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Abstract

The authors’ companion paper presented the obsamgadnd results from two one-forth
scale composite beam-slab systems tested in fines paper introduces the numerical
assessment based on these experimental resultsonAinear finite element model is
developed using ABQUS/EXxplicit to simulate the spwm behaviour. Material properties at
elevated temperatures are assumed to vary accaiBly 1994-1-2 (2005). The FE model
was first validated with the test results, and theas used to examine the effect of
unprotected interior beams on tensile membraneoractit is found that the numerical
predictions agree well with the test results. Thmespnce of interior beams significantly
affects the magnitude as well as the distributibrstoess of the slab elements, i.e. mesh
reinforcement and concrete slab. The part with mara tensile force is not necessarily at the
slab centre. It may be part of the concrete slalvalthe edge beams. Shortcomings of the
numerical model in predicting the failure modesiacdkcated.
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INTRODUCTION

This paper describes numerical assessments offded ef unprotected interior beams on the
membrane behaviour of composite beam-slab systenfge. A nonlinear finite-element
model is developed using ABAQUS/Explicit and vat&th against the experimental results
presented in the companion paper in terms of teatyer development, deflection response,
and failure modes. The validated model providesiakale insight into the stress and strain
distribution of concrete and reinforcement at thesmhrane stage of the systems.

This paper uses the experimental results from estet specimens which are denoted as S2-
FR-IB and S3-FR. S3-FR was designed without amgrimt beam, while S2-FR-IB had two
interior beams. The layout of the two specimersh®vn in Fig. 1, in which the notation MB,
PSB, and USB denote protected main beam, protesgedndary beam, and unprotected
secondary (interior) beam, respectively.
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Fig. 1 Structural layout of the specimens



Both slabs are considered as rotationally restdainethe additional beam system placed on
top of the outstand part. The beam system was fiaetie reaction frame. More details can
be found in the authors’ companion paper.

1 MODELLING TECHNIQUE

ABAQUS/Explicit was adopted because it uses coesislarge-deformation theory which
can overcome the numerical convergence difficulapyysed by the simulation of large-
deformation problemsSequentially coupled thermal-stress analysis procedure is used
because the thermal fields are the driving foramstlie stress analysis but the thermal
solution does not depend on the stress solutioeréefbre, the simulation comprises two
steps: (1) apply mechanical loading; (2) apply ingatConcrete damaged plasticity model
was adopted, and reinforcement was modelled ubmépyered rebar technique.

S4R shell element was used to discretize botheéhens and the slabs. Fully composite action
between the beams and the slab was simulated ts#al) technique via surface-based
contact interactions.

Material properties of the steel and the concre¢eewobtained from tensile coupon tests and
concrete cylinder tests at ambient temperature.cbneesponding material properties at elevated
temperatures were then obtained using the matexthiction factors specified in EN 1994-1-2
(2005). For numerical purposes, the descendingcheof concrete and reinforcement models
were also adopted. Therefore ultimate compressnagnsof concrete was taken from Table B.1
EN 1994-1-2, which depends on temperature of comcstab; and ultimate tensile strain of
reinforcement was taken as 0.2.

The simplified numerical model took into account gteel beams, the concrete slab, and the
reinforcing mesh. Vertical support for the slab eslgvas provided by the protected edge
beams. In turn, these beams were supported byolhenos. Vertical restraint (U3 = 0) was
imposed at the column locations; it is assumedtti@vertical displacement at these positions
is negligible. Vertical restraint along the edgdstands was applied to model the rotational
restraint beam system, which was assumed to praviihite vertical stiffness.

The temperature distribution at the slab bottonfaser was incorporated into the numerical
model. Based on the recorded temperatures at tlsd menforcement and at the slab top
surface, thermal gradient across the slab thickmessdefined. For the beams, the recorded
temperatures across the beam sections were inededanto the model.

2 MODEL VALIDATION

2.1 Temperature Development

Figs. 2 and 3 show the comparisons of the temperalistribution of the slabs between the
simulation and the test results. With a thermaldgmat of 10C/mm, the predicted
temperatures agreed very well with the experimeeslits.

However, the results were not vey good for the nteshperature in S3-FR after 22min of
heating. This is because severe cracks appear®8-KFR resulting in significant heat losses.
Consequently, the recorded mesh temperature irextestsa lower rate after the cracks had
appeared.
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Fig. 2 Temperature distribution — S2-FR-IB Fig. &1iperature distribution — S3-FR

2.2 Sab / Beam Deflection

Recorded temperature profiles of the flanges aedatebs of the beams were input directly
into the numerical models using the amplitude tepien in ABAQUS. Consequently,
structural behaviour can be obtained. Comparisorierms of beam deflections versus time,
as shown in Figs. 4 and 5, demonstrate that theempiedicts the beam and the slab
behaviour very well.

However, for the main beam of S3-FR the comparisgmoor although the trend is similar.
This is because in S3-FR severe cracks appearadrety early stage (just 20min into the
start of heating), directly above the main beantsus] composite action between the main
beams and the slab could not be maintained, leddintaccurate measurements of the beam
deflection. These measurements were taken fronpdhteof the concrete slab directly above
the beams.
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Fig. 4 Deflection vs. time curves for S2-FR- Fig. 5 Deflection vs. time curves for S3-FR
IB

Fig. 4 also shows the deflection of unprotectedriot beam of S2-FR-IB. As expected, the
mid-span deflection of the beam was very closd&b of the slab even though the beam was
not at the slab centre. This indicates that thb blehaved as a membrane. This membrane
was supported by the reinforcement mesh which aedhato the protected edge beams.

3 DISCUSSION

Figs. 6 and 7 show the stress distributions actlesssections and at the top surface of the
slabs at failure. In these figures, Section 1 demtihie mid-span slab section perpendicular to



the protected secondary beams, Section 2 denaanithspan slab section perpendicular to
the main beams, OverMB is the cross slab sectiowveala main beam, and OverPSB is the

cross slab section above a protected secondary. @denpositions of these cross sections are
indicated in Figs. 6(b) and 7(b).
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It can be seen that, for S2-FR-IB, at 84.0min treximum tensile stress of 425MPa in the
reinforcement is found above the main beam. Theimmax stress above the protected
secondary beams is 310MPa, approximately equéktsttess in the reinforcement across the
slab mid-span section. For S3-FR, the maximum lessiess is found at the slab mid-span
(Section2), followed by the section above the miate secondary beam (OverPSB).
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Fig. 7 Stress distribution of S3-FR at failure -GtBin

The principal stress distributions at the top stefaf the concrete slab are shown in Figs. 6(b)
and 7(b), in which negative values indicate congiuesstresses and positive values indicate
tensile stresses. It can be seen that TMA was ablyianobilized in all specimens, with the
formation of a tensile zone in the slab centre aftbmpression ring’ consisting of the upper
parts of the edge beams and part of the concrabedsiectly above the edge beams.



The compression ring was most evident in S2-FRbIB,it was not so clearly observed in S3-
FR. This is possibly because the tensile stresst®eicentral zone of the slab in S3-FR were
mainly equilibrated by the compressive stressethénupper parts of the steel edge beams,
with some contribution from the compressive stressdhe concrete slab. It should be noted
that S3-FR was designed without any interior beBinerefore tensile stress at the slab centre
region in S3-FR is quite uniform and continuousjcliiis not observed in S2-FR-IB. In S2-
FR-IB, part of concrete slab above the unprotedterior beams is still in compressive
because of the effect of T-flange beam.

Therefore, on the basis of numerical simulationsS@FR-IB (Fig. 6), the fracture of
reinforcement above the edge beams would occut, fbefore the fracture of the
reinforcement at the mid-span of the slabs; thisifa mode concurs with the experimental
observations.
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Fig. 8 Strain distribution at top surface — S2-FRFig. 9 Strain distribution at top surface — S3-
IB at failure — 84.0min FR at failure — 45.0min

In S3-FR, failure is predicted to be due to fraetof reinforcement at the slab mid-span.
However, in the actual test, the failure mode was t the failure of compression ring. On
the other hand, as shown in Figs. 8 and 9, the maxi strain at the top surface of the
concrete slab at its corners is 0.0356 and 0.08492-FR-IB and S3-FR, respectively. These
values are higher than the failure compressivanstiacording to EN 1994-1-2, which are
0.0223 for S2-FR-IB and 0.0213 for S3-FR at the esa@mperature of the concrete slab. It
means that at the slab corners, the stress in e@ntop surface is almost zero, or failure
would occur in these regions. Unfortunately, thisreo obvious indication of which failure
mode, i.e. reinforcement fracture at the slab npigisor concrete crushing at the slab corner,
would occur first. This is a shortcoming of the rerioal model.

Although the comparisons show good correlation betwtest and numerical results for both
specimens, there are still several limitations led humerical model. Firstly, final failure
modes of the beam-slab substructures could nok&etlg identified from the stress or strain
contours. Secondly, partial failures such as cdaareushing and fractures of rebars can not
be taken into account. Also, heat loss caused éyapipearance of concrete cracks could not
be predicted.

4 CONCLUSION

This paper presents numerical studies on the effeicterior beams on membrane behaviour
of composite slab-beam systems in fire. The praphasenerical model was validated with
the test results of two specimens, and the reshltsv good correlation between the test and
the numerical results.

It is found that the presence of interior beamsificantly affects the magnitude as well as
the distribution of stresses in the slab eleméltise. maximum tensile stress is not necessarily



located at the slab centre, but may be locateldarconcrete slab above the edge beams. This
may cause different failure modes for the flooreasislies compared with those of isolated
slab panels.
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