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Abstract. Composite structure is defined as a combination of two or more
elements acting together as a single element. The headed stud shear connector in
a steel-concrete composite beam generates the composite action by resisting the
longitudinal sliding and uplifting between the steel beam and concrete slab. Test
results are the key points for research, but working with varying geometric
elements is time-consuming and, in some situations, impossible, whereas
numerical analysis can easily evaluate the effect of any variation. Using ANSYS
software based on the Finite Element Method, numerical analysis has been
conducted and verified with the assembled test data. A parametric study
examining the geometry variations of shear connectors has been conducted.
Three-headed stud shear connectors having a length of 102mm with a stud shank
diameter of ¢p16mm, ¢19mm, and $22mm were considered along with the
corresponding head diameter of $25mm, $b32mm, and ¢35mm respectively. The
square-headed shear connector has also been introduced to observe the effect of
composite action. Based on the analytical result it was found that increasing the
diameter of the shear connector gives higher load carrying capacity and stiffness.
It is also found that the square-shaped shear connector gives better performance
than the circular shear connector in case of resisting slip. Besides the parametric
study, the shear distribution of the shear connector along the length has also been
investigated.

Keywords: Composite structure, Headed shear connector, ANSYS,
Finite Element Method

1 Introduction

The steel-concrete composite structure has been acknowledged since 1940 as one of the
most cost-effective solutions for civil engineering construction in both industrialized
and developing nations. This results from reduced structural components, weight sav-
ings in steel, and expedited building schedules. The existence of a shear link between
the concrete slab and the steel beam influences the behavior of a steel-concrete compo-
site beam. The shear connection inhibits interface sliding and facilitates interaction be-
tween the concrete slab and the steel beam. Consequently, compressive and tensile
forces are induced in the slab and beam, respectively. Composite action will not occur
if the slab is not affixed to the steel beam by shear connectors. In such instances, the
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impact of the concrete slab can typically be disregarded. The ultimate load of the com-
posite beam is equivalent to the ultimate capacity of the steel beam individually. Several
researchers conducted experimental studies on composite beams. The performance of
simply supported steel-concrete hybrid beams with corrugated webs under vertical
loads was conducted experimentally [1].

The ultimate load of beams with corrugated webs increased by approximately 63%
compared to the beam with flat web. The behavior of bolted shear connectors was ex-
amined, which exhibited 95% shear resistance in comparison to headed stud shear con-
nectors [2]. In the experimental analysis of steel-concrete composite beams, the impact
of high-strength engineering materials on overall flexural responses was investigated
[3]. Full-scale composite beam specimens used to investigate the flexural response with
multiple connector options as blind bolt and welded stud [4]. The behavior of a com-
posite beam with demountable type shear connectors using push-out tests and compo-
site beam testing done [5]. The effect of shear connections in composite beams was
investigated computationally using ANSY'S software, and it was found that the deflec-
tion of the composite beam was unaffected by the height of the shear connectors [6].
The flexural performance of a hybrid beam with two categories of shear connectors,
one being a welded stud and the other being a blind bolt shear connector investigated
[7]. The performance of stud-connected steel-concrete hybrid girders was assessed nu-
merically in comparison to experimental work, and it was determined that the FE model
predicts a conservative value for the ultimate load [8]. The structural performance of
steel-concrete hybrid simply supported beams was modeled numerically by simulating
the contact interaction between the surface of the concrete block and the steel joist [9].
Using ANSYS software numerical analysis was carried out and findings were com-
pared to the experimental data [10] to assess the effectiveness of the numerical model.
Compressive strength of concrete raised from 20MPa to 70MPa enhanced the load bear-
ing capability of a steel-concrete hybrid beam by approximately 20% [11].

Despite previous studies on shear connectors either experimentally or numerically,
there remains a limited understanding of how different geometrical parameters influ-
ence the overall performance of composite beams. This research addresses this gap by
simulating experimental test results of composite beams using finite element software
ANSYS. A parametric study was also carried out after the numerical results well agreed
with the previous experimental as well as numerical findings of the steel-concrete hy-
brid or composite beam.

2 Finite element modeling

2.1  Model Building

The numerical simulation was conducted with pre-defined elements from the ANSYS
library. The modeling technique and element selection were derived from the numerical
analysis established by Kotinda [9]. The many types of elements pertinent to numerical
analysis are delineated in the next section. The numerical simulations created in this
work were consistent with the experimental analysis of model beam "A3" carried out
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by Chapman & Balakrishnan [10]. The geometry of the "A3" beam model is seen in
Fig. 1. The beam measures 6050 mm in length, 1220mm in width, and the slab has a
thickness of 152mm. The slab is double reinforced, including a steel joist depth of 305
mm and flange widths of 152mm at both the top and bottom. The flange thickness is
18mm, while the web thickness is 10mm.
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Fig. 1. Geometry of the composite beams

A headed stud shear connector with a diameter of 19mm is utilized in two rows. The
total number of shear connectors was 68. The beam is simply supported by a concen-
trated load at mid-span.

The concrete slab as shown in Fig. 1 was modelled using SOLID 65 element. The
element contains eight nodes, with three degrees of freedom for every node and trans-
lation in the x, y, and z directions. The steel I-beam is represented using a 4-node shell
element (SHELL43), with each node possessing six degrees of freedom. The element
encompasses translations and rotations in the nodal x, y, and z axes. The stud shear
connector was modelled utilizing the three-node beam element BEAM 189, which pos-
sesses six degrees of freedom at each node. The element encompasses rotations and
translations along the x, y, and z axes. A bi-linear model incorporating isotropic hard-
ening for shear connectors, grounded in the von Mises criterion. The reinforcing layer
has been incorporated as a real constant in the SOLID 65 element. An ideal elasto-
plastic model for the reinforcing steel adheres to the von Mises criterion. The material
characteristics and volume ratio are specified as actual constants. The volume ratio is
determined by dividing the volume of rebar by the total volume of the reinforcing layer.
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The TARGE170 and CONTA173 elements facilitate the connection between the
slab and the steel beam interface. Upon the contact of two surfaces, pressure is gener-
ated, which dissipates to zero upon their separation. In addition to replicating pressure
characteristics, this element may also represent the friction and cohesion at the interface
between the concrete slab and steel beam. This investigation models only the symmetric
half of the beam to minimize the number of elements and reduce processing time. The
load was applied in two phases. Initially, the structure's weight was regarded as the
gravitational load. In the second step, an external load is applied, concentrated at mid-
span between two supports of the composite beam.

2.2 Concrete Materials Modelling

The Mander equations are used to calculate the stress-strain curve of concrete, which
is considered to be a uniform isotropic material as shown in Fig. 2. The Equations (1)
and (2) define the Mander stress-strain curve for unconfined concrete:

For g < 2¢; (curve portion)

fo=de X m

r—1+x"

where

For 2¢;: < & < & (linear portion)

!/
2fr £, —E.

r !
r=1+2" \ ¢, —2¢,

Jo= )

Where r is as defined previously for the curved portion of the curve. f.= Concrete stress
(MPa), e.= Concrete strain, Ec= Modulus of elasticity of concrete (MPa), f'= Concrete
compressive strength (MPa), &¢'c= Concrete strain at f'c, and &.,= Ultimate concrete
strain capacity.
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Fig. 2. Mander unconfined stress-strain curve for concrete [12]

2.3  Steel Materials Modelling

The steel yield strain, &y is determined from &5y = fiy /Es, where, &5 = Steel strain, f; =
Steel stress (MPa), Es = Modulus of elasticity of steel (MPa), f;y = Steel yield stress
(MPa), fo.= Steel maximum stress (MPa), e,= Strain at onset of strain hardening, e.=
Strain corresponding to steel maximum stress, €, = Strain at steel rupture. The following
equations define the simple parametric stress-strain curve for the structural steel.

For g < &y (elastic region),
f,=Eé,
For &y < & < &g (perfectly plastic region)
Ji=1y

For &4 < & < & (strain hardening and softening regions)

/.
= 1+r =% —
Jo= T 1+ T

sy

1l 3)

where,

y = gs — gsh
gsu - gsh

The equation (3) defines the simple parametric stress-strain curve for the structural
steel as shown in Fig. 3.
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Fig. 3. Structural steel parametric stress-strain curve [13]

2.4  Meshing of Concrete Slab and Steel Joist

In the longitudinal direction (x-axis) the concrete block was divided considering the
spacing of shear connectors, as well as ensuring a minimum of two concrete elements
between each line of connectors, to observe the change in slip because of the impact of
shear connections. In the vertical direction (y-axis) the concrete block is divided in such
a way so that each node refers to every connector coincides with a matching node of
the concrete block. Furthermore, a layer of elements was created, in terms of reinforcing
the top and bottom layers of the concrete block with concrete covering. In transverse
direction (z-axis) the concrete block meshing arrangement was set according to the ex-
isting nodes belonging to the connectors and the steel profile as shown in Fig. 4.

2 @ 25mm = 50mm

- 2 @ 7mm = 14mm

8 @ 11mm = 88mm

3@ 93.33mm = 32 @ 85.78mm = &
280mm 2745mm

(a) Mashing in Long Section



3

Effect of Geometry of Shear Connector on the Behavior of Composite Beam 277

3@ 178mm= 4 @ 38mm = 3@ 178mm =
534mm 152mm 534mm

]

| I
7 18mm
10 @ 26 9mm =
269mm
18mm

(b) Mashing in Cross Section

Fig. 4. Meshing of concrete slab and steel joist

Numerical Result

The vertical deflection at mid-span under concentrated load was the primary parameter
utilized for validating the numerical model; furthermore, the relative end slip of the
composite beam was also examined.
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Fig. 5. Symmetric half of the composite beam with single point concentrated load

Comparison of Numerical Model with Experimental Test Results

The researchers performed numerical evaluations on the same model [9, 11], and Fig.
6 shows that their findings closely match those of this study. The experimental applied
load and mid span deflection was investigated [10] also shown along with the numerical
results in Fig. 6. In all respect, the numerical load-deflection relations show good agree-
ment with each other numerical as well as experimental relations. The numerical model
developed here are utilized for further parametric investigation in the next sections.
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Fig. 6. Load-deflection curves (numerical and experimental)

3.2  Parametric Study

To assess the impact of shear connectors on the performance of composite beams, var-
iations of geometry of the shear connectors are examined, and the same model is ana-
lyzed separately, as detailed in the following parametric study.

Effect of Diameter of Shear Connector. The impact of shear connection diameter on
the load-deflection behavior of steel-concrete composite beams has been examined by
analyzing the composite beam with varying shear connector sizes. The sizes were
elémm, @l9mm, and @22mm, with the corresponding stud head diameters being
¢25mm, ¢32mm, ¢35mm, respectively. Table 1 illustrates the impact of shear con-
nector diameter on the behavior of composite beams. Increasing the diameter from
¢@l6mm to 22mm results in a 5.46% enhancement in ultimate load capacity. The find-
ings demonstrate that maximum loading is achieved for connections with a diameter of
¢22mm, exhibiting reduced vertical deflection.

Table 1. Ultimate load variation considering different diameter of shear connectors

Diameter of  Connectors  Ultimate Load Max. Deflection Load Capacity

stud shank Height (KN), Py at Ultimate Variation (%),
(mm), D (mm), H Load (mm), Au__ (Pu/Pp19) X100
16 102 420.40 44.53 96.66%

19 102 434.90 53.19 100%

22 102 444.12 61.76 102.12%
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The load-deflection curve for various diameters of the shear connector exhibits nearly
identical results across both the linear and non-linear ranges, as illustrated in Fig. 7.
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Fig. 7. Load-deflection curves with different diameters of shear connectors

The relative end slip of the composite beam was evaluated utilizing three different di-
ameters of the shear connection, as specified in Table 2. Enhancing the diameter of the
shear connector markedly improves the resistance to longitudinal sliding at the interface
between the concrete slab and the steel joist. In this study, the ¢16mm diameter con-
nector demonstrates inferior values compared to the 19mm, attributable to its lower
ultimate load capacity. Increasing the diameter from @19mm to @22mm yields a
26.17% enhancement in slip resistance. Fig. 8 depicts the load versus slip graph of a
composite beam using shear connectors of differing diameters.

From the Fig. 8, it is clearly shown that with increasing the diameter of shear con-
nector relative end slip decrease and, in this case, connectors having diameter $p22mm
shows better result against resisting the end slip. So, from the analysis of the behavior
of the composite beam, we can summarize that increasing the diameter of the shear
connector will increase the ultimate load-carrying capacity and give a better result
against resisting the longitudinal sliding.

Table 2. End slip considering different diameter of shear connectors

Diameter of  Connectors Ultimate Load End Slip at End Slip

stud shank Height (KN), Py Ultimate Load  Variation (%),
(mm), D (mm), H (mm), Ux (Ux/Ubpi9) x100
16 102 420.40 44.53 96.66%

19 102 434.90 53.19 100%

22 102 44412 61.76 102.12%
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Fig. 8. Load-slip curves with different diameters of shear connectors

Effect of Shape of Shear Connector. To study the effect of shear connector shape on
the load-deflection behavior of composite beams, the same model was analyzed with
square shear connector. Circular connectors having diameter ¢19mm are converted into
square shape by keeping the same steel area. The equivalent size of square connectors
body considered as 16.83mm with the corresponding connectors head as 28.35mm. All
other parameters of shear connectors remain the same as shown in Fig. 9.
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Fig. 9. Dimensions of circular and equivalent square-headed shear connector

The results shown in Table 3 indicate that square shear connections exhibit a little bit
more load carrying capability than circular shear connectors. A square-shaped con-
nector measuring 16.83mmx=16.83mm is equivalent to a ¢19mm circular connector,
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providing a 0.92% increase in load-carrying capacity. The load-deflection curve indi-
cates that alterations in the configuration of the shear connector have a negligible im-

pact on the behavior of the composite beam, as illustrated in Fig. 10.

Table 3. Load capacity variation considering the different shape of shear connectors

Connectors Connectors Connectors  Ultimate Max. Deflection Load Capacity
Shape Diameter/size Height Load (KN), at Ultimate Variation (%),
(mm), H Pu Load (mm), Au__ (Pu/Pcir) x100
Circular 019 102 434.90 53.19 100%
Square 16.83x16.83 102 438.92 58.75 100.92%
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Fig. 10. Load-deflection relations with different shape of shear connectors

The impact of altering the shear connector from circular to square on load-deflection
behavior is minimal; nevertheless, the variance in load-relative end slip resulting from
these shape modifications holds some significance. The results in Table 4 indicate that,
as the ultimate load increases, the slip decreases by 3.50% for the 16.83mmx16.83mm
square shear connector in comparison to the 19mm circular connector. Square con-
nections demonstrate marginally superior performance against resistance, as indicated
by the end slip in the load versus slip curve depicted in Fig. 11.

Table 4. End slip variation considering different shape of shear connectors

Connectors Connectors ~ Connectors  Ultimate End Slip at End Slip
Shape Diameter/size Height Load (KN), Ultimate Load Variation (%),
(mm), H Pu (mm), Uy (Ux/Ugir) x100

Circular 919 102 434.90 0.1345 100%
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Fig. 11. Load-slip curve with different shape of shear connectors

Variation of Shear Force along the Length of Stud Shear Connector. The bearing
forces between the shear connector and the surrounding concrete transmit the shear
force applied to the composite system. Fig. 12 illustrates the shear force transmission
of a stud shear connector, which one is placed at 1458.3mm from the mid-span. The
shear force zero approximately at the mid height of shear connector shank. It is ob-
served from Fig. 12 that for a particular applied load (209.0kN), the lower half of the
shank of the connector resists almost negative shear force and the upper half portion
resists positive shear force where the connectors head experience negative shear and
resists vertical separation. Similarly, for three different applied loads of 305.0kN,
402.0kN and 435.0kN, the shear force distribution along stud shank follows the similar
trend with zero shear force at the same location.
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Fig. 12. Shear force distribution along the length of the shear connector

4 CONCLUSIONS

The following are the main conclusions obtained from the results of finite element anal-
ysis:

1. The load-deflection are found well agreed with numerical results investigated Ko-
tinda (2006), and Ibrahim et al. (2013). These results demonstrated the accuracy and
effectiveness of the developed numerical model;

2. The numerical model well agreed with experimental results [10] in all respect;

3. The load carrying capacity increase by 5.46% and slip decrease by 26.17% with in-
creasing the stud diameter from 16mm to 22mm;

4. Employing an analogous square shear connection (16.83mm x 16.83mm) in place of
the traditional stud shear connector (¢19mm) yields a nearly identical load-carrying
capacity (0.92% larger) and results in a reduction of relative end slip (3.50% lower);

5. Consequently, taking into account all factors, including load-carrying capacity and
resistance to relative end slide, a square-shaped shear connector may be utilized in
lieu of a standard circular shear connector.
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