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Abstract

Ultimate strength of composite beam subjected to combined interaction of negative bending and axial compression containing
openings in the web of steel beam are reported with various opening parameters such as shapes, diameter in circle openings, width in
square openings and distances between openings. A nonlinear three dimensional finite element model (FEM) was developed for
composite beam subjected to combined negative bending and axial compression. The model was validated with available experimental
data and it was predicted that the axial load, moment and failure mode at ultimate limit state were with an acceptable agreement
between FEM and experiment. A study on the web opening parameters was then carried out with validated finite element model.
Finally, it is shown that the ultimate load carrying capacity is reduced with openings in different quotients in the composite beam
subjected to combined interaction of negative bending and axial compression.
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1. INTRODUCTION member subjected to combined negative bending aal a

. . . . . . compression.
The axial compression, applicable in the high bsédings

due to'the wind Iqad Where the composite beamkeaated in 2 EXPERIMENTAL PROGRAMSREVIEWS
the windward side, induces unfavorable phenomenén o
failure in the negative bending regions of commoditam A composite beam was included in this study, whiechs
near internal supports. A wide range of previouseaech experimentally carried out by Vasdravellis et &012] and
studies are concentrated in the composite beam wiéh the composite beam was labeled as CB3. The conepos#m
openings subjected to either positive or negatieading in dimension and test arrangements are shown in FiuBoth
past 30 years. The behavior and design of compbsitens vertical and axial loads were applied simultanepusitil the
subjected to negative bending and compression epsrted failure occurs, vertical load was applied to theektbeam on
by Vasdravelliset al. [2012]. The composite beam with web the middle segment and the axial load was appliethe edge
openings subjected to combined negative bending sexel surface of steel beam. The failure state was détedn
compression is not covered in literature. Thuss thaper through the failure in material components, andakial load
investigates the local buckling and ultimate sttbngf and moment were presented at failure state as atkiimit
composite beam with openings on web of structuteéls state in results.
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Figl Details of test set-up of composite beam subjeictetgative bending and axial compression
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3. FEM MODEL AND VALIDATION

The FE model was developed in the software named
ABAQUS and global finite element analyses were cabeld.
Three dimensional geometric components were degdlap
concrete slab, steel beam and shear studs andleheerd
C3D8R was applied to all three dimensional material
components except steel beam. The element C3D8lusexs

to apply to steel beam due to the high concentrétecks
applied on steel beam and the type of element T@@2
applied to reinforcing bars. A uniform slow nodal-
displacement control was maintained in the appbocabf
loads and the vertical and axial loads were on kbgom
flange of steel beam and on the surface end of bm,
respectively. The support conditions were made with
considering the experimental work and the nodesth@
relevant area were protected in the vertical andal ax
directions. The quasi-static solution in Abaqus lieXp
dynamic solver was predicted by uniform slow load
application and smooth amplitude step. Due to theehbped
half geometries, the symmetry boundary conditiors weade
along the direction of composite beam. The develop&
model and boundary conditions are shown in Figure 2

Surface-to-surface contact algorithm was used teraene
the contact surfaces. The stiffer body with appiaca of
coarser mesh was selected as master surface. Titacto
property was determined in each surface by tangeatid
normal behaviours. Penalty friction formulation wesdected
to its tangential behavior with the coefficient @b and the
hard pressure over closure was selected to itsaldsahavior

E=

Roller support

Axial compressive Load

with allowing separation behavior. An embedded émpine
was used to define the bond of wire mesh and ctmaiab.

All the material components were developed with-lioear
behaviors by using the ultimate strength valuemftbe rests
carried-out by Vasdravellis et al. [2012]. The omte
material model was developed by plasticity damagelets
with evaluation of yield surface hardening variabpgoposed
by Lubliner et al [1989] available in Abaqus. Thetal
material property of concrete was used with theupeeters for
strength hypothesis of concrete recommended by &kand
Kaminski [2011]. The uniaxial stress and strainposes in
compression and tension were developed by using the
equations proposed by Desay & Krishnan [1964] and
Eurocode [1994], respectively. Structural steel nbea
characteristics was considered in the behavior af Wises
yield criterion with isotropic hardening law for gferring
large strain analysis proposed by Gattesco [1999je
material properties of shear stud and reinforcimagsbwere
developed by simplified stress and strain charaties
responses. The convergence study was made witharsmb
meshes as course, medium and fine meshes in edehiaha
component. In order the developed FE model to feel digr
parametric studies, the results were compared with
experimental work. The FE model was matched inféflare
mode at ultimate limit state and the combination aafal
compression and moment were with an acceptableiagnet.
The responses of axial load- vertical load andcibaparison

of moment-axial load at ultimate limit state betwee
experiment and FE model are shown in Figure 3(d)3h).
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Fig. 2 Finite element model and boundary conditions
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Fig. 3 (a) Responses of axial load- vertical load (b) @arison of moment-axial load at ultimate limit stat

4. PARAMETRIC FEM STUDY

The validated FE model was then carried out foarge of

parameters. The ultimate strength of composite beam
influence of axial

significantly changes due to the
compression (Vasdravellis et al., 2012). Table dveh the
conducted opening parameters in the web of steghtend a
composite beam with openings is shown in the Figlrdt
was observed that the early buckling was occumetthié web
and flange of steel beam where the openings wesepted in
the steel beam. The numbers of openings was irfecion
both axial and vertical loads and the strengthoofigosite was
reduced highly when high nhumbers of openings wasdieth
Meanwhile, the strength of composite beam was tigh
reduced or no changes on the applications of lombars of
openings in web. The diameter of circle openings$width of
square openings with raises were accelerated theefstate
in the compression zone of composite beam andeiménrow
areas due to the openings. The possible failureesiadch as
concrete crushing and cracking failure, bucklingthie web
and flange of steel beam, shear connection failanel
fractures of reinforcing bars were thoroughly atad/én every
model. All parametric FEM of composite beam weliethby
local buckling because of the large portion of cosspive
stresses were in the web of steel beam due to htieeds
plastic neutral axial to steel beam from concrégb.s

The moment was calculated in each model by corisigler
axial and vertical load with plastic neutral axi$ie moment
and axial load are presented in results as ultitivaiestate of
composite beam where the failure was occurredamthterial
components. The deviations in axial load, verticald and

moment by means of FEM with openings and without

openings are clearly expressed in the Table 1. FB&

labeled as GE1 was weak in vertical load and theréastate
was occurred when the axial compressive load wgtsehithan
the FEM without openings. It was observed thatrttiddle of

drop down at the point of failure. The responsesxaél load
and axial displacement of developed FEM are showfigure
5(a) to (d). The moment and axial load at ultimlatet state
of model are shown with validated model without ripgs in
the Figure 6(a) to (d). The Figure 7(a) and (b)vskite typical
failure mode of FEM in the development of web birgkl
where the circle and square openings applied. Widcde
recommended the placing of longitudinal and trarsse
stiffeners to be improved the web plate bending aridl
compression due to the development of longitudiaatl
transverse stresses.

4.1 Final Sections

The FE models of the composite beam were useditly she
ultimate limit state behavior of the composite beaitlh web
openings subjected to combined axial compressiod an
negative bending. The commercial package Abaquditxp
solver was used and the applicability of FE modebs
confirmed with available experimental results inewop
literature. Early failure state was occurred witte tfailure
modes of local buckling in the web and flangestetksbeam
of the composite beam with web openings. It cowddehbeen
possible to draw a certain conclusions in the bighnaof
composite beam with web openings subjected to cwsabi
interaction of axial compression and negative begdiThe
axial compression was reduced the strength of csitgo
beam, and the openings in web additionally infleeint the
combined action of axial compression and verticaldl The
investigated parameters such as shapes of opewiistences
between openings, diameters of circle openingsvadths of
square openings gave significant changes in tlraatié limit
state of composite beam and major parameters iaffethe
buckling of steel beam behavior. The axial compveskad
has an important role when the composite beam ogtnings
is subjected to combined loadings and thus, théoasit
strongly feel that the ultimate limit state of comsfie beam

steel beam was reached the maximum stresses by loca should be implemented with combined actions.

buckling even the stresses developed in the sleds slue to
the excess axial compression and the axial loadsteated to
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Fig. 4 Composite beam with openings
Table 1 Variation of ultimate limit state in parametricidtes
Distance| Diameter \é\f/ldth Ultimate Limit state
Nos. of| between| of Circle Vertical | Axial UVFE | UAFE | MFE
Group Type opening| opening | opening 232%{?19 Load Load l\ﬁﬁlment UV | IlUA | M
(mm) | mm) | EEE |y | N
Experiment| - - - - - 718.00 166.00 0.91 0.95
\F/g'li/‘i‘ated 113.41 | 651.54 158.01| 1.00 1.04  1.00
GA-1 Circle | 10 400 150 - 97.41 592.58 133.12 1.16 .101 | 1.19
GA-2 Circle | 10 400 100 - 106.13 603.833 144.08 1.071.08 1.10
GA-3 Circle | 10 400 50 - 111.44 628.20 152.24 1.02 .041 | 1.04
GC-1 Circle | 4 800 150 - 110.68 598.23 14581 1.02 .091 | 1.08
GC-2 Circle | 4 800 100 - 114694 625.99 154.38 0.99 .041 | 1.02
GC-3 Circle | 4 800 50 - 114.72 643.45 158.64 0.99 011.| 1.00
GE-1 Squarg 10 400 - 150 70.22 69151 100.85 1.62.94 0| 1.57
GE-2 Squarg 10 400 - 100 102.44 613,20 140./8 1.11.06 1.12
GE-3 Squarg 10 400 - 50 109.8f  631({72 150.92 1.03.03 1| 1.05
GG-1 Squarg 4 800 - 150 103.4p 632{35 139.83 1.10.03 1| 1.13
GG-2 Squarg 4 800 - 100 113.39 630{22 153.f8 1.p0.03 1| 1.03
GG-3 Squarg 4 800 - 50 113.95 648)|57 158.54 1.00 00 1, 1.00

UVFE, UAFE and MFE denote ultimate vertical loattiniate axial load and moment of FEM model withopening. UV, UA and
M denote ultimate vertical load, ultimate axialdcand moment of FEM model in parametric studies.
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Fig. 5 (a)-(d) Responses of axial load and displacemigpaimmetric FE models
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Fig. 6 Responses of axial load and moment of paramefimbdels
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Fig. 7 Stress contour of FE models (a) GAL (b) GE1
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