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Abstract

This paper presents a nonlinear finite element model for a push-out specimen to study
on the shear mechanical behaviour of stud connectors. ABAQUS was used to build
the numerical models of push-out specimens, in which material nonlinearity of
concrete and stud was considered. The calculated results for the push-out specimens
were compared with the experimental results for verification. The nonlinear finite-
element models after verification can provide a good estimate of the mechanical
behaviour of the stud connectors in the push-out tests. An extensive parametric study
was conducted to analyse the effects of different concrete strengths, stud diameters
and applied tensile forces to the shear behaviour of the stud connectors. The shear
resistance of the stud connector increases as the stud diameter and concrete strength
increases, and the stud diameter has a greater effect than concrete strength; the shear
resistance of stud connector under combined forces decreases as the applied tensile
force increases.

Keywords: stud connector, finite element method, push-out tests, combined forces,
shear behaviour.

1 Introduction

Composite structures have obvious economic and structural advantages compared
with steel structures and concrete structures, respectively. Stud connector is the main
connector used in composite structures till now to resist the slip and separation
between concrete and steel. Stud connectors normally work under both tensile force
and shear force in many practical structures. The tensile force has to be considered
when F,>0.1Prq[1] and it will influence the shear resistance of stud connectors in a
certain range.

Push-out experiment and beam experiment are normally used to measure the
mechanical behaviour of stud connectors. Driscoll and Slutter [2,3] gave the



conclusion that the results of push-out tests are the lower limit to estimate the shear
resistance of stud connectors through analyzing both kinds of experiments. All
equations in current design codes [1,4,5] to calculate the shear resistance of stud
connectors are empirical formula based on the statistical analysis of push-out tests
results.

Push-out experiment provides a convenient way to study the behaviour of shear
connector than beam tests, but still costly and time consuming. Many researchers
began to investigate the behaviour of stud connectors by using finite element model
simulation method, which also can predict the non-linear response and the ultimate
load capacity of the push-out test after the comparison with selective experimental
results and the verification of simulation method. Ellobody et al [6,7,8] developed an
accurate nonlinear finite element model to investigate the mechanical behaviour of
stud connectors in solid slabs and precast hollow core slab, the results obtained from
FE models were compared with experimental results and design strengths calculated
using several design codes. 2009, Nguyen and Kim [9] analyzed large stud
connectors of 22mm, 25mm, 27mm and 30mm using nonlinear finite element models
and observed that AASHTO LRFD specifications overestimated the capacity of large
stud connectors whereas the design rules specified in EC4'were generally
conservative for stud diameters of 22, 25 and 27 mm, and unconservative for
diameter of 30mm.

The main objective of the paper is to build a nonlinear finite-element model for push-
out specimens of stud connectors. Material nonlinear was taken into account and
different stud diameters, concrete strengths and tensile forces were calculated.
Parametric study on the mechanical behaviour of stud connector was investigated in
the nonlinear finite element models.

1 Push-out specimens

Push-out specimens were fabricated according to the standard push-out test
specimen in Eurocode 4 [1]. Stud diameter was considered as 22mm, 25mm, stud
length was 200mm, concrete strength was and stud of 22mm diameter was applied
tensile force at two sides of the specimen as shown in Figure 1 (a).

Symmetrical Surface

(a) Push-out Specimen (b) 1/4 FE model with ABAQUS
Figure 1. Design of push-out specimen



ds hs fsu fcu Ns VSH (kN)

Specimen (mm) (mm) (MPa) (MPa) (kN) Value Mean Value
1 152.5
SS-1 2 22 0 233.9 208.5
Pure 3% 239.0
Shear 1 200 465 703 266.2
SS-2 2 25 0 265.6 272.7
3* 286.3
1 159.7
Combined SS-3 ) 22 33.2 192.4 176.1
Forces 1 200 S19 62.6 145.8
SS-4 ) 22 66.3 1633 154.6

The ones with * were tested under cyclic loading

Table 1. Push-out specimens

In the above table:

ds: Shank Diameter (mm);

hs: Stud Height (mm);

fou: Tensile Strength of Studs (MPa);

fou: Cubic Compressive Strength of Concrete (MPa);
Ns:Tensile force (kN);

Vgu: Shear Resistance (kN).

3 Analytical Model
3.1 General

The finite element program ABAQUS was used to analyze the mechanical behaviour
of stud connectors. There are four main parts in push-out specimen: concrete blocks,
steel plates, reinforced bars and studs. In order to save the calculation cost, only 1/4
model was built, as shown in Figure 1 (b). Symmetrical constrains were applied to
simulate the real structure. Material nonlinearity was considered in the model.
Dynamic explicit analysis method was used to analysis the push-out model. It’s
more inexpensive than the implicit analysis, and also is very efficient to solve
discontinuous and contact problems.

The concrete block, steel plate and stud were meshed with solid elements C3D8R,
which is an 8-node brick element with reduced integration stiffness; each model has
three translational degrees of freedom (DOF). The rebar was meshed with truss
element T3D2, which has three degrees of freedom. The whole model used coarse
mesh, with local fine mesh on stud and concrete block around stud connector to get
accurate calculated results. The overall mesh size was 12mm, and the element size on
stud and near stud was 3mm. The diameters of the rebar are 16mm and 20mm, which
were assigned on the elements with different truss sections. Figure 2 shows the mesh
models of different parts for push-out specimens.



(a) Concrete (b) Steel and stud (c) Rebar

Figure 2. Finite Element Model

3.2 Material Models

3.2.1 Concrete material model

In this paper, concrete damaged plasticity model was used in the finite element
model. It assumes the main two failure mechanisms are tensile cracking and
compressive crushing of concrete material. The relationships between compressive
stress (o) and inelastic strain (&i,) and between inelastic strain (g;,) and damage (d.)
are needed to define for the compressive behaviour; the relationships between tensile
stress (o) and crack strain () and between crack strain (e) and damage (d;) are
needed to define for the tensile behaviour. The uniaxial stress-strain curves can be
converted into stress versus plastic-strain curves by ABAQUS automatically [10].

(a) Concrete under compression

The nonlinear behaviour of concrete material under uniaxial compression is
presented by an equivalent uniaxial stress-stress curve of concrete as shown in
Figure 3.

The curve for concrete material under compression is modeled in three phases: the
elastic phase, plastic ascending (hardening) phase and plastic descending (softening)
phase[11,12].

The first part is initially assumed to be the elastic range till the stress value 0.4(f.») ,
where /., is the mean value of concrete cylinder compressive strength [13].
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Figure 3. Concrete stress-strain relationship for uniaxial compression

The evolution of the compressive damage component d. be calculated as follow
equations, as Eq.(4), where b, is a constant factor, 0<<b.<I.

d.o=1——_ Ok (4)
¢ scpl(b—t—l)+GCE;1
The modulus E,; in softening phase was defined as
— 1 (fem)® _fom 4 3
ECi - 2E. ( £c ) £c + 2 Ec (5)
&.1—the strain at maximum compressive stress;
Ye the descent function
Ye = 1eq/Gcl (6)

Gcl: material crushing energy [12];

leq: the characteristic length of the respective FE integration point; which depends on
type, quadrature rule and form of the element [14].

b.: constant factor, which equals 0.7 [11];

E.: Tangent modulus of elasticity of normal weight concrete;

€.: Compressive strain in the concrete;

o.: Compressive stress in the concrete;

f.m: mean value of concrete cylinder strength of concrete at 28 days;

1 . . o
eb': Compressive Plastic strain in the concrete;

To define the plasticity of concrete material under compression, there are several
parameters needs to be defined in ABAQUS, as given in Table 2 [10].

1) E Ob0/0c0, Kc

30° 0.1 1.16 0.667

Table 2. Parameters defined for plasticity of concrete



In the above table:

w: Dilation angle;

¢: Flow potential eccentricity;

opo/oco: the ratio of initial equibiaxial compressive yield stress to initial uniaxial
compressive yield stress;

K_: the ratio of the second stress invariant on the tensile meridian.

(b) Concrete material under tension

The nonlinear behaviour of concrete material under uniaxial tension is presented by
an equivalent uniaxial stress-stress and stress-crack curves of concrete as shown in
Figure 4. All stresses and deformations in the fracture process zone can be related to
a fictitious crack opening w [15].
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Figure 4. Concrete stress-strain and stress-crack opening relation for uniaxial tension

Crack Opening w

The tensile part curve can be assumed to increase linearly with respect to the strain
until the concrete crack. There are two phrases in the curve of concrete under tension:
the elastic phase and softening phase [12].

Tension Stiffening Set TYPE=GFI to define the post cracking behaviour by entering
the failure stress, f.ym and the fracture energy G¢[16].

Gr = 73318 (7)
Tension Damage Set TYPE=DISPLACEMENT to specify the tensile damage
variable as a function of cracking displacement w.

3.2.2 Stud, structural and reinforcement steel materials

Two main mechanisms can cause the fracture of a ductile metal: ductile fracture due
to the nucleation, growth, and coalescence of voids; and shear fracture due to shear
band localization [10]. So ductile and shear criteria were used in stud material model
to simulate the damage initiation. Fracture strain, stress ratio and strain rate were
defined.

Two types of damage evolution, energy and displacement types, in conjunction with
two softening laws, linear and exponential, were used to describe the progressive
damage of stud material appropriately. Once the damage criterion is reached, the
stiffness of the material degrades following the softening law. The elastic-plastic
model of stud material is shown in Figure 5.



In this paper, all these parameters of stud’s ductile behaviour were calibrated for the
best agreement between analysis and experiment load-slip curves.
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Figure 5. Elastic-plastic model of stud material with progressive damage

Tri-linear curve was used to simulate structural steel and reinforcement steel
materials, as shown in Figure 6, and the material properties are shown in Table 3.

Materials Steel Plate ~ Stud Connector ~ Rebar

Young’s Elasticity Modulus E; (MPa) 2.0E5 1.9E5 1.9E5
Poisson Ratio y 0.3 0.3 0.3

The Failure Strength o, (o,,) (MPa) 340 370.4 370.4

The Ultimate Strength o, (o,5) (MPa) 580 465.5 465.5

Table 3. Stud, structural and reinforcement steel material
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Figure 6. Structural Steel and Reinforcement Steel Material Models



3.3 Model Interactions and Constraints

The surface-to-surface formulation was used between steel beam surface, stud
surfaces and concrete slab surface. The interaction between steel beam surface and
concrete surface is frictionless, and ones between stud surfaces and concrete was set
with friction coefficient 0.3, hard contact was defined in normal direction. Rebar
elements were embedded in the concrete element, as shown in Figure 7.

Figure 7. Simulation between steel, stud, rebar and concrete

3.4 Loading and Boundary Conditions

This model used displacement control to apply the push force; the compulsive
displacement was applied on the top surface of steel plates. For the pull out force,
load was put on the surface of steel beam against stud. The loading time was got by
frequency analysis, and verified by experimental results.

The bottom surface of concrete block was fixed in all directions. And as 1/4 model,
there are two different symmetrical constrain surfaces, as shown in Figure 8.

Symmetrical

«» BC Surface Loading Surface

Fixed Bottom

Figure 8. Boundary and Loading conditions
3.5 Analysis Results

Stud Deformation and stress and strain distribution of stud and concrete are shown
in Figure 9. Under the push load been applied on the top of steel plates, the stud



connectors have obviously shear deformation, and concrete under stud root has
plastic strain; at the end, the elements of stud roots fail and the structure cannot take
any more loads. Figure 9 (c) also shows the shank failure happened in push-out

experiments.
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(Avg: 75%)
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(b) Mises stress of stud

(©) Failure elements on stud

Figure 9. Stress and strain distribution for studs



4 Verification FE models with the experimental results

Figure 10 shows the comparison of experimental results and calculated results from
the finite element models after parameters verification. It can be seen that the
calculated load-slip curves have a good agreement with the experimental results.
The finite element model can good estimate the experimental results of push-out
specimens. Table 4 gives the damage parameters of stud material after verification.

Ductile damage

Shear damage

Fracture Fracture = Softening Fracture = Displacement Softening
strain energy law strain at fail law
0.3 3000 Linear 0.8 Imm Exponential

200

160

Load (kN)

=~
o

0

Table 4. Damage parameters of stud material
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Figure 10. Comparison of FEM calculated results with experimental results
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5 Parametric study
5.2 General

According to different parameters as stud diameter, concrete strength and applied
tensile forces, 11 nonlinear finite-element models was calculated as shown in Tab.5.
According to the formula given by Hiragi.H (2003) [17], the calculated tensile
resistance of 22mm studs with ultimate tensile strength 519MPa is 197.3kN.
Different tension besides ones been used in the experimental specimens were chosen
applied on the finite-element models.

Stud Concrete Tensile Shear

Specimen Diameter Strength force Resistance

d (mm) fox (MPa) N; (kN) Vau (KN)

SS22-C60-NO 22 60 0 153.7
SS25-C40-NO 25 40 0 215.1
SS25-C50-NO 25 50 0 2249
SS25-C60-NO 25 60 0 238.5
SS25-C70-NO 25 70 0 250.6
SS25-C80-NO 25 80 0 259.3
SS30-C60-NO 30 60 0 3153
SS22-C50-N33.2 22 50 33.2 157.4
SS22-C50-N45 22 50 45 155.7
SS22-C50-N66.3 22 50 06.4 155.2
SS22-C50-N90 22 50 90 153.7

Table 5. Parametric study of finite element models

5.3 Stud diameter and concrete strength

From former research we can know that stud diameter and concrete strength are the
main influence factors to the shear resistance of stud connectors. In this paper,
different concrete strengths were applied in the finite element models with 25mm
studs as 40MPa, 50MPa, 60MPa, 70MPa and 80MPa, and different stud diameters
were considered as 22mm, 25mm and 30mm. The calculated load-slip curves are
shown in Fig. 11. As stud diameter and concrete strength increases, the shear
resistance increases. The stud diameter has bigger effect than concrete strength to
the shear resistance of stud connectors. As the diameter of stud connector changes
from 22mm to 25mm, the shear resistance increases 55.14%; from 25mm to 30mm,
the shear resistance increases 32.2%. In the FE models, the concrete strength was
considered from C40 to C80, the shear resistance of stud connectors increases about
5% as from C40 to C50, C50 to C60, and so on. The diameter of stud has bigger
influence to the shear resistance of stud connectors than the concrete strength.

11
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Figure 11. Parametric Analysis

5.4 Different tensile strength

Figure 12 shows the load-slip curves of FE models under combined forces. The
tensile forces were considered as 33.2 kN, 45 kN, 66.3 kN and 90 kN separately.
And the shear resistances under tension are listed in Table 5. From the curves we
can know that when the load-slip curves first enter plastic phrase, the loads taken by
the specimens decreases as tensile force increases; the ultimate shear resistance of
specimens under combined tensile and shear forces has the same trend, not as
obviously as the initial phrase.
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Figure.12 Effect of tensile strength
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6 Conclusions

Nonlinear finite-element models were built in this paper to study on the mechanical

behaviour of stud connectors.

(1) Concrete damage-plastic model was used in the FE models; in which three
different phases were considered for the concrete equivalent uniaxial stress-
strain curve under compression as: elastic phase, plastic ascending (hardening)
phase and plastic descending (softening) phase.

(2) For stud material, ductile and shear criteria were applied in stud material model
to simulate the damage initiation of studs, and energy type damage evolution
with exponential softening laws to describe the progressive damage.

(3) The calculated load-slip curves were compared with the experimental load-slip
curve, which proves that the nonlinear finite-element model after verification can
good estimate the load-slip curve of stud connecter under pure shear and
combined forces.

(4) An extensive parametric study of 11 specimens was performed by considering
different stud diameters, concrete strengths and applied tensile forces. The shear
resistance of stud connectors increases as stud diameter and concrete strength
increase, and the stud diameter has bigger influence to the shear resistance than
the concrete strength. Under combined forces, the shear resistance of stud
connector decreases as the applied tensile force increases.
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