Computers and Concrete, Jol. 26, No. 1 (2020) 95-106
DOI: https://doi.org/10.12989/cac.2020.26.1.095

Effect of position of hexagonal opening in concrete encased
steel castellated beams under flexural loading

G. Velrajkumar'@ and M.P. Muthuraj*?

"Department of Civil Engineering, SVS College of Engineering, Coimbatore, Tamil Nadu, 642 109, India
2Department of Civil Engineering, Coimbatore Institute of Technology, Coimbatore, Tamil Nadu,641 014, India

(Received February 3, 2020, Revised May 1, 2020, Accepted June 10, 2020)

Abstract. Castellated beams fabricated from standard I-sections are being used for several structural applications such as
commercial and industrial buildings, multistory buildings, warehouses and portal frames in view of numerous advantages. The
advantages include enhanced moment of inertia, stiffness, flexural resistance, reduction in weight of structure, by passing the
used plate girders, the passage of service through the web openings etc. In the present study, experimental and numerical
investigations were carried out on concrete encased steel castellated beams with hexagonal openings under flexural loading.
Various positions of openings such as along the neutral axis, above the neutral axis and below the neutral axis were considered
for the study. From the experimental findings, it has been observed that the load-carrying capacity of the castellated beam with
web opening above neutral axis is found to be higher compared to other configurations. Nonlinear finite element analysis was
performed by using general purpose finite element software ABAQUS considering the material nonlinearities. Concrete damage
plasticity model was employed to model the nonlinearity of concrete and elasto-plastic model for steel. It has been observed that
FE model could able to capture the behaviour of concrete encased steel castellated beams and the predicted values are in good

95

agreement with the corresponding experimental values.
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1. Introduction

Castellated beams are made from standard I-sections by
making a cut along the web in a zigzag pattern and
posteriorly reassembling the two parts by welding in a
shifted configuration. Various advantages of castellated
beams include (i) increased section height which results in
enhanced moment of inertia, section modulus, stiffness,
flexural resistance (ii) reduction in weight of structure (iii)
optimum use of existing profiles (iv) by-passing the used
plate girders and (v) the passage of service through the web
openings.

The presence of opening in the web significantly affects
the shear and buckling resistance of the beam, as a result,
failure may occur in different or similar fashion than those
observed in solid beams. It was reported in the literature
that from various experimental findings on castellated
beams, several failures were observed. The failures include
(i) flexure mechanism formation (ii) overall beam lateral-
torsional buckling (iii) vierendeel mechanism formation (iv)
welded joint rupture in the web (v) web post-shear bucking
(vi) web post-compression buckling; and (vii) tee
compression buckling (viii) distortional buckling (Zainal
and lzzuddin 2013, Kerdal and Nethercot 1984, Redwood
and Demirdjian 1998, Juliet 2001, Zirakian and Showkati
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2006, Ellobody 2011).

The castellated beams are commonly used as structural
members in multistory buildings, commercial and industrial
buildings, warehouses and portal frame.

Steel encased in reinforced concrete method is used to
avoid the steel from buckling that can be used for beams,
columns or coupling beams. There are two types of encased
method, namely, fully encased and partially encased. In the
fully encased method, the whole section is covered by the
reinforced concrete so that the top and the bottom flanges
are not in the outermost position. In this case, maximum
strain developed in the steel is less than the one in the
concrete. On the contrary, in partially encased method, only
the web is covered by the reinforced concrete, therefore
maximum strain will develop in steel flanges that make the
application of the steel section can be more optimum.

Kerdal and Nethercot (1984) reviewed the failure modes
of castellated beams and verified them against the
experimental data available in the literature. Liu and Chung
(2003) investigated the behavior of a castellated beam
having different opening shapes and dimensions using finite
element analysis and it was found that the castellated beam
with octagonal openings exhibited better structural
performance than that with hexagonal openings.
Experimental and analytical investigations were carried out
on distortional buckling of castellated beams by Tadeh and
Hossein (2006). Experimental investigation on mechanism
of C channel embedment section failure was carried by Liu
et al. (2017). Experimental and numerical investigations
were carried out by Salah and Gizejowski (2008a, 2008b) to
study the stability behavior of slender section steel concrete
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composite beams with web openings. Ju et al. (2009)
carried out experimental studies on composite beams using
asymmetrical sections with web openings. The sections
were filled with concrete on their side and top area, and the
longitudinal shear resistance was obtained through the
adhesion in the steel-concrete interface, as well as through
the mechanical bracing of the concrete in the openings.
Amir Hossein et al. (2011) proposed a model by using gene
expression programming (GEP) to predict the load carrying
capacity of castellated steel beams. To benchmark the GEP
model a multiple least squares regression analysis is
performed. Further, sensitivity analysis is performed to
identify the contribution of related parameters affecting the
load carrying capacity. It was mentioned that the model is
effectively capable in predicting the failure load of the
castellated beams. Gizejowski and Salah (2011)
investigated the behavior of statically indeterminate single
and multi-span composite beams (plain-webbed and
castellated) using the FE analysis. Soltani et al. (2012)
developed a numerical model using nonlinear finite element
analysis to predict the failure load of castellated beams with
hexagonal and octagonal openings. Both material and
geometrical nonlinearities were considered in the finite
element model. It was observed that web-posts in the
castellated beams with octagonal openings was more
susceptible to shear buckling than with hexagonal openings,
for the existence of an intermediate plate in the web-post
between two octagonal openings. Huo and D’Mello (2013)
performed push-out tests to investigate the concrete-infill-
only, tie-bar, ducting and web-welded stud shear connection
in ultra-shallow floor beams. Braun et al. (2015) developed
a composite slim-floor beam characterised by a concrete
dowel placed between the flanges of a hot-rolled section
with reinforcing bars passing through the openings and a
concrete infill. Richard et al. (2017) performed numerical
analysis of hexagonal castellated beam under monotonic
loading to predict the failure load. It was found that the
predicted values are in close agreement with that of
experimental observations. Julia et al. (2019) developed
explicit equations for the prediction of elastic local buckling
critical stress of castellated beams subjected to pure
bending, considering the interaction between flange and
web. It was shown that this buckling mode is more relevant
for castellated beams using high-strength steel. Moscoso et
al. (2017) carried out numerical simulation of strengthening
of steel concrete composite beam with pre-stressing tendon
at steel web. It was found that the difference of numerical
and experimental collapse values within 8%. Liu et al.
(2020) performed numerical investigations on \Web-post
buckling of bolted castellated steel beam (BCSB) with
octagonal web openings. From the studies, it was observed
that web-posts in a BCSB with octagonal web openings
exhibited as good structural performance as those in a
traditional Welded Castellated Steel Beam. Dias et al
(2015) carried out time dependent FEA of steel concrete
composite beam with partial interaction. The beam and slab
interface the Creep and shrinkage of concrete is caused due
to time dependent deformation.

Ahmad et al. (2018) carried out the analytical and
experimental investigation on the flexural behavior of

partially encased composite beams. It was found that
encased steel beam with circular opening having higher
load carrying capacity. Yunitaidris and Togayozbakkaloglu
(2014) carried out on flexural behavior of FRP -HSC steel
composite beam. It was found that the double skin outer
FRP and steel beam behavior similar to concrete encased
steel | section with outer FRP. Afefy et al. (2012) carried
out behavior of strengthened composite castellated beams
pre-stressed with external bars: experimental study. It was
found that web encased beam has greater performance. Ali
et al. (2012) carried out strength and ductility of concrete
encased composite beams. It was observed that ultimate
load by predicted method is exceed the design value.
Dabaon et al. (2003) carried out the experimental and
theoretical study of curved rolled and castellated composite
beams. It was observed that composite rolled castellated
beam have higher performance than curved rolled
composite beam. Jiang et al. (2016) carried out
investigation on partially concrete encased composite
beams under hogging moment. There is no slip bond failure
between concrete and steel. Elakeya et al. (2016) studied on
the structural behavior of concrete encased steel composite
member. Satisfactory analytical and experimental result is
obtained. Li et al. (2012) carried out the flexural behavior
of GFRP-reinforced concrete encased steel composite
beams. The stiffness and flexural strength of encased beam
is higher. Mahmoud (2016) carried out finite element
modeling of steel concrete beam considering double
composite action. Measure the performance from load
deflection curve. Chen and Cheng (2008) studied the
flexural analysis and design methods for SRC beam
sections with complete composite action. To compare the
test results with predicted test by different methods. Leng
and Song (2017) carried out flexural and shear performance
of steel-concrete-steel sandwich slabs under concentrate
loads. It was found that failure of slab occur suddenly.
Samadhan et al. (2015) carried out an experimental and
parametric study on steel beams with web openings. It was
found that steel beam with circular web opening was
effective. Hadi and Yuan (2017) carried out the
experimental investigation of composite beams reinforced
with GFRP I-beam and steel bars. It was found that position
of I section move towards centre the strength was decrease.
Weng et al. (2001) carried out the shear strength of concrete
- encased composite structural members. It was found that
shear capacity are predicted by method of super position.
Vasdravellis and Uy (2014) carried out the shear strength
and moment-shear interaction in steel-concrete composite
beams. It was found that the depth of slab increases the
shear strength also increases. Damage and stiffness research
on steel shape steel fibre reinforced concrete composite
beams was carried out by Xu et al. (2019). Liang et al.
(2005) studied strength analysis of steel-concrete composite
beams in combined bending and shear. Moment shear
interaction equation was developed. Sener et al. (2016)
performed the experimental and numerical investigation of
the shear behavior of steel-plate composite (SC) beams
without shear reinforcement. Shear strength and ductility
results are satisfied with FEA result. He et al. (2012) carried
out the shear behavior of partially encased composite I-
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Table 1 mix proportion Table 2 Physical properties of material
Cement Fine aggregate Coarse aggregate Water cement ratio Cement Aggregate
1 1.53 2.85 0.45 . Fine Coarse
Physical property ~ Value  Property aggregate aggregate
. Specific
. . . Fineness 6.00 . 2.62 2.87
girder with corrugated steel web: Numerical study. It was gravity
ob_served thgt shear strength of beam increase with Specific surface, m¥kg 255 Fineness 278 612
thickness, height and compressive strength of concrete. modulus
Concrete encased castellated beam provides higher Normal consistency 5,  Unitweight (4, 1590
() 3
strength and better performance compared to the encased (%) (kg/m”)
steel beam. Same steel beam by converting into castellated Setting time (min) 35
beam, the depth of beam increased without adding any Initial Final 225
addition weight. So total weight of building/structure will Compressive strength ¢
be reduced and economical design will be achieved. Normal (MPa) (28 days)
castellated beam has opening at neutral axis of beam. Specific gravity 3.12

From the available literature, it was observed that only
limited investigations were reported on concrete encased
steel beam with web opening at neutral axis. To the best of
authors’ knowledge, no studies were reported on the effect
of various position of opening of castellated beam. The
present research study mainly focused on the effect of
opening position on the performance of the concrete
encased castellated beam. From the study, it was found that
the position of opening has pronounced effect on the
strength of beam.

In the present study, experimental and numerical studies
were carried out on castellated beams with hexagonal
opening under flexural loading. Castellated beams were
prefabricated by keeping the hexagonal openings along the
neutral axis, above the neutral axis and below the neutral
axis. Concrete damage plasticity model was employed to
model the nonlinearity of concrete in compression and
tension. General purpose finite element software, ABAQUS
was used for finite element analysis. Concrete nonlinearity
has been modelled by employing concrete damage model
available in ABAQUS whereas steel nonlinearity is through
elasto-plastic model.

2. Experimental investigations
The cement used was 53 grade Ordinary Portland
Cement (OPC). The mix proportion was given in Table 1.

The target compressive strength is M25. Physical properties
of cement, fine aggregate and coarse aggregate are

Table 3 Geometry details of beam

presented in Table 2. Average compressive strength (cube,
100x100x100 mm), split tensile strength (cylinder,
100x200 mm) and flexural strength (prism, 100x100x500
mm) of concrete at 28 days are obtained as 32, 3.2 and 4.15
MPa respectively.

The size of the beam is 150 mmx>250 mmx>2000 mm.
Total five beams were cast and the geometry details are
shown in Table 3.

The current investigation of concrete encased steel beam
with different position of opening was studied and
compared with numerical analysis. One reinforced concrete
beam (CB), one concrete encased steel beam and three
concrete encased steel beam with various position of
opening such as at NA, above NA & below NA were
studied experimentally. The beams were tested under two
point loading. The cross sectional a detail of concrete beam
is 150 mmx 250 mm with 2000 mm in length and steel and
castellated beam are shown in Table 3.

2.1 Fabrication of castellated beams and wooden
mould

Hot rolled steel beams were purchased from local
market. Fabrication is required to convert the steel beam
into castellated beam. Fabrication of castellated beam was
carried out in workshop. First phase cutting of rolled beam
along the web of the beam with zig zag pattern as shown in
Fig. 6. Second rejoin of two halves and connected by arc

Details CB CESB CESB H1 CESB H2 CESB H3
Top 2 # 10mm
Reinforcement Bottom 2# 12mm NA NA NA NA
Stirrups 8 mm 200mm c/c
Breadth of flange (mm) NA 65 65 65 65
Thickness of flange (mm) NA 5 5 5 5
Height of web (mm) NA 115 140 140 140
Thickness of web (mm) NA 5 5 5 5
Shape of opening (mm) NA NA hexagonal hexagonal hexagonal
Spacing of opening (mm) NA NA 50 50 50
Depth of opening (mm) NA NA 50 50 50
Position of opening NA NA at Neutral axis above Neutral axis below Neutral axis
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Fig. 1 Loading setup of concrete encased steel castellated beam opening above NA (CESB- H2)
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Fig. 5 Concrete encased steel castellated beam opening below NA (CESB- H3)

welding so that it will increase the overall depth of beam
without adding additional weight. Due to the increasing of
web depth, higher strength can be achieved and cost
effective. For the long span structures, it reduces number of
intermediate columns, result in economy foundation.

The plywood of 8 feet by 4 feet with 12 thick were
purchased from market and fabricated to required shape of
beam.

2.2 Casting of beams

The M25 grade concrete was designed as per Indian
standard code. The steel beam and reinforcement were
properly placed with clear cover. The concrete is prepared
and poured into the mould and allowed for 28 days curing
after demoulding. Simultaneously cubes, cylinder and prism

were cast and slump was tested on fresh concrete.
2.3 Testing of beams

The loading frame of 500 kN was used for testing of
beams. The two point load was applied gradually using
hydraulic jack. The load cell was used to apply the load
carefully. The three linearly variable differential transducer
(LVDT) and two dial gauge are used to measure the
deflection. The LVDTSs are placed under loading point and
mid span of beam and dial gauge was mounted at the
supports.

The schematic diagrams are shown in Figs. 1 to 5.

Fabrication of typical castellated beams is shown in Fig.
6.

After 28 days of curing, all the beams were tested under
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Fig. 7 Typical test set up

four point bending as shown in Fig. 7. Deflections were
measured by using LVDT.

Fig. 8 presents typical failure patterns of tested beams.

Load vs deflection obtained from the experiment is
presented in Fig. 9 for all the cases. In general, it was
observed that the performance of the concrete encased
castellated beam is superior than the conventional RC
beam. Further, it was also observed that the web opening
and position of the opening plays a significant role on the
load carrying capacity. From Fig. 9, it can be noted that the
ultimate load for the case of control beam is 111 kN and the
corresponding deflection is 16.845 mm. The ultimate load
for the case of concrete encased steel castellated beam is
(CESB) 132 kN and the corresponding deflection is 20.577
mm. The % increase of ultimate load is about 18.9%
compared to control beam. From Fig. 9, it can be noted that
(1) the ultimate load increases for all the cases of hexagonal
openings and positions (CESB H1, CESB H2, CESB H3)
(i) maximum ultimate load is realized for CESB H2 where
in the castellated beam with hexagonal opening is placed
above the neutral axis. The load is 160 kN and the

Fig. 8 Typical failure pattern of concrete castellated beams
(CB, CESB, CESB- H1, CESB- H2 and CESB- H3)
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Fig. 9 Experimental load vs deflection

corresponding deflection is 24.794 mm. Compared to
control beam, the capacity is increased to 44.14% without
compromising the deflection. From Fig. 8, it can be seen
that all the beams experienced flexural cracks and failed by
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crushing of concrete. The failure of CESB H2 is observed
to be influenced by shear also.

2.4 Effect of position of hexagonal web opening

The first cracking load of control beam is 35 kN but
concrete encased steel beam is 15 kN, which is lower than
the control beam. Yield load and ultimate load of CESB is
80 kN and 132 kN respectively which are higher than the
control beam. The initial cracking occurred for concrete
steel castellated beam with opening at neutral axis (CESB -
H1) is 30 kN which is higher than the encased beam. The
yielding and ultimate loads are 85 kN and 153 kN, are
higher than the control and encased steel beam. For the case
of the concrete steel castellated beam with opening above
neutral axis (CESB -H2), the first crack occurred at 20 kN
and corresponding yielding and ultimate loads are 95 kN
and 160 kN respectively, higher than all other cases. The
first crack occurred in concrete steel castellated beam with
opening below neutral axis (CESB -H3) is 30 kN and
yielding and ultimate load are 85 kN and 138 kN
respectively, higher than concrete encased beam but lower
than concrete encased steel castellated beam opening above
neutral axis.

2.5 Failure modes

The first crack of CB was observed at a load of 35 kN
on left side under the loading point and gradually
progressed towards top. Further, with the increase of load,
multiple cracks were developed and final failure occurred
due to crushing of concrete at a load of 111 kN.

For CESB, the first crack occurred at 15 kN near to
underneath of loading point and the ultimate load is 132 kN.
Beam failed after crushing of concrete.

In CESB-H1, the initial crack was observed at 30 kN in
tension zone. The ultimate crushing of concrete occurred at
153 kN. The initial crack of CESB-H2 occurred at left side
underneath of loading point at a load of 20 kN. The shear
cracks were developed at the both ends of beam and
ultimate crushing of concrete occurred at two loading points
at a load of 160 kN.

The initial flexural crack in CESB-H3 occurred at a load
30 kN. As the load increases, the shear and flexural cracks
were developed and ultimate crushing failure occurred at
138 kN. The flexural cracks were initially originated for the
beams in the middle portion and shear cracks were observed
near the supports. The failure of the beams is attributed to
shear and flexural cracks.

3. Finite element analysis

The main objective of the finite element analysis is to
predict the response of the castellated beams (Load vs
deflection) and confirm the experimental findings. After the
validation of FE modes, many parametric studies can be
carried out without carrying the experiments. The validation
part has been achieved in the present study. The optimum
FE mesh has been arrived at after carrying out several mesh
sensitivity studies.

There are two major failure mechanisms w.r.t simulation
of concrete behavior. They are concrete cracking under
tension and crushing under compression. But, concrete
strength determined in simple states of stress either through
simple tension and compression tests significantly differs
from that established in complex states of stress. To
simulate the behavior of concrete in complex state, the
Concrete Damaged Plasticity (CDP) model can be effective
choice. The CDPM is effective for monotonic, cyclic, and
dynamic loading under low confining pressures. Isotropic
tensile plasticity and isotropic compressive plasticity are
used to represent the inelastic behavior of concrete. To
predict the realistic behavior of reinforced concrete beam, it
is essential to consider several aspects in the modeling.

It is important to note that the modeling of (i) RC beam
(if) concrete encased steel beam (iii) concrete encased steel
beam with hexagonal opening requires special attention to
predict the realistic behavior. Several aspects are to be
considered in the modeling that includes (i) compression
and tensile behavior of concrete (ii) fracture energy (iii)
damage parameters (iv) constitutive relationship of
reinforcing material. In the present study, nonlinear finite
element analysis has been carried out to predict the
behavior of (i) RC beam (ii) concrete encased steel beam
(iii) concrete encased steel beam with hexagonal opening.
ABAQUS, a general purpose finite element software has
been employed to model and analyze the beam. To model
the nonlinearity of concrete, Concrete damage plasticity
model was employed. The concrete damage plasticity
model is based on a coupled damage plasticity theory and
the multi-axial behavior of concrete in damaged plasticity
model governs by a yield surface which is proposed by
Lubliner et al. (1989) and was later modified by Lee and
Fenves (1998). Tensile cracking and compressive crushing
of concrete are two assumed main failure mechanisms in
this model. Furthermore, the degradation of material for
both tension and compression behaviors have been
considered in this model. The Concrete damage plasticity
(CDP) model is the modified version of Druker-Prager
strength hypothesis where in the failure cross-section in the
deviatoric plane can be of any shape, which is determined
by the parameter K. (Lubliner et al. 1989). K. is the ratio of
distances between hydrostatic axis and compression and
tension meridians, respectively, in the deviatoric cross-
section. The major input for CDP model include K,
0p0/0. (the ratio of compressive strength in bi-axial state
to that in uni-axial state), dilation angle (), eccentricity ()
and viscosity («), along with the stress-strain behaviors in
compression and tension and variation of damage with
inelastic strain (in compression) and with cracking strain (in
tension). Dilation angle, v, is the angle of inclination of the
failure surface towards the hydrostatic axis, measured in the
meridional plane. Physically, it can be understood as the
angle of internal friction of concrete. Eccentricity Parameter
can be calculated as the ratio of tensile strength to
compressive strength (Jankowiak 2005). The viscosity
parameter slightly helps in reduction in the step size, in
order to regularize the constitutive equations. For non-
viscoelastic materials, the value is recommended to be 0
(Kmiecik and Kaminski 2011).
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(a) Conventional beam

(b) Concrete encased steel beam

(c) Concrete encased steel beam with opening

Fig. 10 Typical geometry

Table 4 Material properties (Elastic)

Table 5 Compressive behavior of concrete

Material Properties Value Inelastic strain Yield Stress (MPa) Damage in Compression (dc)
Grade of concrete M25 0 0 0
Young’s modulus (MPa) 28722.8 0 12.25 0
Conerete Poisons ratio 0.2 0.000131 21.47194 0.008034
Compressive strength (MPa) 32 0.000383 27.66423 0.023495
Grade of Steel Fe550 0.000761 30.72992 0.046618
Reinforcement Young’s modulus (MPa) 2.01x10° 0.001744 31.14516 0.106875
Poisons ratio 0.3 0.00229 29.99439 0.140332
Yield stress (MPa) 587 0.003412 26.96133 0.209041
Young’s modulus (MPa) 2.01x10° 0.003974 2541181 0.243476
Poisons ratio 0.3 0.005088 22.55983 0.311741
Structural Steel Yield stress (MPa) 265 0.005638 2128992 0.34549
Bearing Plate Young’s modulus (MPa) 2.01x10° 888;22? 1232?1 ggzz?gé
Poisons ratio 0.3 : : :
0.012002 12.19726 0.735423
0.01252 11.76031 0.767132
0.014065 10.61292 0.861856

3.1 Modelling aspects

The concrete beam is modeled with the brick elements
to achieve the uniform stress distribution. C3D8R (Cube
Three-Dimensional eight node Reduced integration)
elements with three degrees of freedom are used to the
concrete part of beam where in elements use linear
interpolation in each direction and often called linear
elements of first order elements. A two noded truss element
is used for modeling of reinforcing steel rebars (T3D2).
Castellated steel I-beams are modeled as three-dimensional
shell element (S4R) A 4-node quadrilateral shell element
with each node having three translational and three
rotational degrees of freedom. This element has finite film
strain and linear reduced integration. S4R can be used for
both thin shell as well as thick shell models because of its
good adaptability. The S4R element uses a reduced
integration rule with one integration point that makes this
element computationally less expensive than S4. Fig. 10
shows the typical geometry models.

The constitutive post-cracking relationships  for
concrete, plastic effects of the reinforcements and structural
steel were considered in the analysis to simulate the
possible failure phenomenon of the concrete beam through
effective load transfer mechanism at the nodes beyond the
post yielding of concrete. The concrete part was defined as
a three-dimensional “Deformable” body, meaning it is a
part that can be of arbitrary shape and that can deform
under mechanical, thermal, or electrical loading. The

Table 6 Tensile behavior of steel

Yield Stress (MPa) Tensile Strain
448 0
475 0.0001
504 0.0003
532 0.001
587 0.002
587 0.003
594 0.005
587 0.01
540 0.03
500 0.06

concrete in all analyses performed in this study was
modelled using continuum elements. These elements are
advantageous for modelling three-dimensional nonlinear
problems involving plasticity and large deflections.

In order to predict accurate results from the FE model,
all the elements in the model were discretized to same mesh
size to ensure that each of two different materials shares the
same node. Compatibility of all the connecting elements
have been ensured.

3.2 Material properties

The Concrete is a quasi brittle material and has different
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Control Beam (CB)
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Fig. 11 Numerical load vs deflection

behavior in tension and compression. The cracking and
crushing stresses are derived from compressive and tensile
strength of concrete. The elastic perfectly plastic material
properties are assumed for reinforcement in modeling. The
material properties are shown in Tables 4, 5 and 6.

Simply supported boundary conditions such as hinge
and roller are simulated for all the beams. Displacement
based loading was applied to the beam with a constant
displacement of 8 mm for all the beams. For a relative
comparison of all the cases a constant input displacement of
8mm was chosen for the analysis as a reference value to
check the load carrying capacity of castellated beams.
Nonlinear finite element analysis was carried out by using
finite element tool ABAQUS CAE 6.14. Load-deflection
values of beams were obtained from finite element software
ABAQUS. Deflection for every increment of load was
captured. The deflections were increased linearly up to
elastic region followed by a nonlinear trend. Concrete
encased steel beam (CESB) has less deflection compared to
control beam (CB) and exhibited less stress in bottom
flange and web of CESB. Stress concentration is high in the
opening of CESB H1 & CESB H2. The load-carrying
capacity of steel-concrete composite beam is high compared
to the conventional beam (RC beam). The load-carrying
capacity of concrete-encased steel castellated beam with the
opening above neutral axis is high. The load vs deflection
of beams predicted by using ABAQUS 6.14 is shown in

(a) Opening below NA

Table 7 Ultimate load and deflection

. Ultimate load (kN) Ultimate Deflection(mm)
Specimen ; -
FEA  Experimental FEA  Experimental

CB 106.4 111 7.259 16.845

CESB 124.5 132 7.257 20.577

CESB H1 142.9 153 7.344 23.347

CESBH2  148.6 160 7.387 24.794

CESB H3 129.4 138 7.287 21.153

(b) Opening along NA

Fig. 11. From Fig. 11, it can be inferred that after first
cracking,

the stiffness of the numerical load-deflection curves is
again higher than that of the experimental beams. The
reason could be the (i) micro cracks/pores and (ii) slip
between the steel and concrete have not been modeled. The
load carrying capacity for CESB-H2 is 28.3%, 16.2%,
12.9%, 3.8% more than the control beam, CESB, CESB-H3
and CESB-H1.

From Fig. 12(a), it can be observed that for a beam with
opening below neutral axis the crack initiation and
propagation is rapid compared to other cases. This is
because of the fact that the concrete being weak in tension
cracks at faster rate compared to opening above neutral axis
which is in compression.

From the Fig. 12, it can be observed that the steel |
section when the hole is above NA did not yield at its
ultimate load carrying capacity whereas the section had
yielded extensively when the hole is below NA. Concrete
Damage plasticity model adopted in this study was able to
capture the cracking characteristics of concrete and steel
accurately. Table 7 compares the predicted and the
experimental ultimate load and deflection for all the cases.

From Table 7, it can be noted that the predicted ultimate
loads are in very good agreement with the corresponding
experimental observations. The maximum percentage
difference between the predicted and the experimental value
is less than 10%, The deflection values cannot be compared.
Because, in the analysis, the maximum deflection is limited
to 8mm. However, it can be noted that the developed FE
model could be able to predict the desired deflection. It can
be inferred that the constitutive models employed for
concrete and steel are able to capture the behavior of
concrete beams reinforced with either rebars or structural
steel.

Fig. 13 represents the typical contour plots of (i)
cracking of concrete and (ii) damage of concrete in tension.

(c) Opening above NA

Fig. 12 Yielding of encased steel section
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o

-

Cracking of concrete (CB) Damage of concrete in tension (CB)
Cracking of concrete (CESB) Damage of concrete in tension (CESB)
Cracking of concrete (CESB H1) Damage of concrete in tension (CESB H1)

o

Damage of concrete in tension (CESB-H2)

Cracking of concrete (CESB-H2)

Cracking of concrete (CESB-H3) Damage of concrete in tension (CESB-H3)
Fig. 13 Typical contours for cracking of concrete and damage off concrete

103

It was observed that the concrete cracked extensively for experimental observations and to carryout parametric

the case of control beam compared to other cases. studies. The material properties and geometry of beam are
same as used for experimental studies. The same
3.3 Modelling simulation experimental conditions were applied to measure the

numerical behavior of encased beam such as failure pattern,
The main aim of numerical investigation to validate the deflection of beam and ultimate load carrying capacity. The
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180 fo. CB
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128 =——Exp- CESB
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20 Num- CESB H2
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Deflection (mm)

Fig. 14 Comparison of experimental and numerical values

comparison of experimental and numerical load vs
deflection graph is shown in Fig. 14. The experimental and
finite element behavior of concrete encased beams is
coinciding upto the initial elastic region. Up to a load of 100
kN, the numerical behavior of stiffer. Numerical simulation
is carried out by limiting the deflection up to 8mm. The
predicted maximum load and the corresponding
experimental load is fairly in good agreement with each
other. The maximum difference is found to be less than
10%.

3.4 Failure modes from numerical analysis

The failure modes of numerical analysis are very closer
to the experimental behavior such as ultimate load and
failure pattern. The max shears cracks of CB obtained from
numerical simulation are closer to experimental shear crack.
The numerical cracking and crushing failure of CESB beam
is similar to experimental observations. The stress in steel
of CESB is within the safe permissible limit. All the beams
are fails by crushing of concrete and cracking due to tension
stress on concrete. From Fig. 12, it can be seen that max
stress occurred for the castellated beam with hexagonal
opening at NA compared to opening below neutral axis.
The castellated beam with opening above NA experienced
very low yielding stress occurred compared to opening
below NA. The von mises stress of CB is about 544.6 MPa
which is higher than the CESB i.e., 407.5 MPa. The von
mises stress obtained for CESB-H2 is 436.1 MPa which is
higher than the CESB-H2 which is about 404 MPa and
lesser than the CESB-H1 whose value is 442.3 MPa

From Figs. 12 and 13, it has been observed that the
maximum values are within the allowable values i.e.
developed vyield strength of structural steel is found to be
less than the permissible value. Similarly the developed
strain in concrete is less than the permissible value.

4. Conclusions

Experimental and numerical investigations were carried
out on concrete encased steel castellated beams with
hexagonal openings under flexural loading. For the
investigation, various positions of openings such as along
the neutral axis, above the neutral axis and below the

neutral axis were considered. Maximum care has been taken
to fabricate the steel sections such that alignment of the
opening and position of the section maintained as planned.
Experiments were carried out on castellated beams and load
vs deflection was recorded for all the cases. From the
experimental findings, it has been observed that the load-
carrying capacity of the castellated beam with web opening
above neutral axis is found to be higher compared to other
configurations. Nonlinear finite element analysis was
performed by using general purpose finite element software
ABAQUS considering the material nonlinearities. Finite
element model was created by considering the appropriate
material model/constitutive relationship for concrete,
reinforcement and structural steel and by employing
appropriate constraint conditions as close to experimental
conditions. Concrete damage plasticity model was
employed to model the nonlinearity of concrete and elasto-
plastic model for steel. It has been observed that FE model
could able to capture the behaviour of concrete encased
steel castellated beams and the predicted values are in good
agreement with the corresponding experimental values. The
ultimate load carrying capacity increases due to composite
action. Encased castellated beam has more strength
compared to all other specimens. The load-carrying
capacity of the castellated beam influenced by the web
opening and location of the opening. For the case of
opening in compression zone, the strength of the beam is
high. The maximum percentage difference between the
predicted ultimate load and the corresponding experimental
load is less than 10%. The developed FE model is found to
be reliable and could capture the nonlinear behavior of the
concrete encased steel castellated beams with hexagonal
openings under flexural loading.
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