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Construção 
Metálica e Mista 

PERFORMANCE OF PARTIALLY ENCASED BEAMS AT ELEVATED 
AND ROOM TEMPERATURE 

Paulo A. G. Piloto" , Ana B. R. Gavilân" and Luis M. R. Mesquita' 

u IDA/EC, Po~\'teclll/ic fllstilule of Bragança. Por/ugal 
b Ull il'crsit.1' ofSalamallcn, Spain 

Abslracl. The purpose of this paper is to analyse the perrOnllanCe Or IPEIOO Partially 
Ellcílsed Beams (PEB) at room and elevated temperature. The study lncludes a comparisoll 
with lhe uehaviour af IPE IDO steel bare beam at ro0111 tempemture. Sevcll specimells with 
faur meters IOllg \Vere tested lInder bellding, grouped in tlrree series: PEB at elevated 
temperature, PEB at room temperature, and steel bare ueams at room lemperature. Ali ueams 
atlained lhe ultimale limit stale by laleral lorsional buckling. The ultimale load of PEB 
increased 85% in comparisoll wilh steel bcam at roam temperature. A dccrease af 24% in lhe 
ultimule Ioad of PEB was verified at elevaled temperalure, whell compared lO tlle bendillg 
resÍstance aI roOUl tempemture. 

1. Intl'oduction 

Partially Encased Beams (PEB) are elemenls in which lhe web of lhe sleel seclion is encased 
by reinforced conerele. They are usually buill-up wilh I-Shape or H-shape sleel seelions. 
COllcrete between tlallges increases fire resislance. load bearing and stiffllCSS, without 
enlarging lhe overall size of lhe cross sectioll in comparison to sleel sectiolls. These 
advantages outwcigb tlIe incrasiug self-weigbt of lhe elemeut. 

Partially Encased Beams (PEB) have beell widely tesled at room temperature. KindmaIU1 el 

ai. [I], perronned 13 lesls on PEB wilh and wilhoul slabs, proviHg lhe importance or the 
reínforced COllcrete betweeu flanges for lhe ultimate belldillg llloment. This research adjusted 
lhe pre-standard Eurocode 4 for Ibe design of patiíally encílsed composite beams, considerillg 
lhe effecl' of encased couerele for load bearing capacity and detlecliou calclllations. Lindner 
and Budassis [2], developed a new design proposal for lalerallorsional bllclding, laking inlo 
accounl lhe lorsional stiffness of concrete, based ou 22 Ihll-scale tests \Vith PEB. Maquoi el 

01. [3], improved lhe knowledge OH lalemllorsional buclding or beams, including PEB. and 
prepared ncw design mies lha! were nol satisfactory covered by the existillg stmldards. The 
elastic criticai ll10mcnl and Ibe ultimate lateral torsiollal bucklillg lUomcnt resistallce \Vere 
revised and improved. Nardin and EI nebs [4] sludied lhe behaviour or Ihree composile PEB 
uuder tlexural loading, testing some altemalive positions for shear studs. Results confinued 
that studs are responsible for composite action and increase bending resistance. 
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A smaU uUUlber of experiments nuder flfe eOllditions are reporled [5]. Authors developed 
several fITe resistance tests using 5110rt beato lcngths. comparillg lhe bellaviour under tllfee 
different load leveIs and the effeet of non-welded slirrups. 

lltis paper prescnts a llCW set af experimental bcnding lesls. using large bealll5, to 
delenlliue lhe perfonnance of PEB under beuding ai roolll anel elevaled lemperanIre (400 "C). 
Beudillg resislauce is a150 compared to IPEIOO steel bare beam at rOOlll tcmperaturc. 

2. Experimental programme 

2.1 Specimens 

Sevcn specimcl1s \Vere prepared to bc tested al differcnt tcmperatnrc leveis. Table 1 rerers the 
cOllditions af cacll lest ,md lhe initial imperfectioll af cach specimcn. Tlle illÍtial Ollt-of­
straightness was mcasured \Vith a laser beam. Residual stresses \Vere nolmcasured. Tests \Vere 
grouped in three series. 

Tnble 1: List oftested beams 

SpeciUlen Temperahrre Secljon 
rvIid span 

imperfeclion [nun] Series 

B/3.9·01 '100De PEB IPEIOO 2.0 
B/3.9-02 40QDC PEB IPEIOO 5.0 
B/3.9·03 400' C PEB IPE IOO 3.0 

2 
B/3.9· 11 Roam PEB IPEIOO 2.0 
B/3.9-12 Room PEB IPE IOO 5.0 

B/3.9-IIA Room IPEIOO l.O 
B/3.9-12A Room IPE IOO 3.0 

3 

Partially encaseel seelion consisls 01' IPE I 00 sleel bealll grade S275 IR, \ViUl C20/25 
encased couerete, using [om longitudinal steel B500 rebars wilh 8 [mm] in diameter. Stirmps 
were bllilt \Vilh 6 [Illlll] in diallleler lIsiug rebars IVilh sleel grade B500, distribuled along lhe 
lenglh, spaced by 167 [IllIll]. Slimlps were also IVelded lo lhe longitudinal sleel 
reinforccmcut, as represented in Fig. 1 a. 

Silllply sllpported beams IVere lesled lInder fOllf-poinl bending load using t\Vo fork 
supports. The dislanee bet\Veen Ibe fork SllppOrts was 3.9 [m] . Two point-Load (FI and F2) 
IVere symlllelrieally applied on lhe lop flauge, spaced by 3 [m]. See Fig. lb. 

1_ ' . 

FI F:! ............... _ .... ............. _~ _ .... <_ ....... ,.,._. 
~~!,§~~~~~~ii~;;;;f.#. · ,. f ., .. ,. , j . '11 

t t 
F3 F4 

a) Cross seetioll b) Longitudinal cross seclion 
Fig. 1: Geomeuy and lest SCI-Up for Parlially Ellcased Bcam5 
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Steel was characterized accordillg illtemational stalldards, [6], for hot rolled and cold 
fonlled steel, see table 2. The stress-strain curves are represented in Fig. 2, for ali lhe three 
samples collected from the web of steel, represelltillg the f\lU graphics and detailillg lhe first 
pali of each tensile tesl. 

Table 2: Tcnsile lests for hol rolled alld cold fonued sleel 
Propenies Hot rolled Cold fOlUlCd 

Average Sld. Devintioll Avernge Sld. Devialion 
E [Gpa] 197.901 2.948 203.294 2.110 
R".o.".[MPa] 300.738 6.720 524.993 3.521 
ReH [MPa] (f'y) 302.'166 5.749 531.508 7.908 
ReL [MPa] 300.856 4.028 520.825 4.068 
ROl [MPa] (fil) 431.252 5.020 626.574 11.539 
AI [%] 41.584 0.231 25.155 0.495 
E- Elaslic tI1odulus. Rp o~.- proof slrcuglh for 0.2%. ReH- upper yield slrellglh. ReL- lowcr 
yield strcnp,lh. Rru-lensilc strcnglh. AI-Iolal extcnsioll aI lhe momcnl offraclurc. 

l> Ir"'I\lr'l ~ t .... ·I\lr·1 

,. r--------------------------, '. r---------, 

O.' OI I n a : D_:' • .} OJ ! 11 1 Dt' 

,~ ,. 
, .. 

a) Full graphics b) Elastic range 
Fig. 2: Slress-straill curves ofhOl rolled profile IPE 100 

COllcrele \Vas oblained from ordin3ly Portland cemenl, salld and siliceous aggregales. 
Table 3 represellts the results for the campressive strellgth of callerete, usiug three 
compressive lesls for cubic samples (f<k.rubo) and Ihree compressive lesls for cylindrical 
samples (f",), according lo maleriallesling slandard, (7]. 

TabI(' 3: Compressive lesls for conerele 
Propenics Cure fdaysl Average Sld. DevialioJl 

fdc""" [MPa] 29 21.45 1.03 
lcl,[MPa] 29 20.36 0.30 

2.2 Instrumcntation at l'oom tempcl'ature 

Panially Encased Beams were prepared to be tested at roam temperature, measuring straill in 
middle seclioll (SM). Five electrical slfain gauges were placed over fiallges and web (SM­
WS, SM-OSI and SM-OSb), and over tile rebars (SM-RCI and SM-RC2). For tile latesl 
fixatioll , rebars \Vere machined 1 [111m] in deplh aud appropriate length to aceomlllodate lhe 
exlensometers. Fig. 3 represenls lhe position for straiu recording. 
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Fig. 3: Strain gauge position ou PEB and sleel secl ioll 

Displaccmeut af the CroS5 section was detenniued at mid span af each beam, using three 
displaeement trallsdueers with an aeenraey of ±O.lmOl, lixed io two poilltS of the middle 
seclion, COlll1ccted to the data acquisition centre. 

2.3 InstrumentaUon at clcvatcd temperoatul'c 

Thennoeouples type K were positiolled aloog lhe lellgth of eaeh beam, io live distinet seetiolls 
SI /SIAlS2/S3A/S3, aeeording to Fig. 4. Most of therulOeouples were positiooed inside the 
eross sectioo, USillg the spot \Velding machine. For eoocrete temperatme readings in positiollS 
Si-IC and Si-OC, tllennoeouples \Vere welded to a slllall sleel washer, wrapped in concrete. 

The heating power unit used fOllr dedicated tllennoeouples to cootrol lhe heating processo 
lnsulatiou JIlat illcreased heating process aud was also responsible for keepil1g the temperature 
leveI. 

= 
II . n, i. r ,····1 

;IC!:!' ==: 

• I I , 

~ .... ~3)JI:I!.I •. • '1' ... ))}P!I!I~ n • • f _ -.. _ -'}?~ -- u u ( .. -- . ).3~~. ou u +-. __ WFP!I ____ ~ . __ )))!J!I!1 __ •. ~ 
I SECTtO~ 53 I ISECTIO:-O 53AI I SECTION 52 I I SECTION SlAj I 5ECTION SI I 

53·05 S3A..()5t S ~.QSt S IA-OSt 

Fig. 4: Thenllocouple posiliollS 

Displacement of llie cross section was detennilled at mid spall Df each beam, using lhe 
room tcmperature procedure. 

2.4 Experimental set-up and lesl procedure 

Room temperatme tests \Vere developed using tlle hydraulic systcm, with incrementaI load. 
Load \Vas slolVly increased until the ultimate limit state lVas atlained, based Oli the load cell 
readings. Tellon \Vas applied betweeli the hydraulics and top of each beam to decrease lateral 
restrain. 

For high tempernture tests, temperature wns increased lIsing the hcating power unit system 
(70 (kVA] maxillnun power) and the eleclro-ceramic resistnllces applied to beam flanges. as 
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represenled in Fig. 4. A bealing rale of 800 ['C/h] was applied up lo tbe specified lemperalure 
leveI (400'C). Supports were adjllsled and load \Vas applied after lemperalure slabilizalion (90 
minules after tbe slaJ1 ofbealing). 

3. Results at room temperature 

3.1 IPE 100 Sleel beam ai room lemperalure 

IPE I 00 sleel beam fhiled by elaslic lateral lorsional bllCkling, see Fig. 5. Laleral displacemenl 
increased sllddenly under smaIl incrementai load. TIle average ultimale load of 20 I 86 N was 
detennined for tbis lesl series, for ao average verlical displacement of 48.9 [lmn]. 
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a) L11eral (y) b) Vertical (z) 
Fig. 5: Load versus mid span displacement for fesls series 3 

Load decrcascd immediately after the specimells 5tart to develop lateral displaccmcllt and 
cross section rotatioll . Lateral displacemellt 1l10Vemellt depellds on the shape af the illitial out­
of-slraightness. 

Fig. 6 repre5ellts straillll1CaSUrcmellt during tbis te5t series. Ali registered values are below 
the elastic slrain limit. 
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Fig. 6: Load-slrain inmcdiulll seclioll in beams B/3.9-IIA alld B/3.9-12A 

Fig. 7 represeuls l\Vo loading sleps regardillg one bending les! for !esl series 3 (before and 
after illstabilily). 
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Slep b) Finalload step 
Fig. 7: Beam B/3.9-11A during bending teSI 

3.2 PEB IPEIOO ai ,'oom lemperature 

PEB IPEIOO beam5 were lesled ai room temperatme alld failed by lateral torsiooal bucklillg 
as well. Vertical displacemellt increased with load as expected and lateral displacelllent 
suddenly illcreased for ali average ultimate force of 37431 [N), as represeoted in Fig. 8. The 
stiffiIess in the elastic part increased 15 % in comparisoll to steel bare beam. 
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a) Lateral displacemellt b) Vel1ical displacement 
Fig. 8: Load versus mid span displacemeut for tesls senes 2 

Load continued to illcrease, even when lhe specimell started to develop lateral 
displacemellt alld cross section rotation. Lateral displacement mavement depends also 011 the 
shape of the illitial imperfection. 

Fig. 9 represents the straiu measurement dUrillg loading af PEB for tests series 2. 11le 
elastic strain limit was exceerled in ali strain gauges. 
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Fig. 9: Load-strain in mediuJIl sec tioll in berulls B/3.9-11 nnd B/3.9-12 

Il-1 45 

Fig. 10 represenis iwo loading sieps regarding ti" bending iesl B/3.9-1 2 for iesi series 2 
(before and afler insiabiliiy). 

a) luitialload Slep b) Fillalload Slep 
Fig. 10: Beam B/3.9-1 2 durillg lest 

4_ Results at elevated temperature 

4.1 PEB IPE100 ai elevaled lemperalure (400 'c) 

Partially Encased Beams \Vere tested at elevated temperalure alld failed by lateral lorsiollal 
buckling as \Vell. The average ultimaie load \Vas 28585 [N] for iest series I . Fig. II represeuts 
lateral aud vert ical displacemeut duriug loading. 
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-~ --n) Lateral displncemellt b) Vertical displncement 
Fig. 11: Load versus mid spau displacemclll for lests series 1 

Tbe same plastic behaviour was verified at elevated temperature. Failure occulTcd for 
smaller ultimale load. 

Fig. 12 represeuts two loadiug steps regardillg oue bending tesl for series 1 (before alld 
afler instability). 

load slep b) Finalload slep 
Fig. 12: Be:Ull B/3.9-2 during tesl 

Tbennal insulatioll by fibre mats allowed bigb beatiug rate duriug experimeuls. After 90 
minutes of heating exposure, temperanrre \Vas considered Illlifonn in sectiou (400 'e), the 
supports \Vere adjusted and lond was applied slowly, see Fig. 13 . 

Due to low lhennal condllctivity af cDuerele, low tcmperature was registered in cOllerele 
Ilear the load and support positioIlS. Temperature was aIso measured by infrared 
thennography during and afieI' removing lhe i.nsulatioIl mal , confmning lha! temperature was 
ullifonll distributed along tbe heating leugtb. 
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b) Hearing ofbeam B/3.9-02 

c) Heating ofbeam B/3.9-03 d) Thennography ofbeam B/3.9-03 
Fig, 13: Temperature cvolution dming heating process for section S2 oftesls series I 

5. Discussioo of results 

rable 4 represeuts the ultimatc load for caeh tests series. Lateral torsional buekling lVas 
attaiued for ali bellding tests. 

Tabl(' 4: Ultimate limit load for lests series 
Senes Specimen Fu [NJ Fu (average) Std. DeviatioIl. 

B/3.9-01 30204 
B/3.9-02 27290 28585 [N] ± 1476 [N] 
B/3.9-03 28337 

2 
B/3.9-11 38718 

37431 [N] ± 1790 [NJ 
B/3 .9-1 2 36187 

3 
B/3.9-11A 19369 

20186 [N] ±1179[N] 
B/3.9-1 2A 21037 

The ultimate limit load on PEB sections illcreased 85% \Vitil respect to steel bare sections. 
The desigu buekling resistanee 1110ment of PEB, eaJculated aeeordiug to ENI994-1-1 [6], 

only reflects an illcrease of 40% with respeet to the bucklillg resistance moment of the steel 
bare seetion, eaJculated aeeording to ENI993-1-1 [7]. because the effect of Ule transversal 
reiuforcement is not considered. Stinllps welded to lhe web of profile are respollsible for 
higher torsional stiffness that cannot be neglected. 

Tests perfonl1ed OIl PEB at elevated temperatllre showed a decrease of24% 011 the llltimate 
limit load when compared to the PEB tested at roam temperatnre. This reduction value is in 
aecordallce with the calculated values ofENI994-1-2 [8]. 
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6. Conclusions 

Seven four-poinl bendiug lesls IVere perfonned lo evaluale lhe perf0I111anCe of partially 
encased beams at room and elevated temperature. Tbe behaviour af pal1ially eucased beams 
\Vas compared to the behaviour af steel bare seclioll. 

Ibe ultimale load lInder bendillg was detenllined for !PEIOO PEB anel for IPE 100 sleel 
bare beam aI room and aI elevated temperatures. 

BClldillg and torsioual stiffness af lhe reinforced cQllerele canuol be neglected for lhe 
calculation Df the ultimate bending moment. 

The decrease ofbendiug resistance af Partially Encased Beams ai elevated tcmperature is 
mainly dominaled by lhe bebaviour of Ibe sleel heam. 
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