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ABSTRACT

FLEXURAL RESPONSE OF REINFORCED CONCRETE BEAMS EXPOSED TO
FIRE

BY
Monther B.M. Dwaikat

Reinforced concrete (RC) structural systems are quite frequently used in high-rise
buildings and other built infrastructure due to a number of advantages they provide over
other materials. When used in buildings, the provision of appropriate fire safety measures
to structural members is an important aspect of design since fire represents one of the
severe environmental conditions to which structures may be subjected in their life time.
There is very limited information on the fire performance of RC beams, especially under
realistic loading and fire conditions. Further, the current fire resistance (FR) provisions in
codes and standards are prescriptive and of limited scope, and thus may not be applicable
in a performance-based code environment. To overcome these knowledge gaps, the
current study focuses on developing a fundamental understanding of the flexural response
of RC beams under fire conditions.

A numerical model, in the form of a computer program, is developed for tracing the fire
response of RC beams. The model, based on macroscopic finite element approach,
undertakes the FR analysis in three steps, namely, evaluating fire temperature, thermal,
and structural analyses. The model accounts for fire induced spalling (through a hydro-
thermal sub-model derived based on the principles of mechanics and thermodynamics),
fire induced axial restraint, various strain components, and high temperature material
properties. At each time step, fire induced axial restraint force is evaluated by satisfying

compatibility, equilibrium and convergence criteria along the span of the beam.



The numerical model is validated by undertaking fire tests on six RC (two normal
strength concrete and four high strength concrete) beams under realistic loading, restraint
and fire scenarios. The validated model is utilized to conduct a series of parametric
studies to investigate the effect of various influencing parameters on the FR of RC
beams. Results from the parametric studies and FR experiments indicate that fire
scenario, load ratio, span-to-depth ratio, and support restraints have significant influence
on the FR of RC beams. Other factors such as sectional dimensions, aggregate type, axial
restraint stiffness, concrete type and spalling, and failure criteria have moderate influence
on the fire response.

Results from the parametric studies are utilized to develop a design approach for
evaluating fire resistance of RC beams. The proposed approach comprises of evaluating
FR under standard fire conditions and then establishing equivalency between standard
and design fire scenarios. The empirical relationship for FR under standard fire
conditions is expressed as a function of governing parameters. The equivalency between
standard and design fire scenarios is derived based on the equal energy (resulting from
fire exposure) concept. The proposed approach expresses FR in terms of commonly used
structural parameters and thus can easily be integrated into structural design. The validity
of the proposed design approach is established by comparing the FR predictions of RC
beams with those obtained from detailed finite element analysis, fire test data, and current
code provisions. The proposed approach provides better FR estimates than current code
provisions and thus can facilitate rational fire design under performance-based code

environment.



DEDICATION

I dedicate this dissertation to my parents. Without their caring support and
encouragement, I would have never been in the graduate school pursuing the graduate

studies.

I also dedicate this work to my brothers and sisters who are always happy for me and my

SUCCESS.

iv



ACKNOWLEDGMENT

I wish to express my most sincere gratitude to my advisor Dr. Venkatesh Kodur,
Professor of Civil Engineering, Michigan State University, for the encouragement and
guidance received throught the course of this study. It is very hard to appreciate, in few

words, his patience and perseverance which made my graduate studies very educational.

I would also like to thank Prof. Ronald Harichandran, Prof. Parviz Soroushian and Prof.
Indrek Wichman for joining my Ph.D committee, and for the valuable advice and

discussions we had throughout my stay at MSU.

For many reasons that I cannot count, I am thankful to my friends Mohammad Sharief,
Mahmoud Dwaikat, and Mohammad Halloush. Although a few words are not enough to

do so, but this is the available space I have.

I would like to thank the lab manager, Mr. Siavosh Ravanbakhsh for his support and help

during the experimental program in this research.

Obviously, I would like to extend my thanks to Laura Taylor, Mary Mroz, and Margaret

Conner for all the help they offered to go through the complications I faced.

I would like to thank Aqeel Ahmad, Goli Nossoni, Kashinath Telsang, Mahmoud Hagq,
Megan Vivian, Nnaemeka Ezekwmba, Nickolas Hatinger, Nikhil Raut, Nishan
Harichandran, Purushutham Pakala, Rustin Fike, Syed Haider, Shahid Igbal, Spencer
Cain and Wasim Khaliq for their support, particularly in the experimental part of this

study.



There are many people 1 have met during my academic and social life, and the
conversations we had affect me in one way or another, therefore, I would like to extend
my sincere thanks to them, Yaser Aladam, Ahmad Daraghmeh, Rami Halloush, Fuad
Abu-Jarad, Hassan Abdelkareem, Mahmood Khassawneh, Ahmad Masa’deh, Qasem Al-
Zoubi, Salama Fayyad, Nizar Lajnef, Kavita Kamat, Sonali Kand, Nikhil Choudry,

Kishore Balasubramanian, and Lensir Gu.

Finally, I would like to thank all the faculty members and students at the civil and
environmental engineering department at Michigan State University for their help and

support during my Ph.D. study.

vi



TABLE OF CONTENTS

LIST OF TABLES xi
LIST OF FIGURES xiii
NOTATION xxiii
CHAPTER 1 1
1. INTRODUCTION 1
L1 GENERAL .....oeviieeeieeeceteesreee s st e e e saesesanssessnaesssaesssnasssssasssaseesassasssssessssanasssesassenssnns 1
1.2 DESIGN FOR FIRE HAZARD........oocuvitienteteeteeeeceeeteeseeeeseestesseeseeseessessenseeseessessessessessennan 3
1.3 REINFORCED CONCRETE BEAMS UNDER FIRE HAZARD .......ccvoeveieeerecrenreeeeeeeneeanenas 6
1.4 RESEARCH OBJECTIVES ....vccveeiereeteeseeeessesseessessesseesseseessessessessesssessessessessessesssessessons 10
LLS SCOPE ...ttt ettt e e et e e s e e e e e e e e eeseseenssasaeaesess e sssesaaaeessasnnennes 11
CHAPTER 2 12
2. STATE-OF-THE-ART REVIEW 12
2.1 GENERAL ....vouveeuverereeeerreesessessessessesseessesseesssssessersessansasssesssnsessessessesssesessessesssesessenn 12
2.2 BEHAVIOR OF RC BEAMS UNDER FIRE.......ccooietiirienietienieeeeeeneesseesnessesessesseeseessessens 13
2.3 APPROACHES FOR EVALUATING FIRE RESISTANCE .......ccoeoeevenreneeeeeerecseeseesnesaesenes 17
2.3 181andard Fire Test.................ueeeeeeeeeeeeeeeeee e 17
2.3.2 Provisions in Codes and Standards.......................ccccceveveeeeeieeeiceieeeeeeesennn, 19
2.3.3 Detailed Calculation Methods......................cccoooeeeeeeeieeeiieeeeiieeeeeeeeeieeeeineennns 22
2.3.3.1 Fire Temperature..............coceveeeeeeeeeneeieeerteseeseeessesssessessesssssesesane 22
2.3.3.2 Structural Member Temperature............cooveereeceeercceeeeeeececeenes 22
2.3.3.3 Strength Calculations..............coooieeeceeceeeeeeeeeee e 23
2.3.3.4 Critical Factors in Fire Resistance Calculations................................ 23

2.3.4 Performance-Based Design ApDproach....................cccoeeeeeeeeeveeeneeareeinereenannns 25
2.3.4.1 Fir€ SCENAMOS ......ccceeeeereeeetereeceecteeee et eteteete e e s e saesseesaesesse s s aneensanes 26
2.3.4.2 Loading ConditioNs..............c.cveeereereeieieeeicteeee e ese s nenans 28
2.3.4.3 Failure Criteria..............cocooouieieeeeeecececteeeeetee ettt aes 29
2.3.4.4 Other FACOTS.........coeeeeeeeeeteceeeeeeteccectecte et ene s s s eas s ne s 30
2.3.4.5 SUMIMANY ......c.oooeteeieieteeeetereeeeereese e eeesteeteesesseessesaesseseessessensessesasans 31

2.3.5 Time Equivalent MetROdS ...................ccccoeviiecueecieiieiieiieeeeesee e eaeneeeeenens 32

2.4 PREVIOUS STUDIES ON RC BEAMS ... eeeeccteeeeeeceeeenneeeeeee s e nneeaeesesnes 33
2.4.1 ExperimentQl STUIES ..................ccoooueeiueeeeeieieeie e n e 33
2.4.2 ANQIYCAl STUTIES .............ceoeeeeeeeeeeeeeeeeeeeeeeeeeee et ens 37

2.5 MATERIAL PROPERTIES AT ELEVATED TEMPERATURES.........cccoruveeeerecreeeeinressreenanns 40
2.5.1 GEREFAL ... e 40
2.5.2 CoNcrete Properties..................cccooovoieiciiaiciiiiieiciieeeeeeieeeeee e 42
2.5.2.1 Thermal Properti€s............ ettt eeveeae e neens 42
2.5.2.2 Mechanical Properti€s ............oocoecueveieeeeeecereteeeeeveseeseeesasaens 44
2.5.2.3 Deformation Properties.............c.oooiieieeieiiceieeee et eeeseessesnenens 48

vii



2.5.2.4 Fire Induced Spalling .........ccccoeevireceeeiineieeeeeeee et 50
2.5.3 Reinforcing Steel PrOPerties...............c.cccoouveoenevecineeieneeeeeeenessesneenens 61
2.5.3.1 Thermal Properti€s..........ccccooeieviecrenenenieee et sesesa e eneneens 61
2.5.3.2 Mechanical Properties ...........cueueeeereeeceeeeeeieeceeeeceeniecvevesseesnesnns 62
2.5.3.3 Deformation Properties.............cocooveeieiceieeeieeceeeeeeeeeeeete e eaeeaenne 62
2.5.3.4 Other Properties...........ccooceiireeieeieciseeseteee et se st eaeans 63

2.6 SUMMARY ....uoiouieutererseetertneerssesstesasstessestessessssssessssssessassesssesssssassssssessassessssssessessnses 64
CHAPTER 3 80
3. EXPERIMENTAL PROGRAM 80
3.1 GENERAL ...utuiicncictitctrtecctsac sttt saese st et e st st s et et ae s esaesnestenessasnannan 80
3.2 TEST SPECIMENS.....cccoiiteieciutieeeeenteeeseisseesesssrsesesssseeesssssesssssesesssssessassssesssssasssssssnnases 81
3.3 INSTRUMENTATION .....oitinmtininentinerteneeeieeeesensneseesat s etessesaessesssesesstensaenesssessessssonean 83
3.4 TEST APPARATUS ..ottt sttt ettt sb s et e st et sae s basbenaenens 84
3.5 TEST CONDITIONS AND PROCEDURE .......ccccurerecrurreeesinererecseeeessssereessssnsessssseseessnnens 85
3O MATERIAL TESTS... e eiieeecetieeceiteeeceiee e s ttee e e ease e s e sssessentesesennsesessnsasessssnesessnenenn 87
3.7 TEST RESULTS ..ttt ss ettt s et sbanens s 88
3.7.1 TRermal ReSPONSE..................cocccouemiiniiiiieieeeeeee sttt snenean 88
3.7.2 StruCtural ReSpOnSe..................ccocooeeceeeieeeeeiieeeeeeeeeeeee e anean 92
3.7.2.1 DELIECHON ....covueeeieeenireieieeee et ee et eteeae s eeseesaseeesseessasnensesssansenaes 92
3.7.2.2 Axial Restraint FOTCE.........cccovrivvririineriiinirteercrc et se s 94
3.7.3 Spalling Pattern and Failure Mode......................ccccccovevceioineiieiiseeeienenn, 97

3. 7.4 Fire ReSISIANCE ............ccoveeveviereiinieeieeresteeteestaessaessaessessssassesseesssessseseseenes 100
3.8 SUMMARY ..ttt ettt e s esee et s e s et ese s et s essaeeneeeesaesaee st saeeeesnesnenes 101
CHAPTER 4 117
4. NUMERICAL MODEL 117
4.1 GENERAL APPROACH .....ccutruirutemtrnitetestenesncsesasisestssestsste s ssesaeesessestenssssanesnssnsensans 118
4.2 FIRE TEMPERATURES .....coutrmiuinnitiennintincetcsneseesesstessssesssessssesesseseseesessessessassessensen 120
4.3 HYDRO-THERMAL ANALYSIS AND SPALLING PREDICTION........ccceureerirrervenrenuennenne. 121
4.3.1 Thermal ANQLYSIS ............cccoooouemeiieiieiseeeeeteeeee ettt 121
4.3.2 Pore Pressure CalCUlQlions......................cccooecueeveeeeeeeeeeeieeieeiveeseenenneseenns 123
4.3.3 Finite Element SOIULION ..................ccccoevireieeeiiieiseseteeeee e 130
4.3.4 Spalling PrediCtion...................cccccuieeriieiiiiieisceeee ettt 132
4.3.5 Constitutive RelationShips ..............ccccocoviiieniiciiiinieienietee e 133
4.3.60 LIMIIQLIONS ...ttt a ettt e saesene st e esbaeteesaeenvaenns 139
4.4 STRENGTH ANALYSIS ....uueieecieiecteesieeeieeeesetesisteeessessssesesseessssessssesssssssessssssssssessssans 140
4.4.1 General Analysis ProCedure.....................ccccceveeresieevieeeesencreeseseessessessnsessenes 140
4.4.2 Calculation of Fire Induced Axial Force................c.cccoovunveninvencnninncenennnn. 145
4.4.3 Generation of M-x RelQlionShips .................cccooeeiveeeeeeeeieeseseeeeereeeeeeeenean, 148
4.4.4 Be@M ANGLYSIS..........coooeereeeieiieeeeieeeee ettt 149
4.5 COMPUTER IMPLEMENTATION .....ocouitiiiiriccninrinierestenesessesstssessessenseseestsssenessessssnes 152
4.5.1 Computer Program...................ccccovevveeeeueriueriresiieinesseasseessiesaesasessssssessssennns 152
4.5.2 Beam Idealization.......................cccooeueeeeieceeeeeeeeeeeeeeee e 152
4.5.2 MaLerial PrOPerties ..............ccccoueveeeveeiiiiieeseeiesieeeeeniasseensessestsessesaesssesssensenns 152
4.5.3Input DaALA..............cccoocuviiiiiiiieieiet ettt 153



4.6 SUMMARY .....ooiiiiiiieniinnieiteeecesteesteeste st et sseee st s saesse et este st esne st essasasessessssssessesssessnens 154
CHAPTER S 164
5. MODEL VALIDATION 164

S.TGENERAL ..ccooiiciiveteeeiiitteeeesesestesaeeeseessssstessessssstesssssssssesesesssssssssesenssssssesssnsnssseens 164

5.2 SENSITIVITY ANALYSIS ..cutiitiiiriteiiteeienteeniesstesseeeessstesstesstessteseesnsasssnasneeensanne 166

5.2.1 Effect of Material and Meshing Parameters .................cc.cccoevveecueevcueeann... 166
5.2.2 Proposed Material and Mesh Parameters.....................ccccccoevmevvarcereeeennnne. 171
5.3 VALIDATION OF SPALLING SUB-MODEL........ccccersutrruerternuersrensreessensseeseesasessnnesesne 172
5.3.1 Temperature and Pore Pressure...................ccccoeeveeeeeiceeseeeeeeeeeceesseesseenans 173
5.3. 2 Extent Of SPAlling.............c..cccooovviioiiiieieiieeie e 175
5.4 VALIDATION OF NUMERICAL MODEL .......coiiiiiiiiiiiiienieeieeeeeseesseeeseeeeeeeseeeeeeeenne 178
541 RCBeAM Bttt 179
S5.4.2 Lin's TeSt BEAMS...............cccoveeeeieeiieiiieiie et eeesae e saeaae e 182
5.4.3 MSU TeSt BEAMS..............cocoeeeeiieeiiieeieeeee e ee s seve e e e naeesaae e evaeens 184
5.4.3.1 Analysis Procedure...............ccoorieiecireeeicereceeeeie et seeeeaenenens 184
5.4.3.2 Material Properties .............cccoeeieeieieceeieeeeeceeteeeereeee e cve e eaens 185
5.4.3.3 Results and DiSCUSSION ...........ccocviviriveiineineneneeee e 186

5.5 SUMMARY ....utirortiirtieetisteeteseessseeestesstesssessseessesssesssesssessssesssesssesssesssesssesssssssasssansns 190
CHAPTER 6 222
6. PARAMETRIC STUDIES 222

6.1 GENERAL ....ccueeereieeeieisieerieseeeesessseesstessseessessssessesssasssasssasssessssesssessensssaessassasassenss 222

6.2 FACTORS INFLUENCING FIRE RESISTANCE ......c..ceiiiiitirierieeciereeetceeesee s e sneas 223

6.3 NUMERICAL STUDIES......ceesttirtereerrseanterteesseeasessnesasesseessessseseseesntesssesssessseseseeessens 224

0.3.1 Beam CRAFACIEFISHICS. ..............c.c.cccveceeiiieiieeieeieeee et eae s eneen 224
6.3.2ANAlYSIS VAFIQDIES ............cceooeeeeieieeieee et 224
6.4 RESULTS OF PARAMETRIC STUDIES ......ucuuutimirieeeerieeieericnsssesssereeeeeeseeeseseesessssesssnssns 226
6.4.1 Effect of Sectional DimensSions ....................ccccocoeeeveeeeeeieeeceeeeeeeeeeeeieeeeennns 226
6.4.2 Effect of Load Level......................cccocoeeeivieeieiiiieeeeieee e, 228
6.4.3 Effect of AGEregate TYPe ...............cccovevueiveeciieiieieiieeeeeee et eene 229
6.4.4 Effect of Span-to-depth Ratio...................cccoccooueveiiiiieiiaiiieeiiese e 231
6.4.5 Effect of Degree of Axial Restraint Stiffness............c.ccccoevverviiiencieienearennns 232
6.4.6 Effect of Location of Axial ReStraint ..................ccocooeeieeeinieeneeeseeeenens 233
6.4.7 Effect of Rotational ReStraint ...................c..cccoovveeveieeeeeeeeeieiieeesieeeiesereennes 236
0.4.8 Effect of Fire SCenario..................ccccocvueeecueeeiueeiieeeieeeee e 237
6.4.9 Effect of Concrete Strength and Spalling ...................cccccooovvvivveeeeiinireeeennnn. 240
6.4.10 Effect of Failure Criteria................c..cooovevueaieecieaiieieieeeie e 243

6.4 SUMMARY ...couniiieiiiitenitenieetessee s steesat e st e s st s sne e st s sse e sesest e st asnresasessetaeneesssassnesanes 244
CHAPTER 7 259
7. DESIGN APPROACH 259

7.1 GENERAL ....cocteereerereeteenereseeseeesseeesessseassesssesssesssasssasssesssessssesssesssesssessssssssessassnes 259

7.2 METHODOLOGY FOR EVALUATING FIRE RESISTANCE.......ccccttiiiiiireeeeeinnereeeeenennnnes 260

7.2.1 Factors Governing Fire ReSiSIQNCe................cc.ccoeeveiceiiimniiiieiieieneeneeen, 260

1X



7.2.2 General APPIrOGCH ..................ccoueeueeeeeieeeeeeeeteeeeeeete et ae e 260

7.3 EQUATION FOR FIRE RESISTANCE UNDER STANDARD FIRE........cccoocuvmrreeeeeeeecnnnnnes 261
7.4 ESTABLISHING FIRE RESISTANCE UNDER DESIGN FIRES .......ccccciiviiniiniiniccninnne 269
7.4.1 Time EQUIVALENL ...................ccoeiuieiiiiiiaiieieeeeeeeeee sttt 269
7.4.2 Development of Time Equivalent Methodology......................ccccocoevvnvnnennee. 270
T.4.2.1 APPrOACH.......oceieeeeecececeeectee ettt s ae st re e snesane 270
7.4.2.2 SIMPIfICAtION ........oooeeeiereeceeeeeeeeeee et 273
7.4.2.3 Calibration............ccoceveireninirineccsectceeee et 277

7.5 VALIDATION OF PROPOSED APPROACH..........cuvvviereeeeeeeereersesessesnssssssssesesssssssnnsnsnnnns 278
7.5.1 StANAAPA Fire..............cccoooouieeeeeieiieceeeieieee ettt saes 279
7.5.2 DESIGN FU ...ttt ettt aaes 280
7.5.3 Comparison with Current Codes..................ccccocuevemeuerceieeeieeiieiiesieeie e 282

7.6 DESIGN APPLICABILITY ..coovvvvveeruuneurernnnrinssnsnnesssssssessssssssssssssssesssnsessessssessssesessssans 283
7.6.1 DeSign ProCedure..................cccooueeiieeeieeeiieieeieeeeeieetesieevee e sve e sevesaeas 283
7.6.2 Design Example...................ccoooumouieiieiieieieeee ettt 285
7.6.3 LIMEIQEIONS ...ttt e e et e e et a e e s ateaeeeeaans 286

T.T SUMMARY c.oeeeeiiiiiiiieiiiieeeeeeeeeeeeeeeeeteseeeeseesssssssssssssssssssssssnsssssnssssssnsnssnssnsnsnnsnnnnnnnnnnnn 287
CHAPTER 8 307
8. CONCLUSIONS AND RECOMMENDATIONS 307
8.1 GENERAL .....coveveeterenieetestessessessessestessesses st essessesssessensassesaeessesseessessessesasentesasssens 307
8.2 KEY FINDINGS ....ooeoitieiiiiiieiienieseesteenteesaessseesseasseseasssesseesssesssassesssasnsassseseessesssnnns 308
8.3 RECOMMENDATIONS FOR FUTURE RESEARCH .......ccevieiiiieriirineeeeeeeesesessennneeseseassans 310
8.4 RESEARCH IMPACT ......oiiiiiiiiitiitiitriteitrete et as e ss s sanesane 312
APPENDICES 314
A.1 MATERIAL PROPERTIES........comvtiinieiieeiireiinienctesiseseseeenssesssessssessssessssessasessssssssesenns 314
330 020 (€)M 0) 3 21 2NN, 324
B.1.1 Normal Strength Concrete Beam .....................ccceeeeeeeeecveeiieniieeiieesireenineens 324
B.1.2 High Strength Concrete Beam.....................ccccououeieeniriieiiiieiit e 328

B.2 LOAD CALCULATIONS .....uetiiiiiiniinieniesiestesstsssecesssssesssesssesssesssesssesssssssssssssessanss 331
B.2.1 Normal Strength Concrete Beam .....................cccocoevuimviiciincniiinincieeneens 332
B.2.2 High Strength Concrete Beam....................cccccoooeeueneniriieeniinieient e 333

B.3 STRESS STRAIN CURVES FOR REINFORCING STEEL ......c0cceveeemreeeeeneeereriecsnnrenesssnnes 335
B.4 THERMAL RESPONSE.....cccceivitiiiniinineteneerente sttt ean st e sessssesssesnnes 335
B.5 STRAIN MEASUREMENTS......ccttttttttiiiieieeinnnrnnereeeeeresesesnssssesseesesssssssssssssssssesessesssnns 349
C.1 FINITE ELEMENT FORMULATION ......cccctiitinieniteniieeeeneseeeeeseeeseessesestneessseenessnnes 351
D.1 PROBLEM STATEMENT .....oiiiiiiieienieeieneesresnteseeseeessesseesneesseessesssessnsessessssessessanes 353
D.2 SOLUTION ...cceieiiiieiieeeieieieeeeeeeeteeasesesnsssnnnnnnnanessnnesnssnsnnsasssassasasasssssassasseasesnessaseesannas 353
REFERENCES 358




LIST OF TABLES

Table 2.1 - ACI Minimum Width and Cover Thickness Requirements for Achieving Fire

Resistance in RC Beams (ACI 216.1 2007)....cccuccevererreererieenrennererssereesseseessesseenes 66
Table 2.2 - Eurocode Specifications for Fire Resistance Rating of Continuous RC Beams

(EUrocode 2 2004) .......coeeeeeererenrenirentenesessesesesaessesessessessesassessesssssssssessesesssassstens 66
Table 3.1 - Summary of Test Parameters and Results for RC Beams...........ccccvevennenn. 103
Table 3.2 — Concrete Mix Design Proportions used in Fabrication of RC Beams.......... 104
Table 3.3 — Measure Concrete Strength in Test Beams..........ccceveiieeveirereceeceecenesennenne. 104
Table 5.1 — Reference, Upper and Lower Values for the Studied Parameters................. 191

Table 5.2 — Summary of the Material and Meshing Parameters used in the Analysis....191

Table 5.3 — Properties and Results for RC Beams B0, BL1 and BL2...............ccceuuc... 192
Table 5.4 — Results of MSU Fire Tests on Six RC Beams.........ccccccevteeeurceenercrnencreennes 192
Table 6.1 — Properties for Concrete Cross-sections used in the Analysis ............cc.c.u..... 245
Table 6.2 — Summary of the Fire Resistance Values for the Analyzed Beams................ 246
Table 6.2 (Continued) — Summary of the Fire Resistance Values for the Analyzed Beams
............................................................................................................................. 247
Table 6.3 - Compartment Characteristics used to Generate Design Fire Scenarios........ 247
Table 7.1 — Properties of Beams used in Equation Validation and Comparison with
CUITENE COAES .....cvenercerenetreetereetere ettt ettt se e se s st as et s ees 289
Table 7.2 — Summary of the Time Equivelant Values for the Analyzed Beams............. 290
Table 7.2 (Continued) — Summary of the Time Equivelant Values for the Analyzed
BEAIMNS ...ttt st s s s ean 291
Table 7.2 (Continued) — Summary of the Time Equivelant Values for the Analyzed
BEAIMS ...ttt st sttt e r s et stasaesne s as 292
Table 7.3 — Prediction of Fire Resistance Values for Analyzed Beam using Proposed
Method and Different Codes .........cccorveeeeeerveneninnineneetneneseseeeeeesesteseeeesssssneans 292

Table A.1 — Constitutive Relationships for High Temperature Properties of Concrete..314

xi



Table A.1 (Continued) — Constitutive Relationships for High Temperature Properties of
CONCTRLE ......eeeueeeeeeicrieet et s e et et et e et e e e e e e et e e b e et e e see e meseaessesseesaeeansensasanns 315

Table A.1 (Continued) — Constitutive Relationships for High Temperature Properties of

Table A.1 (Continued) — Constitutive Relationships for High Temperature Properties of
L0701 T L TP TTN 317

Table A.2. Values for the Main Parameters of the Stress-strain Relationships of NSC and
HSC at Elevated Temperatures (Eurocode 2).......cccoeeceeeeverveerreenseecrreveeneeseeennns 320

Table A.3 — Constitutive Relationships for High Temperature Properties of Reinforcing
SEEEL ..ttt ettt s 321

Table A.3 (Continued) — Constitutive Relationships for High Temperature Properties of
ReINfOrCING StEEL ......couerueiieieiiecierertecertete e eee st s ste s s sae s s sessse st e s e ssassnans 322

Table A.4. Values for the Main Parameters of the Stress-strain Relationships of
Reinforcing Steel at Elevated Temperatures (Eurocode 2) .........cccceevevueeeevennae 323

xii



LIST OF FIGURES

Figure 2.1 — Degradation of Strength of RC Beam Exposed to Fire........cc.cccceevvrenuennnen. 67
Figure 2.2 — Illustration of Degradation of Load Carrying Capacity for an RC Beam
EXPOSEA t0 FiT€....cueeuiireriieiiiientenieesteieente sttt eesaeses st e stesaeste e st seseeste e s e e e esnanns 68
Figure 2.3 — Illustration of the Effect of Axial Restraint on the Fire Response of an RC
BEAM ...ttt sttt st s s sa s nae s 69
Figure 2.4 — Illustration of the Effect of Rotational Restraint on the Fire Response of an
RC BEAIM.....coiiiiiiiictctrtn ettt ettt ettt s a e s s sa st et ea s 70
Figure 2.5 - Time-Temperature Curve for ASTM E119 Standard Fire and Two Désign
FIr€ EXPOSUIES .....cocveruieiriiieeieietenieeitsnetestste st esaessesaessesseestessessesnassessesasssnesanns 71
Figure 2.6 - Fire Resistance (in minutes) of Simply Supported RC Beam as per AS 3600
(20071) .ottt ettt sttt a et s s e e e s e s et sa e e e ne e e sneannaensen 71
Figure 2.7 — Flowchart for Calculating the Fire Resistance of a Structural System
(Reporduced from Kodur 2007) ........coeeerrieeereemrerenereeeeestseeeesteseseeseseseceenes 72
Figure 2.8 — Various Stages of Fire in a Typical Compartment............ccccceeerueuerererenvenene 72

Figure 2.9 — Comparison of Time Equivalency Computed based on FE Analysis with that
from Empirical Methods (Kodur et al. 2009b) ..........ccceerveeininnreeneneeeeneeeneeeenne 73

Figure 2.10 - Time-Temperature Curve for Design Fire (Reproduced from Lin and
EINGWOOd 1987) ..ottt ettt etsae st et sae s st s s sesae s sasasas 73

Figure 2.11 - Time-Temperature Curve used in Fire Resistance Tests by Shi et al. (2004)
Figure 2.12 - Variations of Measured and Predicted of Thermal Conductivity for NSC as
a Function of TEMPETAUTE..........c.ccceveeuereririerierenrenirreeseenesesesaesse e saesesaesessasaennes 74

Figure 2.14 - Variation of Compressive Strength as a Function of Temperature for NSC

Figure 2.16 - Variation of Residual Compressive Strength as a Function of Temperature
(Reproduced from Kumar 2003) .........coceeenenirveneneninireeieeeeseeeenteessessssesssesenes 76

Figure 2.17 - Variations of Measured and Predicted of Thermal Expansion for Concrete
as a Function of Temperature ..............cccoeeveveeeencneccteeeeeceeeecee e enea 77

Xiii



Figure 2.18 — Illustration of Spalling Prediction in the Model...........cccccecrnirininencncnnnns 77
Figure 2.19 — Illustration of Thermal Dilation Mechanism for Fire Induced Spalling .....78

Figure 2.20 — Variations of Measured and Predicted Ultimate and Yield Strength of
Reinforcing Steel as a Function of Temperature............cccoovcceevcrceenncnncncnercnncnene 78

Figure 2.21 — Measured Residual Yield Strength of Reinforcing Steel (Reproduced from
NEVES €1 Al. 1996) .......eeeeeeeeceeecteeeescres e ree e s eessaesssaesnesssnessassnesnessnsessanssns 79

Figure 2.22 — Variation of Thermal Strain as a Function of Temperature (ASCE Manual

Figure 3.1(a) — Elevation and Location of Displacement Transducer in Tested Beams .105

Figure 3.1(b) — Cross-section and Location of Thermocouples and Strain Gages in Beams

B1 through Bd..........oiieeer ettt ee et e s sese st s aes e eaean 106
Figure 3.1(c) — Cross-section and Location of Thermocouples and Strain Gages in Beams
BS @nd B ...ttt et n s 107
Figure 3.2 — Layout of Steel Reinforcement before Concrete Placement....................... 108
Figure 3.3 — View of HSC Beams after Fabrication.........c.ccceeceeveerercceniencinnnsnniececeene 108
Figure 3.4 — View of a Thermocouple and a Strain Gage attachment to Beams............. 109
Figure 3.5 — Structural Fire Test Facility at MSU’s Civil Infrastrcuture Laboratory......110
Figure 3.6 — Test Setup Showing RC Beams in the Furnace.........cc.cocecerceeecrcnincnennne. 111
Figure 3.7 — Time Temerpature Curves for Fire Scenarios used in the Fire Tests.......... 112
Figure 3.8 — Measured Rebar and Concrete Temperatures as a Function of Time for NSC
Beam B1 and HSC Beam B3.......coiiiiieiieeeecr e ene s 112
Figure 3.9 — Measured Rebar and Concrete Temperatures as a Function of Time for NSC
Beam B2 and HSC Beam B4.........c..coiiiiiiiiiiiiiiiinicietceececteestessenenne 113
Figure 3.10 — Measured Rebar and Concrete Temperatures as a Function of Time for
HSC Beams BS5 and Bo.........ccccoevuiruiiiniiiiciircrcntncncseeeeeeeee et et sessessnene 113
Figure 3.11 — Measured Mid-span Deflection as a Function of Time for RC Beams.....114

Figure 3.12 — Measured Axial Force as a Function of Time for Axially Restrained RC
Beams B2 and B ........cccovviieiinieeieecrereereste et snene 114

Figure 3.13 — Measured Strain as a Function of Time in the Tensile Reinforcement in the
Central Section of the Test Beams...........cocoueuevcverercnnienneceeecneneecsesneneeenes 115

Xiv



Figure 3.14 — Photographs of Beams after Fire Resistance Tests ...........cccceeevueereruennenne 116

Figure 4.1 - Layout of a Typical RC Beam and its Idealization for Analysis................. 155
Figure 4.2(a) - Flowchart Showing the Steps Associated with the Analysis of an RC
Beam EXpoSed t0 Fire........ccccerieeieniieniieiieiertecerceesteeeeseeestesssessessssesssssessassnsens 156
Figure 4.2(a) (Continued) - Flowchart Showing the Steps Associated with the Analysis of
an RC Beam EXposed t0 Fire........cccocureirvcriiininniiniieececseneeesesieesseseasnes 157
Figure 4.2(b) - Flowchart Showing the Steps Associated with the Axial Restraint Force
CalCUIAtIONS ...coeieiieeieie ettt stee e st st et et et e sae et e st e e s s e saae s esntssnaesanasenen 158
Figure 4.3 - Cross-section of an RC Beam and its Discretization for Analysis .............. 159
Figure 4.4 - Illustration of Spalling Prediction in a Concrete Segment.............ccccceueruene 159
Figure 4.5 — Measured and Suggested Values of Permeability Factor, Cr ........cccccocueene 160
Figure 4.6 — Variation of Concrete Permeabiliy across the Depth of a Typical RC Beam
............................................................................................................................. 160
Figure 4.7 - Variation of Strain, Stress and Internal Forces in a Typical Beam Cross-
section EXpoSed t0 Fire.......ccccovirirvinirieniicnicceentetetecte et teesneaens 161

Figure 4.8- Schematic Diagram Showing the Thermal Gradients and the Position of Axial
Force (Resulting from Restraining Thermal Expansion) as a Function of Fire

EXPOSUTE TIME....cueiieiiiiiititrieerccctnt ettt scsns e en st saas 161
Figure 4.9 - Illustration of Axial Restraint Force Calculations ...........cccccceveeervenereencnne. 162
Figure 4.10 - Illustration of Curvature Controlled Iterative Procedure used for Beam

ADALYSIS «eoveeeeeeeirtrreeneereeee et rteseesee e e st sseesteesessesaeseessesae st st et e sassessansessaensanes 163
Figure 5.1 — Cross-section and Elevation of RC Beam used in Sensitivity Study......... 193
Figure 5.2 — Effect of Variation in Thermal Conductivity on Fire Response of RC Bea11119s3
Figure 5.3 — Effect of Variation Heat Capacity on Fire Response of RC Beams............ 194
Figure 5.4 — Effect of Variation of Thermal Strain on Fire Response of RC Beams......194
Figure 5.5 — Effect of Variation in Creep and Transient Strain Components on Fire

Response 0f RC BEAINS ........coecveerueneinerrcnenreenenneenesestseesseeeeesesaesenesesessesnene 195

Figure 5.6 — Effect of Variation in Concrete Strength on Fire Response of RC Beams .195

Figure 5.7 — Effect of Variation in Steel Strength on Fire Response of RC Beams........ 196

XV



Figure 5.8 — Effect of Segmental Discretization on the Fire Response of RC Beams ....196

Figure 5.9 — Effect of Cross-sectional Discretization on the Fire Response of RC Beams

Figure 5.10 — Effect of Time Increment on the Fire Response of RC Beams................. 197

Figure 5.11 — Lower and Upper Limit and Experimental Results for Thermal
Conductivity of Carbonate Aggregate Concrete at Elevated Temperatures........ 198

Figure 5.12 — Lower and Upper Limit and Experimental Results for Thermal
Conductivity of Siliceous Aggregate Concrete at Elevated Temperatures ......... 198

Figure 5.13 — Lower and Upper Limit and Experimental Results for Heat Capacity of
Carbonate Aggregate Concrete at Elevated Temperatures...........ccccoceeveeruennennee. 199

Figure 5.14 — Lower and Upper Limit and Experimental Results for Heat Capacity of
Siliceous Aggregate Concrete at Elevated Temperatures...........ccceceeeceerreercnennnee. 199

Figure 5.15 — Lower and Upper Limit and Experimental Results for Thermal Strain of
Carbonate Aggregate Concrete at Elevated Temperatures............ccccceueereevennne 200

Figure 5.16 — Lower and Upper Limit and Experimental Results for Thermal Strain of
Siliceous Aggregate Concrete at Elevated Temperatures............cccceeeceereerenennen. 200

Figure 5.17 — Lower and Upper Limit and Experimental Results for Concrete
Compressive Strength of NSC at Elevated Temperatures..........ccccccecevereeveennennen. 201

Figure 5.18 — Lower and Upper Limit and Experimental Results for Concrete
Compressive Strength of HSC at Elevated Temperatures (Kodur et al. 2007)...201

Figure 5.19 — Lower and Upper Limit of Steel Yield Strength at Elevated Temperatures
(Reproduced from Harmathy 1993)........cccccueeirvinvieiieineecereeeceeseeesee e e 202

Figure 5.20 — Discretization of the Analyzed Beams............cccceecervernueriieecerceneecsenseenens 203

Figure 5.21 —Measured and Predicted Temperatures for Slab Tested by Kalifa et al.

Figure 5.22 — Measured and Predicted Pore Pressure at Depth of 20 mm from Exposed
SUITACE ...ttt ettt sttt a e e et st st ssesaan 204

Figure 5.23 — Measured and Predicted Pore Pressure at Depth of 30 mm from Exposed
SUITACE ...ttt et et s s e st et e et esae s e e e e ssasonanans 205

Figure 5.24 — Measured and Predicted Pore Pressure at Depth of 40 mm from Exposed
SUITACE ...ttt ettt st et et e et e s s ne e s aeesnenses 205

xvi



Figure 5.25 — Measured and Predicted (Leftover) Block Thickness as a Function of Time

............................................................................................................................. 206
Figure 5.26 — Measred and Predicted Extent of Spalling as a Function of Time for Beam
B S ettt sttt s 206
Figure 5.27 — Measred and Predicted Extent of Spalling as a Function of Time for Beam
B0ttt ettt s e st et s st s e e sa e e s s ns 207
Figure 5.28 - Temperature as a Function of Time at different Locations of Cross-section
N BEAM B0 ...ttt ne e e s sn e 207
Figure 5.29 - Moment Curvature Curves at Mid-span of Beam B0 at Various Time Steps
............................................................................................................................. 208
Figure 5.30 — Variation of Moment Capacity and Deflection for Beam B0 as a Function
Of Fire EXPOSUIE TIME .....c..coeeiiieiiteeeeieeietesietestestee e ses e stesesssesse e esassesaassenes 208
Figure 5.31 - Predicted and Measured Rebar Temperatures for Beam BL1 ................... 209
Figure 5.32 - Predicted and Measured Rebar Temperatures for Beam BL2 ................... 209
Figure 5.33 — Predicted and Measured Deflections for Beam BL1...........cccceciveinennen. 210
Figure 5.34 — Predicted and Measured Deflections for Beam BL2................cccocueenn.n.e. 210

Figure 5.35 — Variation of residual strength of reinforcing steel as a function of

Figure 5.36 — Measured and Predicted Average Rebar Temperature as a Function of Time
FOr Beam Bl......ooiouiiiiceceecteceetncse sttt see st e s ssesassesaesessesassesaennen 211

Figure 5.37 — Measured and Predicted Rebar Temperature as a Function of Time for
Beam B2 ...ttt ettt et s 212

Figure 5.38 — Measured and Predicted Rebar Temperature as a Function of Time for
Beam B3 ...t 212

Figure 5.39 — Measured and Predicted Rebar Temperature as a Function of Time for
Beam B4 ...ttt ettt st e 213

Figure 5.40 — Measured and Predicted Rebar Temperéture as a Function of Time for
Beam BS ...ttt ettt et ettt e sn e e ee s 213

Figure 5.41 — Measured and Predicted Rebar Temperature as a Function of Time for
BEAIMN BO ...ttt ettt sae s 214

Figure 5.42 — Measured and Predicted Compression Rebar and Concrete Temperature as
a Function of Time for Beam Bl ........c.cccooiiiiniiiiniinirieneneccnenc e cveseesaeene 214



Figure 5.43 — Measured and Predicted Compression Rebar and Concrete Temperature as
a Function of Time for Beam B2..........ccoiiiiiiieceece e 215

Figure 5.44 — Measured and Predicted Compression Rebar and Concrete Temperature as
a Function of Time for Beam B3 ..........coccoiiiiiirieeerececceeeeeeeeeee 215

Figure 5.45 — Measured and Predicted Compression Rebar and Concrete Temperature as
a Function of Time for Beam B4............cccooiiivininrieicereecereeeeeeeeeeeeeeee 216

Figure 5.46 — Measured and Predicted Compression Rebar and Concrete Temperature as
a Function of Time for Beam BS..........cccoiriiiiiiinceecctneeceeescees e 216

Figure 5.47 — Measured and Predicted Compression Rebar and Concrete Temperature as
a Function of Time for Beam B6...........ccoceeirirninnnvnirenticeececncreeeeceeenenes 217

Figure 5.48 — Measured and Predicted Mid-span Defeclection as a Function of Time for

NSC Beam Bll......coiiiiceeereet ettt et et esest e sesaesaeas 217
Figure 5.49 — Measured and Predicted Mid-span Defeclection as a Function of Time for
NSC Beam B2.......coiiieicecteieeteeeccte et seees e s see e st esessesneenens 218
Figure 5.50 — Measured and Predicted Mid-Span Defeclection as a Function of Time for
HSC Beam B3.........couiiiiiriieectneticeescteeecetenesesesstsseessenesssssssssseseens 218
Figure 5.51 — Measured and Predicted Mid-span Defeclection as a Function of Time for
HSC Beam BA...........oe ettt te st se s e sseseene 219
Figure 5.52 — Measured and Predicted Mid-span Defeclection as a Function of Time for
HSC Beam BS......c..oiieiececetreeee st ssessessssesseste e ssessssessessessanssnenes 219
Figure 5.53 — Measured and Predicted Mid-span Defeclection as a Function of Time for
HSC Beam BO.........ouoiieeectecetectetet ettt st sme s 220
Figure 5.54 — Measured and Predicted Axial Restraint Force as a Function of Time for
NSC Beam B2.........coiiiiiiiiiiccicnccteentetsessesesseessessee e st stesssse st esnesseness 220
Figure 5.55 — Measured and Predicted Axial Restraint Force as a Function of Time for
HSC Beam B6.........c.oouiiiiiiiirietcceecctcetetste s see st sassaenees 221
Figure 6.1 — Time-temperature Curves for Fire Scenarios used in the Analysis............. 248
Figure 6.2 — Structural and Cross-sectional Discretization of the Analyzed Beams.......249

Figure 6.3 — Effect of Section Characteristics on the Deflection of Simply Supported RC
Beams EXpoSed t0 FiT€ .....ccccovvevveenieienrierenrieientecer e et sneesaessesssesvassnas 250

Figure 6.4 — Effect of Section Characteristics on the Deflection of Axially Restrained RC
Beams EXPOSed t0 Fire........ccccvvverierirseeniereeseestee e seeseeseeseeeeesasessesseessnesassnnes 250

xviii



Figure 6.5 — Effect of Load Ratio on the Deflection of Simply Supported RC Beams
EXPOSEA t0 Fir......ccueiuiiiirciiiiicictntnccccctcete sttt ees 251

Figure 6.6 — Effect of Load Ratio on the Deflection of Axially Restrained RC Beams
EXPOSEd t0 Fir€.....coiioieeiiieieiiiteeee s tecteete et vee et st eee s saesae st ssaae s essassanes 251

Figure 6.7 — Effect of Aggregate Type on the Deflection of Simply Supported RC Beams
EXPOSEA t0 Fir...c..couiiuiieiiirieinicctetnt ettt ettt st se e se e eneen 252

Figure 6.9 — Effect of Span-to-depth Ratio on the Deflection of Axially Restrained RC
Beams EXPOSEd t0 FITe.....ccccvivviirreireeiieiiercneereecersnesnessnesseessasesnesssssssesssessassnns 253

Figure 6.10 — Effect of Axial Restraint Stiffness on the Deflection of RC Beams Exposed
to Fire (Span-to-depth Ratio = 8)....c.cc.coveveenerireniireirieceererceeeeteeecenesenenne 253

Figure 6.11 — Effect of Axial Restraint Stiffness on the Deflection of RC Beams Exposed
to Fire (Span-to-depth Ratio = 18)........cocercireerieiiniinineecntreseeceee e 254

Figure 6.12 — Effect of Location of Axial Restrained on the Deflection of RC Beams
Exposed to Fire (Span-to-depth Ratio = 8).......ccccccevurviivirennincnccinnenicccnncnenenen. 254

Figure 6.13 — Effect of Location of Axial Restrained on the Deflection of RC Beams
Exposed to Fire (Span-to-depth Ratio = 18).......ccocueeciriirrirvnnercenieceeereeeenenne 255

Figure 6.14 — Effect of Rotational Restraint on the Deflection of Simply Supported RC
Beams EXPOSEd t0 Fire ........ccucouiiiieeeieieeeceeteeerreeevesee e st esnesee s e ssaesees e sssassees 255

Figure 6.15 — Effect of Rotational Restraint on the Deflection of Axially Restrained RC
Beams EXPOSEd t0 Fire ........cccoeviivienenirnieeirenreeieeeeectetsenesteeessesseeessnessasssssnses 256

Figure 6.16 — Effect of Fire Scenario on the Deflection of Simply Supported RC Beams
EXPOSEd t0 FiTC....uciieiiiirieieeiiienieeceestesee e eseeseesueseestessessaessessessessessesssansanns 256

Figure 6.17 — Effect of Fire Scenario on the Deflection of Axially Restrained RC Beams
EXPOSEA 10 FiT€.....cuieiiiciicircenctnctcteeteecte ettt seenes 257

Figure 6.18 — Effect of Concrete Strength on the Deflection of Simply Supported RC
Beams EXPOSEd t0 Fire .......ccceeieviiveiiiisierieeerecceeereeseeneeseeseestessessessnessessessessces 257

Figure 6.19 — Effect of Concrete Strength on the Deflection of Axially Restrained RC
Beams EXPOSEd t0 Fire .......ccceeueeiereeeeeiieceeeereeeeeeeeseesesee e srestesasssessnesnsesessnees 258

Figure 6.20 — Effect of Concrete Strength on the Deflection of Rotationally Restrained
RC Beams EXposed t0 Fire........ocecceeeecimnieninniecncnenneeteeeecteeesceneseesesneneenes 258

Figure 7.1 — Initial Estimates of Fire Resistance (in Minutes) based on Beam Width and
Concrete Cover ThIiCKNESS (Rp) «...ceveererreriereeneeriererseeressessessessesseseesessessessesssseseeses 293

Xix



Figure 7.2 — Initial Estimates of Fire Resistance (minutes) based on Beam Width and

Concrete Cover Thickness (Ro) (Reproduced from AS 3600 (2001))........cc...... 293
Figure 7.3 — Simulated versus Predicted Values of Structural Factor (@ss) .......ccooeeuenee. 294
Figure 7.4 — Simulated versus Predicted Values of Structural Factor (LN(@4g)).......... 294
Figure 7.5 — Simulated versus Predicted Values of Structural Factor (LN(@gg))............ 295
Figure 7.6 — Simulated versus Predicted Values of Structural Factor (@gg)........ocoveeeene. 295
Figure 7.7 — Simulated versus Predicted Values of Structural Factor (@rg)......ccoceveuennen. 296
Figure 7.8 — Residual versus Predicted Values of Structural Factor (@ss).......ccoceeeveueeee. 296
Figure 7.9 — Residual versus Predicted Values of Structural Factor (LN(@4g)) ....c.ceene.. 297
Figure 7.10 — Residual versus Predicted Values of Structural Factor (LN(@gg)) ............ 297
Figure 7.11 — Residual versus Predicted Values of Structural Factor (@gg) ......ccoceveuvenc. 298
Figure 7.12 — Residual versus Predicted Values of Structural Factor (@rg) .......cerveeeene. 298
Figure 7.13 — Simulated versus Predicted Fire Resistance (in Minutes) for RC Beams
Made of Carbonate Aggregate CONCIELE .........ccvreveeereveerrereenrensersersnesnesseencesnsene 299
Figure 7.14 — Simulated versus Predicted Fire Resistance (in Minutes) for HSC Beams
............................................................................................................................. 299
Figure 7.15 — Equivalent Energy Concept for Standard and Design Fires...................... 300
Figure 7.16 — The Areas under the Ascending and the Descending Heat Flux curve for a
DESIZN FTC........oeeiieeeecicrcecreeccteeeee e st esaeesae s raessaessvesssasesaesssasssesseseseassnsssnesnns 300
Figure 7.17 — Best Fitting for the Areas under the Ascending Heat Flux curve for a
DESIZN FATE......cneeeeeeeereececeerte et e et st e sse et e ssessr e ves s esaesssesassnsaseesnanns 301
Figure 7.18 — Best Fitting for the Areas under the Heat Flux curve for ASTM E119
Standard Fire.........coovieeviiinniiiniiinciectnsccsssssi et saens 301
Figure 7.19 — Simulated versus Predicted Values of LN(£.)......cccoceeeriininnnnennenenceene 302
Figure 7.20 — Residual versus Predicted Values of LN(%)......cccocevurierercenecrereneeennnees 302

Figure 7.21 — Simulated versus Predicted Fire Resistance (in Minutes) for RC Beams.303

Figure 7.22 — Measured versus Predicted Fire Resistance (in Minutes) for HSC Beams



Figure 7.23 — Time-temperature Curves for Design Fire Scenarios used in the Analysis

Figure 7.24 — Simulated versus Predicted Time Equivalent (in Minutes)....................... 305

Figure 7.25 — Comparison of Fire Resistance Predicted from Proposed Equation with
Provisions in Current Codes ..........cuemeerecrierrieniereieeeecereereceestee s esesessseseneessnenns 305

Figure 7.26 — Cross-section and Elevation of RC Beam used in the Worked Example..306

Figure B.1 — Cross-section, Elevation, Shear Force Diagram, and Bending Moment
Diagram for Tested BEams ...........cccoeveeieveeeieieieceeeee et esessee e eeeeessesnens 324

Figure B.2 — Shear Force Diagram and Bending Moment Diagram for Tested Beams.332

Figure B.3 — Stress Strain Curves for Steel Reinforcement used in the Tested Beams .335

Figure B.4 — Measured Unexposed Surface Temperatures in RC Beam Bl ................... 337
Figure B.5 — Measured Exposed Surface Temperatures in RC Beam Bl ....................... 337
Figure B.6 — Measured Temperatures in Tension and Compression Rebars in RC Beam
Bl e s s 338
Figure B.7 — Measured Concrete Temperatures Beam Bl ..........cccocociivieiiiinnnnninccnenen. 338
Figure B.8 — Measured Unexposed Surface Temperatures in RC Beam B2................... 339
Figure B.9 — Measured Exposed Surface Temperatures in RC Beam B2....................... 339
Figure B.10 — Measured Temperatures in Tension and Compression Rebars in RC Beam
Bttt et sttt e e et ae et e renes 340
Figure B.11 — Measured Concrete Temperatures Beam B2...........c.cccoccrieevincnnncnncnne. 340
Figure B.12 — Measured Unexposed Surface Temperatures in RC Beam B3................. 341
Figure B.13 — Measured Exposed Surface Temperatures in RC Beam B3..................... 341
Figure B.14 — Measured Temperatures in Tension and Compression Rebars in RC Beam
B ettt et e 342
Figure B.15 — Measured Concrete Temperatures Beam B3 ...........cccoceeiiivinicnenenienene. 342
Figure B.16 — Measured Unexposed Surface Temperatures in RC Beam B4................. 343
Figure B.17 — Measured Exposed Surface Temperatures in RC Beam B4...................... 343

XX1



Figure B.18 — Measured Temperatures in Tension and Compression Rebars in RC Beam

Bttt sttt st b et sttt et et a e ae st ne st ane 344
Figure B.19 — Measured Concrete Temperatures Beam B4 ..............cccociviniiivcncnnne. 344
Figure B.20 — Measured Unexposed Surface Temperatures in RC Beam BS................. 345
Figure B.21 — Measured Exposed Surface Temperatures in RC Beam BS...................... 345
Figure B.22 — Measured Temperatures in Tension and Compression Rebars in RC Beam
B S ettt ettt e et 346
Figure B.23 — Measured Concrete Temperatures Beam BS5..........ccccooieininincneincnnene. 346
Figure B.24 — Measured Unexposed Surface Temperatures in RC Beam B6................. 347
Figure B.25 — Measured Exposed Surface Temperatures in RC Beam B6..................... 347
Figure B.26 — Measured Temperatures in Tension and Compression Rebars in RC Beam
Bttt sttt s sttt nne 348
Figure B.27 — Measured Concrete Temperatures Beam B6.............ccccevervienvencinieennnnns 348
Figure B.28 — Measured Strain as a Function of Time in the Compression Reinforcement
in the Central Section of the Tested Beams...........ccccoceecirveiinicienninnnnencerceenene. 349
Figure B.29 — Measured Strain as a Function of Time in the Tension Reinforcement in
Section A of the Tested Beams..........cocceuevievenieneneninieeeneeeereecnieeereeeeeseesecsesene 350
Figure B.30 — Measured Strain as a Function of Time in the Compression Reinforcement
in Section A of the Tested Beams.........cccoeveerrverertenirsenenreecreeseeseereneeeeeeeens 350
Figure C.1 — Q4 Element in Transformed Coordinates............ccccceeerereninerencecnuencenenne. 352

xxii



NOTATION

A = area of boundary exposed to fire

Ag = the area under the heat flux curve of a design fire

Am = area of each element

As = the area under the heat flux curve of ASTM E119 standard fire
ax = axial restraint ratio

b = beam width

b, = thermal inertia

B = calibration parameter for permeability

c = clear concrete cover

C; = total compressive force in the beam cross section

Cr = factor to account for the increase in concrete permeability at elevated
temperatures

d = effective depth of the beam

D = extent of damage

Dy = diffusion coefficient of water vapor at the boundaries of the beam
E = mass of evaporated water

E. = modulus of elasticity of concrete

Eq = total energy under the heat flux curve of the design fire

Es = total energy under the heat flux curve of the standard fire, and
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E, = total energy

F = equivalent nodal heat flux

fe20 = concrete strength at room temperature

for = concrete strength at temperature, T

S = tensile strength of concrete at room temperature
Sir = tensile strength of concrete for temperature, 77
F, = ventilation factor

Sy = yield strength of steel

F, and F,;; = equivalent nodal heat flux at the beginning and the end of time step,

respectively
h = time step
H = total depth of concrete section

hrand h. = heat transfer coefficient of the fire side and the cold side, respectively

hyqq and A, = radiative and convective heat transfer coefficient

J = mass flux of water vapor

k = thermal conductivity

K = global stiffness matrix

ko = initial intrinsic permeability of concrete at room temperature

k> = a constant for transient strain calculations and it ranges between 1.8 and 2.35
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kdamaged and  kundamageda = permeability of damaged and undamaged concrete,

respectively

K, = global stiffness matrix for strength analysis

Kgeo = geometric stiffness matrix

k, = axial restraint stiffness

kr = intrinsic permeability of concrete at any temperature

kiop = initial permeability in the top surface of the concrete section

L = length of the beam

l; = projected length of deformed segment i

L; = length of segment i in the undeformed beam

LR  =load ratio

Ly = length of the beam segment

M = molar mass of water (or global mass matrix)

my = mass of water for saturation at 25 °C per unit volume of concrete
me = moisture content

mp  =mass of liquid water formed due to dehydration

my;, = mass of liquid water at any time

myp = mass of water for saturation at any temperature per unit volume of concrete,

mywoe = initial mass of liquid water

my = mass of water vapor



n = porosity of concrete

N = vector of the shape functions

n, and n. = components of the vector normal to the boundary in the plane of the cross

section

ny = number of moles of water vapor

Py = standard atmospheric pressure

Pr = equivalent nodal load vector due to applied loading

P;, & and «; = the axial force, central total strain, and curvature in segment i

Py = equivalent nodal load vector due to P-6 effect
Ps = saturation pressure

Psp = initial saturation pressure

Py = vapor pressure

q = heat flux

qrad and g.,, = radiative and convective heat fluxes.

(0] = heat source

r = cooling rate

R = gas constant (or fire resistance)

Ry = initial estimate of fire resistance

RH = initial relative humidity in the concrete
) = distance along the boundary /7~

S = length of deformed segment i
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SF = section factor = heated parameter/ cross sectional area

t = time

‘¢ = fictitious time in Eurocode parametric fire

T = temperature

Ty = initial temperature

tq = burning duration of fire

te = time equivalent between a design and a standard fire

Tr = temperature of the environment surrounding the boundary

le(energy) = time equivalent computed from equivalent energy method

lerg) = time equivalent computed from maximum deflection method (or finite element

analysis)

ty = time (hours)

Ty = fire temperature

tg = time at which the area under the heat flux curve is being evaluated
4 = total duration of fire

T, = total tensile force in the beam cross section

T, = fire or ambient temperature depending on the boundary

Tpmax = maximum fire temperature

u = variable in finite element analysis which can be temperature or pore pressure

u = the derivative of u with respect to time
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up and u,; = values of u at the beginning and the end of time step, respectively

Vp = volume fraction of dehydrated liquid water
Vi = volume fraction of liquid water

Vsp = initial volume fraction of solid

Vy = volume fraction of water vapor

w = applied distributed load

whland wiy!= deflections at the beginning and the end of the beam segment which

were computed in the (n-1)™ time step

w;; and w}, = deflections at the beginning and the end of the beam segment in the n®

time step

x = depth of neutral axis under service loads

y = the distance from the geometrical centroid of the beam

Yiop = distance from the top most fibers of the concrete section

Y = location of axial restraint force from the top most fibers of the concrete section
VA = Zener-Hollomon parameter for creep strain

a and S = calibration constants for permeability to be determined from experiment

X = number of corner bars/total number of bars.
0 = nodal displacements

A = total expansion in the beam length

Agp = change in thermal strain

Ag, = change in transient strain
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€ = emissivity
& = total strain at the geometrical centroid of the beam cross section
& = strain at the top most fibers of concrete

Ers Eme> &, Eh and &, = creep strain, mechanical strain, total strain, thermal strain, and

transient strain

Ers, Emess Eihs and &g = creep strain, mechanical strain, thermal strain and total strain in

steel.

&0 = creep strain parameter

¢ = structural modification factor in evaluating the fire resistance of reinforced
concrete beams

$uge and g; = factors in evaluating the fire resistance of reinforced concrete beams to

account for aggregate type and concrete strength, respectively.

¢ss = structural modification factor for fire resistance of simply supported beams
¢4r = structural modification factor for fire resistance of axially restrained beams
#¢cr = structural modification factor for fire resistance of eccentrically axially

restrained beams
#rr = structural modification factor for fire resistance of rotationally restrained beams
¢rr = structural modification factor for fire resistance of axially and rotationally

restrained beams
r = boundary of the beam (or time modification factor)

K = curvature
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A = Darcy’s coefficient of permeability

My = dynamic viscosity of water vapor

W = section characteristic factor

o = temperature-compensated time (or an iterative procedure parameter between 0
and 1)

P = steel ratio = area of tension steel/effective area of cross section
pc = heat capacity

Pe = mass of cement per unit volume of concrete,

L = density of liquid water

py = density of water vapor in the concrete boundaries

Pro = density of water vapor in the surrounding environment

Pw = density of water.

o = current stress in concrete or steel (or Stevan-Boltzman constant).
Om = stress at the center of each element in the cross sectional mesh.
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Chapter 1

1. Introduction

1.1 General

Concrete is a widely used construction material, and finds a wide range of applications in
buildings, dams, bridges, electric power stations and pavement. Concrete competes
extremely well with other construction materials because of its versatility in application.
Concrete generally provides excellent fire resistance properties. It does not burn (non
combustible) and it does not emit any toxic fumes, smoke or drip molten particles when
exposed to fire. These excellent fire resistance properties are due to concrete's
constituents (i.e. cement and aggregates) which, when chemically combined, form a
material that is essentially inert and has a poor thermal conductivity and low strength loss
properties. It is this slow rate of heat transfer and strength loss that enables concrete to
act as an effective shield between adjacent spaces and also to continue to perform load
bearing functions under fire conditions.

Over the last three decades, there has been significant research and development activity

in improving properties of concrete. This has led to new types of concrete which are often



referred to as high strength concrete (HSC), fiber reinforced concrete (FRC), high
performance concrete (HPC), and ultra HPC. HPC is typically characterized by high
strength, good workability and durability, and HSC is a subset of HPC. HSC, which was
widely used in applications such as bridges, off-shore structures, and infrastructure
projects, has been extended to columns and beams in reinforced concrete (RC) buildings.
This is due to the improvements in durability, which it can provide, compared to the
conventional normal strength concrete (NSC).

The classification of HSC continues to change as advances in concrete technology make
it easier to obtain increasingly higher strength using conventional construction practice
(Mindess et al. 2003). In general, concrete up to a compressive strength of 70 MPa (10
ksi) is referred to as NSC, while concrete with compressive strength in excess of 70 MPa
is classified as high strength concrete (HSC) (Kodur et al. 2004).

Similar to other structural members, concrete structural members when used in buildings
have to satisfy relevant fire safety requirements. This is because fire represents one of the
most severe hazards to which structures are subjected during their life time and hence the
provision of appropriate fire safety measures is an important aspect of building design to
enhance the safety of occupants, control the spread of fire, and minimize damage to
property and environment. Fire safety design can be achieved by active and passive fire
protection systems. Active systems are generally self-activated once the fire is triggered
and they include fire detectors, smoke control systems, and sprinklers. Passive systems
are built into the structures, and do not require specific operation to control the fire. The
basis for passive fire protection systems, or what is commonly referred to as fire

resistance, can be attributed to the fact that structural integrity is the last line of defense



when other measures for containing the fire fail. Fire resistance is defined as the duration
during which a structural member (system) exhibits resistance with respect to structural
integrity, stability, and temperature transmission when exposed to fire (Buchanan 2002).
Fire resistance can play a crucial role on the performance of a structure in the event of
fire as seen in the collapse of the WTC twin towers and the damage to the Euro-tunnel

(FEMA 2002, Fire Prevention 1997).

1.2 Design for Fire Hazard

Fires cause significant loss of life and property damage throughout the world. In 2007,
fires in the US caused about 3430 deaths, 97,800 injuries and property damage with $14
billion. The total cost of fire (including direct and indirect losses) was estimated to be
around $70 billion in 2007 (Karter 2008).

Design for fire safety has been significantly improved in the last century. This
improvement mainly focused on reducing the loss of life by introducing active fire safety
systems (which are self-triggered in the event of fire) such as sprinklers and fire
detections systems. In 1913, the death rate due to fire in the United States was 9.1% per
100,000 people. However, the use of fire resistant material and the improvements in
design (including smoke detectors) reduced that rate to 2% per 100,000 people in 1988
(Williams 2004). Generally, the major cause of most fatalities and injuries is toxic smoke
evolving during a fire event. However, some of these deaths and injuries, particularly
among first responders, were due to structural collapse/damage under fire conditions
(FEMA 2008).

The following realistic incident illustrates the catastrophic consequences that may result

from fire incidents:



On May 13, 2008, a serious fire occurred in the school of architecture building, at
Delft Technical University in Netherlands (Dutchnews 2008). The fire, which
was caused by a short circuit in a coffee machine, spread quickly in the fourteen-
story RC building. A large amount of wood that was left over from formwork,
and also wood that was used for architectural design studios fueled the
catastrophic fire. Fortunately, the fire did not cause any fatalities in the building.
This was mainly due to the fast and efficient evacuation of occupants and also
due to withdrawal of firefighters from the building after about 3 hours of
firefighting. However, six stories of the building collapsed and this resulted in
the dismantling of the entire building. While full reasons for the collapse are
currently being investigated, this incident exposed the vulnerability of concrete
buildings in fire and also the potential danger to firefighters.

On November 18, 1996, a serious fire in a shuttle train transporting trucks
destroyed a section of the south side of the railroad tunnel connecting England
and France (Fire Prevention 1997, Ulm et al. 1999). Nine trucks, ten train
wagons and one locomotive burned for about 10 hours with temperatures up to
1000°C. Eight people were injured. The cost due to damage to trains, track and
tunnel, as well as disruption to services, was estimated to be as high as £50M
($100M). The fire caused severe damage to the tunnel rings in the form of
thermal spalling over a length of a few hundred meters. A post analysis of this
fire incident indicated that the concrete employed in the Chunnel had typical

features of HSC: a compressive strength of 80 to 100 MPa, and a low



permeability (Ulm et al. 1999). Based on the detailed investigation, major work
had to be undertaken to repair the damage due to the spalling of the concrete.

e Another fire incident occurred in the Eurotunnel (tunnel connecting France and
England) on September 11, 2008 (BBC 2008). The fire occurred in a lorry on
board the shuttle train about 11 km from the French entrance. The fire was
contained after about 4 hours of the incident but all trains were suspended and
thousands of passengers were stranded. The fire did not cause any fatality but it
caused 14 injuries.

The above incidents clearly illustrate the role of structural fire safety in minimizing the
catastrophic collapse of buildings and built-infrastructures. To minimize the possibility of
structural failure during fire, building codes specify fire resistance requirements for
structural systems in buildings. The required fire resistance varies based on the
importance, number of stories and floor area of the building, and also on the type of the
structural members (such as slab, beam or column). As an illustration, the fire resistance
requirement for an RC beam in a typical building can vary from 1 to 3 hours.

These fire resistance requirements are determined based on tabulated values in codes and
standards (such as ACI 216.1 (2008) and Eurocode 2 (2004)). These provisions are
prescriptive and do not account for the critical parameters that govern the behavior of RC
structural members under fire conditions. As an illustration, the failure of an RC beam in
a standard fire test is based on the temperature attained in the steel reinforcement (just
prior to failure), under a predefined standard fire exposure, without any consideration to a

number of critical factors such as compartment characteristics, loading, restraints, etc.



An alternative to tabulated values of fire resistance, empirical equations for evaluating
fire resistance can be used. However, these equations incorporate only the thickness of
concrete cover to the reinforcement and the overall dimensions of the structural member
and do not take into consideration important factors such as load level, type of fire
exposure, and failure criteria (ACI 216.1 2007). The cover thickness specifications are
primarily determined based on corrosion control requirements and then checked for
limiting temperature transmission to rebars. This limiting temperature, which is often
called the critical temperature, is defined as the temperature at which steel
(reinforcement) loses 50% of its strength. For steel reinforcing rebars, it is 593°C, and for
prestressing steel it is 426 °C (Kodur and Harmathy 2008). Therefore, the current design
approaches are not applicable for design under performance-based codes, which provide
rational, cost-effective and innovative fire safety solutions.

One of the main reasons for the lack of rational design approach is the lack of calculation
methods for evaluating fire response of RC structural members in general, particularly
beams. The lack of understanding of the fire response of RC structural systems under
realistic conditions and the absence of reliable calculation methods for evaluating fire
resistance are hindering the application of an engineering approach for the fire design of

concrete structures.

1.3 Reinforced Concrete Beams under Fire Hazard

When an RC beam is exposed to fire, the temperature increases in both the concrete and
reinforcing steel. This increase in temperature is generally associated with the
degredation in the constituent materials, which leads to reduction in strength and stiffness

of the beam. With the progression of fire exposure time, the beam experiences increasing



mid-span deflection due to the reduction in the beam stiffness and also due to high
temperature creep which becomes significant particularly during the later stages of fire
exposure. Once the applied load reaches the strength capacity of the beam, the beam is
considered to have failed. The duration from the start of fire exposure to the failure is
defined as the fire resistance of the beam. The fire resistance of an RC beam is influenced
by a number of factors such as high temperature material properties (and spalling),
applied loading, support conditions (restraint effects), and type of fire exposure.

In addition to degradation in strength and stiffness, under some conditions, chunks of
concrete might break up from the RC beam during exposure to fire (particularly for HSC
and HPC beams). This break up of concrete is termed fire induced spalling and primarily
results from the buildup of pore pressure within the concrete. The occurrence of spalling
is dependent on a number of factors including fire conditions. HSC, due to its high
compactness and low permeability, is believed to be more susceptible to spalling than
NSC. Fire induced spalling, which was observed in several experimental studies
(Diederichs et al. 1988, Castillo and Durrani 1990, Hertz 1991, Hammer 1995, Phan
1996, Phan et al. 2000, Kodur and McGrath 2003, and Sullivan 2004), may have a
detrimental effect on the fire resistance of RC beams.

The applied loads on the beam during fire condtions also have an influence on the fire
reponse of RC beams. The higher the applied loads, the lower the fire exposure time
required to attain failure and thus the lower the fire resistance of the beam.

Another phenomenon that arises during a fire event and may have a significant influence
on the fire response of RC beams is the development of fire induced restraint forces. The

degree of restraint is dependent on the support conditions and the beam boundaries. The



effect of axial restraint on the fire resistance of RC beams depends on the vertical
location of the restraint force which may change with fire exposure time. Generally, the
axial restraint force in an RC beam is expected to improve the fire resistance of the beam
through an arch action associated with axial restraints, which increases the strength and
the stiffness of the beam. However, axial restraint forces may lead to buckling of the
beam (particularly for slender beams) which in turn might reduce the fire resistance of
RC beams. Rotational restraint, under fire conditions, also influences the fire response of
an RC beam through moment redistribution between span (positive moment) and support
(negative moment) sections within the length of the beam. Thus, it is essential to account
for the fire induced restraint effects for evaluating a realistic response of RC beams. At
present, design codes, such as ACI 216.1 (2007), do not fully account for fire induced
restraint effects in RC beams.

In addition, the fire response of RC beams is influenced by the type of fire exposure. The
temperature profile of a fire in a building compartment is dependent on the characteristics
of the compartment and fuel and there always exists a decay phase. This decay phase has
a significant influence on the fire response of an RC beam as the beam might recover part
of its strength and stiffness during the cooling phase.

For simplicity, standards such as ASTM E119a (2008) and ISO 834 (1975) use standard
time temperature curves which are independent of the compartment characteristics and
fuel properties and do not include a decay phase. Thus, the standard fire exposure may
not sufficiently represent the behavior of actual compartment fires. Such fire scenarios

are generally used in standard fire tests for evaluating the fire resistance of RC beams.



The results of these tests comprise much of the current knowledge on the fire response of
RC beams.

There have been very limited research studies on evaluating the fire performance of RC
beams under realistic (design) fire scenarios. In addition, the current approaches base the
fire resistance of RC beams only on the concrete cover thickness and the beam width
without any consideration given to important factors such as fire, load, restraint
condition, and fire induced spalling. This is mainly due to the fact that the fire resistance
of RC beams is based on limited fire tests which are carried out on specimens of standard
sizes, service loads (50 % of room temperature capacity) and standard fire exposure.
Therefore, the current prescriptive approaches for evaluating fire resistance do not
represent realistic fire, loading and restraint scenarios as encountered in practice and may
not be applicable for use under the recently introduced performance-based codes that
facilitate innovative, cost-effective and rational designs.

Realistic fire resistance assessment can be achieved through a rational engineering
approach in which a realistic fire scenario, support conditions (restraint) and material
properties can be accounted for based on actual (rather than standard) scenarios.
Currently, there is a lack of knowledge on the fire response of RC beams. In addition,
there is a dearth of available calculation methods for evaluating the fire resistance of RC
beams under realistic fire, loading and support conditions. Thus, there is an urgent need
for the development of rational engineering approaches for evaluating the fire response of

RC beams.



1.4 Research Objectives

From the above discussion, it is clear that there is lack of knowledge on the fire response

of RC beams under realistic fire, loading, and restraint scenarios. To address this

knowledge gap, it is proposed to undertake a comprehensive study of the flexural

behavior of RC beams under fire conditions with the ultimate objective of developing a

rational methodology for evaluating the fire resistance of RC beams. The specific

objectives of the research are:

Conduct a detailed state-of-the-art review on the fire response of RC beams. The
comprehensive review will cover experimental and numerical studies, provisions
in codes and standards, and high temperature material properties.

Develop a macroscopic finite element model for tracing the flexural response of
rectangular RC beams under realistic fire, loading, and failure conditions. The
model will account for nonlinear high temperature material properties, various
strain components, fire induced restraint effects, and fire induced spalling of
concrete.

Conduct fire resistance tests on RC beams under realistic fire, loading and
restraint scenarios to generate data for the validation of the model.

Verify the computer program using data from fire resistance tests on NSC and
HSC beams.

Carry out parametric studies to quantify the influence of various factors on the
fire resistance of RC beams.

Develop, using data from fire tests and parametric studies, a design approach for

evaluating the fire resistance of RC beams.
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1.5 Scope

The research, undertaken to address the above objectives, is presented in eight Chapters.
Chapter 1 provides a general background to the fire response of RC beams and presents
the objectives of this study. Chapter 2 provides a state-of-the-art review on the behavior
of RC beams exposed to fire. A critical review of experimental and analytical studies, as
well as the fire design provisions for RC beams in current codes of practice, is provided.
Chapter 2 also contains a review of the high temperature material properties and
associated constitutive relationships for NSC, HSC, and reinforcing steel.

Chapter 3 deals with fire resistance experiments on six RC beams under realistic fire,
loading and restraint scenarios. Results from the fire tests are used to discuss the response
of RC beams under these realistic conditions. Chapter 4 presents the development of a
numerical model for predicting the fire response of RC beams. The procedure for
calculating the fire response, including the axial restraint force in restrained RC beams
and fire induced spalling is outlined. The validation of the numerical model is presented
in Chapter 5, where predictions from the model are compared with available test data
from literature, and also results from the fire tests presented in Chapter 3.

In Chapter 6, results from the parametric studies are discussed and the influence of
various parameters on the fire resistance of RC beams is discussed. In Chapter 7, results
from the parametric studies are applied to develop a rational approach for evaluating the
fire resistance of RC beams under different realistic conditions. Finally, Chapter 8
summarizes the main findings arising from the current study and lays out

recommendations for further research.
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Chapter 2

2. State-of-the-Art Review

2.1 General

Reinforced concrete beams, when used in buildings, have to satisfy fire resistance
requirements specified in building codes. To develop such fire resistance information, a
number of studies have been undertaken on RC beams since 1960’s. Most of these
studies were limited fire resistance tests under standard fire scenarios. A limited number
of analytical studies have been reported which focused on the behavior of RC beams
under standard fire exposure. This chapter provides a state-of-the-art review on the fire
resistance of RC beams. The typical fire behavior of RC beams is first discussed followed
by a critical review of different design provisions in codes and standards for evaluating
their fire resistance. A review of previous experimental and analytical studies on the fire
performance of RC beams is presented. In addition, a review of high temperature material
properties (concrete and reinforcing steel) that are critical for modeling the fire response

of RC beams is presented.
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2.2 Behavior of RC Beams under Fire

The behavior of RC beams under fire is quite different from that at room temperature
mainly due to the fact that, under fire conditions, applied loads generally remain constant,
but the strength and the stiffness of the beams degrade with fire exposure time. RC
beams, when exposed to fire, experience a temperature rise with time due to the
transmission of heat from the fire to the exposed surface of the beam through radiation
and convection processes. The increasing temperatures lead to gradual loss of strength
and stiffness properties in concrete and reinforcing steel which in turn reduces the
strength and stiffness of the beam as shown in Figure 2.1. With the progression of fire
exposure time, this rise in temperature extends to the inner layers of concrete leading to
further reduction in the beam strength and stiffness. This degradation in strength and
stiffness may continue until the applied load reaches the strength capacity of the beam as
shown in Figure 2.1. At this point in time the beam is considered to have failed and the
fire exposure time is considered to be the fire resistance of the beam.
The behavior of RC beams under fire is largely dependent on the support conditions, the
type of fire exposure, and the high temperature properties of the constituent materials
(concrete and reinforcing steel). Support conditions, which are dependent on the
boundary conditions of the beam, have a significant influence on the behavior of RC
beams under fire. This effect of support conditions on fire response is illustrated in the
following three examples:
e The fire behavior of a simply supported RC beam is demonstrated in Figure 2.2
where the bending moment resulting from the factored loads as well as two

different load levels (20 kN/m and 25 kN/m) under fire conditions is plotted. The
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load levels under fire conditions are selected to be lower than the applied ultimate
load at room temperature as shown in Figure 2.2. This is mainly because fire is a
rare event and it is very unlikely to have ultimate loads in a fire event. It can be
seen from the figure that the moment capacity of the beam decreases with fire
exposure time. At later stages of fire exposure, the beam experiences a significant
mid-span deflection (mainly due to the high temperature creep strains which
become significant at later stages of fire exposure) as illustrated in Figure 2.2. The
failure of the beam occurs when the moment capacity of the beam drops so low
that it is exceeded by the applied moment on the beam (see Figure 2.2). It can be
seen from Figure 2.2 that the failure of the beam is achieved after 120 and 180
minutes of fire exposure time for loads of 20 and 25 kN/m, respectively.

Support conditions may prevent thermal expansion and induce axial restraint
forces on the beam exposed to fire. The behavior of an axially restrained beam
exposed to fire is illustrated in Figure 2.3 where the axial restraint force is
assumed to pass through the geometrical centroid of the cross-section of the
beam. The vertical location of the restraint axial force in RC beams is generally
below the neutral axis of any cross-section along the span of the beam (see Figure
2.3) as a result of cracking of concrete and thermal gradients. This will develop an
arch action moment (Pa) which counters the effect of the applied loading, as
shown in Figure 2.3. However, when the beam deflects downward, the axial
restraint force creates a secondary moment (PJ) that increases the effect of the
applied loading. The net moment for the beam shown in Figure 2.3 is the sum of

the three moments, namely:
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2
M ey =%—Pa+P6 [2.1]

where: M,,.; = net bending moment in the beam. The definition of other variables

in Eq. [2.1] can be seen in Figure 2.3.

Figure 2.3 and Eq. [2.1] show that when the deflection of the beam (J) is small,
the behavior is governed by the arch action which reduces the effect of the applied
loading and increases the fire resistance. However, when the deflection of the
beam is large, the secondary moment resulting from P-J effect (which increases
the effect of the applied loading) becomes the governing factor and reduces the
fire resistance of the beam. Thus, the effect of axial restraint on the fire resistance
of an RC beam depends on the overall response and may not always be beneficial
for the fire resistance of the beam. It should be noted that in current code
provisions, as well as in much of previous research, axial restraint is assumed to
have a positive effect on the fire resistance of RC beams (ACI 216.1 2008,
Buchanan 2002).

Support conditions may also induce rotational restraint on the ends of the beam.
Such rotational restraints can improve the fire response of an RC beam through
redistribution of moment between span (positive moment) and support (negative
moment) sections. This effect is illustrated in Figure 2.4 for the case of a fixed
ended RC beam. The figure shows that there is a larger reduction in the span
(positive) moment capacity of the beam as compared to the support (negative)
moment capacity after 120 minutes of fire exposure. This can be attributed to the

fact that the tension rebars for the critical support section (top reinforcement) are
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closer to the unexposed surface of the beam than the tension rebars for the
critical span section (bottom reinforcement). Thus, some of the span moment is
redistributed to the support moments once the span moment capacity is exceeded
as shown in Figure 2.4. Consequently, rotational restraint may delay the time to
reach failure and increases the fire resistance of RC beams. Even if the moment
redistribution has been considered in the design at room temperature, rotational
restraint is expected to have a positive influence on the fire resistance of an RC
beam (Dwaikat and Kodur 2008a). The effect of rotational restraint on the fire
response of RC beam depends mainly on the amount of moment redistributed
from the span critical section to the support section.
Another factor that has a significant influence on the behavior of RC beams exposed to
fire is the high temperature properties of concrete and reinforcing steel. Concrete and
reinforcing steel experience loss of strength and stiffness at high temperatures. This
degradation in material properties leads to large deflections, cracking, and discontinuities
and may lead to failure of the beam. In addition, some concrete types under certain
conditions experience fire induced spalling. Spalling is theorized to be caused by the
build-up of pore pressure during heating (Diederichs et al. 1995, Kodur 2000). HSC is
believed to be more susceptible to this pressure build-up because of its low permeability
as compared to NSC. The extremely high water vapor pressure, generated during
exposure to fire, cannot escape due to the high density of HSC and this pressure often
reaches the saturation vapor pressure. At 300°C, the pressure might reach about 8 MPa.

Such internal pressures are often too high to be resisted by the HSC mix having a tensile

16



strength of about 5 MPa (Diederichs et al. 1995). Spalling results in reduced cross-section
and rapid strength loss, thereby lowering the fire resistance of an RC beam.

The response of an RC beam also depends on the type of fire exposure, which varies
significantly based on compartment characteristics, lining materials, ventilation, and fuel
characteristics. Details on the temperature course for typical fire scenarios in building
compartments are given in Section 2.3.4.1.

Other factors that may have influence on the fire performance of RC beam are span
length and cross-sectional dimensions including concrete cover thickness to the
reinforcing steel. Concrete cover thickness and cross-sectional dimensions influences the
rate of heat transmission to concrete and reinforcing steel and this in turn influences the
overall response of an RC beam. Span length significantly affects the flexural and axial
stiffness of an RC beam and thus it has an effect on the overall fire response of the beam.
In addition, span length influences the magnitude of the fire induced restraint force in
restrained RC beams, which will determine the fire resistance of that beam.

In summary, the fire response of RC beams is governed by a number of factors. Many of
these factors are interdependent. Accounting for them is critical in tracing the fire
response and evaluating the fire resistance of RC beams. The following section provides

an overview on various approaches for evaluating the fire resistance of RC beams.

2.3 Approaches for Evaluating Fire Resistance

2.3.1 Standard Fire Test

Fire resistance of RC beams, similar to other structural members, is generally evaluated

by subjecting the structural member to fire in a specially constructed furnace. The
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purpose of the standard fire test is to determine the failure time at which the structure
loses the ability to withstand fire exposure while maintaining function as a load-bearing
element and as a barrier to the spread of fire. The standard fire test is a comparative test
that does not reflect actual performance of the member.

Standard fire resistance tests are generally carried out on building elements such as walls,
floors, or columns in accordance with national standards such as ASTM E119a (2008)
and ISO 834 (1975). The standards require test specimens be constructed in a similar
manner as the building elements in practice. ASTM E119 specifies the dimensions of the
test specimen and the size of the furnace being used for the standard fire test. Further, the
furnace chamber is heated by liquid fuel or gas such that the furnace follows the specified
standard temperature-time curve shown in Figure 2.5.

During the fire test, load bearing members, such as an RC beam, are loaded with service
loads (dead load + live load). A common practice in standard fire tests is to apply a
service load level (about 50% of the room temperature capacity) to the tested member.
The test continues until a prescribed failure criterion is exceeded. Fire resistance of the
assembly is then recorded as the duration of fire exposure until this failure point. The
limiting criteria used for evaluating fire resistance depend on the structural member in
question. As an illustration, for an RC beam, the fire resistance is the time at which the
rebar (tension steel) temperature exceeds 593°C, or the beam fails to sustain the applied
load (ASTM E119a 2008). Different failure limit states are specified for columns, beams
and slabs. More details on the failure criteria for RC beams are discussed in Section
2.3.5.3.

Whereas fire resistance provisions in the past were created primarily based on full-scale
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tests, the recent trend is moving toward calculation methods. This is mainly because
standard fire tests are very expensive and time consuming. Advances in numerical
models are facilitating the application of calculation methodologies for evaluating fire

resistance.

2.3.2 Provisions in Codes and Standards

Provisions for evaluating the fire resistance of concrete members are generally specified
in codes and standards. These prescriptive provisions are derived based on results from
standard fire tests. The specifications are in the form of tables or charts, where the fire
resistance is often related to member dimensions or other influencing factors. The fire
resistance specification for RC beams in three widely used codes, namely, ACI 216.1
(2007), Eurocode 2 (2004), and AS 3600 (2001), are reviewed below.

In the USA, concrete structures are designed in accordance with ACI 318 (2008). ACI
318 does not contain any fire provisions, but refers to the ACI 216.1 standard (2007)
which gives specifications for fire resistance design of concrete and masonry structures.
Accordingly, ACI 216.1 specifies minimum width and concrete cover thickness
requirements for achieving a required fire resistance rating in an RC beam. These
requirements differ for restrained and unrestrained support conditions as can be seen in
Table 2.1. However, the definition of support conditions (restrained or unrestrained) is
not clearly addressed in the code. Thus, it is not clear whether the restrained case refers to
the provisions of rotational restraint, axial restraint or both rotational and axial restraints.
In addition, specifications are for NSC beams only and there are no clear guidelines for
evaluating the fire resistance of HSC beams. Canadian provisions for fire resistance

design, which are available in NBCC (2005), are similar to those of ACI 216.1.
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Eurocode 2 (2004), Part 1-2: Structural fire design, gives a choice of advanced,
simplified or tabular methods for determining the fire resistance of RC beams. Tables
provide the fastest and most direct method for determining the minimum width and
nominal axis distance for RC beams. The nominal axis distance is the distance from the
center of the main reinforcing bar to the surface of the member exposed to fire. Different
values have been specified based on the support conditions and the continuity of the
beam. Table 2.2 shows fire resistance ratings as specified in Eurocode 2 for continuous
beams. The code suggests different possible combinations of axis distance and beam
width to achieve the required fire resistance ratings (reproduced in Table 2.2). However,
the tables do not provide different values of fire resistance for axially restrained beams.
The simplified method in Eurocode 2 is mainly based on the sectional analysis approach.
This method may give more economical design and/or high fire resistance periods for
some scenarios. Eurocode 2 (2004) also permits the use of advanced methods for
evaluating the fire resistance of RC beams. These methods are generally based on
detailed thermal and structural analysis and require the use of sophisticated numerical
models.

In the Australian code, AS 3600 (2001), charts that relate the fire resistance of an RC
beam to that of concrete cover thickness, and width are presented. There are two charts,
one for simply supported beams and the other for continuous beams. Figure 2.6 illustrates
the chart for the fire resistance rating of simply supported RC beams as per AS 3600. The
code provides required values of concrete cover thickness and beam width for fire

resistance rating in the range of 30 minutes to 240 minutes. However, similar to Eurocode
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2 (2004), AS 3600 (2001) does not specify any guidelines for the case of axially
restrained beams.

Thus, the fire resistance provisions in current codes and standards do not clearly specify
the boundary conditions of the RC beam (for the case of restrained end conditions of the
beam) for which the tables or charts are applicable. In addition, the degree of axial
restraint, represented by the axial restraint stiffness, for RC beams has not been fully
addressed in the three codes. It can also be seen that the three codes relate the fire
resistance of an RC beam to cross-sectional dimensions and concrete cover thickness
without any due consideration to other important factors such as fire scenario, concrete
strength, and fire induced restraint effects.

Further, the application of different code provisions produces different and varying fire
resistance values for similar RC beams. As an illustration, for a simply supported RC
beam with a cross-sectional dimension of 300 mm x 500 mm and a concrete cover
thickness of 40 mm (axis distance of 50 mm), the fire resistance based on ACI 216.1,
Eurocode 2, and AS 3600 is 210 minutes, 110 minutes, and 113 minutes, respectively.
For this beam ACI 216.1 predicts a much higher fire resistance than the other two codes.
This clearly indicates that current codes of practice cannot be considered to be reliable
tools for evaluating the fire resistance of RC beams.

Until recently, design for fire has been based on prescriptive building codes, with little or
no opportunity for designers to apply engineering approaches to the fire safety design.
Many countries such as, New Zealand and UK, have recently adopted performance-based
building codes which allow designers to use alternate fire safety strategies, provided that

adequate safety can be demonstrated. However, there is a lack of calculation methods for

21



evaluating fire resistance of RC beams and this limits the applicability of the

performance-based approach to fire design.

2.3.3 Detailed Calculation Methods

In recent years, several mathematical models to calculate fire resistance of structural
members in buildings have been developed. The flowchart in Figure 2.7 illustrates the
general calculation procedure employed in such methods (Kodur 2007, Buchanan 2002).

The fire resistance calculation is performed in three steps (Kodur 2007):
e Calculation of the fire temperature.
e Calculation of the temperatures in the fire-exposed structural member.

e Calculation of the strength of the member during exposure to fire, including an

analysis of the stress and strain distributions.

2.3.3.1 Fire Temperature

The fire temperature can be computed <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>