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Tempelrature analysis on fire resistance 
experiments of partially encased beams 

P. A. G. Piloto\ A. B. R. Gavilán2 & L. M. R. Mesquita! 
lDepartment of Applied Mechanics, Polyteclmic InstÍ/lIte ofBragança, 
Bragança, Portugal 
JDepartment of Mechanical Engilleering, University ofSalamallca, 
Zamora, Spaill 

Abstract 

Twelve fire resistance teslS, grouped in four series, were developed using 
partially encased beams (PEB) WitllOut concrete slob, for different load levei and 
shear connection. PEB were built witll standard bot rolled IPEJOO profile and 
reinforced concrete between flanges. Fire resistance was determined for standard 
1S0834 nominal beating curve, using small fire resistance fumace and portal 
trame. Temperature was measured in Ihree differenl sections along PEB lengtll, 
for three differenl materiais (steel, concrete and reinforcemenl). Average 
temperature in each section and material was compared lo lhe average over 
length lemperature. Each series presented similar resuHs, wilh good 
reproducibility. Special focus was given to crilical temperature. The maximum 
temperature difference between sections SI, S2, S3 and lhe averoge elemen! 
lengtll temperature is smaller than 3.2% for tesl scries 1. For test series 2, 3 and 4 
lhe maxirnum lemperature difference is smaller Ihan 5.1 %, 6.3% and 11.2%, 
respectively. Temperature is no! uniform in cross-section. Afler the ini!ial 
heating stag;e, temperature revealed a constan! difference ofapproximately IS0'C 
between temperatures measured inside and outside, defining two main 
temperature evolutions. Temperatures measured outside revealed a1ways higher 
temperature leveI. 
Keywords: partial!;' encased beams,jire resislance, criticallemperalure. 
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1 Introc:luction 

Partially-encased beams are elemenls in which lhe web of lhe sleel seclion is 
encased by reinforced concrele. They are usually buill-up wilh I-Shape or H­
shape sleel sections however tlley can also be construcled from thin-walled built­
up sections. 111ese elements are casted in the fioar, and once the concrete cured, 
section behaves with composite action. Concrete between flanges provides 
several advé:mtages over a steel beam, increasing tire-resistance. load bearing and 
stiffuess, withoul enlarging the overall size of lhe cross seclion. These 
advanlages outweigh tlle increased self-weighl of tlle elemen!. 

Partially encased beams (PEB) have been widely lested at room lemperature, 
but only a small number of experiments under fire condilions are reported. 

Kindmann ef ai. [I] performed 13 tesls on PEB witll and witllout concrele 
slabs, proving the importance of the reinforced concrele between flanges for the 
ultimate bending momen!. This research adjusled Eurocode for the design of 
partially encased cOl11posile beams. 

Hosser ef ai. [2], carried oul 4 experimental tesls on simply supported 
composile PEB, connected to reinforced concrete slabs, under fire conditions. 
The research developed three-dimensional analytical model, sufficiently reliable 
in accuracy, to estimale the effective slab width. 

In 1995, Plurnier ef ai. [3] performed 12 full sized testjoint specimens under 
cyclic loading, consisting of PEC connected to PEB. AutlJOrs concluded Ihat 
neither the "onnection type (welded, bolted) nor the web thickness affected the 
performance of the specimen. AutlJOrs h.ve also observed that yielding took 
place in tlle beams and that be.m flanges alw.ys buckled outward due to the 
presence af concrete. 

Lateral instability was investigated at room temperature by Lindner and 
Budassis [4], using 22 full-scale PEB with two different steel sections. A new 
design proposal for lateral lorsional buckling was proposed, taking into account 
the torsionaI stiffuess of concrete. 

Maquoi ef ai. [5], improved and implemented the knowledge on lateral 
torsional bu"kling of beams, including PEB, and prepared design rules that were 
not satisfactory covered by the existing standards. The elastic criticaI moment 
and tlle ultimate lateral torsional buckling moment resistance were revised and 
improved. 

Assi ef alo [6] developed a theoretical and experimental study on the ultimate 
moment capacity of PEB. AutlJOrs performed 12 tests to investigate tlle 
contribution of different types of concrete. According to autllors, normal 
concrete showed insignificant enhancement to flexural strength, when compared 
to Iightweight concrete. 

More recently, Kodaira ef ai. [7], decide to determine fire resislance of 8 
PEB. Authors demonstrale Ihat reinforcement is effective during fire. The 
numerical metlJOd did not well predicted experimental lemperature, even though 
lhe global thermo-mechanical behaviour seemed to present results in good 
agreemenl. The performance crileria are nol in accordance to the European 

WITTronsoctions on lhe Built Environment, Vo1117, 0 2011 \VIT Prcss 
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standard [8], because AutilOrs decided to use eilher defonnation criterion ar rate 
of defonnation criterion to detennine fire resistance. 

In 2008, Elghazouli and Treadway [9] performed 10 full scale tests. The 
experimental analysis was focused on lhe inelastic perfonnance or partially 
encased members. Aulhors discussed several parameters (strain hardening of 
steel, concrete confinement, extension of section yielding) related wilh capacity 
and ductility with relevance to design and assessment procedures. 

Nardin an.d EI Debs [10] studied tile static behaviour of three composite PEB 
under flexuralloading at roam temperature, testing some alternative positions for 
shear studs, using mono-symmetric steel section. Experimental results confirmed 
tlmt studs are responsible for composite action and increase bending strength. 

The purpose of tilis study is to analyse temperature in three different sections 
of each PEB during tire resistance tests and evaluate the unifonnity of heating 
inside fumace. The temperature of fumace environrnent was already been tested 
and nurnerically validated in a previous work [11], using sixteen plate 
Ihennocouples. 

2 PartiaUy encased beams 

PEB are constructed by tilling tile space between the flanges of a steel profile 
wilh reinforced concrete. Partially encased sections can achieve higher fire 
resistance perfonnance when compared to bare 5teel sections. The increase in 
fire resistance is due to tlle encased material, reducing the exposed steel surface 
area, introducing concrete which has a low thermal conductivity. Fire resistance 
can also be increased by reinforcement as reported in a previous work [12]. 

Partially encased bearns were designed according to figure 1, using different 
types ofmechanical connections to stirrups (welded and not welded). 

~ ~1~ 
Z I 

" 
Figure 1: Cross section dimensions for PEB. 

PEB were built with IPEIOO steel S275 JR, using C20/25 encased concrete, 
wilh four longitudinal steel B500 rebars having a diameter of 8 mm. Stirrups 
were designed and built \Vilh B500 rebars having a diameter of 6 mm, distributed 
through the length, at a distance of 167 mm. PEB were casted in Iaboratory, 
Witllout lhe need of formwork and tested afler more Ihan 60 days, Witll respect to 

~, WIT Trnns:Jctions on the Built Environmcnt, Vai [17, 0 20 11 WIT Press 
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lhe tirst easting phase. The seeond easting phase was perfonned one week after 
lhe first. Surfllee of maleriaIs had nol speeiaI trealmenl and were eonsidered as 
delivered by manufaetures. SleeI elemenls were cul from Iong steeI bars, using 
traditionaI machinery. Slirrups were welded (W) lo tlle web of sleeI profile and 
nol welded (NW). Reinforcement was welded to stirrups for tlle W case and tied 
with wire rop" for lhe other case (NW). 

3 Fire resistance tests 

Partially encased be.ms were tested using to European standards [8], grouped in 
to four series, see table 1. Three series were used to analyse the dependence on 
Ioad leveI (40,60 and 80% ofplastic moment at room temperature, Mpl•Rd=13844 
Nm); one series was prepared to compare the thennaI and mechanicaI behaviour 
of PEB withoul welded slirrups (NW). Table 1 refers lO lhe eondilions of each 
lest. 

Each elemenl was posilioned inside lhe furnace for Ioading and healing, as 
represenled in figure 2. Tests were perfonned with eonslant mechaniealload and 
increasing temperature aecording to the slandard tire IS0834 curve. 

Table 1: Series af fire resistance tests. 

Series Spccimen Stirrups Thcrmal Load levei 
Identification [W I N\V] Load {%Mpa 

B11.2·01 \V IS0834 40% 
BIt .2-02 W IS0834 40% 
B11.2-03 W 150834 40% 
B11.2-04 W 150834 80% 

2 B11.2-05 \V 150834 80% 
B11.2-06 IV 150834 80% 
B11.2-07 N\V 150834 80% 

3 B11.2-08 NW 150834 80% 
B11.2-09 NIV 150834 80% 
B11.2-10 IV 150834 60% 

4 B11.2-11 \V 150834 60% 
8 /1.2-12 W 150834 60% 

Figure 2: Testing cooditions and main cross sections. 

WIT Tronsaclions on lhe Built Environmcnl. Vai 117, CI 1011 W1T Prcss 
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The dislance between supports of each PEB was "Ls"=1.2\o m. Two 
different supports were applied; lhe lop support restrained ZN displacements 
and X rolalion, while the bottom support restrained ZN displacemenl and ZIX 
rolalÍons. The lalesl was buill wilh a shaft suiled inlo drilled web. The lenglh 
exposed lo fire "Lf' was equal lo 1.0 m, while lhe lolal length "LI" of e.ch 
specimen was defined lo 1.37 m. 

Three differenl cross sections were defined to measure lemperature (SI-S2-
S3). 

The objeclive of delermining fire resislance is lo assess tile behaviour ofPEB 
when submitted lo healing and load fire condilions. The melhod is able lO 
quanlity lhe ability of an elemenl to wilhstand load when exposure to high 
lemperatures, using appropriale performance crileria. Fire resislance may be 
expressed as the time or in temperature (criticai) for which lhe appropriate 
criteria have been satisfied. 

3.1 Instrumentation 

Thermocouples type K were positioned along lhe length of each PEB, according 
lO figure 3, lIsing lhe spot welding machine. For concrele lemperature readings in 
positions Si-IC and Si-OC, Ihermocouples were welded lo a small sleel washer, 
wrapped in "oncrele. 

SI /S2IS3-RS ]0',,';,· _ 

'. ~ S I/S2/S3-QC 

Figure 3: Thermocouples positions at three ditferent cross sections. 

Temperatures in malerials were acquired with frequency of 2 [Hz], using 
MGCPlus mullichannel electronic measuremenl uni!. 

Temperature in fumaee was acquired Witil 0.5 [Hz], with a plate 
Ihermocouple, whieh comprise an assembly of a folded sleel plale. The plale 
Ihermomeler has lhe abil ity lo measure lhe correel ralio of conveclive and 
radiative heal traosfer for a !lal surface. 

3.2 Material properties 

The mecha oi cal properties were determined by lensile lesting, aceording lo 
inlemalional standards for hol rolled and cold formed sleel, see lable 2. Three 
samples were collecled from lhe web of sleel boI rolIed profile and two more 

WIT Tr:IIlSllclions on lhe Ruilt Environment., Vol 117, 0 2011 WIT Prcss 
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samples were collected from steel reinforcement material. Table 2 accounts for 
lhe modulus Df elasticity "E", the proof strength "Rp.o.",", maximum value of 
stress prior to the firsl decrease in force "REI,", lowest value Df stress during 
plastic yielding "R"L", tensile strength "Rm" and percentage Df total extension at 
fracture "AI'" 

Table 2: Tensile tests for hot rolled and cold formed steel. 

Properties 

E lGPa] 
RfI.o.2~. [MJ'a] 

RcH [MPa] (!Y) 
RcL [MP"] 

Rm [MP.] (fu) 
At[%l 

Steel profile 
Avclõlge 
197.901 
300.738 
302.466 
300.856 
431.252 
41.584 

Std. Deviation 
2.948 
6.720 
5.749 
4.028 
5.020 
0.231 

Steel reinforcemcnt 
Average Sld. Deviation 
203.294 2.110 
524.993 3.521 
531.508 7.908 
520.825 4.068 
626.574 11.539 
25.155 0.495 

The tllermal properties were not measured but were assumed from ENI992-
1.2 [13] and from ENI993-I-2 [14]. Particular .ttention was dedicated to thermal 
resistance Df interface between both materials. Authors verified Ihat thermal 
conductance equal to 80 kW/m' was acceptable for validation of experiments 
[15]. 

3.3 Performance eriteria 

The performance criteria used for load bearing (rating R) are independent Df the 
ultimate limit state attained by each partially encased beam. Fire resistance time 
was defineel by the elapsed lime between lhe start of heating and the failure of 
load bearing capacity. 

The loael bearing criteria or performance criteria were defmed according to 
testing slarldards [8], using the displacement parameter "D" and rate of 
displacement parameter "cID/dt" criteria. The ultimate limil state was considered 
when both parameters exeeeded limits, eqn. (l). 

D=L'!400d [mm) 

dDJdt =L'!9000d [mm / min) (if D?: L/30) (1) 

The performance cri teria were used to determine criticaI temperature "8cr/ ' 

and fire resistance time. This is lhe time in completed minutes for which the tesl 
specimen was able to support the tesl load. 

3.4 Temperature mensurements 

The nominal fire healing curve 180834 was used for heating PEB elements. 
Temperature was regislered in three different sections, 81, 82 and 83 , to verify 
the homogeneity of heating produced by frre resistance fumace. The maximum 
temperature difference between sections 81, 82, 83 and the average elemenl 
temperature is smaller than 3.2% for tesl series I. For test series 2, 3 and 4 lhe 
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maximum temperature differenee is smaller than 5.1 %, 6.3% and 11.2%, 
respectively. 

Temperature is not lUlifonn Qver the cross-section; after the initial heating 
stage, temperature evolution revealed a eonstan! difference of approximately ISO 
'C between tempcratures measured inside and outside each seetion, defining two 
main temperature evolutions. Temperatures measured outside revealed always 
higher temperature leveis. The initial oscillation in temperature was due to the 
moisture effee! in eonerete. Figures 4-7 represent temperature evolution in 
section 82 for each tests senes. 

Test 8 /1.2-09 presented higher cracks when compared with otller tests, reason 
why temperature increased inside concrete, in comparison with previous tests 
series 2. 

,ro 

:00 ..ao (.no 100 lotO um IGJ IMIO IICI'Wi 
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Figure 4: Temperature in section 82, for series 1. 
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Figure 5: Temperature in section S2, for series 2. 
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Figure 6: Temperature in section 82, for series 3. 
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Figure 7: Temperature in section 82, for series 4. 

Test B/1.2-10, from series 4, missed temperature readings inside concrete in 
section 82. 

Figures 8-11 represent the temperature distribution in each element according 
to each series. CriticaI temperature was determined for each material by 
weighted average based on temperature readings and the area contribution for 
each reading. "Tis", "Ti c" and ~'Tir" refer to 5teel. concrete and reinforcement 
criticaI temperatures, detennined for section "Si" (i~1,2,3), respectively, 
according to the following expressions, eqn. (2). 

Tis ~ (2AJ(SiOS) + AlI{SiWS»)/(2AJ + Ali') 

Tic ~ [l f 4A c(Si/C) + 3f8Ac( Si/C + SiOC) + 3f8A c(SiIC + SiOS) ]f( Ac) 
Tir;SiRS (2) 

where "'Af' is the area af the flange, "Aw" is the area af the web, "Ac" is the 
concrete area, "Ar" is the reinforcement area and "At" is the total cross section 

WITTrnnsactions on the Built Environrnent. Vai 117, 0 2011 WIT !)ress 
W\\I\v.witpl"C5s.com, ISSN 1743-3509 (on-tine) 



Safety and Security Engineering IV 321 

area. CriticaI temperature "TSi" was deterrnined for each section "Si", based on 
area weighted average temperature, according to eqn. (3) 

TSi= [Tis(Aw+2Aj) + Tic(Ac) + Tir(Ar)]/ AI (3) 

CriticaI temperature "Ser,d" for each PEB was detenníned using the criticaI 
temperature of each section, eqo. (4), based 00 weighted temperature of each 
sectioo TSi. 

IJ~." = [TSl+2TS2+TS3]/ 4 (4) 

Temperatures are represenled up lo the criticaI lemperature by increments of 5 
rninutes. 
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Figure 8: Temperature on exposed tire length for test series 1. 
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Figure lO: Temperature on exposed fire length for test series 3. 
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Figure 11: Temperature on exposed fire length for test series 4. 

The deformation mode shape was the same for ali three lests on series L 
Ultimate limit stale was attained by plastie hinge formation; after 20 minutes, the 
rate of displaeement "dD/dt" exeeeded lhe limit eriterion but did nol verify lhe 
condition. Fite resistance time agrees very wel1, for ali tests in 25 minutes. 
Temperature distribution is almost eonstant over eaeh element. 

The ultimate limit state for test series 2 was attained by instabiJity (lateral 
torsional buekling); after 13 minutes, lhe rale of displacement was exceeded as 
welt Fire resistance time did not agree for ali tests. 18 minutes were determined 
for tests B/I .2-04 and BIl.2-0S, while 19 minutes was determined for test B/I .2-
06. Temperature distribution is almost constan! for each test, but different leveis 
were determined for each registered time. 

Fire resist,mce was also determined for different stirrup conditions. Series 3 
differed from series 2, because stirrups were not welded to the web of profile. 
Ultimate limi!: state was attained by lateral torsional buclding; after 13 minutes, 
lhe rate of displacement was exceeded, as welt Fire resistance time equals 
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18 minutes for ali tests in !bis series, although temperature distribution is nol the 
same for each tes!. 

Test series 4 was performed using 60% load leveI, with stirrups welded to the 
web. The ultimate limit state was attained by the formation of a plastic hinge; 
afier 16 min.utes the rate of displacement was exceeded. Fire resistance time of 
20 and 21 minules were determined for tests on this series. Temperature 
distribution was almosl equal for every tested beam. 

Progressive damage of concrete was verified for each fire resistaoce tesl due 
to excessive deformation for longer fire exposure. Flexural cracking and 
debonding of concrete were observed at mid span. Encased concrete blocks 
presented expressive displacement outward of encasemenl (Y direclion), as 
expected dwing tests series 3. 

4 Conclusions 

Twelve bending tests were performed under fire standard IS0834 conditions to 
evaluate fire resistance and lo determine the behaviour of partially encased 
elements. Three different load leveIs were considered (40,60 and 80%) and two 
different bond conditions were tested (welded and not welded). 

Fire resistance depends on load leveI, as expected. Fire resistance decreased 
from 25 to 21 and 18 minutes, as load ratio increased from 40% to 60% and 
80%, respectively. 

There was no evidence of shear bond effec!. Tests in series 3 presented higher 
outward movement of conerete that was responsible for higher temperature 
inside cross section, but fire resistance was the same determined on series 2. 

Differences between temperatures along eaeh element length were smaller 
than 10%, respeet to the element average criticaI temperature. Temperature of 
reinforeemen! represented the lowest value in ali sections. Two different 
temperature evolutions were reeorded for experiments, proofmg that temperature 
was not uniform. Temperature distribution along eaeh exposed PEB was almost 
eonstant proofing the uniformity ofheating and the insulation at the supports. 

Results provide esseotial data to the ealibration and validatioo of new 
simplified design methods, tabulated data and advanced numerical methods. 

ReferenCtlS 

[1] R. Kindmann, R. Bergmann, L. -G. Cajot, J. B. Scleich; "Effec! of 
reinforced concrete between the flanges of lhe steel profile of partially 
encased composite beam"; Journal of ConstruclÍonal Sleel Research, 27, 
pp. 107-122, 1993. 

[2] D. Hosser, T. Dom, O. EI-Nesr, "Experimental and numerical studies of 
composite beams exposed to fire", JOllrnal oIS/rue/lIral Engineering, VaI. 
120, No.IO, pp. 2871-2892,1994. 

[3] A. Plumier, A. Abed, B. Tiliouine, "Increase of buckling resistance and 
ductility ofH-sections by eocased concrete", Behaviollr Df S/eel S/rl/c/I/res 
in Seislllic Areas, E & FN Spon, London, ISBN: 0419 198903, 1995. 

WITTmns::actions on lhe Built Environment. Vol 117, 0 2011 WIT Press 
www.wilprcss.com.ISSN 1743-3509 (on-line) 



324 Safety and Security Engincering IV 

[4] Joachim Lindner, Nikos Budassis; "Lateral torsional buckling of partially 
encased composite beams without concrete slab"; C011lposife conslruclÍol1 
in sleel and concrele IV, conference proceedings, May 28th to June 2nd, 
Banff, Alberta, Canada, pp. 117-128,2000. 

[5] R. Maquoi, C. Heek, V. Ville de Goyet, et aI, (European commission), 
"Lateral torsional buck1ing in steel and composite beams"; ISBN 92-894-
6414-3 ; Book 1,2 and 3; Tec/mical sleel researchfinal reporl EUR 20888 
EN; August 2002. 

[6] LM. Assi, S.M. Abed, Y.M. Hunaiti, "Flexural strength of composite beams 
partially encased in Iightweight concrete", Pakislan Journal of Applied 
Seiences 2(3), pp. 320-323, 2002. 

[7] Akio Kodaira, Hideo Fujinaka, Hirokazu Ohaslú and Toshihlko Nishimura; 
"Fire Resistance of Composite Beams Composed of Rolled Steel Profile 
Conereted Between Flanges"; Fire Seience and Technology Vo1.23 No.3, 
pp. 192-208,2004. 

[8] CEN, EN 1363-[, "Fire resistance tests, part [- General requirements"; 
English version, European Slandard, 1999. 

[9] A.Y. Elr)13zouli, 1. Treadway. "Inelastie behaviour of composite members 
under combined bending and axial loading", JOllrnal of Conslrllcliol1al 
Sleel Research, 64, pp. 1008-1019,2008. 

[10] Silvana de Nardin, Ana Lucia H.C. EI Debs, "Study of partial1y encased 
composite beams with innovative position of stud bolts", JOllrnal of 
Consh·lIclional Sleel Research, Volume 65, Issue 2, pp. 342-350, February 
2009. 

[lI] Paulo A.G. Piloto, Luís M.R. Mesquita, Alexandre Pereira; "Thermal 
Analysis in Fire-Resistance Furnace"; lnternationa/ wOl'kshop 011 Fite 
Proleclion and Life Safety in BlIildings mld Transporlalion Syslems, 
proeeedings ISBN 978-84-8102-559-0, pp 103-111, GIDAI - University of 
Cantabri", 15-17 October 2009. 

[12] Piloto, P.A.G.; Gavilán, Ana Ramos; Mesquita, L.M.R.; "Advanced 
Numerical Method for Estimate Fire Resistanee of Partially Eneased 
Beams"; proceedings of lhe inlernatiollal congress in Fire Safet)' in Tall 
BlIildings; ISBN 84-8102-415-5; pp 79-91; 19th Oetober 2006, University 
of Cantabria, Santander, Spain. 

[[3] CEN - EN 1992-1-2; "Euroeode 2: Design ofconerete slruetures - Part 1-2: 
General mIes - Structural fire design", European standards; Brussels, 
Deeembe:r 2004. 

[14] CEN - EN 1993-1-2; "Eurocode 3: Design of steel Slruetures - Part [-2: 

[15] 

General rules - Struetural fire design", European slalldards; Brussels, April 
2005. 
Piloto, P.A.G.; Ramos Gavilán, A.B.; Mesquita, L.M.R.; "Numerical 
analysis for thermal conductance of the interface between steel and 
concrete to composite structures at elevated temperatures", proceedings 01 
the 2nd Portuguese conlerence on NlImerical metllods applied to 
ThermodYllamics and Fluid Mechanics (in Portuguese), University af 
Aveiro, 8-9 May de 2008. 

WIT Trnnsac:tions on the l3uilt Environmcnt, Vol 117, 0 2011 WIT Prcss 
\vww.witprcs!i.c:om.ISSN 1743-3509 (on·1inc) 




