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PERFORMANCE OF PARTIALLY ENCASED BEAMS AT ELEVATED
AND ROOM TEMPERATURE

Paulo A. G. Piloto™", Ana B. R. Gavilan” and Luis M. R. Mesquita®

€ IDMEC, Polvtechnic Institute of Braganga, Portugal
® University of Salamanca, Spain

Abstract. The purpose of this paper is to analyse the performance of IPE100 Partially
Encased Beams (PEB) at room and elevated temperature. The study includes a comparison
with the behaviour of IPE 100 steel bare beam at room temperature. Seven specimens with
four meters long were tested under bending, grouped in three series: PEB at elevated
temperature, PEB at room temperature, and steel bare beams at room temperature. All beams
attained the ultimate limit state by lateral torsional buckling. The ultimate load of PEB
increased 85% in comparison with steel beam at room temperature. A decrease of 24% in the
ultimate load of PEB was verified at elevated temperature, when compared to the bending
resistance at room temperature.

1. Introduction

Partially Encased Beams (PEB) are elements in which the web of the steel section is encased
by reinforced concrete. They are usually built-up with I-Shape or H-shape steel sections.
Concrete between flanges increases fire resistance, load bearing and stiffness, without
enlarging the overall size of the cross section in comparison to steel sections. These
advantages outweigh the incrasing self-weight of the element.

Partially Encased Beams (PEB) have been widely tested at room temperature. Kindmann er
al. [1], performed 13 tests on PEB with and without slabs, proving the importance of the
reinforced concrete between flanges for the ultimate bending moment. This research adjusted
the pre-standard Eurocode 4 for the design of partially encased composite beams, considering
the effect of encased concrete for load bearing capacity and deflection calculations. Lindner
and Budassis [2], developed a new design proposal for lateral torsional buckling, taking into
account the torsional stiffness of concrete, based on 22 full-scale tests with PEB. Maquoi et
al. [3], inproved the knowledge on lateral torsional buckling of beams, including PEB, and
prepared new design rules that were not satisfactory covered by the existing standards. The
elastic critical moment and the ultimate lateral torsional buckling moment resistance were
revised and improved. Nardin and El Debs [4] studied the behaviour of three composite PEB
under flexural loading, testing some alternative positions for shear studs. Results confirmed
that studs are responsible for composite action and increase bending resistance.
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A small number of experiments under fire conditions are reported [5]. Authors developed
several fire resistance tests using short beam lengths, comparing the behaviour under three
different load levels and the effect of non-welded stirrups.

This paper presenls a new set of experimental bending tests, using large beams, to
determine the performance of PEB under bending at room and elevated temperature (400 °C).
Bending resistance is also compared to IPE100 steel bare beam at room temperature.

2. Experimental programme

2.1 Specimens

Seven specimens were prepared to be tested at different temperature levels. Table 1 refers the
conditions of each test and the initial imperfection of each specimen. The mitial out-of-
straightness was measured with a laser beam. Residual stresses were not measured. Tests were

grouped in three series.

Table 1: List of tested beams

Series Specimen Temperature Section i span
imperfection [mm]
B/3.9-01 400°C PEB IPE100 20
1 B/3.9-02 400°C PEB IPE100 5.0
B/3.9-03 400°C PEB IPE100 3.0
" B/3.9-11 Room PEB IPE100 20
= B/3.9-12 Room PEB IPE100 5.0
3 B/3.9-11A Room IPE100 1.0
B/3.9-12A Room IPE100 3.0

Partially encased section consists of IPE100 steel beam grade S275 JR, with C20/25

encased concrete, using four longitudinal steel B500 rebars with 8 [mun] in diameter. Stirrups
were built with 6 [mun] in diameter using rebars with steel grade B500, distributed along the
length, spaced by 167 [mm]. Stimups were also welded to the longitudinal steel
reinforcement, as represented in Fig. 1a.

Simply supported beams were tested under four-point bending load using two fork
supports. The distance between the fork supports was 3.9 [m]. Two point-Load (F1 and F2)

were symmetrically applied on the top flange, spaced by 3 [m]. See Fig. 1b.

16mm
F1 F2
; e S0mm o 450mm | 3000mm l 440zm o
o SRR AR b 0 B I e SRR O

[ i 1230mm ) 167mm ]
Eti-r:un 't 1 - i
8 Yoot it E | I W L | I 5 sl | 1= i1 — =
- g = 7 |

| |

{

Simm

a) Cross section

b) Longitudinal cross section

Fig. 1: Geometry and test set-up for Partially Encased Beams
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Steel was characterized according intemational standards, [6], for hot rolled and cold
formed steel, see table 2. The stress-strain curves are represented in Fig. 2, for all the three
samples collected from the web of steel, representing the full graphics and detailing the first
part of each tensile test.

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

Properties Hot rolled Cold formed
Average Std. Deviation Average Std. Deviation

E [GPa] 197.901 2.948 203.294 2.110
R, 2, [MPa] 300.738 6.720 524.993 3.521
ReH [MPa] (fy) 302.466 5.749 531.508 7.908
Rel. [MPa] 300.856 4.028 520.825 4.068
Rm [MPa] (fir) 431.252 5.020 626.574 11.539
At [%] 41.584 0.231 25.155 0.495

E- Elastic modulus, Rpgoe- proof strength for 0.2%, ReH- upper yield strength, ReL- lower
yield strength, Rm- tensile strength, At- total extension at the moment of fracture.

Stress [MPa| Stren [MPa]
00 + —= = e e e S
44 | | o

400 4
|

] M b
| ! |

300 {

(R — — - — | [ -— . —

a nat al nis 02 n2s LR ais LE) [[EL [ o002 aoas N
Strain [-] Straln [-]

a) Full graphics b) Elastic range
Fig. 2: Stress-strain curves of hot rolled profile IPE 100

Concrete was obtained from ordinary Portland cement, sand and siliceous aggregates.
Table 3 represents the results for the compressive strength of concrete, using three
compressive tests for cubic samples (fy.mpe) and three compressive tests for cylindrical
samples (fu), according to material testing standard, [7].

Table 3: Compressive tests for concrete
Properties Cure [days]  Average  Std. Deviation
£k cube [MP2] 29 2145 1.03
fa [MPa] 29 20.36 0.30

2.2 Instrumentation at room temperature

Partially Encased Beams were prepared to be tested at room temperature, measuring strain in
middle section (SM). Five electrical sirain gauges were placed over flanges and web (SM-
WS, SM-0St and SM-0Sb), and over the rebars (SM-RC1 and SM-RC2). For the latest
fixation, rebars were machined 1 [mun] in depth and appropriate length to accommodate the
extensometers. Fig. 3 represents the position for strain recording.
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Fig. 3: Strain gauge position on PEB and steel section

Displacement of the cross section was determined at mid span of each beam, using three
displacement transducers with an accuracy of £0.1mm, fixed in two points of the middle
section, connected to the data acquisition centre.

2.3 Instrumentation at elevated temperature

Thermocouples type K were positioned along the length of each beam, in five distinct sections
S1/81A/82/S3A/S83, according to Fig. 4. Most of thermocouples were positioned inside the
cross section, using the spot welding machine. For concrete temperature readings in positions
Si-IC and Si-OC, thermocouples were welded to a small steel washer, wrapped in concrete.

The heating power unit used four dedicated thermocouples to control the heating process.
Insulation mat increased heating process and was also responsible for keeping the temperature
level.
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Fig. 4: Thermocouple positions

Displacement of the cross section was determined at mid span of each beam, using the
room temperature procedure.

2.4 Experimental set-up and test procedure

Room temperature tests were developed using the hydraulic system. with mmcremental load.
Load was slowly increased until the ultimate limit state was atlained, based on the load cell
readings. Teflon was applied between the hydraulics and top of each beam to decrease lateral
restrain.

For high temperature tests, temperature was increased using the heating power unit system
(70 [kVA] maximum power) and the electro-ceramic resistances applied to beam flanges, as
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represented in Fig. 4. A heating rate of 800 [°C/h] was applied up to the specified temperature
level (400°C). Supports were adjusted and load was applied after temperature stabilization (90
minutes after the start of heating).

3. Results at room temperature
3.1 IPE 100 Steel beam at room temperature
IPE100 steel beam failed by elastic lateral torsional buckling, see Fig. 5. Lateral displacement

increased suddenly under small incremental load. The average ultimate load of 20186 N was
determined for this test series, for an average vertical displacement of 48.9 [mm].
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Fig. 5: Load versus mid span displacement for tests series 3

Load decreased immediately after the specimens start to develop lateral displacement and
cross section rotation. Lateral displacement movement depends on the shape of the mitial out-
of-straightness.

Fig. 6 represents strain measurement during this test series. All registered values are below
the elastic strain limnit.

& [z mm]

6000 + - B
B35 11A ((5-08) |
W 4 —— _—

O 912N CS-
00+ n l____\.nl_m{l_‘..l_-i
X niya. S0
MK 4 i Il\\l“\}l

=
2000 TH7 9124 (C5-W5)

1000

RES I ATI& ST
B3 IIA(US-0%)

o 000 10000 12000 0000 If000 30064 34000 1000 1000
Load [N]

Fig. 6: Load-strain in medium section in beams B/3.9-11A and B/3.9-12A

Fig. 7 represents two loading steps regarding one bending test for test series 3 (before and
after instability).
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a) Initial load step b) Final load step
Fig. 7: Beam B/3.9-11A during bending test

3.2 PEB IPE100 at room temperature

PEB IPE100 beams were tested at room temperature and failed by lateral torsional buckling
as well. Vertical displacement increased with load as expected and lateral displacement
suddenly increased for an average ultimate force of 37431 [N], as represented in Fig. 8. The
stiffness in the elastic part increased 15 % in comparison to steel bare beam.
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Fig. 8: Load versus mid span displacement for tests series 2

Load continued to increase, even when the specimen started to develop lateral
displacement and cross section rotation. Lateral displacement movement depends also on the
shape of the initial imperfection.

Fig. 9 represents the strain measurement during loading of PEB for tests series 2. The
elastic strain limit was exceeded in all strain gauges.
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Fig. 9: Load-strain in medium section in beams B/3.9-11 and B/3.9-12

Fig. 10 represents two loading steps regarding the bending test B/3.9-12 for test series 2
(before and after instability).

a) Initial load step
Fig. 10: Beam B/3.9-12 during test

b) Final load step

4. Results at elevated temperature
4.1 PEB IPE100 at elevated temperature (400 °C)
Partially Encased Beams were tested at elevated temperature and failed by lateral torsional

buckling as well. The average ultimate load was 28585 [N] for test series 1. Fig. 11 represents
lateral and vertical displacement during loading.
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Fig. 11: Load versus mid span displacement for tests series 1

The same plastic behaviour was verified at elevated temperature. Failure occurred for

smaller ultimate load.
Fig. 12 represents two loading steps regarding one bending test for series 1 (before and

after instability).

i )

inal load step

a) Initial load step b)
Fig. 12: Beam B/3.9-2 during test

Thermal insulation by fibre mats allowed high heating rate during experiments. After 90
minutes of heating exposure, temperature was considered uniform in section (400 °C), the
supports were adjusted and load was applied slowly, see Fig. 13.

Due to low thermal conductivity of concrete, low temperature was registered in concrete
near the load and support positions. Temperature was also measured by infrared
thermography during and afier removing the insulation mat, confirming that temperature was
uniform distributed along the heating length.
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5. Discussion of results

Table 4 represents the ultimate load for each tests series. Lateral torsional buckling was
attained for all bending tests.

Table 4: Ultimate limit load for tests series
Series Specimen Fu[N]  Fu(average) Std. Deviation.
B/3.9-01 30204
1 B/3.9-02 27290 28585 [N] +1476 [N]
B/3.9-03 28337
B/3.9-11 38718

2 B/3.9-12 36187 37431 [N] £1790 [N]
B/39-11A 19369
. e e +1179 [N]

The ultimate limit load on PEB sections increased 85% with respect to steel bare sections.

The design buckling resistance moment of PEB, calculated according to EN1994-1-1 [6],
only reflects an increase of 40% with respect to the buckling resistance moment of the steel
bare section, calculated according to EN1993-1-1 [7], because the effect of the transversal
reinforcement is not considered. Stirrups welded to the web of profile are responsible for
higher torsional stitfness that cannot be neglected.

Tests perforimed on PEB at elevated temperature showed a decrease of 24% on the ultimate
lumit load when compared to the PEB tested at room temperature. This reduction value is in
accordance with the calculated values of EN1994-1-2 [8].
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6. Conclusions

Seven four-point bending tests were performed to evaluate the performance of partially
encased beams at room and elevated temperature. The behaviour of partially encased beams
was compared to the behaviour of steel bare section.

The ultimate load under bending was determined for IPE100 PEB and for IPE 100 steel
bare beam at room and at elevated temperatures.

Bending and torsional stiffness of the reinforced concrete cannot be neglected for the
calculation of the ultimate bending moment.

The decrease of bending resistance of Partially Encased Beams at elevated temperature is
mainly dominated by the behaviour of the steel beam.

Acknowledgements

Authors acknowledge support lo the following companies: Arcelor — Mittal (Spain), J. Soares
Correia (Portugal), Fepronor (Portugal) and Hierros Furquet (Spain).

References

[1] R. Kindmann, R. Bergmann, L—G. Cajot, J. B. Scleich; “Effect of reinforced concrete
between the flanges of the steel profile of partially encased composite beam”; Journal of
Counstructional Steel Research, 27, pp 107-122, 1993.

2] Joachim Lindner, Nikos Budassis; “Lateral torsional buckling of partially encased
composite beams without concrete slab”; Composite construction in steel and concrete
IV, conference proceedings, May 28th to June 2nd . Banff, Alberta, Canada, 2000.

[3] R. Maquoi, C. Heck, V. Ville de Goyet, et al, (Furopean comimission), “Lateral
torsional buckling in steel and composite beams™; ISBN 92-894-6414-3; Book 1,2 and
3; Technical steel research final report EUR 20888 EN; August 2002.

[4] Silvana de Nardin, Ana Lucia H.C. El Debs, “Study of partially encased composite
beams with innovative position of stud bolts”, Journal of Constructional Steel Research,
Volume 65, Issue 2, Pages 342-350, February 2009.

[51 Paulo A. G. Piloto, Ana B. R. Gavilan, Luis M. R. Mesquita; “Temperature analysis on
fire resistance experiments of partially encased beams”; Safety and Security
Engineering IV, pp. 313- 324, WIT Press, ISBN 978-1-84564-522-9, ISSN: 1746-4498
(PRINT), ISSN:1743-3509 (ON-LINE), University of Antwerp, Belgium. 4-6 July
2011.

[6] ISO 6892-1: Metallic materials - Tensile testing - Part 1: Method of test at room
temperature. Switzerland: International Standard, 2009.

[71 NP EN 12390-3, (Ed. 2) — Ensaios do betdo endurecido. Parte 3: Resisténcia a
compressio, 2009.

[8] CEN - EN 1994-1-1; “Eurocode 4: Design of composite steel and concrete structures -
Part 1-1: General rules and rules for buildings™; Brussels, December 2004.

[9] CEN - EN 1993-1-1; “Eurocode 3: Design of steel structures - Part 1-1: General rules
and rules for buildings”: Brussels, May 2005.

[10] CEN - EN 1994-1-2; “Eurocode 4: Design of composite steel and concrete structures -
Part 1-2: General rules - Structural fire design”; Brussels, August 2005.




