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Abstract

Headed shear studs (HSS) are widely used as shear connectors in steel-concrete composite structures to transfer
the transverse shear developed at the interface. Numerous studies were conducted to develop the finite element
(FE) model of the push-out test using the conventional concrete damage plasticity (CDP) model to investigate the
behaviour of the headed shear stud. Here, the micro-plane concrete model was taken into consideration to create a
finite element (FE) model of the typical push-out test. The objective of this study was to investigate the load-slip
behaviour and check the applicability of the related code provisions. The FE model of the push-out test was
developed under the guidelines of EC4 using ANSY'S. The results obtained from the finite element analysis (FEA)
were verified against experimental results from another research study. The shear capacity of the connection
obtained from FEA was compared with those specified in EC4, CSA S6-14, BNBC 2020, and AASHTO LRFD.
FE simulation satisfactorily predicted the results compared to the experiment, with a variation of 3% in shear
capacity and 1.12 % in maximum slip value. AASHTO LRFD, BNBC 2020, and CSA S6-14 provisions showed
very good correlations with experimental and FEA results for the estimation of shear capacity. The shear capacity
calculated using the EC4 provision was about 71 % of the experimental and FEA results. Hence, for shear
connection using HSS in steel-concrete composite structures, the numerical model and the present code provisions
can reasonably calculate the shear capacity with some variations as described.

Keywords: Steel concrete composite; Headed shear stud; Finite element analysis; Shear capacity; Code
provisions.

1 Introduction

Steel-Concrete composite elements are widely used for structures like bridges, warehouses, sheds, and multi-story
buildings, combining the higher compression carrying capacity of concrete with the higher tension-resistance of
steel to create a lightweight, highly effective unit that can easily be removed, recycled, and reused after natural
disasters in seaside and earthquake-prone areas. Benefits of steel-concrete composite construction include high
mechanical performance, reduced steel consumption, energy and environmental preservation, lower construction
costs, large span space, and more. For full composite action, it is required to transfer the horizontal shear forces
developed at the interface of the steel beam and concrete slab. Shear connectors are welded to the steel beam flange
and embedded in the concrete slab to transfer the horizontal shear forces. When a full composite action is developed
between the concrete slab and the steel beam, the concrete slab is compressed and the steel beam is extended by
horizontal shear forces acting at their interface; no slippage occurs. There is only one neutral axis in this situation,
and it is situated beneath the concrete slab and above the steel beam, with a linear strain variation from the top of
the concrete slab to the bottom of the steel beam. The ultimate strength of the shear connections is ascertained by
means of numerical push-out tests and experiments. The design equations and values are included in the present
design codes like EC4, CSA S6-14, BNBC 2020, and AASHTO LRFD. A successful substitute for full-scale
pushout tests is finite element modelling of shear interactions. Numerous studies used finite element modelling to
look at the behaviour of stud shear connectors. (Mia and Bhowmick 2019) conducted a comprehensive parametric
study with varying stud diameters and concrete strength to examine the behaviour of both small and large headed
shear studs using a finite element model. Parametric study of the 32-specimen, considering different diameters of
the stud and strength of concrete, was conducted by (Nguyen and Kim 2009) using FE model.

The primary aim of this study was to develop an accurate finite element model of the standard push-out test of a
steel concrete composite structure according to Eurocode 4 using FEM based ANSYS software. The results
obtained from the numerical push-out test were compared with Eurocode 4, CSA S6-14, BNBC-2020 & AASHTO
LRFD suggested design shear strength & validated against the results of experimental test conducted by (Gattesco
and Giuriani 1996)
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2 Finite Element Modeling

The push-out test specimen in the experimental study of (Gattesco and Giuriani 1996) was investigated in this
study. This specimen is in accordance with the standard push-out test specimen in the European Code (EC4).

2.1 Geometry

The overall geometry of the specimen is shown in Fig. 1. The concrete slab measures 600 mm in width, 650 mm
in height, and 200 mm in thickness. For reinforcement in the concrete slab, a total of eight longitudinal bars and
five tie bars were utilized. Both the vertical and horizontal reinforcements have a 16 mm diameter. The web's
length and the flange's width are both 255 mm. Both the web and the flange have a thickness of 14 mm. The headed
shear stud measures 125 mm in total height with 9 mm height of head, 19 mm in diameter at the shank, and 31 mm
in diameter at the head. In order to account for the complex contact interactions and fracture mechanisms, HSS
has modelled with the precise geometry. Owing to the push-out specimen’'s symmetry, only 25% of the entire
model is used, and suitable boundary conditions have been applied to reproduce the entire model.

100,

- -

600

Fig. 1 push-out test specimen according to EC4

2.2 Material Properties

The coupled concrete damage plasticity microplane (CDPM) concrete model, which is a smooth three surface
Drucker-Prager cap yield function, was used to model concrete. The research of (Zreid and Kaliske 2014) served
as the foundation for the creation of this CDPM model. For the purpose of assessing concrete's tension and
compression damage, the CDPM model needs fifteen parameters. Microplane model parameter identification is
done in the following ways based on extensive literature survey. Young’s modulus (Ec) for concrete is calculated
according to the ACI 318-08 code.

Ec = 4700,/f! (MPa) @

For materials like concrete, the strength parameters f,,., f»c and f,,; are typical material properties. If f,,. is known,
empirical relations can be used in the absence of complete testing data.

fbc = 1-15fuc (2)

fi
fur = 14 (B2y2/3 ©)
Experimental data from triaxial experiments are required to locate the intersection point between the Drucker-
Prager function and the compression cap. If this data is unavailable, an empirical estimate can be made as follows:

0f == foc (4)

The parameter R, the ration between the major & minor axis of the cap can be calculated as:

R = X,/f1(o¥) ()

Typically, the value of R is considered as 2.00

Cyclic tests are required to determine the hardening and damage parameters. In the absence of cyclic compression
test data, the values of D, . and y,, are selected by trial in such a manner that the load-slip curve of numerical
analysis closely matched with the experimental test conducted by (Gattesco and Giuriani 1996). In a similar
manner, Ry, 5, and y,, are determined by a uniaxial cyclic tension test. As uniaxial cyclic tension tests are not
conducted, Ry =1, B, = 1.58, can be utilized as initial values. Since tension softening begins almost
immediately after the elastic limit, the tension damage threshold y,, is frequently set to zero. The over-nonlocal
parameter (m) is a numerical parameter that provides mesh-independent convergence behaviour and regularizes
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the solution for any value greater than 1. The typical value of the parameter (m) is 2.5. On the other hand, the
interaction range parameter (c), which can be computed using the equation, determines the nonlocal interaction
damage parameters.

c>4L2 (6)
where, L is the maximum length of the element

Table 1. Coupled Damage-Plasticity Microplane Model Parameters

Parameter Parameter | Parameter Description Unit | Selected
Type Sub type Value
Elasticity -- E Mc?dulus of E.lasticity MPa 24000
-- v Poisson’s Ratio -- 0.2
Drucker- fuc Uniaxial Compressive Strength MPa 26.00
Prager yield fhe Biaxial Compressive Strength MPa 29.90
function fut Uniaxial Tensile Strength MPa 2.60
Intersection point abscissa between MPa | -19.93
Plasticity | Compression oS ?‘S;I;zfssmn cap and dracker-prager yield
cap R Ratio between the major and minor axis of the -- 2.0
cap
) D Hardening material constant MPa? | 40000
Hardening Ry Tension cap hardening constant -- 1.0
Tension and compression damage thresholds -- 2e~°
- YCO, YCO, 0
Damage Tension and compression damage evolution -- 9000
B Be Be constants 6000
Nonlocal -- c Nonlocal interaction range parameter mm? 1500
Parameters -- Over-nonlocal averaging parameter -- 2.5

For structural steel & reinforcement, stress-strain relationship (bi-linear) is considered. Headed stud shear
connector was modelled using bi-linear stress-strain curve with a hardening slope.Table 2 describes the different
properties of structural steel, mild steel reinforcement & headed shear stud.

Table 2. Properties of structural steel, Reinforcement & Headed Shear Stud

Parameter Type Parameter Sub type | Unit Structural Mild Steel Headed Shear
Steel Reinforcement Stud
Young’s Modulus MPa 210000 208000 208000
Isotropic Elasticity Poisson’s Ratio -- 0.3 0.3 0.3
Bulk Modulus MPa 175000 173330 173330
Shear Modulus MPa 80769 80000 80000
Yield Strength MPa 320 400 350
Ultimate Strength MPa - - 480
Bl'hfllear isotropic Tangent Modulus | MPa 0 0 40000
ardening

2.3 Boundary Conditions

Due to the symmetry of the push out test arrangement, the symmetric boundary condition was applied to the
surfaces at the symmetric planes of the specimen as shown in Figs. 3. Symmetry Region 2 is subjected to the Z-
axis symmetric boundary condition (BC), which prevents any nodes on the surface from shifting in the Z direction
and restricts rotation about the X and Y axes, as shown in Fig. 3 (a). Symmetry region 1, which is the center of the
web of the steel beam, is subjected to the X-axis symmetrical BC in order to constrain all the nodes of the steel
beam web in the X-direction as well as revolution about the Y and Z axes as exposed in Fig. 3 (b). All rotational
and translational movements are restricted at the concrete slab bottom surface, applying fixed support which is
represented by Fig. 3 (c). Displacement loading along the direction negative Y-axis was applied at the top surface
of the steel beam.
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Fig. 3 Boundary Conditions

2.4 Contact and Interactions

A frictionless interaction is used between the steel beam and the concrete slab. Frictionless interaction is used in
order to represent the appropriate test condition, because lubricating the flange prevented attachment at the
boundary between the steel beam flange and the concrete slab in tests conducted by (Gattesco and Giuriani 1996).
The load is supposed to be shifted from the steel | beam to the headed shear studs (HSS) and then to the concrete
slab in this interaction. Bonded Contact was considered between steel beam flange and Headed shear stud.
Frictional contact with frictional coefficient 0.5 was considered between concrete and embedded headed shear
stud. Average friction coefficient may be taken as 0.50 under 1-68000 psi stress level (Baltay and Gjelsvik 1990).

2.5 Meshing and Element Selection

From mesh convergence study it is seen that force reaction is not being changed significantly for element size less
than 20 mm. The concrete slab part was meshed with 3D eight nodded brick element CPT 215 using body fitted
cartesian method as shown in Fig. 4 (a) considering element size 15 mm with finer mesh at the region of concrete
where the shear studs are embedded. Element order was considered as linear. The steel beam part was meshed with
3D eight nodded brick element SOLID185 using body fitted cartesian method as shown in Fig. 4 (b). The headed
shear stud part was meshed with 3-D 4-node tetrahedral element SOLID285 using patch conforming method as
shown in Fig. 4 (c). Element size was considered as 6 mm and linear in order. Reinforcement embedded in concrete
slab was meshed using 3-D discrete reinforcing element REINF264 considering element size 25 mm as shown in
Fig. 4 (d). Mesh quality parameters found from FEA are checked with respect to the standard value.

000 45.%_ 0 250,00 500,00 (mm)
22,50 67.50 125.00 375.00

() (b) (© (d)
Fig. 4 Meshing of (a) Concrete Slab, (b) Steel Beam, (c) Headed Shear Stud, (d) Reinforcement
3 Results and Discussions

This section describes the numerical and code-based evaluation of the shear capacity of a headed shear stud with
the preliminary validation of the load-slip behaviour.

3.1 Validation of the Finite Element Model

This validation process ensured that the numerical model accurately represented the behaviour of the push out test.
The FE model for a 19 mm diameter stud is validated, and its results are compared with those of the tests conducted
by Gattesco and Giuriani (1996) (Fig. 5). Fig. 5 and Table 3 represents that, the shear capacity of a single headed
shear stud found from experimental test FE analysis are 110 kN and 114 kN respectively. In the Gattesco and
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Giuriani (1996) test, the ultimate slip value was reported to be 9.70 mm; however, from FE analysis it is found to
be 9.81 mm. The mean value of the Presi/Peea ratio is 0.97.

Table 3. Comparison between experimental and FE Analysis results

Experimental Result FE Analysis Result
- - - . . . Presi/Prea
Shear Capacity Maximum Slip (mm) Shear Capacity Maximum Slip (mm)
110.00 9.70 114.00 9.81 0.97
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Fig. 5 Load-Slip Curve

3.2 Shear Capacity by Different Design Code Provisions

Shear carrying capacity of perpendicularly placed headed shear stud (HSS) obtained from FE analysis is compared
with the ultimate shear capacity calculated using the Eurocode-4, CSA S6-14, BNBC-2020 & AASHTO LRFD.
Eurocode-4 suggests the design strength of HSS as the lesser of Eq. (7) and Eq. (8)

Prcs = 0.8F, ™% )

Pgca = 0.29 ad?\[f/E, (8
In CSA S6-14 the ultimate shear resistance of a HSS is taken as the lesser of Eq. (9) and Eq. (10)

qr = 0.5AseV/(fcEo) )

ar = Asc Fu (10)

As per the Bangladesh National Building Code (BNBC)-2020 the nominal shear strength of one headed stud shear
connector embedded in solid slab in composite construction is the lesser of the following equations (11) and (12)

Qn =0.5Asc/f/E. (11)
Qn =RgRpAscF, 12)

According to AASHTO LRFD the nominal shear strength of one headed stud shear connector embedded in solid
concrete slab in composite construction can be expressed as the lesser of the following equations (13) and (14).

P = 0.54,./f/E. (13)

P = A, F, (14)
Here, d is the stud shank diameter, A_ is the cross-sectional area of the stud, F, is the ultimate strength of the stud,
f is the compressive strength of concrete, E. is the modulus of elasticity of concrete, s =0.8, Ry is the group
effect factor, Ry is the position effect factor.

Fig. 6 represents the comparison of ultimate shear capacity calculated according to Eurocode-4, CSA S6-14,
BNBC-2020, AASHTO LRFD and FE Analysis. It is observed that EC4 offers conservative estimation of ultimate
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shear capacity of headed shear stud while CSA S6-14, BNBC 2020 & AASHTO LRFD evaluations are very close
to FE analysis results.

Shear Capacity of Headed Shear Stud (kN)
150 114

100
0
CSA S6-14 BNBC 2020 AASHTO LRFD FEA

Fig. 6 Comparison of Shear Capacity of Headed Shear Stud

Table 4. Ratio of FE Analysis Result & Design code Estimation

Pgcy Pesase-14 Pgnpc-2020 Ppasuto LRFD
Prga Prga Prea Prga
0.71 0.96 0.96 0.96

4 Conclusions

In this study numerical investigation of the shear capacity of headed shear studs in steel-composite construction is
performed by standard push-out test according to Eurocode 4 using FEA software ANSYS and compared with the
current design codes. The following are the conclusions from this numerical study.

1. The ultimate shear load carried per shear stud, maximum slip & overall load-slip curve of the push-out
test obtained from the finite element analysis are mostly identical with the experimental test result.

2. The ultimate shear resistance of a headed shear stud obtained from FE analysis is 114 KN, according to
EC4, CSA S6-14, BNBC-2020 & AASHTO LRFD recommended design equations. The ultimate shear
resistance of a headed shear stud is 81 kN, 110 kN, 110 kN & 110 kN, respectively. So, the numerical
analysis result is very close to the estimated shear capacity using CSA S6-14, BNBC-2020 & AASHTO
LRFD, but EC4 provides a conservative estimation (approximately 71%) of the ultimate shear capacity
of the headed shear stud.
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