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1. ABSTRACT

To mapdv dpbpo eEetdlel T CLUTEPLPOPE GOUUIKTOV SOKDV VTOKEIUEVEG GE GLVOVLOGUO
APVNTIKNG POTNG Kot aEOVIKOD EPEAKLGLOV. ApyKA TopovcldlovTal To AmTOTEAECUATO
TEPAUATIKOV  OOKIUMOV O©TO EPYOOTHPIO TOV TAVEMGTNUIOL Tov Avtikoy Xidved
(Avotpodia) oe €6l COPIKTEG OKOVG VO TNV EMIOPACT SWPOP®V EMTES®V OEOVIKNG
dvvaung kot kapyng. Ot dokoi @optioTmkay €MC TNV TEAMKN TOVG OoTOYioL Kol
KOTAypaenke 10 Oudypappo oAAnAenidpaong pomnc-afovikng oOdvaung, &vd &ywvav
ovykpicelg pe TN HEDOdO0 MANGTIKAG OavAAvong TG OWTOUNG. XTN  GLVEXELW,
ypnowonomdnke 1o mpoypoupe ABAQUS yw ™ Snuovpyla evog TptodtdoToTon
LOVTEAOL TEMEPUGUEVOV  GTOWXEIMV, 1KOVO VO TPOCOUOUDCEL TI CLUTEPIPOPE TV
COUUIKTOV O0K®V He amodektn oakpifelo ebdg v katdotaon aoctoyicc. To poviého
YPNOUYLOTONONKE Y10 VO YIVOUV TOPAUETPIKES AVAAVGELS GE dOKOVS dPOPMOV AVOLYLATOV
Kol yeopetpiog, ©OOCTE Vo YeEVIKELTOOV Ta amotehéopata. Téhog, pio  eElowon
0o TAGIOAOYNONG TPOTAONKE Yo TO OYESOUO OTNV TPAEN CUOUMIKTOV O0KMOV VO
GLVOLACUEVT] KATATTOVNOT).

2. INTRODUCTION
Composite steel-concrete beams are used in mares tgp structures, including steel

framed buildings, bridges, stadiums and car p&ksnposite beams are being increasingly
used in situations where combinations of bendihgas and axial force may be introduced



into the beam. This may occur via the installatimin post-tensioning cables; by the
inclination of the beam such as in stadia or bridgproaches; in cable-stayed bridges; or
by the necessity to transfer diaphragm forces ftoenfloor plate into the shear core of a
building. However, modern steel and composite stiat codes, including Eurocode 4 [1],
Australian codes AS2327 and AS5100 [2, 3] and AoaeriAISC [4], currently do not
address the effects of combined actions in compasiams. The ultimate capacity of steel-
concrete composite beams under the combined effd#ctzxial tension and negative
bending moment is investigated in the present stihgtly, details of an experimental
investigation into composite beams under combingal gension and negative bending are
provided. Six composite beams of identical crossise were tested in the laboratory of
the University of Western Sydney under differennbmations of tension and bending and
the plastic capacities and failure modes were ifiedt The results were compared with
the capacities provided by rigid plastic analysisotigh the composite section and
reasonable agreement was found. The last sectidheopaper provides details of an
extensive numerical study using the finite elemergthod. The tested beams were
modelled by a nonlinear finite element model in ABRAQUS commercial software. The
three-dimensional model was compared against expetal results and found to be
capable of simulating the inelastic behaviour & domposite beams with efficiency and
to trace the failure modes up to ultimate load leve

3. EXPERIMENTAL PROGRAMME

A total of six steel-concrete composite beams wdtntical cross-sections were tested in
the Laboratory of the University of Western Sydn&l.specimens were constructed with
a 600mm wide and 120mm deep concrete slab connece@00UB30 steel section. The
beam-slab connection was achieved through 19mmedeam95mm long headed shear
studs welded in a single line along the centréheftop flange of the steel beam. The shear
stud number was calculated in order to provide Viuth shear connection between the
concrete slab and the steel beam. A group of 3stuad welded to the ends of each of the
beams to reduce slip and ensure full utilizatiorthaf reinforcing bars. Longitudinal and
transverse reinforcement was placed in the constate The composite cross section for
all specimens and a plan view of a typical specinsbowing the shear stud and
reinforcement arrangement is showrfig. 1.

The beam section was selected to be a class 1a&iq) section in order to be capable of
achieving plastic rotations without being suscdgptito premature local buckling [1, 2].
This was achieved by imposing the code limits ® dlenderness of the steel beam flange
and web. Attention should be paid in a compositéice as the depth of the plastic neutral
axis usually is considerably larger than half & beam depth, as the steel reinforcement in
the slab leads the plastic neutral axis to move teatop flange of the steel beam. Thus,
the steel web should be classified taking into antdhe increased portion which is under
compression [5].

As the universal beam bottom flange was subjeataimpression forces caused by the
negative moment it was susceptible to lateral ¢miai buckling. Lateral buckling of the
steel beam can cause premature failure of the csitepmeam and interruption of the test.
As this was not under investigation in the prestmdly, lateral movement and buckling of
the steel beam was minimized by using a bracingesysonsisting of five sets of fly
bracing located at the ends, quarter points anldeaimidspan. The distance of the bracing



was designed according to the current Australianctiral code [2], which gives the
maximum distances between two lateral restraint®raer to eliminate the effects of
distortional instabilities. Web stiffeners were dedl to each side of the beam and the fly
bracing was attached using grade 8.8 high tensiles.bThe connection to the slab also
utilized grade 8.8 high tensile bolts which werstda place. This arrangement can be seen
in Fig. 2.
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Fig. 1. Cross-section and plan view of the tested spesmen

Material tests were performed prior to the testender to determine the actual strength
and stiffness of steel and concrete. All matenatse ordered from the same set, therefore
it was assumed that the properties would be uniféfansile tests were performed on
coupons cut from the steel web, flange and thefamimg bars and the corresponding
stress-strain laws were obtained. The concretes tesmprised of standard cylinder
compression tests and flexural or splitting testddtermine the tensile strength of concrete
according to Australian Standards [6].

Various measurement devices were employed to ret@mdelevant parameters and to
obtain the experimental behaviour of the beamsadtomatic data acquisition system was
employed to automatically record data from all nueigy devices including load cells,
strain gauges and linear potentiometers throughmaittest. Strain gauges were used to
measure strains of the steel beam and reinforcang &nd to determine at what load the
components yieldLinear potentiometers were used for measuring #féeection of the
beam and the interface slip. The test setup is shiowFig. 2. A combination of load
actuators was used in order to produce axial tensiads and bending moments in the
composite beam specimens. The UWS testing labgrdtes a test bed for testing
specimens in axial loading consisting of two lamgpéversal columns with crossheads. To
create the axial load two 800kN-160mme-stroke hylitaactuators were used, thus capable
of producing axial loads up to 1600kN in the coniigolseams.
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Fig. 2. The test setup Fig. 3. Interaction diagram and comparison
between experimental and analytical
values

The six composite beams were tested under comifieeding moment and axial tension
and the ultimate strength achieved by each specwasndetermined. The lateral torsional
buckling of the compressive flange was preventethkeyuse of lateral restraints, thus the
ultimate capacity of each beam was determined by ohthe four possible failure

conditions: 1) excessive yielding or fracture of tieinforcement, 2) local buckling of the
compressive flange, 3) failure of the shear conoector 4) ductile failure. The ductile

failure mode is defined as the failure mode of mposite beam when none of the first
three conditions is met and the beam deformatioeseacessive, while load applicators
reach their maximum strokeBable 1 summarizes the failure modes of the six specimens.

An analytical calculation of the composite beamagdes was also conducted by means
of rigid plastic analysis (R.P.A.) within the secti In this analysis only the steel parts
(reinforcement bars and steel beam section) ofctmaposite section are considered to
contribute to the section capacity, while the ceterin tension is neglected. For
comparison purposes with the experimental valuegantial safety factors have been used
and the average yield strength resulted from thtemah tests were assumed for the steel
parts.

The values obtained by the tests and those cadcllay R.P.A. are plotted in the same
graph in the interaction diagram Big. 3. This is the lower left quadrant of the complete
moment-axial force interaction diagram of a comggosiection. It is observed from the
same graph that the experimental data points fallmsame basic shape as the theoretical
interaction diagram, but are greater in most caselsding negative bending, combined
negative bending and tension, and less than focdke of pure axial tension. The increase
can partially be explained by the strain harderohdhe steel components and ultimate
strengths found to be greater than yield strengthshe tests. The decrease can be
explained by premature failure of the shear conoeaturing the test of beam CB6 which
is not considered in the sectional analysis.

From the interaction diagram it can be concluded the flexural strength of a composite
section is not affected or is even slightly incezhsinder the simultaneous action of a low
axial tension up to about 20% of the ultimate agtaéngth of the composite beam. This is
also shown by composite beam CB2 results whichdmthcrease of about 6% over the
negative moment capacity of CB1. For axial tentolad levels above the 20% of the



ultimate axial strength, the flexural capacity reelsiin a linear manner as the axial tension
is increased.

Furthermore, the experimental study has confirnhed $ectional rigid plastic analysis is a
reasonable assumption of ultimate design strenfgtoraposite beams under the effects of
combined negative bending and axial tension. Adrgjastic analysis could be used for
design of composite beams subject to these force® st is fairly accurate and will
produce a fairly conservative figure for composigam strength under the combination of
negative bending and axial forces.

Specimen L oading Failure mode
CB1 Pure negative bending Buckling of compresdiaege
CB2 Negative bending and mild axial tension Budklof compressive flange
CB3 Negative bending 'and moderate axia Ductile failure
tension
CB4 Negative bending and high axial tension Rendorent fracture
CB5 Negative bending .and very high axial Reinforcement fracture
tension
CB6 Axial tension only Shear connection failure

Table 1: Experimental failure modes

4. FINITE ELEMENT ANALYSES

The experimental program described in the prevsaesions provided data on the ultimate
strength of composite beams under the combinedtsftd negative bending and various
levels of axial tensile forces. Nevertheless, thst tresults regard only one specific
composite section. In order to generalize the tesahd to study a broader range of
sections, the finite element method has been eragloyor this purpose, a three-
dimensional finite element model was constructedriter to reproduce the tests on the
composite beams. The model is relying on the usdetommercial software ABAQUS

[71.

The concrete slab and the steel beam were modedied) eight-node linear hexahedral
solid elements with reduced integration, namely 880n ABAQUS. The reinforcing bars
were modelled as two-node three-dimensional litresis elements, T3D2. An overview of
the finite element discretization is showrFig. 4. The fly bracing was modelled indirectly
by applying boundary conditions which prevent lakelisplacement at the same points on
the beam compression flange as the fly bracinge werated in the tests. Due to the
symmetrical geometry and loading, only half of beam was modelled, while appropriate
boundary conditions were applied on the plane ofragtry. A schematic representation of
the various modelling assumptions is depictelim 4.

For modelling the reinforcement in the slab the edded element technique was
employed. The embedded element technique in ABA@USed to specify an element or
a group of elements that lie embedded in a grouposft elements whose response will be
used to constrain the translational degrees ofdtnee of the embedded nodes. In the
present case, the truss elements representingithidrcement are the embedded region



while the concrete slab is the host region. In @amldi a contact interaction was applied in
the beam-slab interface which did not allow sepamatf the surfaces after contact in order
to prevent uplift. The node-to-surface contact vathall sliding was used while the hard
contact without friction was specified as the cohfaoperty.

The stress-strain laws resulting from the matdgats were multi-linearized and used for
the modelling of the steel parts of the beam arel réfinforcing bars. The isotropic
hardening law was used as the constitutive lavalicsteel parts of the model.

The concrete material stress-strain relationshig walibrated according to the values
obtained from the concrete cylinder and splittirests. The stress-strain curve for
compression follow the formula proposed by Carreiral Chu[8], while the tensile
behaviour is assumed to be linear up to the urigemsile stress provided by the material
test. Of the available concrete models in ABAQU® tlamaged plasticity model was
preferred over the smeared cracked model. A spnadel representation of shear studs is
chosen to simulate the interface slip. The nonlisgaing element SPRING2 was adopted
to connect a beam flange node with a slab nodearnterface at the same positions where
studs were welded on the specimen, as schematgtadyn inFig. 4. The force slip law
for the spring element is derived by the standarshput tests on 19mm-diameter shear
studs. The experimental curve was multi-lineariaed defined as the force-slip law for
the springs.

. 1
Lateral restraints Symmetry axis |

Steel Beam rl "
N
1 1 I ~q
T 1Contact
| ] ! Interface
RC slab
Shear connection A\VAR 4
v
"zero"
Nonlinear spring

Fig. 4 The finite element model

Fig. 3 illustrates the resulting data in the M-N interatdiagram resulting from the tests,

the RPA and the FE model. The FE points followgame trend as the RPA analysis with
a small over-prediction, which is expected mainkg do the strain hardening effects which
are not present in the RPA. For intermediate driadl levels, as for specimens CB3 and
CB4, the resulting points are in very good agreégmehereas there is some discrepancy
observed for the CB5 and CB2 case. Further detagsrding the assessment of the
numerical model can be found elsewhere [9].

In order to generalize the results and to proposeliable M-N interaction equation for
design, a parametric study was conducted usingiassef beams with different design
parameters. More specifically, the span length wased and accordingly the slab
effective width and reinforcement ratio were destjfior each parametric case according
to current codes. Details on the design of thampatric beams are shownTiable 2.
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Fig. 5. Interaction diagram resulting fromt Fig. 6. Normalized interaction diagram and

parametric beams

proposed design equation

S(Ionr?)n (k?\f/ersn) (L\ANdr?) (Y<?\T3 miq (rﬁ?‘;) (mAnS12) Beam section (Noli]z?:irnglij: ?nm)
8 | 258 | -117 96 | 1.241000 791 IPE240 14/307
12| 258 | -264 144]1.8415001130]  IPE300 20/315
16 | 258 | -469 192|2.452000[1469]  IPE360 24/347
20 | 258 | -733239]3.0620001469]  IPE450 241434
24 | 258 | -1055287|3.672000 1808]  IPE500 24/521

Table 2: Parametric beam design details

Fig. 5 plots the interaction data points resulting fréma EE analyses of the five parametric
beams with full shear connection in the same grdpie parametric analyses verify the
shape of the interaction diagram for the fourth dyaat observed in the experimental
beam. The main outcome is that the bending streofgthcomposite beam is not affected
or is slightly increased in the presence of anlaiasile force up to 20% of the tensile

strength of the composite section. In most cases#dnding resistance with a low axial

level of about 15-20% of Nu is slightly increaseg @5-1.5%. For tensile axial loads

greater than 20% of the plastic axial resistaneenégative moment capacity is reduced
almost linearly by increasing the axial tensiotha beam.

The non-dimensional moment-axial force interactiata points for all parametric beams
are plotted irFig. 6. A design curve is superimposed on the anafisia points. Taking
into account the various safety factors that ateoduced in the practical design by all
structural codes, the following design equatioprigposed for the design of a composite
beam under the combined effects of negative berafdgaxial tension
N 8 M
N, 10M,
M =M, for N < 020N,

=1 for N> 020N (1)

@)

where N and M are the design axial force and bendmoment and Nand M, are the
plastic axial and bending capacities of the contposeam, which can be calculated by



means of the rigid plastic analysis method, asrdest in various structural codes and is
proven to be a reasonably conservative method.

5. CONCLUSIONS

The ultimate capacity of composite beams undectimebined effects of negative bending
and axial tension was investigated in this papermmans of both experimental and
numerical studies. It was assumed that adequagealatestraints are provided to the
compression flange so that the beam is not susteqt lateral torsional buckling. The
experimental study has demonstrated that the megatioment capacity of composite
beams is not affected or is even slightly increasbén axial tension up to 20% of the
axial plastic resistance is simultaneously actmthe composite section. For higher values
of axial tension, the moment capacity is reducedoat linearly by increasing the tension
level. Sectional rigid plastic analysis in accorckarto current design codes has been
proven to be reasonably accurate and to provide mdstic capacities which can be used
in the design practice safely. The finite elemamtlgses have confirmed the interaction
curve shape for composite beams with a broadererahgteel sections, span lengths and
slab widths. Finally, a design formula has beerppsed for composite beams subjected to
a combination of negative bending moment and awiagile loads. The design formula is
the same for composite beams with full and pasiear connection and is based on the
results of both the experimental study and thedimlement analyses, while the design
resistances are computed according to rigid plasteory, in accordance to current
structural codes.
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