiiiieeniiirirerineeeeeeesssenns 82
Fig. 63 Axial force in columns at faillure..........coovveeiiiiiiiinieeicinnrninerieeceesssssnseseeessnnes 82
Fig. 64 Axial deflection of 152x152x23UC column with various o levels............... 85
Fig. 65 Axial deflection of 127x76x13UB column with various & levels................. 86
Fig. 66 Stiffness of restraint for 152x152x23UC analysis with 0.6 x EC3 design

JOAA .ttt e s s be e se s bs e e se s anness s nns 87
Fig. 67 Measured stiffness of restraint for 152x152x23UC Ulster tests with 0.6 x

EC3 desin load......ccoiiiiiiiiiineicneeccntirennnseensseesesssssesesssssanesssssnnens 88
Fig. 68 Stiffness of restraint for 127x76x13UB Ulster tests with 0.6 x EC3 design

(o Lo SO PSR URRR 89

Fig. 69 Axial displacement along top restraining beam for 152x152x23UC Test B. 90
Fig. 70 Axial displacement of restraining beam for 152x152x23UC Test C............ 91
Fig. 71 Re-test of 152x152x23UC column with 0.6 x EC3 design load and 0=0.2.. 92

Fig. 72 Re-test of 152x152x23UC column with 0.6 x EC3 design load and o=0.1.. 92

Fig. 73 Eftect of temperature profile on 152x152x23UC column (& =0.2).............. 94
Fig. 74 Average cross-section temperatures at four sections along the

152x152x23UC column 1ength ....ccoovrrrrmrmiiieiiiiiiiiinrirrinieererereeeneeseeeessenss 94
Fig. 75 Time — temperature response of thermocouples 1n Test A ........vvvieiviivennn. 95
Fig. 76 Divergence from average cross-section temperatures of Test A................... 95
Fig. 77 152x152x23UC column temperature histogram for o0 = 0.2.........cccceeereeennnn. 96
Fig. 78 Restraint force of 127x76x13UB column with 146kN load ......................... 08
Fig. 79 Comparison of rotationally restrained columns.........cccceveevrrrvereeerinnrnneeeenns 99
Fig. 80 Exaggerated diagram of VULCAN model with eccentriCity........cccccveererenennns 101
Fig. 81 End-plate measurement POINLS .....uveeeeiieereeiiiiiisssssonsssnnresnnsereesreseeseeeesesessens 101
Fig. 82 Model of eccentrically loaded column .......ccooovvevimnnnriiinneiiiieciiiininnnnnnnnnnee 103
Fig. 83 Axial restraint force applied to eccentric columns ........coveeeeeeiirnnneeeennnn. 104
Fig. 84 Lateral displacement at the mid-height of eccentric columns..................... 105
Fig. 85 Lateral displacement relative to perfect initial shape.............uueeuvvenenn... 106
Fig. 86 Cardington frame layout for column restraint tests .......cceovvueerereveeeeervnneenens 108
Fig. 87 A deflected beam-column arrangement........cccouvieernmrmmeeeeeeeeeeieeeeeeeesseennnns 111
Fig. 88 EQUAtE MOMENLS t0 ZEIO ....cciiiiiirrrrrrunineeeereeeeeeeriessessssssssssssssnssessssssressssssssnns 111
Fig. 89 Spring representation of one- and two-storey frames........ccoeeeeeeveeerveseenens 112

X1



Fig. 90 Total value of restraint factor for multi-storey frames.........coceeriiveencnnnene 113
Fig. 91 Comparison of mathematical model and Cardington test..........ccccurvuneeanne. 116
Fig. 92 Spring representation of one- and two-storey frames including column

UL TIESS 1uvereeereeeerereeeenenreessersnnrsnsssssssnenesssesssssssssssssssssssssnssesnrassessssssassssssssns 117

Fig. 93 Spring representation of three- and infinite-storey frames including column

ST TIESS veeeveiiieenereereeeeecrrrsnretereeseessssssnnsnsasssesessssssssnnssessessssssssssssnssnassssssssss 118
Fig. 94 Total value of o for multi-Storey frames ..........ccoveernnrrniisnnsinssnnssnenssnenes 120
Fig. 95 Comparison of mathematical model and Cardington test............cccoueenneene. 122
Fig. 96 Bare-steel Cardington connection stiffnesses (KNm/ mrad) .........cc..couuue. 123
Fig. 97 A deflected beam-column arrangement with semi-rigid connections......... 123
Fig. 98 Comparison of mathematical model and Cardington test.........ccceeeennnnnnee 127
Fig. 99 Equivalent width of steel SeCtion.......cuvvevveiriiviinniiiiiniiiiniiincecninieeenen 132
Fig. 100 Moment Of Qre@.......covvirriisniniennininiinnnnniniiiiiimisiseemsesesmsees 132
Fig. 101 Comparison where CONCrete 1S Present....oueiiinieeneeniunennennneninesnneessennns 135
Fig. 102 Composite Cardington connection stiffnesses (kNm/ mrad) ................... 136
Fig. 103 TwO-COlUuMN fir€ .....cccvciirivniiiniiiiiniinininniieiniiiiinneeeenmesssisssnses 139
Fig. 104 Entire floor fire .....cccoviiniiinnemniiinnininnnennienieineciineneimmimemesies 139
Fig. 105 Unequal column heating ......oocevvvinniieniniinnniiinniinineeces 140
Fig. 106 TWO-flOOT fir€....ccovveiiiiiiiimnininiiiennnteeninennnueennniesssnnssniissncsssnesssssssesessess 141
Fig. 107 Axial restraint to external column calculated using mathematical model. 145
Fig. 108 Axial restraint to internal column calculated using mathematical model.. 146
Fig. 109 Axial restraint as more floors are added........cocvvvennniiniiniiiiinsnniiinnenennes 147
Fig. 110 Axial restraint stiffness applied to heated column..........cconvivuivunnniinnns 148
Fig. 111 Structure used for inVestiGatioN.......cccoevvieiccniriniiiiissennssninniiienniininee s, 150
Fig. 112 Force and displacement of Column A for a single heated column ........... 151
Fig. 113 Force and axial displacement of frame with two heated columns ............ 151
Fig. 114 Force and axial displacement of frame with all columns heated .............. 152
Fig. 115 Axial force in heated columns when all ground floor columns are heated 153
Fig. 116 Stress-strain curve for a linear material........cccocoienenennenininnnnnennae., 157
Fig. 117 Stress-strain curve for a simple tension member of non-linear material... 158
Fig. 118 Simple incremental method..........ccoviiinieniniinninininnninn, 159
Fig. 119 Newton-Raphson method........ccovvevevinninininnininnnicnninicnniiennenne, 160
Fig. 120 Snap-through dIVErZENCe......uiviniinininniiniiiniiiinineiiineeenenesnenens 161
Fig. 121 Modified Newton-Raphson method ..........coevviiniinnennivnnnnninnnnnninnnnenn, 161



Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

122 Displacement control MEthod.........covivuiiiieeinreerreecseeesseessssesssrssssssssnesssnens 162
123 Snap-back DENAVIOUL .......ccoeiiririteicccneceeecceeeeesereseeeessssssnresessssnnesses 163
124 Arc-length MELROd ........ueveiriiieirieeieeieceeticreeeecceeesessseeessssssessssseesssnnns 163
125 Work control MEthOd ......ccccuveevviiiiiiiiiniriiieieniieiisneeecesneeessssesssssesssssessans 164
126 Simple incremental MEthOd.........cciuveeeiviiineiiiiieiireeecnreeeersreeesssessseessans 166
127 Newton-Raphson Method.........cviiiiiniiinieiiiniiiineecesesssssesssssessssessssens 166
128 Modified Newton-Raphson mMEthod .........uveeeiiiiiieeeeeeiersnrneeesessssseesesssssnns 167
129 Displacement control MEthod.........cccvovuerinnnieicniiiiiieesisenereenssecesssesesssnns 167
130 Arc-1ength MEthOd ........uveicvierveenrennrenireeeceeessesssesesssneessssesssasessees 168
131 Work control MEthOd .......uueiiciiiiiiiieiiienieeerescreesecsesneeessssseessssnsesans 168
132 Newton-Raphson method............eeieeiiiiiireciiiiniensinreeeseseesesssssssnns 170
133 Displacement control method.........ccoevveeiiveeiciniiiiiiriererineeeeerseeeesssssnees 171
134 Arc-length MEthOd ........ccovieiiiiireiireenrreicieeriessnseeseeessensesssssnseessnns 171
135 Work control Method ........uceveiiiieiiieeniieiniireccneceseseeeeeesseesesessssesessnsessns 172
130 EXQMPIE SLIUCIUTE ...uveeeireeeiiireeereeeecnneiesneecessieesssreessssnssssssesessnnssssssnssesnnns 172
137 Newton-Raphson solution at S00°C........coeiiernvireeninneeeerssssssessesssssssenens 173
138 Arc-length solution at S00°C ........cevieinntiinrirnnnieinnrreennessesseesssessessnnens 174
139 Arc-length solution at S00°C in detail...........eeveeeeiiiiiiivcnneeeeereeeeeessennnnnnes 174
140 Comparison of further load steps at SO0°C .......ccovvivvrmrrrrreerieiiiiisiinvnnnnees 175
141 Temperature Profile......ccccciiiiiiviierrrrererereerereieeeeeereeeseeeeeeeeeeeesessesessssessses A.6
142 Co-ordinate system of structure, and program arrays ........ccceeeevveererervnnees A.8
143 Definition of ambient temperature stress / Strain CUIVE ......ccovvuvereeesrnneeenen A9
144 Residual stress definition .......cecvveeeiiiinienirinneieenneeenneneeeesssseeessssnssses A.10
145 EXxample SCIEENSNOL ........coiviiiiiiiriiirinrrererireiinrnsrssessssrsressssssesssssscesssssssssesans B.2
146 Cutaway Plane........ccciriiirmreeeeririirrrnnnieseeccninsneeeesssersssseenesesessssssssssasassssssons B.4
147 2D sectional view of cutaway plane.......cccoecveeevvveeeennreeicnnereeessneeecsennesesnns B.5
148 Animated OutPUL fIl€ ......oovvriiiiriirieeceeceeneecrece s sse s e ans B.7

X1il



LIST OF TABLES

Table 1 Failure temperatures of frames with top beam details .........ccooevrinvnnnnnnnnanen. 37
Table 2 British Steel thermal expansion coefficient results......ceeevevenverenniicccerssserennes 56
Table 3 Material properties for 152x152x23UC columns assumed in VULCAN model,
with cOrresponding teSt TESULS .. ..uurrriireeerirrrrneereeniineeteeeesesssisseaesessesnsssenees 63
Table 4 Material properties for 178x102x19UB columns assumed in VULCAN model,
with corresponding test rESULLS ...eieiiiiirinrieeeeriieciiriininereeeeeeeeiiinennnnnsnseeeeeeeens 64

Table 5 Material properties for 127x76x13UB columns assumed in VULCAN model,

with corresponding test FESULLS .......ccivvveetiiiiiiiieccccinnnnienieeeeeeeeeeeneeecessssscsennns 05
Table 6 Measured eccentricities of 152x152x23UC test columns.........ccueuereerennnne. 102
Table 7 Description of vanables.........cccvrereeiiiiiiiiiiniiinnienccncccncenneeseeeen 110
Table 8 Stiffness of restraint to internal COlumNS .......cceveeeerereeiienveivennneeeeeeeeeenenneee. 121
Table 9 Stiffness of restraint of internal column .........cccccvvvvirernniiniirinnnnnnieneeeeeenen. 126
Table 10 Axial stiffnesses of tension columns for external Cardington column..... 129
Table 11 Axial stiffness of tension columns for internal Cardington column......... 130
Table 12 Second moments of area including concrete stiffness ......ccceeeeeerriiirnnnene. 134
Table 13 Restraint stiffnesses including concrete stifness......ovvvunneieeeiieciivnnnenen . 135
Table 14 Stress-strain SChEMES....cccvvvrrrencecceriirreectiiiiinceueniiiiiieeseenssesiimmsessssssssssssnes A7
Table 15 Member type VAUES .....uceiiiiiiiininiiiiiineeniimnsseeeessiiniesessesnees A.11
Table 16 Spring element type definition .......cccceveiiiiiiiiniiinnninnnnnninnennieiecn, A.12
Table 17 Degrees of fre€dom .....coovvvvirninnennniiiiiiiinieniiisereseeeessiiseessens A.13
Table 18 COlOUTr CONVENLION.......cccciveeeeeeerrrerenrecsscertrmmesossasserssssssssesssssssssssrsssssssssenns B.2

X1V



NOTATION

(Only the general notations used during this thesis are presented here. Symbols which
have only been used once and are of a more specific nature have been clearly

explained where they arise in the text).

o Relative restraint factor

£ Strain

A Slenderness

o Stress

6 Temperature

A, B, n; Temperature dependent Ramberg-Osgood parameters
E Young’s Modulus of the material

I, I, Second moment of area about minor / major axis
K Stiffness

Ky Beam stiffness

K, Column stiffness

K, Restraint stiffness

K; Spring stiffness

L Member length
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1 Introduction and Literature Review

1.1 Fire

It is said that the discovery of fire was a major turning point in the development of
human civilisation, as it was used for heating, lighting and cooking. Natural sources

of fire such as volcanoes and lightning were exploited, and the resulting flames were

controlled and fed to keep a constantly available resource. This need to store fire has
been attributed to the change of human society from a nomadic lifestyle into settled
communities. Later, man learned to create fire at will by the use of friction of

suitable material, such as wood, and later by sparking flints.

However, even before this, uncontrolled fires were responsible for destroying
countryside, property and life. Consequently, most animals have a developed sense
of heat and are able to detect a fire and move away from it. This means that
relatively little life is lost due to fire. In fact, according to the London Gazette of 8"
September 1666, one of the most infamous fires, the so-called “Great Fire of
London” burned four fifths of the city to the ground; however only sixteen people
were thought to have been killed. To prevent a similar future catastrophe, the
Rebuilding Act of 1667 was passed banning the use of timber and thatched roofs, and
limiting the proximity of buildings within the city boundary. The buildings
constructed in the aftermath of the Great Fire tended to be brick-walled in order to
reduce flammability and this trend continued for many years. This legislation was an

attempt to learn from the mistakes of the past and was the first real attempt at
providing guidance for the fire-resistant design of buildings. In recent years this

subject has been widely researched and has led to the concept of a global approach to

fire safety of buildings'.

1.1.1 Development Of A Fire

An uncontrolled fire passes through four definable stages of development as shown
on Fig. 1. The initial ignition phase depends upon the surface flammability of the
materials surrounding the source of the fire. It is during this phase that smoke
detection is useful. The smouldering phase then develops as more material is burned
locally and the temperature slowly rises. A large amount of smoke can be given off

during this stage and since this is hazardous to life, occupants must have been
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evacuated. The really cnitical point in fire development is known as flashover. This
occurs when the temperature has risen to such a level that combustible gasses emitted
by the bumning organic materials in the fire spontaneously combust and the whole
compartment is engulfed in flame. Thus the fire becomes fully developed within the
compartment and fighting the fire is practically impossible; the only feasible course
of action is to prevent the fire spreading to neighbouring compartments. The
atmosphere temperature at which this occurs is dependent on the materials affected
by the fire, but is typically around 400°C for the wood- and plastic-based fires which
occur in offices and homes. A rapid heating phase of the fire then begins, controlled
by the balance between the density of the fire load and the availability of oxygen, as
well as the ability of the compartment to retain the heat generated. A typical fire of
this type can reach temperatures of 1100°C. The temperature begins to decrease as
the combustible material is used up, although the rate of cooling is also controlled by

the ventilation.

Temperature Pre-Flashover)Post-Flashover

«—

Time
|

—

[gnitio Smouldering Heating Cooling |
Fig. 1 Atmosphere temperatures during the development and decay of a fire

1.1.2 Fire Safety
The subject of fire safety within buildings has two main objectives, firstly to

minimise loss of life, and secondly to minimise the resulting financial loss due to a
fire. These objectives can be at least partially met by taking a number of

preventative steps during building design.



Reduction of the probability of ignition of a fire is the most obvious step. This can
be achieved by taking care in the choice of materials used within a building both
within its basic structural makeup and in its finishes and furnishings. Effective
building management also plays an important role by controlling the location of
inflammable materials and sources of ignition such as cigarettes and electrical
wiring.

The provision of means of escape is of importance in preventing loss of life. This is
done at the design stage, when a building must have adequate fire escape routes in
terms of number, capacity and escape distance for all envisaged usage. Much
legislation has been developed” to provide strict rules on this subject. Venting of

smoke can increase the time available to escape from a building. Building

management 1s important in educating the occupants on the fire procedures and exits.

Prevention or control of fire development can be achieved by the use of sprinklers,
after detection of fire and smoke. Recent technological advances have allowed the

development of extremely reliable and effective systems. Fire-resistant boundary

walls and compartmentation are also used to limit the spread of a fire.

Until recently, the philosophy of structural fire protection in steel-framed buildings
has been confined to limitation of the growth of structural temperatures using passive
fire protection. Materials such as steel have been protected from the effects of
temperature growth by the application of insulating materials such as fibreboard or
intumecent sprays. Modern fire-engineering techniques are currently being
developed which allow an accurate estimation of the effect of a particular fire on a
structural member. This information is then incorporated into the basic member

design so that steel-framed structures can be safely designed, either without the need
for passive protection or using combinations of strategies which produce more

economical overall designs. This is discussed in more detail in section 1.1.4.

Each of these considerations, with the possible exception of provision of means of
escape, can assist with both objectives of protecting life and property. However,
escape routes for building occupants are often used by the fire brigade as means of
entry. As such, providing ventilation and extra fire resistance in these areas can also

minimise loss of building contents by allowing early fire fighting,



1.1.3 Risk

No matter how careful and detailed is the design and operation of any given building,
not every eventuality can be catered for and some level of risk of fire has to be
accepted. The level of risk for a particular building is a combination of the
probability of occurrence of an uncontrolled fire and the probable resulting financial
or human loss. The probability of occurrence can be estimated using statistics
gathered over the years. It has been shown that this probability 1s highly dependent
upon the use of the building and the number of active measures taken to restrict fire
development. The probable loss i1s also dependent on the nature of the building’s

occupancy and financial losses include consequences of interruption to its use.

The acceptable degree of risk will vary from building to building, depending on the
relative importance of preserving life and reducing financial loss. However, in a

modern litigious society, loss of human life often incurs a heavy financial loss.

1.1.4 Fire Concepts

The main concept used during design to minimise the nisk of unacceptable losses
during a fire is the structural concept of passive protection. This accepts that a fire
will flash-over and will then fully develop. The structure i1s then designed to

withstand the high atmospheric temperatures by insulating the structural members

from the heat. Since no amount of insulation will keep the temperature ambient, the
structure is also designed so that it retains sufficient strength to support its load
during a fire. Since it is accepted that a fire will fully develop, all property inside the
fire compartment will be destroyed. Thus compartments are designed to retain
integrity and may be kept small in order to minimise loss. So long as the loads are

supported over the fire compartment to prevent excessive damage to external
compartments, deflections that would normally be considered excessive are allowed.
This can however result in a high repair cost after the fire. Therefore, the structural

fire safety concept is more and more being combined with active protection methods

such as the monitoring or extinguishing concepts to provide an integrated solution.

The monitoring concept makes use of modern automatic detection and alarm systems
to detect the ignition of a fire and automatically alert the fire brigade. In this way,
the fire brigade can extinguish a fire before flashover occurs. Financial loss is still

incurred due to the fire and the damage caused by water used during the fire fighting



process. However, since flashover does not occur, structural damage is eliminated
and repair bills are reduced. The reliance on the fire brigade reaching the fire before
flashover means that this concept 1s only viable if there is a fire station close by.
Large industrial complexes such as airports, where an on-site dedicated fire station is

available, use this method very successfully.

A more generally applicable system is the extinguishing concept. This is similar to
the monitoring concept, but incorporates the ability to fight the fire automatically.
Sprinklers or extinguishers are triggered when a fire 1s detected, an alarm is sounded
and the fire brigade i1s alerted. This early tackling of the fire can slow its
development and give the fire brigade time to arrive. Since the fire 1s fought from an
early stage in its development, when it 1s relatively small, this system can sometimes
be enough to put out the fire completely. This reduces financial loss and clean-up
costs, especially since a choice of extinguishing methods can be used depending
upon the situation. For example, carbon dioxide gas can be utilised in computer

areas where water damage to equipment in surrounding areas is undesirable.

Active protection methods require high levels of regular maintenance in order to be
effective. However, this is usually offset against the financial savings made by

preventing flashover and retaining structural integrity in the event of a fire. The
material loss is usually negligible compared to the loss of business during
refurbishment. As modern active protection systems become more developed, their

reliability is increased and the chance of false alarms decreased. These modem
systems allow the construction of architecturally pleasing bare steel structures to be

economically viable.

1.2 Steel

During the mid-19" Century, ancient techniques for the refining of iron ore were

adapted to combine it with specific quantities of carbon and produce steel on a large
scale. Steel has a high strength-to-weight ratio, and 1ts development facilitated easy

construction of high and long-span structures.

Modern production and construction techniques favour steel since it allows speedy

fabrication and erection of buildings. Its surface finish can be aesthetically pleasing

and many cross-section shapes can be created, so that architecturally it 1s often the



first choice of structural material. However, at the high temperatures that may be
expected in a post-flashover fire situation, the strength of steel is significantly

reduced. This means that a structure may become unstable and collapse.

1.2.1 Stress-Strain Curves
If a steel specimen 1s slightly strained, for example in a tensile test machine, and its

stress recorded, the stress will increase linearly with strain according to the simple

equation Stress = Young's modulus x Strain. This behaviour continues until the
stress approaches the so-called Yield Stress, when the stiffness of the steel begins to
reduce. Thus, for a given increase 1n strain, there 1s less and less increase in force up
until the yield stress is attained. From this point, the steel cannot support any more
load and further straining occurs at a constant stress level. At higher strain levels, the
stiffness may increase slightly due to Strain Hardening and a gradual increase in
stress is seen. However, beyond the limiting strain, the stress begins to reduce until
it reaches fracture, at which point there 1s no capacity to support any load as shown
on Fig.2. For design purposes, the complicated behaviour of steel has been
simplified into a number of models by making various *“engineer’s” assumptions, a

few of which are also shown on Fig. 2.
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Fig. 2 Typical ambient temperature stress-strain curve for steel

One of the simplest constitutive models is the bilinear ECCS model’. This assumes

linear behaviour of steel up until the yield stress, beyond which point a constant

stress is maintained indefinitely. A more flexible assumption® is that the stress-strain



curve has the following single equation relating stress o, and strain €, as shown in

eqn. (1).

) 1 (o) (1)
g=|—|+—| =

A) 100\ B
Where A is the Young’s modulus of the steel, B 1s the yield stress and N is a factor

which controls the curvature of the pre-yield range.

The most complicated, and therefore the most accurate, representation of the stress-
strain curve is the EC3° model. This splits the curve into three sections and defines a
separate equation for each. The linear range of the curve is represented by a straight
line, the gradient of which is dependent on the Young’s modulus. There 1s a curved
region prior to yield, which has a complicated elliptical representation as shown in
eqn. (2). Once the yield stress has been attained, a horizontal region 1s specified until
the limiting strain beyond which there is no further increase 1in stress.

o =0, ---c+--l?-1f4::r2 - (&, - &)’ (2)

a

Where o) is the stress at the limit of the linear region and €y 1s the yield strain. A, b

and c are specified constants dependent on the yield stress and Young’s modulus.

The curves shown in Fig. 2 for these three models are only 1llustrative and their
actual shapes are much more similar to each other. The curvature in the pre-yield

region of the latter two models is very tight and so each quite accurately represents

the true ambient-temperature behaviour of steel, which 1s very nearly bilinear.

However, steel behaves in a non-linear fashion when it 1s at high temperatures, and

this determines the suitability of each model for elevated temperature design.

1.2.2 Elevated Temperature Material Degradation
The yield strength and Young’s modulus of steel both decrease as the temperature
increases. The exact nature of this reduction in material properties depends on the

chemical and crystalline structure of the steel in question, and on the manufacturing
processes used in forming the structural sections. Much experimental research®’ has

been conducted on general structural steels in order to determine their behaviour at

elevated temperatures. The results from these studies have allowed modification of



the design models described above, so that they are more appropriate for elevated-
temperature structural design. Each model uses a different system to decrease the
yield strength and Young’s modulus (and to modify the pre-yield curvature if
appropriate) such that they have effectively reduced to zero at 1200°C. This 1is
conservatively assumed for design purposes as the temperature at which the steel
retains no strength or stiffness, although this does not actually occur until the steel

melts at around 1550°C.

In the case of the bilinear ECCS material model’, the ambient temperature yield
strength and Young’s modulus are decreased by polynomial functions based on the
temperature. Two sets of polynomials are used; one set for temperatures below, and
one for temperatures above 600°C. The Ramberg-Osgood model* divides the
temperature range into five sections and specifies the way each of the parameters A,
B and N from eqn. (2) decrease as either linear or quadratic equations. This is
explained in detail in Section 2.2.1 and 1s shown on Fig. 2.4. The EC3 model’

decreases the elastic limit, yield stress and Young’s modulus in a multi-linear fashion
within 100°C bands.

Special steels have been developed in Japan, which are alloys with chromium and
molybdenum, and retain up to two-thirds of their ambient temperature yield stress up
to 600°C>”. Although these special steels are used in certain specialist applications,

their cost usually prohibits their more general use.

An alternative way to allow steel structures to function at high temperature is to use
steel with a higher yield stress, or larger cross-sectional area, than would otherwise
be required for ambient temperature design. In this way, although the material
properties degrade in a fire situation, sufficient strength remains to support the
required load. Again, this results in a higher cost of steel for a given structure, but
this can be offset against the cost saving generated by eliminating the need for
passive fire protection and thus speeding the construction process. Usually, the most

economical design solution involves a trade-off between over-design of steelwork

and application of fire protection.

1.2.3 Thermal Expansion
Nearly all materials expand when heated, and in metals such as steel this i1s

particularly noticeable. Again, the level of thermal expansion depends upon the
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exact metallurgical composition of a given steel, but general guidelines are available
for design purposes based on experimental results. For example, EC3’ defines the

thermally induced strain for steel, 1in terms of its temperature @ by eqns. (3). This is

discussed in more detail in Section 4.2.3 and is shown graphically on Fig. 4.9.

g, =0.4x10°6% +1.2x10°0 - 2.416x10* 20°C <0 <750°C (3a)
g =1.1x10" 750°C < 6 <850°C (3b)
£, =2.0x107°0 - 6.2x10™ 850°C < 6 <1200°C 30

C

The thermal expansion of a steel member can cause the stress in the member to
increase, since in a typical building, any individual member is restrained from this
expansion by the surrounding structure. Especially where concrete slabs are present
and connected to the steel by shear studs, thermal expansion of the exposed steel is
restrained causing the stress to increase. Similarly, in a multi-storey structure with a
fire on one storey, steel columns are restrained from thermal expansion by the floors
above and below. It is the study of this restraint to the thermal expansion of steel

columns which forms the main part of this thesis.

1.3 Steel Columns

Steel is often used as the matenal of structural columns in low-rise industrial units
where speed and ease of erection are important factors. It is also widely used in the
construction of high-rise buildings, where its high strength-to-weight ratio allows the
minimisation of dead-loads transmitted to the floors below. This section looks at the
factors which are influential in the understanding of the behaviour and design of steel

columns.

1.3.1 Slenderness And Euler Buckling

The slenderness ratio A of a column is a measure of its affinity to buckling under

compressive loads. It is defined as the effective length of the column L, divided by
the radius of gyration of the cross-section r, about the buckling axis under
consideration. A short, squat pin-ended column section has a low slenderness ratio
and is unlikely to buckle under axial compression. The axial stress could be
increased until its yield stress is attained, at which point the material would yield. A

long, thin column section on the other hand, would be highly susceptible to buckling



and the yield stress could never be reached. In fact, the Euler buckling formula™

gives the maximum axial force that can be supported by a theoretically perfect

slender strut, and is shown in eqn. (4).

_m*El 4)
ReT

This Euler buckling load, and the yield stress, form two upper bounds on the

compressive capacity of struts, as shown in Fig. 3. Practical steel struts have
geometric imperfections such as an initial out-of-straightness and material
imperfections such as residual stresses induced during the manufacturing process.
Consequently, lower values for the critical stress of columns are used for design
purposes. Four “strut curves” have been developed for use in BS5950'! and EC3’,
each of which is conservative compared with Euler and yield by a different amount
depending on section type, manufacturing tolerances and the design case. One such

curve is illustrated on Fig. 3.
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Fig. 3 Column buckling curve

1.3.2 EC3 Design Load
The design load according to EC3 Part 1.1'%, which covers general rules for the

design of steel structures, 1s expressed as:

XBAAS,
Y1 3)

Nyri =
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Where 7 = maternal partial safety factor = 1.05

fy=  ambient temperature yield stress of the steel

=  cross-sectional area of the section

Pr= effective area factor; taken to be unity in the case of Class 1, 2 or 3

sections, in which local buckling is not a limiting factor, such as those
studied in the following chapters.

X = reduction factor for flexural buckling, which is the relevant buckling

mode for hot-rolled steel column sections.

Since fy 1s the stress required to cause the steel to begin to yield, Afy is necessarily the
force required to cause the steel to yield. This resulting force is then scaled down by

the safety factor % such that it 1s sufficiently conservative. This is an accurate

failure load for very squat columns, which fail by yielding of the steel. However,
more slender columns will fail by flexural buckling at a lower force than that

required for yielding. Thus ¥ 1s introduced to reduce the design force according to
the column slenderness as defined in eqn. (6). This equation would permit ) to be
greater than unity for very small levels of imperfection, which would give a design
load for the column greater than the yield stress of the steel. This does not make

physical sense and is just a product of the fact that the Euler buckling load increases

to infinity as the slendemness decreases. Thus, a maximum value of ¥ =1 is allowed.

, (6)
Z = e———— but Z <1
P+9* - A%
Where ¢ is defined as:
1+ (A *-02)+ A*? (7)
T
In which:
o= An imperfection factor taken from tables to take into account the fact

that the column will not be initially straight, which has the effect of

amplifying the effects of slenderness.
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A" = Non-dimensional slendemness defined by the following equation,
which uses N = n°EA/A? to indicate the elastic critical force for the

relevant buckling mode, where E is Young’s modulus of steel.
A*= ﬂAAfy =i ﬁAfy (8)
N_ /1 \J E

1.3.3 EC3 Design Imperfection

EC3 Part 1.1 gives a number of equations that can be used to calculate the maximum
equivalent initial out-of-straightness for compression members, depending on the
type of cross-section used, and the method of analysis. Since elasto-plastic analyses
of non-lincarly elastic I-sections will be performed, the equations for initial

imperfection are thus:

a(A*-0.2)k W (9)
Minor Axis Imperfectiono . = _.(___Z.lu
Maior Axis Imperfection & kyeo
Cl10 L=
ajor Axis Impertectiono,, ., géé 10
fy

Where: W, = plastic section modulus available from section tables.

eqs= effective length factor dependent on the conditions of support at the

ends of the member, and;

In which &y is an imperfection factor which is dependent upon A*, thus slender

columns are assumed to have an imperfection level greater than squat columns. The

constant ks is dependent upon the buckling curve and the safety factor %4 and a

value of 0.08 is taken from the relevant table and used for subsequent calculations.

These equations are complicated, and generating the information to set up the
column data files for VULCAN would have been extremely time consuming.
Therefore a computer program was written to automatically generate VULCAN input

files for columns designed to the above specifications.
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1.3.4 Axial Restraint
When columns are heated, their lengths increase due to thermal expansion of the
steel®. In realistic situations, this elongation is restrained by parts of the adjoining

structure. In a number of subsequent chapters, the effects of this restraint are studied.

The stiffness of this restraint is measured in units of force per unit displacement.
When a column expands against restraint, an additional axial force is introduced in
the column, together with a corresponding force in the restraint system. However,
for the purpose of investigation of the effects of axial restraint, it is desired to have a
measure of the severity of this additional force. For example, if a restraint of
10kN/mm 1s applied to a large column section, which expands by 1mm, an additional
force of 10kN 1s introduced into the system. In a large section, this force may have a
negligible effect upon the behaviour of the column. If a small section size were
similarly heated, a similar additional axial force of 10kN would be introduced. This
may cause the total force in the member to be comparable in size to the critical load

of the section and thus cause failure. So 10kN/mm may be a relatively small level of

restraint for a large section and a catastrophic level of restraint for a smaller section.

Therefore, a Relative Restraint Factor (&) is defined as the ratio of the restraint

stiffness k; to the column stiffness k,:

k
o=—= 12
3 (12)

L7
ﬂl
Where E = Young’s modulus of steel.

A = cross-sectional area of the column.

| = length of the column.

Thus, a higher value of « signifies a more severe restraint stiffness in that there is a

greater increase in force for a given expansion.

1.4 VULCAN

Due to the relatively high cost of performing structural tests, particularly at elevated
temperatures, computer simulations are often used. Once fully validated against test

results, these programs can be used to perform parametric studies and investigate the
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behaviour of structural systems so that an in-depth understanding can be gained of
the mechanisms involved. This method of research has become particularly viable
over recent years, as the power and speed of readily available computers has

increased substantially.

Although there exist fully validated, commercially available pieces of software'*"

capable of performing non-linear finite element analysis at elevated temperatures,
these are often undesirable to researchers, since their source code cannot be
examined or improved, and their basic assumptions fixed. The finite element model
used for this research 1s the VULCAN program, and this section describes its theory,

assumptions and formulation.

1.4.1 Program History

The VULCAN program is based on a piece of software called INSTAF, which was
developed by El-Zanaty and Murray'® at the University of Alberta in 1980. INSTAF
was written in the FORTRAN programming language and was capable of analysing
two-dimensional steel frames at ambient temperature, incorporating geometrical non-
linearity and the spread of yield. By 1990, the program had been developed at the
University of Sheffield by Saab'”'® to include elevated temperature material

19,20

properties. Najjar " then extended this work to allow three-dimensional behaviour

to be analysed, including the effects of twisting and warping. Most recently,
Bailc—*:yzl'”"”"?“4 has further extended the program’s capabilities to take account of
lateral-torsional buckling and strain reversal, and to include non-linear spring
elements and elastic concrete-slab elements with composite action. It is this version
which was used as the starting point for the research reported here, and the program

has been renamed VULCAN to reflect the fact that it has been so extensively

developed from the original version.

1.4.2 General Description

The VULCAN program could be described as a black-box program, in that it is not
normally user-interactive. A textual input file 1s created, which precisely describes
the structure to be modelled as a series of nodes connected by a number of beam-
column, spring or shell elements, each with specified geometric and material
properties. A heating regime and a series of temperature increments are also

prescribed. The format of this input file has been reformulated by the author to make
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it more user-friendly and to increase its flexibility for future program enhancements.
This new format is fully documented in Appendix A. A user interface program
known as the INSTAF Interface has been developed to aid the creation of these input
files with the help of a translation program called MAKEDAT developed by the
author. An interactive, graphical software tool called SHOWGRID has also been
created by the author to facilitate the verification of both old- and new-style input

files. The features of this program are described in Appendix B.

The VULCAN program itself takes an input file, performs the non-linear finite element
analysis on the structure, and creates a corresponding textual output file of results.
Many input files can be analysed in series by the use of batch files, allowing large

parametric studies to be performed relatively easily.

This output file can then be interrogated with a text editor or spreadsheet program.
Alternatively, the results can be plotted graphically, using the purpose-written

program DATAMOD, or displayed pictorially with animation using SHOWGRID.

1.4.3 Capabilities And Limitations

Beam-column elements are represented in the program as two-noded line elements,
each node having eight degrees of freedom in local co-ordinates. These degrees of
freedom represent the displacements and strains in each of the three dimensions
together with three selected derivatives of these degrees of freedom (which represent
either direct- or shear-strains), along with twisting and warping. These eight local
degrees of freedom are transformed into eleven in global co-ordinates. Thus at each
node, at least three degrees of freedom must be constrained for the problem to be
solvable, either naturally, by the application of external boundary conditions, or by

being constrained by the interaction of other elements.

At present, only an I-shaped, symmetric cross-section can be defined for these line
elements. The properties of other shapes can be approximated by defining an I-
section with similar cross-sectional properties similar to those of the desired shape.
Similarly, tapered elements can be approximated by dividing a long element along its
length into a number of sub-elements, each with a progressively smaller cross-

sectional area.

Spring elements have the same degrees of freedom as beam-column elements.

However, they are normally used to represent semi-rigid connections, so that their
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rotational stiffness properties are modified throughout an analysis to simulate the
behaviour of a moment connection with a specific, temperature-dependent stiffness

and capacity.

Included in the re-formulation of the input file format by the author was the ability to
specify each spring element as one of a choice of pre-defined types. Pinned, rigid
and semi-rigid elastic charactenistics have been defined, along with two temperature-
dependent characteristics representing generic full- and partial-depth end plate
connections based on results from the Cardington tests. An in-depth study of
elevated-temperature connection characteristics has been carried out by Leston-

Jones®*® and Al-Jabri*’*%, and their inclusion in the VULCAN program is currently in

progress.

Shell elements have only five degrees of freedom per node in local co-ordinates,
displacements in the three dimensions, and rotations about the two bending axes.
Since shell elements are required to conform with the eleven global degrees of

freedom used by line elements, then at least six of them must be constrained where

they meet at common nodes.

The current formulation of shell elements is simplistic, however it has been shown to
be an adequate approximation for global analysis of composite steel-framed

structures. The material is assumed elastic although a simplistic cracking model has

been included to define failure. Considerable work was in progress by Rose®~°!

Huang32’33’34 and Allam’ during the period of this project to expand the program’s
capabilities to layered shell elements with more reasonable cracking critena, shear-

connection interaction and geometric non-linearity.

1.5 Ulster Test Programme

This research project has been conducted as part of a joint project with the University

of Ulster who have performed a series of fire tests on steel columns at elevated

temperatures, subject to axial restraint.

1.5.1 Motivation

Although a reasonable amount of test data 1s available for steel columns in fire, it
was clear that further, specific tests were required. In an international review of

column tests, Franssen et al.”® found that out of over two hundred tests, only ninety-
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three were reasonably well conducted and reported. The majority of elevated-
temperature tests have been performed on supposedly pin-ended columns with no
axial restraint. However, 1n a realistic fire scenario, columns form part of continuous
steel frames, and are restrained rotationally by beams, floor-slabs and column
continuity into adjacent storeys. The fire at Broadgate®’ showed that a potential
benefit could be gained from axial and rotational restraint once the initial heating
phase of a fire had been completed. This indicated that further, high quality research

into the effects of axial restraint was needed.

1.5.2 History

A large number of steel column fire tests have been carrited out by various
organisations throughout the world with the aim of assisting with the production of
design guides and, in more recent years, of validating computer models. These tests
have mainly involved the investigation of isolated members, and their results have

been collated into a compendium by Franssen™.

It has recently become apparent that investigation is required of the behaviour of
columns when restrained by a surrounding frame is required. More complex
computer models have been developed, which have allowed inexpensive
investigation of the effects of many different parameters. However, these models
require independent validation against test results. As part of this validation, two
series of tests on cruciform beam-column arrangements have been performed at
B.R.E. by Leston-Jones*® and Al-Jabri*® in order to quantify rotational restraint. A
series of large-scale fire tests has also been performed at B.R.E.’s Cardington

339 Prior to the test programme on restrained columns which is described

40

facility
below, a pilot study was performed by Simms™ into the etfects of axial restraint on
steel columns in fire. This identified a detrimental effect of axial restraint, and

indicated the need for a further study using more realistic slenderness values.

1.5.3 Brief Description

A dedicated test facility has been constructed in the fire research laboratory at the
University of Ulster. This test rig is capable of testing 1.8m long test specimens, and
the effects of slenderness can be investigated by varying the section size. Three
section sizes were chosen for this programme, representing slendernesses within the

range typically found for the columns of steel framed buildings.
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Heat was provided by two gas bumers situated near the bottom of the furnace and the
steel temperature was measured by thermocouples attached to the column at various )
points along its length and around the cross-section. Axial and minor-axis mid-span
displacements were measured by transducers and all the data was logged by
computer at sensible time increments. Prior to testing, the initial out-of-straightness
and end-eccentricities were measured with a vernier gauge by placing the column in

a specially constructed jig. In most cases, post-test deflected shapes were also

recorded. These tests are described 1in more detail in Chapter 4 and in the associated

thesis produced by Randall*.
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2 Initial Investigation Of Isolated Columns

A preliminary study into the behaviour of steel columns at elevated temperatures has
been conducted by investigating the effects of geometric imperfection, load ratio,
material model and thermal gradient on the failure temperatures of columns. For this
study, all columns were 203x203x52UC sections designed to EC3 design rules'”.
The steel had a yield stress of 275 N/mm* and a Young’s modulus of 210 kN/mm?.

2.1 Uniformly Heated Columns Of Varying Slendemess

This section forms the basis of the study, by considering the effects of load ratio and

geometric imperfection on uniformly heated columns.

2.1.1 Introduction

All columns were modelled with 8 elements (9 nodes). They were restrained from
horizontal movement, twisting and warping at both ends, and from vertical
movement at one end. A single load was applied axially at the other end. Pin-ended
connections are simulated at both ends and the column is free to buckle about both

major and minor axes. The slenderness ratio used to define a column in these studies
is the slenderness ratio of the minor axis. The Ramberg-Osgood model* was used to

define the stress-strain relationship of steel at elevated temperatures, and 1s shown on

Fig. 4.

2.1.2 Results

For each slenderness ratio, columns with various multiples of the EC3 imperfection
in both axes and with 60% of the EC3 design load capacity were modelled and the
temperature at which the column failed was recorded. The results are shown on
'Fig. 5. For columns with the standard EC3 imperfection, different multiples of the

critical load were applied and the failure temperature recorded. These results are

shown on Fig. 6.

It can be seen that failure temperatures for squat columns are almost independent of
the magnitude of the initial imperfection. The absolute calculated initial

imperfection is very small at this level of slendemess. Therefore, taking 0.5 or 1.5
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times the imperfection does not make very much difference to the failure of the

column.

Strength Reduction Factor

11N

09 +
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0.1 SRS i aaae SRS -
0 & i | 1 ! | | | + RS
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02

Strain
Fig. 4 Ramberg-Osgood stress-strain curves

A similar trend 1s seen as the level of load 1s varied, although the load level affects
the failure of squat columns to a noticeable degree. These columns fail by squashing
and this makes the imperfection unimportant compared to the load level. The failure
temperature for slender columns on the other hand, 1s highly dependent upon the
initial imperfection value. These columns fail by buckling and so the larger the
initial imperfection the less is the temperature-induced bending required for failure.
The same can be said about the columns in which the load level is varied. The larger

the initial load, the less temperature-induced bending 1s required for failure.

On initial inspection, it seems that there is an actual benefit in selecting more slender
columns at low imperfection levels. However, these curves are plotted at a constant
load ratio, or proportion of the EC3 design load level. This design load is dependent

on the column slenderness and so a constant load level does not imply a constant

load value.
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There is a noticeable change in the behaviour of the columns at 400°C. Normal
engineering intuition suggests that increasing the initial geometric imperfection tends
to reduce failure temperatures in a fairly consistent fashion across the range of
slenderness. However, a definite change in the behaviour is observed on the lowest
curves on Fig. 5 and Fig. 6. It is noticeable that this occurs at exactly 400°C. This 1s
unlikely to be a real effect, since no physical or chemical change takes place in the
steel at this specific temperature. The most likely cause 1s a change in the

representation of stress-strain curves at 400°C.,

2.2 Comparison Of Stress-Strain Models

There exist a number of different stress-strain models for steel at elevated
temperatures, as explained in the previous chapter. The following study is aimed at
determining the sensitivity of calculated failure temperatures to the precise nature of

the constitutive relationship used.

2.2.1 The Ramberg-Osgood Model
The Ramberg-Osgood model for steel at elevated temperatures modifies the strain at
a given stress by the use of three temperature-dependent parameters, A,, B; and n,. If

€, represents strain and o, represents stress at temperature t, then

E, = g +-L- g (13)
A, | 100| B,

The values of these parameters are plotted as coloured lines 1n Fig. 7. It can be seen

that there is a sudden change in the rate of variation of the coetficients A, and B, at

400°C.

Polynomials were constructed to impose a gradual change of the coefficients

between 350°C and 450°C, which are shown as thick lines in Fig. 7. The minimal
polynomials required to match the value and gradient of each coefficient at both
350°C and 450°C are cubic.

A= 3x10%¢-1.27025 t* +748.0725 t +38651.625

(14)
B, = - 6x108 £ - 0.003061 t* + 2.16475t— 138.1175
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The coefficients required between 650°C and 750°C are as follows.

A= —00113¢+25.0470 t*—18638 t+4673770

B,=94x10°¢+ 0.001136t°-2.2220 t+ 1024.09

(15)
This model will be referred to as the Smoothed Ramberg-Osgood (SR-O) model.
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Fig. 7 Ramberg-Osgood parameters
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Fig. 8 R-O stress-strain curves for S275 steel around 400°C
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From Fig. 8 it can be seen that the stress-strain relationships for the standard
Ramberg-Osgood model just below 400°C have very similar curves, which lie nearly
on top of each other. Just above 400°C the curves separate and become regularly
spaced. Fig. 9 however, shows that the Smoothed model has a monotonic spread of
curves and so no sudden changes in behaviour of the steel are seen. The effect of

this change can be seen by a re-analysis of imperfect, slender columns using the

SR-0O model in Section 2.2.3.
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410
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il — 450
0 1 * ] ~ + S— |
0 0.005 0.01 . 0.015 0.02 0.025 0.03
Strain

Fig. 9 SR-O stress-strain curves for S275 steel around 400°C

2.2.2 The EC3 Model

The EC3 constitutive model’ for steel at elevated temperatures modifies the stress at
a given strain using an equation, which is much more complicated than the Ramberg-
Osgood equation. The stress-strain curves are made up from three sections. These
are linear elastic for small strains, an elliptically curved part for intermediate strains

and a constant ultimate stress for strains above 2%. There 1s provision for strain-

hardening at high strains in the lower temperature range, but this 1s neglected here.

Fig. 10 shows the stress-strain relations using the EC3 model, which can be

compared with Fig. 8 and Fig. 9. It shows that the EC3 model also has a very regular
change in stress-strain relationship as the temperature changes compared to the SR-O

model. Fig. 11 shows that the two models differ visibly in the range 400°C — 600°C.
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At a given level of strain, the EC3 model gives a much lower level of stress than the

Ramberg-Osgood model.
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Fig. 10 EC3 stress-strain curves for S275 steel around 400°C
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2.2.3 Re-analysis Of Uniformly Heated Columns

A re-analysis of the effects of initial imperfection and load ratio on the failure

temperatures of uniformly heated slender columns was conducted using the SR-O



model. The results can be seen on Fig. 12 and Fig. 13, and show that there is no

sudden change in behaviour at 400°C using this model.

A third analysis was performed using the EC3 stress-strain curves. A similar pattern
to the SR-O model 1s seen in Fig. 14 and Fig. 15, but the actual temperatures at
which failure occurs in stocky columns are, in general, slightly lower than previously
seen. Slender columns however, generally fail at higher temperatures than with the

Ramberg-Osgood model, especially the cases with lower imperfections.

If the various analyses are plotted on the same graph, as in Fig. 16 and Fig. 17, it is
clear that the only differences between the smoothed and the standard Ramberg-
Osgood models occur between 350°C and 450°C. This is to be expected since the

values of the Ramberg-Osgood parameters have only been altered within this range.

2.2.4 Conclusions

It can be seen from Fig. 16 and Fig. 17 that apparently minor details of the stress-
strain model can make a noticeable difference to the behaviour of steel columns in
fire. This difference is up to 30°C in the failure temperatures of the columns studied
above, which is about 5%. The noticeable discrepancy between the Ramberg-
Osgood predictions in the temperature range around 400°C is caused by the
disproportionate effect of the uneven spacing of curves on the tangent modulus

values. Tangent modulus 1s the most important material parameter in controlling

buckling loads in the inelastic<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>