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Preface 
Thc Inlcmational Congrcss "FIRE COMPUTER MODELlNG", 00 which this book is bascd, took 
pince a1 Univcrsity Df Cantnbria, Santandcr, Canlubria, Spain on Octobcr 19, 2012. The gaul 01' lhe 
Intcmational Congrcss is lo bring togcther experimental and numcrical practitioners. and fostcr 
discussion and cxchangc ofknowlcdgc. 

Thcrc \vere 35 Papcrs sclcctcd for lhe Intcmutional Congrcss and rcprcscnting diffcrcllt counlrics 
(USA, UK, Canada, Jupao, Swcdcn, France, Finlund, Gcmmny, Russia, Slovukia, Italy, Greece. 
Portugal, Spuin, etc.). The Invitcd Lccturc abou\ "NUMERICAL SOOT MODELLING IN 
TURBULENT JET FLAMES ANO rOOl FIRES" was givcn by Prol: Dr. Michae1 Dclichatsios, 
Univcrsity ofUIsler (UK). 

Wc cxprcss u specinl rccognilion for lhe work developcd in the selection of the papcrs to the Scientifie 
Committee of the Intemational Congress, integratcd by the out-stnnding Professors and Rcsearches, 
Dr. Orlando Abreu (OIDAI, Univ. ofCantabria. ESP). Dr. Daniel Alvcar(OIDAI, Univ. ofCantabria, 
ESP). Dr. Vytcnis 8abrauskas (Fire Sciencc and Tcchn .• USA). DL Jorge A. Capote (GIDAI. Univ. of 
Canlabria. ESP), Dr. Wan-Ki Chow (Hong Kong Polytechnic Uni v., China). Dr. Pedro J. M. Coelho 
(Instit. Sup. Técnico de Lisboa, PRT), Dr. Michael Delichatsios (Uni\". af UlsLer, UK), Dr. Nick 
Dembsey (Worcester Polytcchnic Institute. USA). Dr. Bogdan Dlugogorski (Univ. 01' Nc\Vcastle, 
AUS), DL Scrgey Dorofec\" (FM Global. USA). Dr. Dougal .Drysdale (Univ. 01' Edimburgh. UK). 
Dr. Carlos Femandez-Pello (Univ. ofCalifomia. Berkeley. USA), Dr. Charlcs M. Fleischmann (Univ. 
01' Canterbury. NZL). Dr. Pedro L. Garcia (UNED. ESP), Dr. Stcvc Gwynne (Hughes Associates. 
UK), Dr. Gcorge V. Hadjisophocleous (Univ. of Carleton, CAN). Dr. Yllji Hascmi (Wascda Univ., 
JPN), Mr. Morgnn J. Hllrley (SFPE. USA), Dr. Mare L. Jansscns (Sollth\Vest Researeh Institute. 
USA), Df. Francisco J. Jimenez (Univ. af Córdoba, ESP), Dr. Orunde Jom<l<lS (Tcchnical Univ. of 
Denmark, DK). Dr. Timo Korhonen (VTT. FI), Dr. Chris Lautenbergcr (Reax Engineering, USA). 
Dr. Mariano Lazaro (GIDAI, Univ. of Cantabria, ESP), Dr. Oregory T. Linteris (NIST, USA). 
Dr. Amablc Liiian (Polyteehnie Univ. 01' Madrid, ESP), Df. Richard E. Lyon (FAA, USA). Dr. Andre 
M<lrshall (Univ. 01' Maryland, USA), Dr. Julio M. Marli (Teehnieal Univ. of Catalonia, ESP), 
Dr. William E: MeU (U.S. Forest Serviee, USA), Dr. Bart Merei (Ghcnt Univ., BE), Dr. Frederiek W. 
Mo\Vrer (Uni\'. ofMaryland. USA), Df. Eugenio Onate (Tedm. Uni\'. ofCalalonia. ESP). Dr. Richard 
D. Pcacoek (NIST. USA). Df. Paulo Piloto (Instituto Politécnico de Bragnnça. PRT), Dr. David Purscr 
(Hartford Enviromnental Researeh, UK), Dr. James G. Quintiere (Univ. of Maryland, USA), 
Dr. GuiUenno Rein (Imperial Collcge, UK), Dr. Slanislav I. Slaliarov (Uni\'. of Maryland, USA), 
Dr. Takeyoshi Tanaka (Kyoto Univ., JPN), Dr. José L. Torero (Univ. af Edinburgh, UK). Dr. Amaud 
Trouve (Univ. of Maryland, USA). Dr. Patrick Van Hces (Lund Univ .. SWE), Dr. Vittorio Verda 
(Politecnico di Torino, ITA), Dr. Domingos X. Viegas (Univ. of Coimbra. PRT), Df. Sergey 
Vyazovkin (Univ. af Alabama. USA) and Dr. Jennifer Wcn (Kingslon Univ., UK), \\'hosc seicntisl. 
eontributian hus allowcd to reach a Intemational Congress with lhe highcsI quality. 

Wc \Vant to cxprcss our gratitudc to lhe authors and speakers \Vho have dcdicutcd their time and effarl 
lo bring us in their prescntations, expcriences, methodologies and seientist - Icchnical advanccs in lhe 
Fire Compute r Modeling. 

Prol: Jorge A. Capote 
Congrcss Clmirman 
GIDAI - Firc Safety - Research and Tcehnology 
Universidad de Cantabria 
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Santandcr, Spain 
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Temperature Analysis and Validation of Partially Encased 
Beams Submitted to Elevated Temperature 

Pif%, P. A G. '; Ramos Gavilân, A. B. 2; Mesquita, L M. R. '; Gonçalves, C.' 

I Department af Applied Mechanics. Po/ytechnic Institule af Bragança. Campus Santa Apolónia, 5301-857. 
Bragança. Portugal. 

2 Departmenl af Mechanics. Universi/y of Sa/amanca. Campus Vin'alo • Avda. Cardenal Cisneros, 34, 49022. 

Zamora. Spain. 

ABSTRACT 

Tcmpcrature 3SSCSSmcnt af Purtially Encased Beams (PEB) was performed based on the 

frame work af the experimental bcnding tcslS ai e levated tcmpcraturcs. The heating rale af 

these compositc elements was 800 uC/h in lhe first si age, rollowed by a stcady slage. This 

sccond stage was dcfincd to susta in temperature levei whilc increasing mechanical land. The 

main objective was to calculale lhe bending rcsislal1ce of PEB aI differcllt temperature leveis 

(200. 400 and 600 "C). 

This paper present lhe experimental resuh af 12 lcsls of a more genera l study af 27 ICSIS, 

considering lhe abjeet ivc addrcsscd to analyse and validatc lhe numerical model to predicI 

lemperature rise of bOlh materiais (concrete and stee l) , in particular the time required lo heal 

lhe heams with a lmost constant temperature. This validation is fundamental for lhe general 

proposal of sim'ple calculation methods. 

Good agreement was achieved between experimental and numericul results, obtained by 

nonlinear thermal transient analysis. 

1 INTRODUCTION 

Partially Encased Beal11s (PEB) achieve higher fire resislanee when comparcd to bare sleel 

bcaiTIs. The inerease in fire resistance is due 10 lhe encased material , rcducing lhe exposed 

sleel surface arca, introducing cancrete which has a low thermal conductivity. I-ligher fire 

resistance can a lso be achieved by incrcasing lhe amounl of reinforccmcnt lO compensale for 

lhe reduction of steel strength in case oI' fire , as reported by several researchers. 

According to EN 1994-1-2 [1], memher analysis undcr fire conditions may be verificd using 

eilhcr tabu lated data, simplified or advanced calculation models. 

Tabulaled data rcfcrs only to composite beams ralher than PES, dcpending on load levei, and 

is only valid for slandard fire exposurc and simple supporting conditions. A simple 

calculation model may be used to determine fire resistance of PEB without shear connection 

lo lhe conerele slab. The mies for composite bcams may be applied to PEB. assuming no 

mec1mnical rcsistnnce ofthc reinforced concrele slab, and cst<lhlishing reduced effectivc areas 

of the cross seclion, [I}. This rnodel depends on Ihc lcmpernture field ovcr lhe cross seclion_ 
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Ao advaoced ca1culation modeJ is also suitablc to ana lyse any lype af cross-scction in general 

and partially encased sections in particular. This rncthodology \Vas used to predict lhe 

tcmperature fi eld in both materiais, \Vhen submitted to e1evated temperature. 

PEB have bccn widely tested at room temperature, but only a small !lumber 01' tests are 

reported under fire ar elevated temperature. The most relevant tcsts \Vere deve loped by 

Kindmann et ai [2] , proving the importance of lhe reinforced concrete between flanges for 

bending resistance. Lindncr and Budassis in 2000 [3] developed a new design proposal fo r 

laleraltorsional buckling a1 room temperature. Maquoi et ai [4] , improved the knawledge 0 0 

the claslic critica i mament and a l1 the lateral torsional buckling resislant mamen!. Makamura 

ct aI. [5], lested some partially cncased girders wirh longitudinal and transversal rebars (W 

and NW) to flanges, concluding ' lhat bcnding slrenglh 01' lhe PEB was a lmosl !wo times 

higher llmn convcntional bare stec l girders and specimens with rebar not welded to flanges 

presented a decrcase of 15 % for maximum load bearing when comparcd to the we lded rebar 

(W) specimens. Piloto e1 a i [6] corroborale lhe conclusion about the bendi ng res istance aI 

roo m temperaturc a f PEB und bare stcel beam, but \Vere ullable to deteel differences betwccn 

the PEB load bearing, using slirnlps weldcd (W) and not welded (NW) to lhe web of the 

profile aI elevated temperaturc. 

This papcr intends lo analyse and validate lhe thennal bchaviour of PEB submittcd to elevalcd 

temperature under four poinl bending test, charactcrizing the tempera ture Fi cld before loadillg. 

This analysis was importan! lo validatc lhe bending tests. 

2 PARTIALL Y ENCASED BEAMS 

PEB were construc led by filling lhe space betwcen lhe fl anges 01' an IPE I 00 steel profile with 

reinforced concrete (RC). Figure I represenls lhe nominal dimcnsions of lhe composite cross 

scclion. 

:;; 1 

® 

i---""--J 
Fig. I. emss seCliol/ gmllll!lry (A-.çled proflh', B-Iongillldilml r C'i/ !/iJrce/llclIl. C- COIlf:rell'. D- Stirmps). 
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PEB were made of (PEIOO wilh slecl S275 JR, using C10 encased concrcle wilh siliceous 
aggregmes. Four longitudinal slcel 8 500 rebar were used wilh diameler of 8 mm. Slirrups 
\Vere dcsigned with B500 rebar wilh a di :lmeter 01' 6 mm, spaced every 167 mm. Stirrups were 
also partinlly welded 10 lhe longitudinal steel reinforccmcnt, as represenlcd in figure 1. 

PEB were casled in lhe laboratory. wilhoul lhe need of fonnwork. Specimens were tested 
after more than 60 days, with respecI lo lhe first cast ing phase, to ensure noonal bond 
adhesion. The second casling phase was perfonned ane week after lhe firsl. This lime delay 
did nol influence lhe behaviour of PEB, becausc lhe second casting used lhe sume concrele 
composilion and lhe same envi ronrnental conditians. 80th casling phases had suffic icnt cure 
time and concrele presented the same res istance in bOLh slages. 

Thc surfaces of materiais had no special treatmcnl and were uscd as del ive rcd by 
manulbclurcrs. Sleel elemcnts were cu!" from long slee! bars, using Irnditional maehinery. 
Sl irrups \Vere welded to lhe web ofsteel proti le (W). 

2 EXPERIMENTAL TESTS 

Twclve specimcns \Vere se!ccted to va lidalc lemperaturc 011 PEB. Tcsts \Vere grouped in four 
se ri es lo compare tcmperature evolulion. Series I and 3 \Vere prepared ror lhe samc 
tcmperalure leve i (400 "C) using diffcrcn t PEB lengths (Lt=2.5 m and Lt=4.0 m). Thc olher 
series \Vere prepared to be teslcd at 200 and 600°C. see lable I. Each specimen was idemified 
with :l reference numbcr, Icmperature levei, total length (Lt), length bctwccn supporls (Ls), 
length belween load (LI) and length exposcd lo elevatcd tcmperature (Lt). 

Series Specimen U[mj Ls [mj LI [mj U [mj Temperature levei {0C] 

8/2.4-01 
8/2.4-02 2.5 2.4 1.5 1.3 400 
8/2.4-03 
8/2.4-04 

2 8/2.4-05 2.5 2.4 1.5 1.3 200 
8/2.4-06 
8/3.9-01 

3 8/3.9-02 4.0 3.9 3.0 2.8 400 
8/3.9-03 
8/3.9-04 

4 8/3.9-05 4.0 3.9 3.0 2.8 600 
8/3.9-06 

Tuh/e J. Li.fl (~r/I!.f/ed partia/(r cllm.H·d hcam.\· (Ipl!dl/WIIS wilh lI"I' lded stirl1lps). 

Specimcns \Vere tested using a rcaclion porta l frame, see figure 2. Two hcaling stages \Vere 
defined for PEB. The first transient st:lge was used lo incrcase Lempewture levei , under 
constam heaLing rale. A sccond slage \Vas define to kept temperalure as unifonn as possible 
over lhe cross sec tion. 
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Five different cross sections were defined to cvaluate temperature over cach PEB beam length 

(SI, SIA, S2, S3A and S3). 

) rn ~ 
, ~, E;J I n,,] 

X .I. .1 
·3 -.-. . . 

@)é é éé '" 

~ L 
, ,. , 

JJ 
, , .. 

~ 

,., 

" ) rn ~ :; 

Fig. 2. 7i!Slillg colldilio/lS alld moill cross secliol/S. 

Tests dcveloped at elcvatcd tcmperature used HTC device to increase and susta in temperature 

during loading, see figure 3. This device used electro-ceramic resistanccs applied 011 the top 

alld on the bottom of each specimen. according to figure 4. 

Fig. 3. fIca/il/g Thermal Cellln' (fITe) dCI'icc. Fig. 4. Eleclm-ceramü· rC.l'Ísfal/ce.\·. 

A heating rate of800 °C/hour was applied, which lead to the first stage pcriod af 15, 30 and 
45 minutes, for 200, 400 and 600°C tcsts , respectively. An insulation ceramic mat was 

applied to increase healing efficicncy and to promote uniform temperature distribution. Free 

thermal elongation was allowed befbrc adjusting both supports. Supports \\lere adjusted and 

load \\Ias applied after temperature stabilization (60, 90 and 120 minutes, after the start of 
heating). 

2.1 Instrumentation 
Thermocouples type K were distributed inside cross section and along the length of each 

specirnen, according to figure 5 and 6. Thermocouples were spot welded to steel for 

rneasuring tcrnperature in steel. Small steel washers were uscd to measure the ternperature af 
concrete, wrapping them in positions (Si -IC and Si-OC) during the casting phasc. 

1 
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Fig. 5. Thi'r/llflcouplL' prHilirm.l"/iJr allllltlill .\·L'ClirJll.\·. Fig. 6. TIIl'/"JlloL"ouple/iw positioll Si· l C. 

239 

Thennocouples were also used lo control lhe elcclrical heating process (SMi). Thcsc 
thermocouples \Vere di rect ly conncc ted to lhe contra i uni t of the Heating Thcrmal Centre 

dcvice (70 kVA maximum power). The Hcuting Thermul Centre was able lO deliver heal by 

Joule cffecl, using special clectro-ceTilmic resistances. Tcmperalure was contro lled in rea l 

ti me by lhe control uni t, measuring tcmperalure in t\Vo and four points. for mediuTll (serics J 

and 2) and Inrgc tesl se ries (series 3 nnd 4) respecti vely. 

Figures 7 and 8 represent lhe result of in frmed thermogra plly analysis for lhe ultimate bcnding 

limit state ai the elld of tests 8 /2.4-04 il nd 8 /3.9-05, rcspec tively. Both figures demonstrn tc 
thc heal flux at the bea111 ex tremi ty and lhe efficicncy o r lhe insularion. 

The heat ing process wns controllcd la detenninc thcnllal steady conditions (second stagc), 

before loading. TempCrJlure distribulion along each PEB was also monilorcd. using discrele 

tcmpcralure rcadings by thermocouples and also field rcad ings by in rTUred thcrmography. 

2.2 Temperature measurements 
TempCrJlUre was regislcrcd in both stages (trunsicnt - firs l slagc and steady - sccond slage). 

Figures 9, J I, 13 and 15 were chosen to represent lhe lemperutur~ evolulion of cnch series. 
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Thesc results were plotted for section S2. Temperalure evolution in steel follows the trend of 

the heating rate, while temperature ofconcrete prcsents the traditional effect ofhumidity (near 

100°C), followed by lhe same heating rate. Temperature is almost unifonn in the cross 

section during the steady state (constant temperature levei). 

Figures 10, 12, 14 and 16 collect the temperalure data fram output stecl (Si-OS) in each 

specimen of each series, over the PEB length, for thrcc specific time instants (beginning. 

intennediate and steady stage). Temperature di slribulion along each PEB is not canstant 

beca use the heat flaws by conduction to the beam extremities, the length of the beam exposed 

to elevated temperature (LO is 52'% and 70% with respect to the total length of lhe beam (Lt), 

for the mediuITI and large series respectively and finaIly lhe insulatian near the beam 

extremities was nol efficient. 
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Fig. 15. Hl!lIfillgjiJr te.~f o /3.9-t)5, sectio" S2. Fig. /6. ft!llIp. disfri. uml l!1'O!l/fiel/ljór ti!st .~el'ks -I. 

3 NUMERICAL MODEL 

Thc numerical model used Iwo dimensional linear linite clcments (Plane 55) from Ansys, 

wi th transienl and nonlinear maleria l bchaviour, [7]. The e lement used four nodes wilh one 

degree offreedom (temperature at each nade) and linear inlerpolnting funclions. 

The modcl was refined lo allow for lhe best cOllvergencc soJulion bctween experimental and 

numerical results. Figure 17 represents lhe finilc e1emcnt mesh, used to simulate 

reinforcemclll, concrete and stccl. The mesh presents 3430 finitc clcmenls and 35 14 nades. 

The boundary canditions were defincd in lhe IOp and in the bailam of lhe profile, following 

lhe experimental healing curves (prescribed lemperahlre). Thc initial condition was 3iso 

sc lected from experimcnls, taking into to considcration the start ing tempcmture in lhe cross 

scction. 

Three Célses were selected to represent lhe behaviour of PE8 at diffcrent lempcrahlre Icveis. 

The specirncll lests 8/2.4-06, 8/3,9-03 tlnd 8/3.9-05 \Vere seleclcd to compare the lemperaturc 

rcsults for 200, 400 and 600 uC, respcctively, 
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Fig. 17. Finite t!lCII/CI/I IJIt,.\·!J (mel p"ysic.:a/ lJIodcl. 
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Perfect cantuct \Vus assumed between both materiais. 

Thrcc dimensional thermo-mechanical madel is under development to validate fuH 

cxpcriments, 

3.1 Material properties 
The material properties \Vere defined according to Eurocodes, for both ,materiais [8.9]. The 

tcmperature dependence of thennal conductivity. specific heat and specific mass is 

represented in the next figures (17-22). 
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3,2 Temperature results and comparison 
The lemperature results \Vere dctcrmined ror every nodc af lhe cross section, buI lhe time 

history ror each node lacation was defincd according to the position af each thennocouplc 

used ror comparison. Figures 23-28 prcsent lhe comparison between lhe tempcrature 
evolution in bOlh malcrials (slee l and cancrelc) for tcsls aI 200, 400 and 600°C. The results 

show good agrcement between lhe experimental resuhs and lhe Ilumerical results. Maximum 
lemperature differcncc bctwcen experimental mcusurements and nurncricul results is also 

ident ified for cach materia l. 
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The numerical simulations validated the time rCCJllired to achieve lbe steady state condilion 

and were able to predict temperature evolution in both materiais (stecl and concrete). Small 

differences between numcrical results and experimental measuremenls were dctccted and may 

be explained by the boundary condilions. The numcrical model a lso used perfcct insulation 

while experiments presented some residual hem loss across lhe ceramic fibre insulation 

material. Perfcct contact was also considered betwecn steel and concrete, which can modify 

the hei:H flow and adhesion betwcen both materiais and finally, lhe muteriô31 properlies \Vere 

nol measured and \Vere assllmed from references. 

4 CONCLUSIONS 

Thennal mmlysis of twelve experimental tests was presented, rcgarding two heating slages of 

PEB submitted lo elevô3ted temperatures (200,400 and 600°C). Temperaturc was measured in 

five different sections which allowed analysing the heating themml effeel along the lenglh of 

eaeh specimen. 

Nonlinear transient finite elemen! analysis was used to validate the temperature dislribution 

over lhe cross seclion S2 and also used to predicl lhe required time to estublish lhe thermal 

steady condition, previously slagc to apply the mechanical 10ô3d. Good agrcement was 

detennined between experimental and numerical resulls. 
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