HEE S (HEHER - 5%)

9 BEERA 2T S KR
B K B BRfe i R i 2%

AR -
HEAATRRE -

IRELEIZR
tH BRI -
et HIY

B RS RT

gt R EEE

PRt SUESEIEERTIE S

RE

TEERE] 1056 H4HE6 H12H
FEERE] 10549 H 7 H






L

By T RIS 145 HEK SRS K BRI T S R AP LD 5 T
ERBSH > WG O EEHK S R BIETIE & « AXTREERFEG A
WRIECA S 1 ROURE TR £ Garlock 51 - LA Y WSS - 28
DI ~ MBS HRSE T  SCREETTTIE LS - Rk T8 | A0
BT TERBLTIE » OB A B EIASE » IS TR
BRI TR B -

FENTES & T > R EAERIE LK B RS E R st &R
B (FEAERRE MFREEAMEEYTTE - AURAEL ~ 8 A0 Kk
F - QQREGSEERE SR - WEGH K E ST RAEACE e
FT ~ R BVEE DA E RS - EET5TER s - WA S FIETE
ReTfEE K EEE - RoREREY Fe st E > SAHE 2 -






(=)~
(=)

L1

Bifg— -
bige— -

FREEMATIEAS L REEIE TR A M. Garlock % «
588 Friend Center Library » « + + + = = = « o o « + «
BAGERERKBIETET @ « « o o o o 0 o o o 0 0 o
1 REVRE TAREEARMERERFE « o ¢ 0 000000 0o
2 KRUETEEEEREKESRES  + + o v e e o e e e e
3 BRESIATHEE « o o o o e e e v e e e e e e e
DVEBHEESE « o o o o o o 0 o o 0 o s 0 o o 0 0 e 00

F 9 BSOS B BET & (Structures in Fire, SiF) 55(f2 «

B}%‘j‘ggﬁj{%ﬁ ....................

[y
o
H-
X
&
s}

% b
F
i T
g’:-—r
%
[m

i

H

CTEKHUEMEEE « ¢ ¢ o o o o o 0 s 0 e 0 e 0 e 0 e
BRI SHRE R o+ o o o s e e e e e e e
BB E c o v o e e e s e e e e e 0 e s
CBHMEOHNTEITTES © o » o o o o s e o s o s 0 0 s 0o

[§,]

[}

N

10

12

26

31

32



Vi



— -~ HH
(—RE

By T RSB S BFE R R ENRE  (E By R P AR SR SR 2R K B s I e &
MSEEMDK R SRS M TR ERE 2% » 5 (105)4F 6 H 4-12 HE
E G ARETTERES » EELTEUFRAEM K S MR K BRI i m %% - W IEH
9 JE&EIE K KBS & (Structures in Fire, SiF) o L FREpFE AR TH A EE 1
REAIRIE T2 £ M. Garlock Z#% » 5V amEUFR SN K EA K 284 - i FEEAH R
FEERGEREIMT KT K P K BB R & Rt 18 B AR 3T a T35 S IR BB SRS /M K
HRE 2 ET2% -

(Z)Bizaatih
REPERGATT

1 FErhSal 1B R RIS EIRG 1 R AF AR e THTFTarE - RS
FEERI K B R SRR S TR B MK R S T 2 2% -

2 (RERRETERRERKRRT E Z BPE RO - M E AR B R SRS R K 1 ~
H K ERHREIR R - DU SR R IFRE TIRFEENTE - (F A3k
FRISECEREIM KRB BTE ] S 5 SR B S BRI PRSI K L & F A
EiFet A A -

(Z)2EAR

ARSI B Ry AR T B EEE MR m IS B E S 2 A -

(P 251712

ARSI THE B FE e i PR TE AR -+ R BAER 5SS T F2 % M. Garlock #f% » S8
Friend Center Library » S5 9 @SR K EZ2BIEWIETE » 1T/ ¢

1. P PRI RS R EAERES T2 22 M. Garlock %
55fE] © 6 H 6 H(—) L4 10 BhE
HEE © Eng. Quad E 307, Dept. of Civil & Environment Engineering

2. 28 Friend Center Library

IRFfEl - 6 H 6 H(—) M
H##E ¢ Friend Center and Computer Science Building



3. 215 9 e K K 2R &
Bl 6 H7HZE 6 H10 H
HrBE © McDonnell Hall
W Eagis - sERMEE—

—BE

(— )T KR L KBRS T2 4 M. Garlock %

Garlock B FEHISBER SR K ETTH - GfEKEREEETET) - 2
SRASTRMDK ERE T BRRYIER K RN - S A2 K EVIE - sitst
PEHDKETT RITFT - bR TRBUE TSN > tARRREL S AR KR B S A TR
SKEER > HUIFHEIRE 2 > W RR L E B E B ] Rk -

AT HIK 5822 4 BIRET @ AR PRI SRR phi e R BB TR
SRH - Garlock SIFATHEEEMA - BEAATRIFMICTE - BRI R
SEARFTFRRT - KL Garlock 2 SLETHUBERUEMI TS 20 - 40081 1 Fors - &
RN A TS B R KE - MR S - BUSRTC MEAERE
BIDFSE - SR AR T

1 #1 Garlock ZFZ AL ZE 2 P HET 5 5

2



Fki

EE MK FYTFE- K K EAHEE

ZﬁﬁﬁﬁAé*ﬁﬁ@5J<E§%&j:%ﬁﬁﬁgifinﬁﬁﬁﬁfgﬁﬁEé > PETHY % (105) 558
R FARETE K ERIETE - (HARERESES RCER > AEIHA
uﬁ%ﬁ@%EI BRI S AR KK » FRLLS SR T K B RTEDK EF 1R
ﬁ%%%ﬁﬁiﬂ FHEITEVE MKEES > DU T R Ry e Al
AEGHR - ZEEE K EGERIERT R -

HNEFYIE S EKEEWITE > Garlock #i%ad iy - RKRSTEERMREET
IFEAES  LHEEKEMHEAVIIE > M) - BrLUE AR RTRE 2 /T H
MEI LI E TS - TSR E EE ST - FilE Ak KB EE S
SKEWTFEAH » — iR & A E %K“%n%f R FE ST E R ARE
41 1995 FAE H A A AP IHHNEE - FE1R K KRS REVESYER KA 815
T BHERE - KL%K%W%Lﬁ%kzmﬁﬁﬁﬁﬁﬁ%%%
Garlock A HAH & A B - 4 %T“KH%FLﬁkzﬁﬂiﬁ%Z
& s E A A] DU R T A B BT SR SR R T T TR 2
B HEEEHVER -

Garlock 2t HAS Jun-ichi Suzuki -7 K F PREEHEVTFTE
T HARHRAIGAE 41-75 ERACRIEES - HAESHAARSE S - &9F 4.5-7.5
ERUEMKESE  CEARAE HURNREER BT - ERHEREER
B HGIREK EEAE - BEAER K KT FR T - (HH AR E &
SKEWZEITHE - B L3RI RS BB R B B [N Ry R4St TR0
T e BRI EEDNRESN K EE A S B R H A i SR BRI T

Garlock 722 LI NEEHN 28 Englekrik B EabA5T 0, » H 2009
THELT 3 4F 5 BME R BB K KE RSt EATa MmNk B E A
FMEEREMSENER Z— > A& 2 FiR) » SEERST IR L £
S K FEEAM B IE - WETAEL K R 22 24 ~ BKE RN B R4 - K
TEMBRICT ~ AR s 78 f B R ~ EARRIRRE 2405 - 2 EHEE BRIR (G R AV
[k Ze e RE » R SR RE A & TR VG TR BN E -

B ZREEHD IF ) Englekrik B/ Ot E AT E M E TS AR
ﬁﬂ AHREERHAED A - BEAEIFE S ERMETES A2 > EER
WE OKEEAN - BRORSTEERGS - B BB E - Rk
E%F@ﬁﬁﬁ HENA AT B E R - IRENEF5ERK -



anlckirk (ene at UC S:
table can reproduce
motion with up to

covered with flexible metal nd
overlaid with gypsum board and ‘

An elevator and stair s, stem L
o
oy i Building base
buildings. The base isolation system
underneath the building absorbs
much of the shock from an
G earthquake. The experiment
“ NEES aa> > 5 will be run both with and
< without this system.
&>

S~ Researchers Will Assess the Performance
— T 2%68m of a Wide Range of Nonstructural Systems

in Earthquakes and Fires

¥ Roof mounted sarvlus

Ih building has a penthouse, a large
ater tower, and an air has dlm. nit
mounted on the roof.

Y Evacuation support
‘ See lower left.
|

Medical occupancy

The lopl\oﬂooﬁho e a surgery

Fire performance
laan of he pl'n lllx sed 10 i zn

light weight stucco. llllll"lll services

This is the first test program on a h'\kc

Evacuation Sllnllll‘t

electrical systems.

C

2 SEIEEN T EF Englekrik FERNTZE O E R E K EERETE

B RN IE-2 R

PSR IS AR N U7/ N R R PABT DB R R 2 E &R
FHRT - RHERARRRN - IRIRREERITESVEM - R RUAEE 1
/INERF > RFRERRSRAH RN /N, » By T EEEAMAEOR . — e AR BN A
Pk #eEE > RS RETEEE R/ NRZAUE - B R/ N
EAEMER - BRSSO E - IS N AT PR H
TP K 78 -

B T BRFTAFETHAVBARE S AP 104 GF58RK T TSI 2 AR
KEWIT | SRR NE A ZEEQZ%% MRS (105)F 3T T & EY
TIFETR SRR S 2R 2 MK MEREIRSE | 0 R T B RTHiIS E  5Y 73 e & ol 22
K ELGERE T BT ?%ﬁ?%iwﬁx%ﬁﬁ%ﬁ/\kgTZﬁ% Thy A0
BINKERZE > SAET e ENTE ﬁﬁﬂxﬁﬁ'ﬁ/\ HEES - NS
RS - WL - R - B E S SAREEE 28
EarER -

Garlock 2% » BY T HEBRRBER A R i 20 2 IR 5T
L Cardington Sfff 2R K & EERIHAL(LE 3 Fr) » SepEBUE 3T
% W BIE R BIR MR - RS REIA(E R IR R HBR S -



3 Cardington Sijf#2% K B 5 - AR TR

EIRAFTHBANT ST - Garlock BFHRft— LRt 2 > —fiR8IJ1HE
BEREA RIS IE - RS TR - 418 4 Frr  R&ESIREIE > a0
5 Fro - BB A A FIETE RN B RTRIE - S HiSH )2 DA & 5
R o ARIIRERURED - RIS R T EUR - 18ierlEIE K20
1.5 fEFLIRRN ] ARG NI % > HAE S RIF IR R 2 Ry BT S TR Ze ) -
PR s s A 55— EaRiE » 559 > Garlock B Azt H
AILESEHIRIFE T R BEAFr 225 > B Rl ey I REBRR L a3l Ry ] SR S A
JEEME > A AIATRIREAGER - I T K5

(a) (b)

4 SR BTSRRI - (b) TR IR

5 SR ER IR R R

5



BIRAFT T A RE R E FH B ISR > Garlock EdaR =% £ E a4
AIPEEL - (PSR e A RV AL ST > HHYRARET TR E RS 55
NATRIE - 18 RAERRAHE

atoed — * B{ESHT

ETARTEBKEER AR S > ITR&EN S SR EDEE T
BT TS IR L - TS SEEREHVE R STE - N
1E—REEUE J77APT IR Z standard method - [f] Garlock 57 8 X SCRR 2
£ H explicit method » ST T 2L AR > SGEEBOLEEAH 2 HH -

Garlock FAFR » AEEEITT - EMEG S HES » EOVEERE
R > WEATRRHIEL o KZE(# 7 G884 standard method » (R RELHREE.
o B PRERERR > ShE NS PEERESFTREN > &l
EEFHER BAEEER Efne a5 Ri EREAHELORER -
AR s BRI A BINsERK FEHER > AE 5 ERdeEE
YRR -

M ] explicit method » FEFUHEST A Gie &S RSB S h4ER
JIERSAT » PRDARR G B TR AL ERVFES]  WEATTE R/ ~ BRE A
W EERVEBENRE G - BIORIER] « UGN - EEARE
A BArA A B R (AR > RIS AT RN - & A
TRRHIEERE -

FE— R EE L AMBH ST EABRE T SIS iS Gt A5
it~ RIFEJTRSELEGTSE - bR AHMTRIKEET PR E - B TR
SRR T > A0{Alsa T ER ARG KR AR -

Garlock ZAZFIT > EMRETIHAEARALERY )N > 240A 5000 fir£24 -
DAEAREIIR T2 » REREERAE I 15 2 20 fir=2 4 > igeds /b >
A5 £ 1017 - MEPRRAENEY) - BRNREY - ERuaTREE A BEENT
FLFTHIRRIE - SIMNEFBEIRERERE - tRAEEE) > JREIESMTZRI&1E -
THEA R E 5T A PR N I AL ~ g RS I [E]BHER © AR
RETAREER T HAKE H OS2 ERE > AR Rtz A ERrEaE
MM E ARIRR] > EARR IS -



FESERED KB AN G - WA BBV % - RA 24 i
EEREREMERIES - BAERE R 1 &S0 K BEER —FTERE - FrPUARE
MBS R T @R ATRENIA 1 2 2 EAVEEEIKERE - DIt
st B BEASAE S ERNEANZE - Al REAE BTS2
SO HEAWTFTHTRETI0E -

RRoe 11 EESRAE I K MERE S

SRR EIT AR > (ESHEARIEE ~ BB TR SUERRRATT
Fo o RSB AEE N ER - B8 D s EE T AT - [EA 0
ERNRFETFEEARE BRI - — MBI R ATSEE T AT >
AT 2 LI BB RN RWA T R - (B E AT HENE
£ AGEE > SRS - SRS - BRTAER > AR T YR
L S (BRSSO K BT Ry N E g HAERE - 0 REE s G A zUAT
BE > BFERENREA AR R EREIR -

Garlock 2% » H 911 R AR B S A4 1% > S EIEUF G REA
REBLECELHKEHAVT - AMGESH - KEVFREE T2 Al
N AEAAEE S HUEBEIT A e o BN REERATH S ~ JRAEL
A F B R B b 2 BA MR GRS R ~ MfROEE ~ FRE(RGRIE) - 2k
B(EEEL - WHR(GEL ~ 2VEE) - FLEAFER - HERKEBERT BT E )
TR EERENRE - B AR G IREE K BT R LATEN > H B {E 7y
e RAITE A E RS ZARA -

TE IR R e s A — ([l ] DABS TR 5 [ - SfE NS TR 5T
BT LFEES I ERER > A8 sEfCAIRER - BRI H5F
ZAMEERNZR - BRI BN T WS TEEAHEE > #GTERE
st 2B P HEIHEY - HAE LETRET - MResat AR 7 A AR E( B
TR Al K FHVAEE N RSN - 8 0] AGET i SEERFL - AEERDKEFE
RS 2 -

HR M RE s AN BB  IEAVR sEE e A ERE - H RS e ata A s
(AISC 360)ff3% 4.1 &l K Fastat T A —/ NS MR - A&l 6 718 2R
RPEIZ MG 2 Rl > AR -



Performance-based design: An engineering approach to structural design that
is based on agreed-upon performance goals and objectives, engineering anal-
ysis and quantitative assessment of alternatives against those design goals and
objectives using accepted engineering tools, methodologies and performance
criteria.
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Program at a Glance

&th International Conference on Structures in Fire

Ui Princeton University, June 8 - 10, 2016
Tuesday, Juna 7, 2016
fiegistration and Opening Reception
18:00 - 20:00 Sponsored by School of Enginesring and Applied Scignce. Choncefior Green Rotindg
Princeton University
Wednesday, June 8, 2016
700 - 800 fegistration and Continental Breakfast Gallery Cutside of McDonnell Hall AQ1/A02
8:00 - 830 Opeaning MeDonnell Hall A02
830 - 930 Session 1-A: Numerical Modeling McDonnell Holf 402
530 - 100 Coffee Break f Poster Session Gollery Outside of McDonnell Hall A01/402
00 - 11oA5 Session 1-8.1r Concrete Columns and Walls McDonnel Hall A02
' ' Session 1-8.2; Steel Connections and Floor Beams Mconnell Half 401
1145 - 1300  Lunch Cormmunity Hat, Whitman Coltege
1300 - 144C Session 1-C.1: Concrete Skabs & Baarns MeDonnell Hall 402
' ’ Session 1-C.2; Metal Structures MeDonnell Holf A1
14:45 - 1515  Colfee Break/ Poster Session Gatlery Chatside of MeDonnell Hall AQ1/402
1545 - 16:45 Session 1-D.1: Timbser McDonneli Hall A02
! ’ Session 1-Du21 Numerical Modeling MrDonnell Helf A01
Reception
18:00 - 20:00 Co-sponioned by Americon nstitute of Steef Construction Chencelior Green Rotunda
(AISC) ond Underwriters Lobaratories{LIL}
Thursday June 5, 2016
00 - 800 Registration and Continental Breakfast Gallery Cutside of McDonnell Holl A01/AD2
800 - 9:15 Session 2-0: Concrete Stabs & Bears KMeDoanel Holl A02
915 - 930 T=minute Oral “Commaercials” of Posters MeDonnell Holl 402
330 - 1000  Coffee Break/Poster Session Gollery Qutside of McDonneli Holl AQL/ADZ
1600 - 1145 Session 2-B.1: Concrete Spalling MeDonnell Hall 402
' ' Session 2-8.2; Bridges MeDonnell Hall ADE
18:45 - 13:00 Lunch Community Hall, Whitman College
1300 - 14:45 Session 2-C.1: Concrete Material Characterization McDonneli Holf A2
! ’ Session 2-C.1: Experimental Methods + Traveling Fires MrDonnell Hell A01
14:45 - 1515  CoMfee Break/Poster Session Gallery Cutside of McDonnell Holl AJ1/A02
1595 - 1700 Session 2-0.1: Fiber Relnforcement and Strengthening MeDonnell Hall AD2
’ ’ Session 2-D.2: Fire Protection Materials MeDonnell Hall Al
19:00 - 22:00 Dinner Progpect House
Friday, June 10, 2016
700 - 3400 Continental Breakfast Gallery Cutside of McDonnell Holl AJ1/A02
800 - 9:15 Session 3-A: Timber MeOonnell Holl 402
915 - 945 Coffes Break [ Poster Session Gallery Crutside of McDonnell Holf AG1/402
B4t - 1100 Session 3-8.1; Applications of Fire Safaty MeDonnell Hall A02
' ’ Session 3-8.2: Composite Columns MeOonnell Helf A1
1100 - 11:30 Coffee Break [/ Poster Session Gallery Outside of McDonnell Holf AQL/A02
1130 - 1230 Sesdion 3-8.3: Probabilistic Approaches MeDonmell Hall AQ2
' ' Session 3-B.4: Steel Material Characterization MeDonnel Holl 401
1230 - 1345 Lunch Cornmunity Hall, Whitman College
1345 - 1m15 Session 3-C: Steel Structures MeDonnell Hall A02
15:45 - 1630  Closing Ceremody MeDoanel Hell AD2
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Experimental Validation of the Damage-
Plasticity Modeling Concept for Normal
Strength Concrete in Fire

MARTIN NEUENSCHWANDER', CLAUDIO SCANDELLA’,
MARKUS KNOBLOCH? and MARIO FONTANA'

ABSTRACT

The softening behavior of concrete and its elastic stiffness evolution with
increasing plastic straining can be investigated experimentally with strain-rate
controlled uniaxial cyclic compression tests. Such tests at ambient temperature
show that concrete exhibits the phenomenon of elastic stiffness degradation, which
can be captured by damage-plasticity models. However, temperature-dependent
concrete models implementing this modeling concept are often used today in
structural fire engineering, despite the lack of experiment-based validation data.
This paper presents the results of a preliminary study on the behavior of normal
strength concrete under cyclic compressive loading at elevated temperatures. The
experimentally derived evolutions of the elastic stiffness with plastic strain confirm
(1) the suitability of the damage-plasticity modeling concept for concrete in
compression at elevated temperatures and (2) provide novel calibration data.

INTRODUCTION

Failure analysis of concrete and composite structures in fire that accounts for
effects due to load-redistributions and confinement action, is an important task in
structural fire engineering. In this framework, advanced generic concrete models,
capable of considering these effects have become an important tool for analysis
since they are available as temperature-dependent constitutive material models in
some finite-element method software packages. However, these models were
developed only on the basis of phenomena, observed in the concrete’s macroscopic
behavior in fracture experiments at ambient temperature.

Plasticity-based concrete models can capture the main  macroscopic
characteristic of the softening behavior of concrete that consists of a decreasing
yield stress upon loading, which is accompanied by irreversible (plastic) strains and
inelastic volumetric expansion (depending on the confining pressure). However,
plasticity models alone cannot account for the stiffness degradation that has been

% ETH Zurich, Department of Civil and Environmental Engineering, Institule of Structural
Enginesring - Steel Timber and Composite Structures, Stefano-Franscini-Platz 5,
BOS3 Zurich, Switzerland.

2 Ruhr Universitdt Bochum, Department of Civil and Environmental Engineering, Institute of
Steel, Lightwaight and Composite Struclures, Universitilssiralle 150, 44801 Bochum,

Garmany.
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Effect of Biaxial Mechanical Loading and
Cement Type on the Fire Spalling
Behaviour of Concrete

MD JIHAD MIAH, FRANCESCO LO MONTE,
PIERRE PIMIENTA and ROBERTO FELICETTI

ABSTRACT

Fire spalling of concrete is a complex phenomenon, which might occur due to
pressure build-up in the pores, thermal- and load-induced stresses. In this context,
eight mid-size ordinary concrete slabs (4of B40-II and 4 of B40-I1I concrete: fc28 =
40 MPa) were heated at the bottom face according to Standard Fire curve (ISO 834-1),
while a constant biaxial compressive load was applied. Four different levels of biaxial
mechanical loading have been investigated on both concretes. The test results showed
that the loaded specimens are more prone to spalling than unloaded specimens, with
increasing amount of spalling for higher values of applied load. Concrete made with
CEM 111 cement (B40-111: 43 % of slag) exhibited less spalling than CEM II cement
concrete (B40-11: 3 % of slag).

INTRODUCTION

Thermal spalling is a sudden and violent breaking away of a surface layer of heated
concrete. Fire spalling reduces the cross-sectional area and may lead to the direct
exposure of rebars to flame, with a significant reduction of the load bearing capacity
[1-2]. Two physical mechanisms are often associated with this phenomenon, namely:
the build-up of pore pressure and thermal stresses in the concrete when exposed to a
rapidly increasing temperature [1-2]. Despite a large body of literature, controversial
opinions exist about the causes of spalling. It is worth noting, however, that a huge
number of experimental studies have been reported in the literature on unloaded
specimens [1-3], while very limited experimental studies are available on the fire
spalling behaviour of concrete under mechanical loading condition [4-9].

Kodur et al. 2007 [4] and Bostrém et al. 2007 [5] concluded that the type of loading
and its intensity have significant influence on fire spalling behaviour

Md Jihad Miah °, Francesco Lo Monte %, Pierre Pimienta ' and Roberto Felicetti *

"Université Paris Est, Centre Scientifique et Technique du Batiment (CSTB), France

? Department of Civil and Environmental Engineering, Politecnico di Milano, Milan, Htaly
Jihad.miah@estb.fr, francesco.lo@polimi.it, piefre.pimienta@cstb.fr, roberto felicetti@polimi.it
of concrete,
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Thermal Properties of Green
High-Performance Fiber-Reinforced
Cementitious Composites Subjected
to High Temperature

XIULING LI, HUINING ZHANG, GENDA CHEN and Y1 BAO

ABSTRACT

To study the influences of mix proportions and high temperature on the thermal properties of
green high-performance fiber reinforced cementitious composites (GHPFRCC), sixteen mix
proportions were designed using the Taguchi orthogonal method. Five variables investigated
were the water-to-binder ratio (0.24, 0.28, .32, and 0.36), sand-to-binder ratio (0.36, 0.46, 0.56,
and 0.66), polyvinyl alcohol (PVA) fiber content (1.5%, 1.7%, 2.0%, and 2.2%) by volume, fly
ash replacement (60%, 65%, 70%, and 75%) by weight, and the superplasticizer content (0.10%,
0.15%, 0.20%, and 0.25%). Each GHPFRCC specimen was subjected to a target temperature
(200 °C, 400 °C, 600 °C, and 800 °C), and then measured for its thermal conductivity using a
transient plane source method. The experimental results showed that the thermal conductivity of
GHPFRCC decreased dramatically in the initial stage up to 400°C, then slowly decreased with
temperature until 800°C. Compared with normal concrete, the GHPFRCC is relatively low in
thermal conductivity and, therefore, can be used as a better thermal insulation material for
infrastructures.

INTRODUCTION

Concrete is the most widely used building material in the world due to its availability,
adaptability, and durability. When reinforced with steel, concrete can act as a heat barrier and
provide thermal insulation for steel due to its low thermal conductivity. However, concrete is
brittle in nature and prone to cracking under tensile stress. Once cracked, the exposed steel is
corroded in an accelerated way, which results in further cracking in concrete [1]. In addition,
high energy consumption and greenhouse gas emission during the production of cement have
received increasing attention around the world [2].

High performance concrete and ultra-high performance concrete have been developed to

'Schoal of Civil Engineering, Shandong Jianzhu University, Jinan, China 250101

“School of Engineering & IT, University of Melbourne, Melboumne, Australia 3010

*Department of Civil, Architectural, and Environmental Engineering, Missouri University of Science and
Technology, Rolla, LISA 65409
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Experimental Study on Mechanical Properties
of Ultra-high Strength Concrete at Elevated
Temperatures

MINGXIANG XIONG, J. Y. RICHARD LIEW and YONG DU

Abstract

This paper introduces experimental study on mechanical properties of an ultra-
high strength concrete at elevated temperatures. The compressive strength on
cylinders and modulus of elasticity of the ultra-high strength concrete (f; = 166
N/mm?®) were investigated up to 800°C. The temperature dependent mechanical
properties were compared with those of normal/high strength concretes provided in
Eurocode 2 and ANSIAISC 360-10, and with those of concretes in literature. The
comparisons showed that the compressive strength and elastic modulus of the ultra-
high strength concrete were generally reduced less than those of normal/high
strength concretes at elevated temperatures, indicating higher fire resistance when it
is used in structural load-bearing elements. The temperature-dependent mechanical
properties are proposed to evaluate fire resistance of concrete filled tubes using the
ultra-high strength concrete in high-rise buildings.

1 Introduction

Ultra-high strength concrete (UHSC) with compressive strength higher than
120MPa has been available with the development of concrete technology and the
availability of variety of materials such as silica fume and high-range water-
reducing admixtures. It is mainly used in offshore and marine structures and for
industrial floors, pavements and security barriers but has not been used in building
structures. This may be due to design concerns on its brittleness and fire resistance
leading to the situations that the current standards allow the use of

M.X. Xiong'?, J.Y. Richard Liew™', Y. Du®

'Sehool of Civil and Transportation Engineering, Guangdong University of Technology,
100 Walhuan Xi Road, GuangZhou, China 510006

ZDepartment of Civil Engineering, Mational University of Singapore, 21 Lower Kent Ridge
Road, Singapore 119077

35chool of Civil Engineering, Nanjing Tech University, NO.30 Puzhu Road(S),Nanjing,
China 211816
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Post-Fire Residual Mechanical Properties of
High Strength Concrete (HSC) Made with
Basalt Aggregate

MARCELA BARROS DE SOUZA SOLLERO
and ARMANDO LOPES MORENO JR.

ABSTRACT

This paper addresses an investigation of the residual mechanical properties of high
strength concrete produced with coarse basalt, limestone and granite aggregate and
exposed to temperatures of 200°C, 400°C and 600°C. The paper objectives are:
comparatively analyze test results with data from standards and results from other
authors, evidencing the influence of coarse aggregate in the material performance; and
provide reduction coefficients of mechanical properties of concrete containing basalt
aggregate exposed to high temperatures, which is used in many countries and have
notable thermal properties, but is not addressed by the structural fire design standards.

INTRODUCTION

It is widely known that, though presenting a good performance when exposed to
high temperatures, concrete's mechanical properties are impacted by them.

FIB [1] bulletin n® 38 indicates that concrete behavior during heating and cooling
depends on the type of cement paste, type of aggrepate, bond region and the
interaction between them.

Though changes occur chiefly in the cement paste, the influence of aggregates is
very intense, because they usually constitute up to 80% of the concrete volume, and
affect the concrete thermal strain and thermal conductivity, restrains creep and
shrinkage of the cement paste and may suffer different physical-chemical alterations
due to heat, depending on their type.

Norms and bulletins that address concrete in fire situation usually present tables or
diagrams relating reduction coefficients of mechanical properties of concrete with
normal strength as function of temperature, distinguished by type of course aggregate.

Marcela B. 5. Sollero, Faculdade de Engenharia Civil, Arguitetura e Urbanismo, UNICAMP,
marcela.barros.souza@gmail.com, Rua Satumino de Brito, 135, BarSo Geraldo, CEP
13083 - 852, Campinas, SF, Brasil,
Armando L Moreno Jonior, Faculdade de Engenharia Civil, Arguitetura e Urbanismo,
UNICAMP, almoreno@fec.unicamp.br, Rua Satumino de Brito, 135, Barfio Geraldo, CEP
13083 — 852, Campinas, SP, Brasil.
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Effects of Polypropylene and Steel Fibers on
Permeability of Ultra-high Performance
Concrete at Hot State

Y. Lland K. H. TAN

ABSTRACT

Permeability of concrete is identified as one of the key parameters controlling
explosive spalling. Measurements of permeability were performed on ulira-high
performance concretes (UHPC) at elevated temperature ranging from ambient
temperature to 300 °C. The effects of polypropylene fibers and steel fibers were
investigated. The results show that plain UHPC and UHPC with steel fibers exhibit
steady increase in permeability with increasing temperature. UHPC with
polypropylene fibers exhibits a sudden increase of permeability at 150 °C. The
microstructure of UHPC before and after exposure to elevated temperature was
investigated by conducting Field Emission Scanning Electron Microscope (FESEM)
observation. The results confirm that both the channels caused by melted
polypropylene fibers as well as the generated micro crack network are the major
factors causing a significant increase in permeability.

1. INTRODUCTION

Compared with normal strength concrete, ultra-high performance concrete
(UHPC) has superior performance such as high strength, high toughness and impact
resistance, high abrasion resistance, high durability, etc. These excellent properties
are due to dense microstructure on concrete. Due to superior performance, UHPC
has been increasingly utilized in many civil engineering structures such as high-rise
buildings, tunnels, and bridges. However, the dense microstructure makes UHPC
even more vulnerable to explosive spalling in fire condition [1, 2]. Explosive
spalling results in partial loss of concrete cross section and exposure of steel
reinforcements to fire, which significantly compromises the load-bearing capacity
of structures [3, 4].

School of Civil and Enwironmental Engineering, Nanyang Technological University,
Singapore 639798, Singapora
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Behaviour of High Strength Steel under Fire
Conditions

DOROTHY A. WINFUL?*®®, KATHERINE A. CASHELL®,
ADRIENE M. BARNES® and RICHARD J. PARGETER®

ABSTRACT

This paper is concermned with the material characteristics of various commercial
high strength structural steels (yield strengths between 460 and 700 N/mm®) at
elevated temperatures. These steels vary in chemical composition and production route
but have similar tensile properties at ambient temperature. Preliminary data of the
following: proportional limit (f,g), elastic modulus (E, ), effective yield strength (f,.4)
based on the total strain level at 2% (in accordance with the Eurocode approach)
obtained from isothermal tests are presented as reduction factors and compared with
literature and the Eurocode (EN 1993-1-2). The consequences for material selection
and design are also discussed.

1. INTRODUCTION

During the conceptual design stage of a project, the selection of materials and
structural schemes are often govermed by the requirement for solutions to be
economically viable whilst equally providing a positive contribution towards the
environment and society. High strength steels (HSS, defined here as materials with
yield strength between 460 and 700 N/mm® in accordance with the Eurocode Part 1-
12 [1]) have the potential to make a positive contribution towards these demands by
reducing the material usage and hence weight of structural elements when employed
in appropriate applications. Lighter structures lead to smaller foundations, reduced
transportation costs and potentially reduced construction times and costs, as well as
lower CO; emissions and energy use during construction.

One of the issues preventing more widespread use of HSS in structures is the lack
of reliable information relating to the response of these materials at elevated
temperature. Although the Eurocode does include a section for HSS [1], the guidance
for fire design is based on experiments on steel with yield strengths below 460 N/mm”.
For HSS, there are limited data in the literature (e.g. [2, 3]) that present the effects of

“National Structural Integrity Research Centre (NSIRC), Great Abington, Cambridge, CB21
GAL UK

*Department of Civil Engineering, Brunel University London, Kingston Lane, UBS 3PH, UK
°“TWI! Ltd, Great Abington, Cambridge, CB21 AL, UK
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Experimental Study of High-Strength Bolts
under Combined Tension and Shear During
and After Fire

ANNE K. KAWOHL and JORG LANGE

ABSTRACT

Experimental studies on high-strength bolts which included both tests under
tension and shear show deviating reduction of strength with rising temperatures
depending on whether the bolts were loaded by tension or shear. In this paper an
experimental study on high-strength bolts of the property class 109 under a
combination of both tension and shear will be presented. Tests were carried out both
under fire conditions and at ambient temperature on bolts first heated to a specified
temperature and then cooled slowly to establish the post-fire performance.

INTRODUCTION

Connections are essential to the stability of a steel structure. The connections not
only transfer load from one beaning member to another but, through their ngidity they
also influence internal forces. During a fire the connections are exposed not only to
thermal strain in addition to the internal forces at ambient temperatures; in the heating
phase of a fire a connection which usually is designed to bear moment and shear
receives compression from the thermal expansion of the connected member. In a later
phase of the fire the strain changes to shear and tension as the connected beam hangs
more or less in catenary. For the load case fire, connections therefore must have
sufficient ductility. The rotational capacity depends on the different elements that form
a connection, e.g. the bolts used. In addition to the load bearing capacity the load-
deflection behavior is of interest.

The behavior of high-strength bolts in fire is of special interest as they obtain their
enhanced strength through different heat treatments which are partially reversed in
fire. Several studies on the load bearing behavior of high-strength bolts under fire have
been carried out in recent years. Most of these studies, however, focus either on pure
tension or pure shear tests. Those studies, which included both tests (tension and
shear) show deviating reduction factors for bolt strength depending on whether the
bolts were loaded by tension or shear. One of these studies is the extensive test series
done by Kirby [1] on different bolts of the property class 8.8 (f, = 800 N/mm?). At

Institute for Steel Structures and Materials Mechanics, Technische Universitat Darmstadt,
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Post-Fire Mechanical Properties of High
Strength Grade 8.8 Steel Bolts

MAHMOOD YAHYAI', ABBAS REZAEIAN?,
VENKATESH KODUR?, MOHAMMADREZA ESLAMI®
and ALIREZA POORMOHAMADI'

ABSTRACT

In order to understand the post-fire performance of bolted connections, it is
essential to have a deep knowledge of the material behavior of all the components,
including bolts, after fire conditions. Very limited research has been carried out on
the behavior of high-strength steel bolts during and after fire conditions. This paper
presents experimental investigations of the residual mechanical properties of Grade
8.8 bolts after exposed to elevated temperatures up to 900°C. The post-fire stress-
strain curves, residual elastic modulus, yield and ultimate strengths as well as
tensile failure modes of bolts were investigated. Also, the effect of factors including
target temperature level, chemical composition of feedstock steels (SAE 10B21 and
10B38) and heat treatment characteristics in production process of Grade 8.8 bolts
were studied. It was observed that, the bolts exhibited drastic reduction in strength
after cooling down from temperatures beyond 400°C, as they lost about 50% of
their ultimate strength after experiencing 800°C. Furthermore, a set of predictive
equations are proposed for evaluating the residual mechanical properties of Grade
8.8 bolts after fire.

Keywords: Steel bolt, Mechanical properties, Post-fire, Residual factor, Tensile
fracture, Temperature

1. INTRODUCTION

Connections in a structural system play a critical role in transferring loads from
one member to the other. The integrity of a structural system may be compromised
in the event of connections failure, leading to damage or even collapse of the
structure. The role of bolted connections is much more crucial under fire condition;
as significant fire-induced forces have to be withstood (Rezaeian and Yahyai 2015,
Yahyai and Rezaeian 2015; Saedi and Yahyai 2009) [1-3]. As the critical basis of
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Changing Failure Modes of Cross-Laminated
Timber

RICHARD EMBERLEY, ALEXANDER NICOLAIDIS,
DILUM FERNANDO and JOSE L. TORERO

ABSTRACT

Cross-laminated timber relies on the adhesive layer between adjacent timber
plies to provide composite action between the lamella for increased member strength
and stiffness. Previous research has shown that adhesive loses normal and shear
stiffness at elevated temperatures increasing the slip between adjacent timber plies.
Slip in the bond layer results in reduced composite action increased deflections and a
potential loss in ultimate strength in the CLT member. In order to study the effects of
temperature on the flexural behavior of CLT, two series of tests were conducted. The
first series focused on identifying the changing failure modes while the second series
established conditions that led to those failure modes in large CLT beams. The results
clearly showed the failure mode of CLT changes from timber failure to failure in the
adhesive as a function of the in-depth temperatures. The adhesive failure yielded
larger deflections and a loss in stiffness and ultimate strength.

INTRODUCTION

Cross-laminated timber (CLT) is an engineered mass timber product which relies
on an adhesive layer between two adjacent timber plies to provide composite action of
the plies for increased section strength. The crosswise layering homogenizes the
timber properties in both the longitudinal and transverse directions. The adhesive layer
in CLT provides composite action between timber plies while being subjected to both
interfacial normal and shear forces. At ambient temperatures, the adhesive layer is
typically strong enough to delay interfacial failures until the occurring of timber
failures such as rolling shear or tensile failure in timber. Any loss of bond strength
affecting the stiffness and strength of the adhesive could yield increases in deflection
and decreases in ultimate strength due to loss of composite action due to increased slip
or debonding of the bonded interface. Slip is the relative movement of two adjacent
lamella apart from a complete rigid bond.

Very little research has been conducted on the relationship between adhesive
behavior and the timber at elevated temperatures. Of the few studies conducted all
have found that adhesive stiffness, strength, and slip are dependent primarily on the

The University of Queensland, School of Civil Engineering, Staff House Road, St. Lucia,
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External an Internal Factors Influencing the
Charring of Timber — an Experimental Study
with Respect to natural Fires and Moisture
Conditions

NORMAN WERTHER

ABSTRACT

The following publication summarizes the experimental work of fire tests as well
as the accompanied analytical studies conducted by the author in order to assess the
influence of the initial moisture content as well as varying temperature time scenarios,
including the heating- and cooling phase of a fire on the charring of timber and on the
temperature profiles within timber cross sections, The outcome of this research is a
simplified design approach for calculating the charring depth, and an improved
material model that can be used in numerical simulations.

INTRODUCTION

In recent years, an increased interest in using timber as a construction material has
been noted all over the world, driven by a discussion of energy- and resource
efficiency in the building sector. Despite political initiatives, which support the use of
timber, concerns and gaps of knowledge still exist, particularly related to fire safety
and the performance based design process. In case of a fire, failure of loadbearing
elements may cause significant human and economic losses that are not tolerated by
society. Considering these aspects, several design standards such as EN 1995-1-2 [1]
have been developed to assess the fire safety of timber elements and structures. In
general, the basic concept of these methods is the determination of the charring depth,
followed by an assessment of the structural performance of the residual cross section,
For unprotected timber elements exposed to standard fire, the reduction of the original
cross section by charring has a larger influence on the load-bearing capacity as the
thermal softening within the remaining cross section [2]. Considering this fact, the
determination of the char depth is the key to a reliable structural fire design with
timber. However, several experimental studies have shown that extemnal and internal
parameters influence the chaming of timber and indicate for largely scattered results.
With respect to performance based design, it becomes ever more important to better
understand how the chaming of timber is influenced by specific parameters such as

Morman Werther, Technical University Munich, Chair for Timber Structures and Building
Construction, Arcisstralie 21, 80333 Munich, Germany.
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Experimental Study of the Behavior of Steel
Structures Protected by Different
Intumescent Coatings and Exposed

to Various Fire Scenarios

ANDREA LUCHERINI, RAZVAN-IOAN COSTA,
LUISA GIULIANI and GRUNDE JOMAAS

ABSTRACT

Three different experimental setups corresponding to three different fire
scenarios were used to investigate how different heating conditions and heating
rates affect the behavior of two different thin intumescent coatings (solvent-
based and water-based paints, respectively). The results confirm that the current
procedure for the design of intumescent coatings has shortcomings, as different
paints have different performances according to the heating conditions and, in
particular, according to the fire's heating rate. The tested water-based paint had
better performance for low heating rates, while the tested solvent-based paint
had better performance for high heating rates. However, for really low heating
rates the solvent-based paint did not activate or provide proper insulation.

INTRODUCTION

Thin intumescent coatings have become the dominant passive fire protection
system used to protect structural steel from fire [1]. These coatings swell on
heating to form a highly insulating foamed char, hence preventing steel from
reaching critical temperatures that could cause structural failure. The increasing
growth of intumescent coatings in the built environment is associated with the
low impact in the attractive appearance of bare steel structure, with their ability
to be applied off site, and with their potential for offshore applications [1].
Intumescent coatings are thermally reactive fire protection materials and they
are usually composed of a combination of organic and inorganic components
bound together in a polymer matrix [2, 3].

Current design procedures for assessing the amount (i.e. thickness) of
intumescent coating needed to protect steel profiles exposed to fire are based on
standard fire fests, in particular the cellulosic standard fire curve [4, 5]
However, several studies have highlighted that the behavior of intumescent
coatings not only depends on the temperature, but it can be highly influenced by
other conditions of any given fire event, for example the heating rate [2, 3, 6, 7]
As a consequence, the current design procedures used for intumescent coatings
are fundamentally based on the standard fire exposure, and hence cannot be

Lucherini A., Costa R, Giuliani L. and Jomaas G., Technical University of Denmark,
Brovej, Building 118, 2800 Kgs. Lyngby, Denmark; email: grujo@byg.dtu.dk
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An Experimental Study of the Damage Modes
of Fireproof Coatings Under Complex Loads

S. W. CHEN, Y. J. WANG, L. M. JIANG and A. 8. USMANI

ABSTRACT: Fire proof coatings used as passive fire protection in steel structures
may sustain damage when subjected to seismic, blast or impact action. Complex states
of stress exist within the coating as well as at the interface between the coating and the
surface of the steel member. This paper reports an experimental study on damage
modes of different fireproof coatings when steel columns under complex loads.
Behavior of cementitious coating and intumescent coating are compared. Different
failure modes of these two coatings are observed.

Keyword: Cementitious fireproof coating; intumescent fireproof coating; complex
loads; failure modes

1 Introduction

Post-earthquake fire 1s believed to be one of the main secondary disasters after an
carthquake''!, It may cause greater losses than the loss caused by the earthquake itself
31 Steel structures are generally considered to be sustainable because of their light
weight, recyclability, good seismic performance and speed of erection, however they
are perceived to possess poor fire resistance as at 550°C, the yield strength and
ultimate strength may drop to half of those at room temperature'*’, Therefore steel
structures unprotected against fire are considered to be wvulnerable to elevated
temperatures and liable to failure or collapse™. The traditional approach to mitigate
this vulnerability has been to insulate steel structural members from the effect of fire
by using appropriate form of passive fire protection (PFP) material,

Cementitious fireproof coating” is one of the most widely used PFP, usually spray
applied to structural members to protect steel frames buildings because of its low
density, low thermal conductivity (around 0.1 W/m K), low cost and non-toxic
emissions in fire. However, this type of fireproofing matenal is brittle and fragile with
a low tensile strength and a great deal of variation in its mechanical properties. Thus,
cracking and interfacial debonding may occur under the action of seismic, blast or
impact action leading to impaired fire resistance of steel structures '™, Dwaikat and
Kodur ™ present parametric studies conducted for modelling the fracture and
delamination of cementitious coating on insulated steel plates subjected to static and
impact loads based on a mixed 2D cohesive zone finite element (CZFE) scheme.

In recent years, a programme of fundamental research™ ! has been undertaken by
the authors at Tongji University in order to develop a method for evaluating the
damage in’cementitious coatings on structural steel members subjected to external

Tl weahier | Sorte Choy, Phi, Adscriie Profoue, Seie £y Laborstony b Dmssiee Raekintion in Civd Epgescerisg, Cofoge of Crvd Ergincermg, Tong: Universaty,
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Modelling the Thermal and Structural
Performance of a Concrete Column Exposed
to a Travelling Fire — Tisova Fire Test

DAVID RUSH', DAVID LANGE?, JAMIE MACLEAN',
and EGLE RACKAUSKAITE?

SUMMARY

The Tisova Fire Test was a large real scale fire test conducted in the Czech
Republic in January 2015 inside of a 4-storey concrete frame building, with concrete
and composite deck floors. The ground floor test compartment had a total area of ca.
230m” with a height of 4.4m. The fire compartment included four columns from the
original 1958 concrete construction, one of which was instrumented retroactively for
temperatures, chosen due to its higher likelihood of observable thermal and structural
response. This paper presents sclected results from the thermal environment around,
and the thermal response of, the column showing the varability of temperatures
through the compartment height. The paper proceeds to model the thermal response of
the column from 1) the real fire scenario, and 2) equivalent areas under the standard
fire curve. These thermal profiles are then used to assess the reduction of the columns
cross-sectional capacity, and shows that using equivalent fire durations is mot an
appropriate method to calculate the thermal and structural response of concrete
columns exposed to a travelling fire.

INTRODUCTION

Current fire engineering design guidance (e.g. [1]), in general, assesses single
structural elements and their response to fire on a pass/fail assessment usually
consisting of prescribed fire resistance criteria and times. This assessment is usually
based on a standard fire that represents only one fire out of a range of possible fires
which may occur, and may not represent the most onerous (or more realistic) fire
insult that a structure might experience [2]. The tests are also limited in their ability to
represent fires within large compartments such as a travelling fire, and so
representation of fire severity have been developed (i.e. [3]).

Modelling of concrete elements and structures to non-standard fires has shown that
long durations of some travelling fires [4] or parametric fires [5] can have significant
effects on the response of concrete structures. However the validity of these models

'BRE Centre for Fire Safety Engineering, University of Edinburgh, UK.
“Technical Institute of Sweden SP, Boras, Sweden
“Imperial College London, UK
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The Performance of Structural Steel Beams
Subject to a Localized Fire

LISA CHOE, SELVARAJAH RAMESH, CHAO ZHANG
and JOHN GROSS

ABSTRACT

This paper presents the results from the open flame, localized fire tests
conducted on 6.17 m long, simply supported W16x26 beam specimens. The cross
sections at midspan (i.e., expected plastic hinge zone) of the beam specimen were
directly exposed to the natural gas fire. Two different tests were conducted: (1) fire-
thermal tests to evaluate the effects of the prescribed heat release rates (HRR),
provided by the 1 m* natural gas burner, on the thermal responses of the specimen and
(2) structural-fire test to evaluate the fire effects on the overall behavior and the load-
bearing capacity of the specimen. The test results indicated that the prescribed heat
release rates from the burner affected the heating rate of the specimen. When the
HRR-time relationship of the burner followed a step function, the fire-exposed region
of the beam specimen was heated essentially linearly with increasing time of fire
exposure. When the HRR was set to a target magnitude of 400 kW throughout the test,
the fire-exposed region was heated nonlinearly until it reached a steady-state
temperature condition. When the beam specimen was subjected to linearly increasing
flexural loads at a maintained HRR of 700 kW, combined flexural and lateral torsional
failure of the specimen was exhibited. The lateral deformations in the compression
flange at the fire-exposed critical sections initiated at 124 £ 5 kKN-m, which is 39% of
the plastic moment capacity at room temperature. The peak moment capacity was 171
4 0 kN-m (54 % of the plastic moment capacity at room temperature), while the
maximum temperature was 642 + 28 °C at the HRR of 700 kW. The test results from
the present study can be used for developing or calibrating analytical models, which
can be eventually used for evaluating the performance of structural members subjected
to a localized fire.

INTRODUCTION

The 6.17 m long W16x26 beam specimens subjected to a localized fire were
tested at the National Fire Research Laboratory (NFRL) [1] of the National Institute of
Standards and Technology (NIST). The main objective of these tests was to
commission the structural fire experimental measurement capabilities of the newly
constructed laboratory. A secondary objective was to generate data set for validation
of analytical models. The experimental tests were divided into two parts: the fire-

MNational Institute of Standards and Technology, 100 Bureau Dr, Gaitharsburg, Maryland 20899, USA
llsa choag@nist gov, setvarajah ramesh@nist. gov, chao.zhangi@@nistgov, john.gross@nist.gov
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The Effects of Load Intensity and Restraint on
the Fire Resistance of Steel and Composite
Beams

FARID ALFAWAKHIRI', CHARLES J. CARTER?,
ROBERT M. BERHINIG®, PATRICK ZEEVELD?,
FREDERICK E. HERVEY* and LUKE C. WOODS*

SUMMARY

The paper presents the results of sixteen fire resistance tests (in accordance with
ASTM E119 and ANSIYUL 263 standards) on structural steel beams and composite
steel/concrete beams conducted by the authors in 2015 at the Underwriters
Laboratories facility in Northbrook, Illinois. The described experimental program
was designed to investigate the effects of load intensity and restraint on the fire
resistance of steel and composite beams in the context of contemporary
construction materials and structural design standards. In terms of the scope and the
range of investigated parameters, such experimental study was carried-out in North
America for the first time. The test results confirmed the beneficial effects of
reduced loads and restraint on the performance of beams in standard fire resistance
tests and quantified these beneficial effects in terms of critical (failure)
temperatures. The tests results also confirmed and quantified the long existing
knowledge about non-composite structural steel beams performing much better than
comparable composite steel/concrete beams in fire resistance tests. The generated
experimental data will be used to validate numerical models, conduct parametric
studies and develop simplified correlations for load intensity versus fire resistance
time (and/or protection thickness). It will be of interest to certification laboratories,
product developers and the broader structural fire protection design community.

INTRODUCTION

Fire resistance tests of loaded beam specimens, with a representative section of
floor or roof construction not exceeding 7 ft (2.1 m) in width, were first adopted in
North America in the early 1970s [1]. Earlier, standardized testing of loaded beams

'American Iron and Steel Institute, 25 Massachusetts Avenue, NW, Suite 800, Washington,
District of Columbia 20001, U.S.A.

*American Institute of Steel Construction, One East Wacker Drive, Suite 700, Chicago,
Ilinols 60601-1802, U.S.A,

*Berhinig Services LLC, 1310 Chestnut Avenue, Ardington Heights, lilinois 60004, U.S.A.
‘Underwriters Laboratories LLC, 333 Pfingsten Road, Northbrook, linois 60062, U.S.A.
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Development and Modification of Yield Line
Patterns in Thin Slabs Subjected to Tensile
Membrane Action

FABIEN QUICHAUD, IAN BURGESS and SHAN-SHAN HUANG

ABSTRACT

1t is widely recognized that composite floor slabs experiencing large displacement
develop a central zone of hydrostatic membrane tension, surrounded and equilibrated
by a ring of membrane compression around the periphery. This mechanism, known as
tensile membrane action, can greatly enhance the load-bearing capacity of a slab
compared with that defined by yield line analysis. This is a very useful effect in cases
where large deflections can be accepted, particularly in fire-resistance design of
composite slabs, since the strength enhancement permits some beams to be left
unprotected. Studies of tensile membrane action in the 1960s led to the development
of several methods to define slab load capacity under large displacement. The method
due to Hayes [5] has become the most widely accepted, and was adopted by Bailey [1,
2] in developing the BRE method for fire-safe design of composite floors. Based on
observations from the Cardington fire tests and on assumptions conceming yield line
patterns and membrane stresses, it calculates the load-carrying enhancement of a slab
as a function of its deflection [2]. It also postulates a deflection limit at which the
maximum acceptable strain in the rebar is reached. On close examination, however,
several hypotheses, such as the assumed failure mechanisms, seem illogical.

The BRE method assumes that a common observation, of a through-depth crack
forming across the central short-span of the slab, represents the limit state for such
slabs. However, it has been observed that similar cracks can also appear at the
intersections of the yield lines, or even not appear at all [3]. This paper proposes a
simple way to define the deflection at which the through-depth crack forms, and where
on the slab it appears. Based on consistent kinematic assumptions, it calculates the
tensile stresses at key points of the slab [4], and predicts the position and displacement
at which through-depth cracking occurs.

INTRODUCTION

The Cardington Fire tests on a full-scale composite building in 1995-96 clearly
showed composite floor slabs resisting much higher temperatures than those for which
they had been designed [1]. This enhancement was recognized as being due to tensile
membrane action (TMA); at large displacement, the slabs experienced high double

University of Sheffisld, Department of Civil & Structural Enginesring, Sir Frederick Mappin
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Evaluation of Composite Steel-Concrete Slab
Performance Subjected to Travelling
Fire: A Case Study

RUI R. SUN and BERNICE V. Y, WONG

ABSTRACT

This paper presents a case study which aims to contribute a better understanding of
the fire performance of composite slab panel structural under non-uniform fire. A
travelling fire which simulates the procedure of fire spread over a large office
compartment is introduced. The coupled CFD modelling and heat transfer model is
used for the fire and thermal analysis. The elevated composite slab temperatures are
applied to finite element model for structural fire analysis by using ABAQUS. The
phenomenon of tensile membrane action in partially fire protected composite slab
when subjected to travelling fire is presented. It has been observed that the predicted
office compartment fire has slower temperature growth rate than that of the ISO 834
standard fire as well as the parametric fire. The study has found out that the traditional
structural fire engineering design may lead to over-conservative prediction with
respect to composite slabs structural fire performance under travelling fire.

INTRODUCTION

Design fire for the elevation of structural performance in case of fire has been
outlined in Eurocodes, assuming a homogeneous temperature distribution throughout
the entire fire compartment, regardless of its size. However in reality, fire do not bum
simultaneously but spread across floor plates, from its ignition source travel to
adjacent combustible surfaces by direct flame contact. There are a number of
investigations concerning tensile membrane action in composite floor when under
homogeneous compartment fire. The composite slab behavior under travelling fire
however has not been extensively studied. In this paper, a case study has been carried
out to examine the behavior of this form of structural action under the exposure of
travelling fire and whether the current design method to this situation gives a more-
conservative assumption.

Rui R. Sun, MM| Engineering, KMD Media Centre, Wellington Circle, Aberdeen, AB12
3JG, UK.
Bernice V. Y. Wong, Ramboll Fire, 240 Blackfriars Road, London SE1 GNW, UK.

77



78



TR e A

Temperature and Strain Measurements with Fiber Optic Sensors for Steel Beams
Subjected to Fire

Thermographic Digital Image Correlation (TDIC) Measurements of
Mechanically-Loaded Structures

79



80



Temperature and Strain Measurements with
Fiber Optic Sensors for Steel Beams
Subjected to Fire

Y1 BAO', YIZHENG CHEN', MATTHEW S. HOEHLER?,
CHRISTOPHER M. SMITH?, MATTHEW BUNDY?
and GENDA CHEN"

ABSTRACT

This paper presents measurements of high temperatures using a Brillouin
scattering based fiber optic sensor and Im&e strains using an extrinsic Fabry-Perot
interferometric sensor Emr assessing the thermo-mechanical behaviors of simp[%a-
supported steel beams subjected to combined thermal and mechanical loading. The
distributed fiber optic sensor captures detailed, non-uniform temperature
distributions that are compared with thermocouple measurements resulting in an
average relative difference of less than 5 % at 95 % confidence level. The extrinsic
Fabry-Perot interferometric sensor caFaures large strains at temperatures above
1000 °C. The strain results measured from the distributed fiber optic sensors and
extrinsic Fabry-Perot interferometric sensors were compared, and the average
relative difference was less than 10 % at 95 % confidence level.

INTRODUCTION

During a fire, the load capacity and stability of steel structures can significantly
degrade duc to adverse temperature-induced deformations and reduced material
properties [1]. To assess the thermo-mechanical conditions of a structure, both
temperatures and strains must be known. The current state of practice in
experimental fire testing is to measure the temperature and global deformation of
specimens and to use analytical models to understand the behavior of the member.
Effective tools are lacking to directly measure strains in steel members subjected to
fire, reliably and accurately.

Fiber optic sensors have drawn intense research interest in the past decade duc
to their unique advantages, such as immunity to electromagnetic interference, small
size, light weight, and excellent durability and resistance to harsh environments.
However, their application 1o structures in fire has not yet been fully explored.
Conventional grating-based fiber optic sensors degrade significantly when heated
over 300 °C and typically fail around 600 “C [2], which limits their application in
fire. Although their temperature operation ran%e can be increased to 1000 °C
through means such as the regenerated fiber Bragg grating technique [2], the
grating sensors do not provide spatially distributed measurements, but rather a point

Department of Civil, Architectural, and Environmental Engineering, Missouri University of
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Thermographic Digital Image Correlation
(TDIC) Measurements of
Mechanically-Loaded Structures

JONATHAN L. HODGES, CHRISTIAN RIPPE, SCOTT W. CASE
and BRIAN Y. LATTIMER

ABSTRACT

This research examined the use of Thermographic Digital Image Correlation
(TDIC) in fire testing with flames in the field of view. The error and uncertainty in
the deformation measurements obtained via TDIC with fire in the field of view
were reduced by ensuring the grayscale histogram of the CCD images was neither
under-saturated nor oversaturated once fire was present. Quantitatively, this corre-
sponded to the greyscale histogram having a mean value between 13-91 out of 255
and a kurtosis between 2.7-10.7 without the fire present. Results obtained from test-
ing using this setup were found to reduce data loss due to overexposure when com-
pared to results obtained using arbitrary light conditions. Thus, future investigators
may reduce the error in the system for live fire testing before exposing the sample
to fire by setting up lighting and camera settings to obtain histograms in this range.

INTRODUCTION

In structural experiments involving fire it is often desirable to measure both de-
formation and temperature fields of load-carrying members being tested. Tradition-
ally these measurements are obtained using physical methods such as string poten-
tiometers and thermocouples. Obtaining full field measurements requires an array
of these devices along the specimen. Unfortunately it can be difficult to attach these
devices without affecting the physical system. In addition, it is often difficult to de-
termine where failure may occur so that instrumentation can be appropriately posi-
tioned. Non-contact measurement methods are desirable to reduce setup issues and
ensure the appropriate data is captured.

Numerous non-contact measurement methods have been proposed for obtaining
either deformation or temperature field measurements; however, few have been
proposed which simultaneously measure both guantities. Thermographic Digital

Jonathan L. Hodges, Virginia Tech, 835 Prices Fork Road, Blacksburg, VA 24061
Christian Rippe, Jensen Hughes, Inc., Blacksburg, VA 24081
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Component-Based Element of Beam Local
Buckling Adjacent to Connections in Fire

GUAN QUAN, SHAN-SHAN HUANG and IAN BURGESS

ABSTRACT

An analytical model based on the yield line mechanism [1] has been proposed by
the authors to predict the beam-web shear buckling and bottom-flange buckling in fire.
This paper described the development of a component-based element considering both
buckling phenomena at the beam-ends, based on this analytical model. The
component-based buckling element consists of top springs and bottom springs, all of
which are capable of dealing with loading-unloading-reloading cycles. This new
component-based element has been implemented into the software Fulean, adjacent to
the existing component-based connection element. An example case using a single-
span beam has been analysed in Fulcan. The modelling results have been validated
against finite clement modelling using ABAQUS, indicating that the newly developed
component-based buckling element is of good accuracy to reflect the behaviour of
local buckling phenomena, Comparison of the structural responses of the beams with
and without the buckling element in Fulcan has been camried out. This comparison
shows that with and without the buckling element does make a difference in the
modelling results. This indicates the potential effects of the local buckling at beam
ends on the conmected joints and columns and on the entire frames at elevated
temperatures. :

Keywords: Component-based Model, Shear Buckling, Bottom-flange Buckling, Fire

INTRODUCTION

The investigation of the collapse of “7 World Trade™ as part of the events of 11
September 2001 in the New York City [2] indicated that the connections are among
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Constitutive Modelling of Ductile Metals at
High Temperature
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Constitutive behaviour of ductile metals subjected to thermo-mechanical loads associated with a
fire condition as well as small-to-medium rate mechanical loads is discussed in this paper. Effective
analysis and design of structures in fire require material models that are valid over a wide range of
stresses, strain rates, loading and unloading cycles and temperatures. Thermal loading of metals
results in a slow, creep-dominated behaviour, which can lead to local or global component failures
and progressive collapse. The collapse mechanism for structures and their components, once
initiated, occurs at - much higher strain rates than creep. A comprehensive modelling framework that
allows simulation of large-scale metal structures subjécted to a wide range of siresses, strain rates
and temperatures is presented. An advanced viscoplastic constitutive model is developed based on
micromechanical material failure mechanisms and experimentally observed time- and temperature-
dependent material behaviour. This model (Wdifire) allows bridging the time-scale gap between
creep-dominated behaviour and resulting thermo-mechanical stiffness and strength degradation on
the one hand, and the high strain rate deformation and fracture caused by structural collapse on the
other hand.

Keywords: Fire, Constitutive modelling, Thermo-mechanical coupling. Structural Collapse

1 Imtroduction

This paper gives a hrief summary of the new thermo-mechanical constitutive model for ductile
metals subjected 1o mechanical stresses and transient temperature condition caused by fire. The
maodel takes into account the influence of stress triaxiality, normalized Lode angle and thermal
material softening caused by the fire condition. The material model itself is applicable to any ductile
metal with failure governed by nucleation, growth and coalescence of voids.

The theoretical development and implementation of the model into dynamic explicit finite
element codes NLFlex and EPSA [8, 9] has been completed by Thomton Tomasetti - Weidlinger
Applied Science (TT-WAS),

2 Material constitutive model

The new material constitutive model [1, 2, 9, 10] covers a wide range of stresses, strain rates and
temperatures. One of the key advantages of the proposed model is its applicability and accuracy of
the solution with different levels of strain rates ranging from thermally activated creep-dominated
behaviour (€ = 107%/5) to high strain rate response of the material subjected to dynamic loads
(£ =101 /5). Applicability to such a wide range of strain rates offers a significant advantage for
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