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Abstract.

This study presents finite element analysis (FEA) on a Y-type perfobond rib shear connection using Abaqus

software. The performance of a shear connection is evaluated by conducting a push-out test. However, in practice, it is
inefficient to verify the performance by conducting a push-out test with regard to all design variables pertaining to a shear
connector. To overcome this problem, FEA is conducted on various shear connectors to accurately estimate the shear strength of
the Y-type perfobond rib shear connection. Previous push-out test results for 14 typical push-out test specimens and those
obtained through FEA are compared to analyze the shear behavior including consideration of the design variables. The results
show that the developed finite element model successfully reflects the effects of changes in the design variables. In addition,
using the developed FEA model, the shear resistance of a stubby Y-type perfobond rib shear connector is evaluated based on the
concrete strength and transverse rebar size variables. Then, the existing shear resistance formula is upgraded based on the FEA

results.
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1. Introduction

A steel-concrete composite structure has superior
economic feasibility and structural performance. To
maintain the composite action, it is necessary to install a
shear connector to counter the shear force at the interface
between the steel and concrete parts. Different types of
shear connectors have been developed, such as the stud
(Viest 1956), perfobond (Leonhardt et al. 1987), Y-type
perfobond (Kim et al. 2013), and composite dowel (Hechler
et al. 2011) types, which have been widely applied in the
construction field. According to Eurocode-4 (CEN 2004),
which provides guidelines for the design of shear
connectors, performing a push-out test is necessary to verify
the structural performance of a shear connector.

Recently, several studies analyzed the composite action
by performing a push-out test on shear connectors.
However, it is inefficient to verify all the effects of different
variables through experiments in terms of time and cost. To
overcome this problem, a push-out test was performed
using finite element analysis (FEA). To obtain similar
results as those obtained via the push-out test on shear
connectors, the  material  nonlinearity,  geometric
nonlinearity, and contact conditions between the parts
should be considered in the FEA.

In recent years, a push-out test simulation using
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commercial software has been widely performed with the
advancement of various modeling techniques. Several
studies were conducted on stud-type shear connectors using
FEA. Nguyen and Kim conducted a push-out test using
FEA on a large stud-type shear connector, the diameters of
which were 19, 25, 27, and 30 mm. The failure mode of the
studs was verified using a ductile damage for a more
accurate numerical simulation (Nguyen and Kim 2009).

Furthermore, a parametric study was conducted on a
prestressed  concrete  spliced girder, which  was
longitudinally connected using stud-type shear connectors
(Kim and Nguyen 2010). Qureshi et al. (201la, b)
performed a parametric study considering certain variables,
such as the stud location, with respect to the behavior of a
stud installed along with a profiled sheet. Xu et al. (2012)
conducted an experiment and a numerical analysis on the
combined effect of studs. They analyzed the shear capacity
with consideration of the following variables: shank
diameter, stud height, and lateral load. They compared
various design codes. Pavlovi¢ et al. (2013) and Dai et al.
(2015) performed FEA on a bolted shear connector and a
demountable stud, respectively. In other studies, FEA was
conducted on different types of shear connectors apart from
studs. Oguejiofor and Hosain conducted FEA on perfobond
ribs for the first time (1997). Qi et al. (2017) proposed FEM
model and theoretical formula for studs to investigate the
effect of damage degree and location, and performed a
parametric study in the various damage degree and location
based on the suggested FEM model.

Since then, Al-Darzi et al. (2007) performed a
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parametric study considering variables, such as the height
and thickness of the ribs and transverse rebar. Zheng et al.
(2016a) analyzed the shear behavior with consideration of a
dowel-hole-shaped perfobond. A theoretical model and
analytical formula were suggested to investigate the load—
slip relationship (Zheng et al. 2016b). Classen and
Herbrand conducted FEA of the push-out test using a
composite dowel to analyze the concrete crack patterns and
shear mechanism (2015).

In addition, Maleki and Bagheri (2008) conducted FEA
on channel-type shear connectors. Titoum et al. (2016)
performed FEA on I-shaped shear connectors. Khorramian
et al. (2017) performed the push-out tests for two different
tilted angle connectors. A nonlinear finite element model
was proposed to validate the experiment data. Based on the
numerical model, a parametric study was performed
depending on the variations in concrete strength and
connector’s diameters. A Y-type perfobond rib shear
connector was developed to simplify the layout of the
transverse rebar in flat-type perfobond rib shear connectors.
Various types of push-out tests were conducted while
considering design variables such as concrete compressive
strength (Kim et al. 2013, 2015), transverse rebar strength
(Kim et al. 2018a), horizontal spacing of two row ribs (Kim
et al. 2018b), and different types of ribs (Kim et al. 2013,
2014b, 2017a).

Furthermore, various experimental studies have been
conducted that extended beyond the composite-beam test
(Kim et al. 2014a). The push-out test was also performed to
examine the performance of the stubby Y-type perfobond
rib shear connector, which is smaller than the conventional
Y-type perfobond rib shear connector (Kim et al. 2017b).
The hysteresis behavior of the stubby Y-type perfobond rib
shear connector was analyzed (Kim et al. 2017c), and the
hysteretic performance was estimated depending on the

. Y-type perfobond rib
O Steel beam
‘ Transverse rebar

Separation resistance between
concrete part and steel beam

| Installation direction of
transverse rebars

Fig. 1 Characteristics of the Y-type perfobond rib

diameters of transverse rebars (Kim et al. 2019). However,
an FEA technique that accurately represents the push-out
test has not been developed. In this study, an FEA model
was developed using Abaqus software (Abaqus 2012) to
perform efficient numerical simulations in terms of time
and cost effectiveness, while accurately representing the
push-out test behavior of a Y-type perfobond rib shear
connector. In addition, a parametric study on the stubby Y-
type perfobond rib shear connector was conducted by using
FEA, and a new shear resistance formula for the stubby
type shear connector is suggested by employing the existing
formula (Kim et al. 2015).

2. Summary of push-out test of Y-type perfobond
rib shear connectors

Kim et al. developed Y-type perfobond rib shear
connectors (2013). The Y-type perfobond rib shear
connectors are characterized by a Y shape cut and an open
upper part for easy reinforcement of the transverse rebar, as
shown in Fig. 1 (Kim et al. 2013, 2016). The rib, which is
cut such that it is crossed in both directions, acts as an

Table 1 Variable conditions used in previously conducted typical push-out tests

Concrete  Rib Rib Rib Transverse
Specimen strength thickness  width height rebar Ref.
(MPa) (mm) (mm) (mm)  diameter (mm)
C40-T10-W80-H100-D16* 40 10 80 100 16
C40-T10-wW80-H100-D0* 40 10 80 100 - .
Kim et al. (2013)
C40-T8-W80-H100-D16* 40 8 80 100 16
C30-T10-W80-H100-D16* 30 10 80 100 16
C40-T10-W60-H100-D16** 40 10 60 100 16
C40-T10-W80-H100-D16** 40 10 80 100 16
C40-T10-W100-H100-D16** 40 10 100 100 16
C40-T10-W120-H100-D16** 40 10 120 100 16 Kim et al. (2014b)
C40-T10-W80-H80-D16** 40 10 80 80 16
C40-T10-W80-H120-D16** 40 10 80 120 16
C40-T12-W80-H100-D16* 40 12 80 100 16
C50-T10-W80-H100-D16* 50 10 80 100 16 Kim et al. (2015)
C40-T10-W80-H100-D13* 40 10 80 100 13 .
Kim et al. (2017a)
C40-T10-W80-H100-D19* 40 10 80 100 19

* Specimen with eight ribs; **Specimen with four ribs
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Fig. 2 Layout and design variables of the push-out specimen (unit: mm)

anchor embedded in the concrete. Thus, it helps prevent the
separation of the steel part from the concrete part. To
improve the ineffective reinforcement method of the
transverse rebar in conventional perfobond rib shear
connectors, wherein the transverse rebar is reinforced by
directly inserting it into a dowel hole, the Y-type perfobond
rib shear connectors are designed to conveniently arrange
the transverse rebar through the open space in the upper
area. Furthermore, the following equation was proposed to
estimate the shear strength via the push-out test with
consideration of the various design variables (Kim et al.
2017a).

The design variables of the Y-type perfobond rib include
the concrete compressive strength, rib thickness, rib height,
rib width, and transverse-rebar diameter. Among the various
design variables, the compressive strength of the concrete,
transverse rebar, and rib thickness were chosen as the
variables to conduct the push-out test for the first time (Kim
et al. 2013). Thereafter, another push-out test (Kim et al.
2014b) was conducted with certain variables, including the
rib height and rib width. Another test (Kim et al. 2015) was
conducted with variables such as the concrete compressive
strength and rib thickness. A third set of tests (Kim et al.
2017a) was conducted with specific variables, including the
rib width, rib height, and transverse-rebar diameter. Table 1
presents the variable conditions used in the previously
conducted typical push-out tests (Kim et al. 2013, 2014b,
2015, 2017a). Fig. 2 shows the layout and design variables
of the specimens. The names of the specimens, given in
Table 1, are defined as follows. The specimens are denoted
as C30, C40, and C50 when the compressive strengths of
the concrete block are 30, 40, and 50 MPa, respectively.
They are denoted as T8, T10, and T12 when the rib
thicknesses are 8, 10, and 12 mm, respectively. The width
and height of the rib are distinguished as W and H, and they
were denoted as W60, W80, W100, W120, H80, H100, and
H120 based on the dimensions used. The diameter of the
transverse rebar is denoted as D. In the case in which the
rebar is absent, the diameter is denoted as DO0. The
specimens with diameters of 13, 16, and 19 mm are denoted
as D13, D16, and D19, respectively.

3. Finite element model
3.1 Analysis method

To solve complex problems, such as the nonlinear
material property, geometric shape, and contact condition—
while performing FEA of the push-out test on the Y-type
perfobond rib shear connectors using a static or implicit
method—a considerable amount of computational cost is
incurred to combine the constitutive, equilibrium, and
compatibility equations. To solve these problems, an
explicit analysis method has been widely used for complex
fracture and large deformation problems under different
contact conditions and different material types (Abaqus
2012).

A quasi-static analysis was performed using a dynamic
explicit method in FEA of the push-out test on shear
connectors (Qureshi et al. 2011a, b, Tahmasebinia et al.
2013). The analysis time could be reduced by adjusting the
material density, loading rate, and time increment in the
quasi-static analysis using the dynamic explicit method. In
particular, increasing the density could not only reduce the
calculation cost, but it also prevented errors due to the wave
speed. However, with an increase in the mass density, the
dynamic effect that occurs during the calculation also
increases. In the quasi-static analysis, which should not be
significantly affected by the dynamic effect, the energy
balance should be verified to obtain a kinetic energy (KE)
that is less than 10% of the internal energy (IE) in the FEA
(Abaqus 2012).

3.2 Finite element geometry and mesh

As shown in Fig. 3, the parts in the FEA model for the
push-out specimen of the Y-type perfobond rib comprises a
steel beam with Y-shaped ribs, transverse rebar, concrete
block, reinforcement rebar, and basement. The basement is
in contact with the bottom of the specimen. The reinforced
rebar is used to prevent the outer fracture of the concrete
where the effect of the shear connection is nonexistent. The
reinforcement rebar— the influence of which is relatively
negligible on the test result—was modeled using a two-
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Steel beam with Y-ribs

Transverse rebars \

Concrete block
Reinforcement rebars
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Fig. 3 FEA model of the parts comprising the Y-type
perfobond rib

dimensional (2D) beam element, and the basement was
prevented from deforming using a four-node rigid element.

For the other parts, except for the reinforcement rebar
and basement, a three-dimensional (3D) solid element was
employed. Because the shape of the concrete block,
excluding that occupied by the cut ribs, was complex, a
four-node solid element was employed. The four-node solid
element is more effective in preventing errors due to the
distortion in the element shape compared to an eight-node
solid element. The transverse rebar was modeled as a
cylindrical shape with consideration of a nominal cross-
sectional area using a six-node wedge solid element, which
is suitable for long cylindrical shapes. For the H-beam with
the Y-shaped ribs, an eight-node solid element was used.

3.3 Boundary conditions and interactions

The push-out specimen was manufactured to be
symmetrical at the flange center of the steel beam about the
axis of symmetry, as shown in Fig. 3. Using the specimen
symmetry, only half of the specimen was modeled and a
symmetric boundary condition was applied. The rigid
basement was restricted to move or rotate with respect to
any direction, and the displacement occurred at the cross-
section of the H-beam in the upper end to apply a similar
condition as that in the push-out test. The loading rate was
set to 10 mm/s to reduce the analysis time.

The reinforcement comprising the beam element was
restrained from the solid element comprising the concrete
block using a function of the embedded region using
Abaqus. The transverse rebar was rigidly fixed to the
concrete contact surface without any separation using a tie
function. A frictionless-contact condition was applied to the
contact surface between the steel beam with the Y-rib and
the concrete block by coating grease (Kim et al. 2013,
2014b, 2015, 2017a) while manufacturing the specimen. A
lateral separation occurred at the flange of the H-beam and
concrete block, which were partly restrained by the
frictional force on the bottom surface. Because the frictional
resistance between the specimen and the bottom surface in
the push-out test affected the test result, an appropriate
constraint should be considered for the bottom surface in
the FEA.

Generally, a method that considers the friction
coefficient between the bottom surface of the concrete
block and the basement surface has been employed

(Nguyen and Kim 2009, Xu et al. 2012). The friction
coefficient is in the range of 0.2-0.4. Apart from the above
method, another method has been employed to model the
separation resistance using the lateral load (Xu et al. 2012)
and elastic link (Pavlovi¢ et al. 2013). In the present study,
the FEA was conducted with friction coefficients of 0.2,
0.25, 0.3, and 0.4, where 0.25 was chosen as the friction
coefficient and yielded a result similar to the existing test
results.

3.4 Material models

3.4.1 Concrete

The concrete damaged plasticity (CDP) model was used
as the material model of the concrete block. This model can
be used to represent the material damage through the
decrease in Young’s modulus based on the loading level and
material characteristics of the concrete. The model also
expresses other behaviors depending on whether the nature
of loading is compressive or tensile. Hence, it has been
widely used in numerical analysis. Because the property of
the concrete significantly affects the FEA result of the push-
out test, it is necessary to select the stress—strain
relationship of the concrete that matches the analysis
condition to obtain a practical result. Thus, a compressive
softening model of the concrete was selected with
consideration of the diameter of the transverse rebar, which
significantly affected the concrete behavior.
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Fig. 4 Stress—strain relationship of concrete
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Fig. 4 shows the stress—strain relationship of the
concrete used in this study. The compressive behavior,
depicted in Fig. 4(a), is divided into four sections. The first
section refers to a region wherein the compressive stress
(o.) of the concrete is increased up to 0.4 times of the
compressive strength (o.1) in proportion to Young’s
modulus (E.), which is the same as the proportional section
suggested in Eurocode-2 (BSI 2004). The second section
refers to a region wherein g, of the concrete reaches from
0.40.4 to 0.1 (compressive strain: &.1), which follows the
constitutive equation proposed by Mander et al. (1998). The
third section refers to a region wherein the compressive
softening occurs after o.;. Thus, the compressive stress
decreases to 0.10.; at &.,, which is modified to determine
the stress—strain relationship. To this end, a compressive
softening coefficient («) is introduced to correct the effect
due to the transverse-rebar diameter in the constitutive
equation proposed by Mander et al. (1998). Both a,; and
0.10,; corresponding to &.; and &., respectively are
fixed so as not to be affected by «, but the softening
behavior between ¢,; and ¢., can be influenced by a. Fig.
5 represents the compressive curve according to a. It can be
seen that the greater the value of o, the greater the
compressive stress in the compressive curve. It is assumed
that the compressive stress is maintained as constant after
&., as the compressive stress is decreased to 0.1o.;. The
compressive stress—strain relationship of the concrete used
in this study is expressed in Egs. (1)-(3).

0'40_01

> ®

o.=¢E. for 0 < g <

where

0. = Concrete compressive stress (MPa)

&. = Concrete compressive strain

E, = 5,000,/0,,, concrete tensile stress (MPa)
0.1 = Concrete compressive strength (MPa)

g = —2
Cor—14x"

0.40.¢
— < & = & (2)
E,

where

( & 0.40.4

< & < €1

x = €1 Ec
£
c
for &4 < & < g

g1
g1 = 0.002, concrete compressive strain at the
compressive strength
a = Compressive softening coefficient
E.
T =

E.— GCI/SCI

0. =010, for g, < g 3)
The tensile behavior of the concrete is divided into a
linear-increase section, stress-decrease section, and stress-
maintaining section. The tensile strength (a,1) is 0.1 times
0.1 as per ACI 318 (ACI Committee 1999), and the tensile
stress (o;) Is increased up to o,; in proportion to E,,
followed by a decrease based on the equation proposed by
Wang and Hsu (2001). It is assumed that the tensile stress is
maintained to be similar to that of the compressive behavior
because o, is decreased to 0.1g;;. The tensile stress—strain
relationship of the concrete used in this study is expressed
in Egs. (4)—(6). From Eq. (7) (Pavlovi¢ et al. 2013), it is
assumed that the compressive damage parameter (d.) and
tensile damage parameter (d,), representing the decrease in
the stiffness of the damaged concrete, are expressed via the
reduction rate with regard to E., which occurs after
compressive strength (g,,) and tensile strength (a,;).

o,=¢&E, for 0 < & < &4 (@)

where

o, = Concrete tensile stress (MPa)
& = Concrete tensile strain

&1 = % concrete tensile strain at the tensile strength
c
o;; = 0.10,4, concrete tensile strength (MPa)

0.4
£
0y = 0y (‘%1) for &1 < & < &y (5)
t
g =010, for ¢, < & (6)
o,
d.=1-— for &, < &
Oc1 (7)
o
d, = 1-— for &4 < &
Ot1

where

d, = Compressive damage parameter
d, = Tensile damage parameter

3.4.2 Structural steel and reinforcement

The structural steel and reinforcement were modeled
using an isotropic hardening material, Poisson’s ratio, was
set to 0.3, and Young’s modulus, which was set to 210 GPa
and 200 GPa. Figs. 6(a) and (b) show the stress—strain
relationships of the structural steel and reinforcement used
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Fig. 6 Stress—strain relationships of structural steel and
reinforcement

in the FEA (Veritas 2013, Loh et al. 2004), respectively.
The parameters that define the stress—strain relationship of
the materials were employed considering the material
properties used in the test as follows: ay;: 300 MPa, ay,:
450 MPa, €,_1: 0.004, &,_,: 0.02, &,: 0.2, g,4: 500
MPa, &,,:0.0225, and ¢,5: 0.1.

4. Verification of the finite element model

Studies on the variables, including the concrete
compressive strength (C30/C40/C50), rib thickness (T8/
T10/T12), rib width (W60/W80/W100/W120), rib height
(H80/H100/H120), and transverse-rebar diameter (D13/
D16/D19), were conducted based on the criteria of C40-
T10-W80-H100-D16, as given in Table 1. The concrete
compressive strength, rib thickness, rib width, rib height,
and transverse-rebar diameter were 40 MPa, 10 mm, 80
mm, 100 mm, and 16 mm, respectively, in the tests
conducted on Y-type perfobond shear connectors to date
(Kim et al. 2013, 2014b, 2015, 2017a). Because it is very
difficult to measure the frictional force generated at the
bottom surface during the push-out test, a suitable friction
coefficient (0.2-0.4) that yields a similar result as that of the
experiment result was selected and used in the FEA of the

2,200

2,000 C40-T10-W80-H100-D10

Exp.
1,600 FEA: Friction coefficient 0.2
1,400 ©®—@—@ FEA: Friction coefficient 0.25

FEA: Friction coefficient 0.3

1,800

1,200

FEA: Friction coefficient 0.4

1,000
800 |

Shear load (kN)
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400
200

0

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Slip (mm)

Fig. 7 Effect of friction coefficient on load-slip curve

push-out test (Nguyen and Kim 2009, Xu et al. 2012).
Friction coefficients of 0.2, 0.25, 0.3, and 0.4 were applied
to the variable conditions (C40-T10-W80-H100-D0) in the
case of no transverse rebar to perform the FEA. The load—
slip curve was compared with the experimental results, as
shown in Fig. 7. An increasing trend in the relative slip
where the shear strength occurred and the magnitude of the
shear strength with an increase in the friction coefficient
was revealed. In the present study, the friction coefficient
was 0.25, which yielded a result notably similar to the test
result.

The mass density of the material significantly affected
the computational cost in the quasi-static analysis using the
dynamic explicit method. A mass scale technique could be
used to reduce the time consumption in the FEA, including
complex contact nonlinearity, material nonlinearity, and
geometric nonlinearity, which were the same as those in the
push-out test on the Y-type perfobond rib shear connectors
(Abaqus 2012). Although an increase in the mass density
could reduce the analysis time and occurrence probability of
the numerical error due to the wave speed, a post procedure
should be used to correct the dynamic effect. In the post-
procedure, the dynamic effect is eliminated by incorpora-
ting a smooth function using Abaqus (2012).

The FEA was conducted by applying the same time
increment and loading rate to compare and analyze the
mass-density effect. The time required to generate a relative
displacement of 1 mm based on the mass density is
summarized as follows based on the analysis time that was
actually used in the material-property mass density. Based
on the analysis time applied to the actual mass density, the
analysis time decreased by 66.2, 90.5, and 97.5% in the
cases wherein the mass density was increased by 10, 100,
and 1,000 times, respectively. In this study, a mass density
1,000 times that of the original was used with consideration
of the energy balance satisfying the quasi-static analysis
condition and the time required for the FEA. The results
with and without the post procedure applied to the load-slip
curve of C40-T10-W80-H100-D16, which was obtained in
the FEA, were compared with the test results, as shown in
Fig. 8(a). The blue in that figure indicates the dynamic
effect at the early stage of the loading, whereas the red line
indicates the results closer to the static condition through
the post-procedure. Fig. 8(b) shows the kinetic energy (KE)
and internal energy (IE) during the quasi-static analysis in
the log scale. Although the dynamic effect significantly
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Fig. 8 Load-slip curve to which post-procedure is applied
and energy history generated in the FEA

occurred in the FEA at the early stages of loading, quasi-
static analysis was considered to be appropriate because the
generation of KE was considerably lower than that of IE, as
shown in Fig. 8(b).

4.1 Effect of transverse rebar

The transverse rebars in the Y-type perfobond and flat-
type perfobond rib shear connectors help ensure the shear
strength and ductile behavior. The transverse rebars in the
Y-type perfobond shear connectors generate complex
bending and shear stresses because of the surrounding
concrete along with the ribs. Thus, it is necessary to develop
a constitutive equation wherein the effect of the transverse
rebar is reflected in the stress-strain relationship
considering the confined effect of the general concrete
(Mander et al. 1988). Accordingly, a of the compressive
behavior in Eq. (3) was adjusted based on the effect of the
transverse-rebar diameter to determine the compressive
softening.

Figs. 9(a), (b), and (c) show the FEA of D13, D16, and
D19, respectively, when « equals 1.0, 1.1, 1.2, and 1.3. For
C40-T10-W80-H100-D13, the FEA is 1634, 1659, 1696,
and 1716 kN, respectively, when «a equals 1.0, 1.1, 1.2, and
1.3 and the mean shear strength in the test result is 1540 kN.
For C40-T10-W80-H100-D16, the result of the FEA is
1781, 1814, 1822, and 1884 kN when « equals 1.0, 1.1, 1.2,
and 1.3, respectively. The mean shear strength is 1805 kN.
For C40-T10-W80-H100-D19, the FEA is 1912, 1949,
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Fig. 9 Comparison of load-slip curve between test
results and FEA with respect to the transverse-
rebar diameter

1995, and 2022 kN, respectively, when o equals 1.0, 1.1,
1.2, and 1, and the mean shear strength in the test result is
2011 kN. As o increases, the shear strength increases. The
most similar shear strength is found when « is 1.0 for D13
of the transverse-rebar diameter; « is 1.1 for D16, and a is
1.2 for D19.

4.2 Effect of concrete strength

Fig. 10 shows the specimen load-slip curve of the based
on the concrete compressive strength. As the concrete
compressive strength increases from C30 to C40 and C50,
the shear strength of the specimen increases. This trend is
also revealed in the FEA result. Table 2 presents the test and
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Fig. 10 Comparison of load—slip curves between test results
and FEA with respect to the compressive strength of
concrete

FEA results. The coefficients of variation (COV) of the test
results in C30-T10-W80-H100-D16, C40-T10-W80-H100-
D16, and C50-T10-W80-H100-D16 are within 4%, and the
error in the FEA is within 1.2%. Thus, the above results
verified that the FEA results obtained in this study reflected
an increase in the shear strength based on the increase in the
compressive strength of the concrete.

4.3 Effect of rib dimension

Figs. 11 to 13 and Tables 3 to 5 present the test and FEA
results with respect to different rib thicknesses, rib heights,
and rib widths. The shear strength of the specimen increases
as the thickness, height, and width of the rib increases,

Table 2 Comparison of shear strengths between test results
and FEA with respect to the compressive strength
of concrete

Shear strength (kN) COV (%)

Exp.-1 1687 0.93
Exp.-2 1638 2.10
caol-gé_ot;\{\éio- Exp.-3 1691 1.16
Average 1672 -
FEA 1652 Error: —1.17%
Exp.-1 1811 0.31
Exp.-2 1789 0.91
Exp.-3 1810 0.24
C40-T10-w80- Exp.-4 1877 3.98
H100-D16*  Exp.-5 1,747 3.25
Exp.-6 1799 0.38
Average 1805 -
FEA 1813 Error: 0.44%
Exp.-1 1949 2.14%
Exp.-2 1872 1.89%
Czoigg_%%io' Exp.-3 1903 0.25%
Average 1908 -
FEA 1919 Error: 0.55%

*Specimen with eight ribs
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Fig. 11 Comparison of load-slip curve between test results
and FEA with respect to the rib thickness
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Fig. 11 Continued

Table 3 Comparison of shear strength between test results
and FEA with respect to the rib thickness

Shear strength (kN)  COV (%)

Exp.-1 1699 3.23

Exp.-2 1630 0.92

CﬁgogsDVl’gf Exp.-3 1608 231
Average 1646 -

FEA 1678 Error: 1.97%

Exp.-1 1811 0.31

Exp.-2 1789 0.91

Exp.-3 1810 0.24
C40-T10-w80-  Exp.-4 1877 3.98
H100-D16*  Exp.-5 1747 3.25
Exp.-6 1799 0.38
Average 1805 -

FEA 1813 Error: 0.44%

Exp.-1 2003 1.53

Exp.-2 1935 1.91
Cﬁol'gol_zt;\l"éio' Exp.-3 1980 0.38
Average 1973 -

FEA 1934 Error: —1.96%

*Specimen with eight ribs

which is the same as those observed for the diameter of the
transverse rebar and compressive strength of the concrete.
The COVs of the shear strength based on the test results are
all within 4.5%, and the shear strength with respect to the
rib thickness exhibits an error within 2% between the FEA
and test results. However, the shear strength with respect to
the height and width of the rib exhibits an error up to 9.5%
and 12.6%, respectively, which are higher than that of the
overall test result. This is because the more accurate
properties of the materials used in the tests with variables,
such as the height and width of the rib (specimens with four
ribs), were not applied in the FEA, wherein only the
variables, such as the diameter of the transverse rebar and
concrete compressive strength (specimens with eight ribs),
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Fig. 12 Comparison of load-slip curves between test results
and FEA with respect to the rib height

were employed.

5. Shear strength equation for stubby Y-type
perfobond rib shear connection

The stubby Y-type perfobond rib shear connector is
smaller than the conventional Y-type perfobond rib shear
connector. This type of shear connector was studied by Kim
et al. (2017b), who performed monotonic push-out tests.
Based on the details of the stubby Y-type perfobond rib
shear connector in Fig. 14, the finite element analysis model
was built in the same way that was mentioned above. The
variable was set to the diameter of the transverse rebar, and
the diameters were applied to 10 mm, 13 mm, and 16 mm.
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The SY, D, and M denotes the stubby Y-type perfobond rib
shear connector, the diameters of the transverse rebar, and
monotonic force, respectively.

Table 4 Comparison of shear strength between test results
and FEA with respect to the rib height

Shear strength (kN)  COV (%)

Exp.-1 948 0.62

Exp.-2 959 1.85

Cﬁé&%’i\e’\ﬁo' Exp.-3 919 2.47
Average 942 -

FEA 1031 Error: 9.50%

Exp.-1 992 1.85

Exp.-2 1019 0.83
C:%Eg'lvg’ff' Exp.-3 1021 1.02
Average 1010 -

FEA 1057 Error: 4.56%

Exp.-1 1153 3.02

Exp.-2 1087 2.86
Y Exp-3 1118 0.15
Average 1119 -

FEA 1188 Error: 6.13%

*Specimen with four ribs
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The load-slip curves are shown in Fig. 15, which
presents the experimental data and FEA data. The ultimate
shear resistance is fully expected by the FEA model in the
comparison of the experimental data. However, after the
ultimate shear resistance, there is a limit to expecting the
behavior of the stubby Y-type perfobond rib shear connector
with the FEA model.

The previous shear resistance equation suggested by
Kim et al. (2015) is the same as Eq. (8). It is based on the
push-out test results of the conventional Y-type perfobond
rib shear connector. In order to confirm the effectiveness of
the equation for the stubby Y-type perfobond rib shear
connector, the test results of the specimen of SY-D10-M,
SY-D13-M, and SY-D16-M were used in a comparison with
the predicted shear resistance calculated from Eq. (8),
where Q (N) represents the shear resistance of the Y-type
perfobond rib shear connector, d (mm) is the dowel hole
diameter, h (mm) is the individual rib height, t (mm)
denotes the rib thickness, f, (MPa) represents the
concrete strength, d, (mm) is the transverse rebar
diameter, and A, (mm?) is the cross sectional area of the
transverse rebar. In addition, f, (MPa) denotes the
transverse rebar’s yield strength, r is the number of
transverse rebars, n denotes the number of holes between
the ribs, m is the number of dowel areas between Y-shape
ribs, and s (mm) represents the net distance between ribs
that are bent in the same direction. The comparison results
are listed in Table 6. It is apparent that a difference exists
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Fig. 13 Comparison of load-slip curve between the test results and FEA with respect to the rib width
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Table 5 Comparison of shear strength between test results
and FEA with respect to the rib width

Shear strength (KN) COV (%)
Exp.-1 896 421
Exp.-2 845 1.68
C:%Eg'l\’gff' Exp.-3 838 2.53
Average 860 -
FEA 968 Error: 12.57%
Exp.-1 992 1.85
Exp.-2 1019 0.83
C:%Eg‘l\’gff' Exp.-3 1021 1.02
Average 1010 -
FEA 1057 Error: 4.56%
Exp.-1 1153 3.34
Exp.-2 1087 3.17
ci'oig()l_(g\{\ggo- Exp.-3 1118 0.17
Average 1119 -
FEA 1188 Error: 6.13%
Exp.-1 1315 2.06
Exp.-2 1255 2.58
Ctol'gol_%\féﬁo' Exp.-3 1295 0.52
Average 1288 -
FEA 1328 Error: 3.12%

*Specimen with four ribs

the experimental results and calculated results using Eq. (8).
The shear resistances of the experiment for the stubby Y-
type perfobond rib shear connector are much different than
that of the calculation using Eg. (8), because Eq. (8) is

vt~ ~

’//////

m\\\\\\\\\\\\\\
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based on the conventional Y-type perfobond rib shear
connector. In the previous study by Kim et al. (2017b), it
was found that the equation had a limitation in evaluating
the ultimate shear resistance of the stubby Y-type perfobond
rib shear connector. Moreover, the limiting factor governing
the prediction of the effect of the transverse rebar diameter
was also found. As a result, in the case of the stubby Y-type
perfobond rib shear connector, the results of Eq. (8) are
considerably different from the experiment results. Kim et
al. (2017b) performed the push-out test and represented the
difference between the results of the experiment and
evaluation using Eq. (8) considering the transverse rebar
variable. According to the results of the experiment, the
specimen with the smaller diameter had lower shear
strength compared to the evaluation using Eqg. (8). On the
other hand, the specimen with the greater diameter showed
higher shear strength compared to the evaluation using Eq.
(8). Thus, Eg. (8) either under-estimated or overestimated
the value. Thus, in order to develop the equation for the
stubby Y-type perfobond rib shear connector and consider
the effect of the diameters of the transverse rebar, the factor
term for the transverse rebar is modified with the previous
equation (Eq. (8)). The proposed equation is Eq. (9), which
is modified to the factor in the transverse rebar term with
the quadratic function depending on the diameter of
transverse rebar (d,) resulted by a regression analysis.

Table 6 shows the results of shear resistance by the
experiments and the proposed equation (Eq. (9)). The
specimens for the experiment are manufactured with
concrete strength 30 MPa and yield strength of the
transverse rebar 400 MPa, and the dimension of the
specimens is followed in Fig. 14. The accuracy of the
proposed equation (Eq. (9)) is approximately 97% on
average, while that of the previous equation (Eg. (8)) is
approximately 73% on average. It can be observed that the
propose equation (Eq. (9)) is under 3% error, and more
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Fig. 14 Details of the specimen of the stubby Y-type perfobond rib shear connector (unit: mm)
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accurate to estimate the shear resistance for the stubby Y-
type perfobond rib shear connector.

The parametric studies were performed depending on
the variables of the concrete compressive strength and
transverse rebar diameter with Eq. (9) and FEA models. The
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Fig. 15 Results of the stubby Y-type perfobond rib shear
connector with FEA

kinds of concrete compressive strengths were set to 20
MPa, 25 MPa, 30 MPa, 35 MPa, 40 MPa, 45 MPa, and 50
MPa, and those of the transverse rebar (f, =400 MPa) were
set to 10 mm, 13 mm, and 16 mm.

Table 7 and Fig. 16 represent the comparison of the
predicted (Eqg. (9)) and FEA results. On Table 7, it can be
observed that the margin of error calculated using Eq. (9) is
under 7%. The margin of error using the quadratic function
for the factor is much smaller than that of the previous
factor 1.213 from Eq. (8). Therefore, the proposed equation
not only more accurately estimates the shear resistance of
the stubby Y-type perfobond rib shear connection.

d
Q =3.372 (E + 2h> tfy + 1.213rA, f,

e ®)
+1.9nm (E) for +0.757mhs\[fu
Table 7 Verification of the suggested equation (Eqg. (9)),
and the results of parametric studies
o . Shear resistance (kN) .
Division  Specimen Ratio (A)/(B)
FEA(A) Eq.(9) (B)
SY-D10-M 524.2 488.7 1.07
C20 SY-D13-M 559.9 561.4 1.00
SY-D16-M 596.5 592.4 1.01
SY-D10-M 543.9 521.7 1.04
C25 SY-D13-M 578.7 594.3 0.97
SY-D16-M 611.3 625.3 0.98
SY-D10-M 615.2 554.5 111
C30 SY-D13-M 646.1 627.1 1.03
SY-D16-M 676.4 658.1 1.03
SY-D10-M 642.7 587.2 1.09
C35 SY-D13-M 668.5 659.8 1.01
SY-D16-M 700.6 690.9 1.01
SY-D10-M 665.7 619.8 1.07
C40 SY-D13-M 694.6 692.5 1.00
SY-D16-M 725.6 723.5 1.00
SY-D10-M 676.7 652.4 1.04
C45 SY-D13-M 708.1 725.1 0.98
SY-D16-M 736.7 756.1 0.97
SY-D10-M 697.1 684.9 1.02
C50 SY-D13-M 724.8 757.6 0.96
SY-D16-M 760.1 788.6 0.96

Table 6 Comparison of the results between measured data and predicted data using Egs. (8) and (9)

Shear resistance

Shear resistance

Shear resistance

by experiment (kN) (A)  using Eq. 8) (kN) B) RO BYA)  eing Eq. (9) (k) (c)  Retio (C)/(A)
SY-D10-M 5865 3533 0.60 5545 0.95
SY-D13-M 643.8 4585 0.71 627.1 0.97
SY-D16-M 674.1 591.1 0.88 658.1 0.98
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In this study, numerical simulations on Y-type perfobond
rib shear connectors were conducted to compare the load—
slip curves of existing test results. The FEM results were
similar to those of the previous study using push-out tests.
Using the newly developed model, a parametric study was
conducted. Based on the results, a new shear resistance

of t

@

his study are outlined as follows.

(1) Compared to existing techniques, a more efficient
quasi-static analysis technique was proposed by
adjusting the mass density of the materials to
reduce the analysis time. An increase in the
material density increased the dynamic effect of the
FEA results. However, the present study verified
that, if this problem could be appropriately solved
through the post-procedure, satisfactory results
could be obtained with a manageable computa-

tional cost.

The compressive softening of the stress—strain

relationship of the concrete was modified and
applied based on the diameter of the transverse
rebar. The stress—strain relationship, which was
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improved using the compressive softening
coefficient a, yielded results similar to the existing
test results. The improved material property of the
concrete in this study can be appropriately applied
to numerical simulations to conduct the push-out
test on various shear connectors with a transverse
rebar.

(3) An increase in the shear strength was well reflected
based on the increases in the thickness, height, and
width of the rib. The difference in the shear
strength due to the changes in the height and width
of the rib—which were variables of the specimens
comprising the four ribs—revealed that the FEA
results were somewhat higher than the test results.
However, the shapes of the load-slip curves were
similar. An error in the shear strength was obtained
because accurate material properties used in the
actual tests were not applied to the FEA.

(4) The FEA for the stubby Y-type perfobond rib shear
connector was conducted by the suggested
modeling technique. The FEA results were fully
expected with respect to the ultimate shear
resistance. However, a limitation existed;
specifically, it was difficult to reflect the structural
behavior after the ultimate shear resistance.

(5) The accurate shear resistance equation for the
stubby Y-type perfobond rib shear connector is
herein proposed, modifying the equation for the
conventional Y-type perfobond rib shear connector
suggested by Kim et al. (2015). The factor of the
transverse rebar has been modified to the quadratic
function, which is accurate to calculate the shear
resistance for the stubby Y-type perfobond rib shear
connector. The parametric study is performed by
comparing the results from FEA and the proposed
equation. Depending on the variations with
concrete strength and the diameter of the transverse
rebar, it can be seen that the proposed equation well
expected the shear resistance of the stubby Y-type
perfobond rib shear connector.
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