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ABSTRACT
In steel-concrete composite beams, at the interface between steel beam and concrete
slab shear connectors are provided to resist the horizontal shear between the two
components. This study presents an experimental investigation on the performance of
L-shape rebar shear connector embedded in solid concrete slab through push-out test
under static axial compression. The test program consists of sixteen push-out
specimens. The specimens were designed to investigate the effects of height, length,
diameter of the rebar connector and concrete compressive strength (40 and 50 MPa)
on the shear capacity of a composite member. The experimental results are presented
and discussed, focusing on the failure modes, load-slip behaviour, ultimate shear
capacity, slip at the steel concrete interface and ductility of the shear connector. Two
types of failure behaviour are observed from the push-out tests: shearing of connector
and cracking-crushing of concrete slab. Shearing failure is observed in specimens with
lower bar diameter (10 and 12 mm) and was brittle in nature as compared to the
failure of specimens with larger bar diameter (16 and 20 mm). In specimens with
larger bar diameter failure is caused by cracking and crushing of concrete surrounding
the connector.
The ultimate capacities and slip values at failure of the push-out specimens are
significantly influenced by the diameter of the rebar connectors. For specimens with
40 MPa concrete the increase in ultimate capacity was found to be 69%, 105% and
118% when the rebar diameter is increased from 10 mm to 12 mm, 16 mm and
20 mm, respectively. This improvement in capacity is found to be higher for 50 MPa
concrete. Therefore, benefits of increasing the rebar diameter increases with the
increment in concrete strength. It is also observed from the test that the height and
length of the L-shape rebar connector do not have significant effect on the load-slip
behaviour of the push-out specimens. Concrete strength has a significant effect on the
shear resistance of rebar shear connector and failure mode for larger diameter bars.
For 20 mm diameter connectors increasing the concrete strength from 40 MPa to
50 MPa resulted in 16% increase in the ultimate load. When the failure mode is
concrete crushing, the increase in the compressive strength of concrete led to an
increase in the ultimate load capacity of rebar connectors.
Moreover, the experimental results are compared to the capacity prediction equation
for headed stud connectors in the AISC 360-16 specification. A modified equation is
recommended for rebar shear connector incorporating a correction factor of 0.7 to the
AISC 360-16 design equation of stud connector. Finally, it is recommended that, the
L-shape deformed rebar connectors with diameter not less than 16 mm can be
effectively used in composite beams to transfer the longitudinal shear at the steel
concrete interface.
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Chapter 1
INTRODUCTION

1.1

General

Composite steel-concrete beams are formed by connecting concrete slabs to a
supporting structural steel beam (Figure 1.1). In the early 1900’s, composite beams
were considered favourable for bridge design but in recent decades, composite steel and
concrete structures are employed extensively in modern high rise buildings. In recent
years, the effective use of a steel-concrete composite section can substantially improve
the behaviour and the cost efficiency of conventional reinforced concrete
infrastructures in the construction of medium to high rise buildings and development of
bridge structures. This kind of structural system utilizes the advantages of steel and
concrete. Concrete provides compressive strength, stability, stiffness; whereas steel
provides tensile strength, ductility and high speed of construction. The most general
form of this system is the composite flexural members that are formed by connecting
steel beams and concrete slab by shear connectors. A composite flexural member will
have higher strength and stiffness compared to a bare steel member, resulting in
reduced deflection and floor vibration in the structure. Composite flexural members can
be used as girders in bridges or beams in building systems. Mechanical connectors for
shear transfer must be used in these members to achieve the desired composite behavior
shown in Figure 1.1. The flexural strength of composite beams is greatly influenced by
the strength and ductility of the shear connectors between the structural steel beam and
the concrete slab. The behaviour of the shear connectors is important in understanding
the shear force transmitted and the degree of slip which occurs at the interface of the
steel and concrete. In steel-concrete composite beams, at the interface between steel
beam and concrete slab shear connectors are provided to resist the horizontal shear
between the two components. The shear connectors also prevent the vertical separation
or uplift of the concrete slab from the steel beam. The most common type of shear
connector used in practice is steel headed stud anchors which are made of cold drawn
steel with minimum yield strength of 60 ksi (Vinnakota et al. 1988). This type of
connector is popular mainly due to their faster installation process.

Figure 1.1

Composite beam incorporated with shear connectors

Several researchers conducted studies on different types of shear connectors such as Cshape, I-shape or L-shape connectors cut from hot rolled steel profiles. These types of
connector are generally used for girder and heavily loaded composite floor beams.
Installation of these shear connectors are complex and costly. Different key parameters
have been incorporated in those researches, which have effects on the load carrying
capacity and behavior. New type of rebar shear connector is introduced in this study. In
literature, as there is no study related to this type of rebar connectors, so an attempt has
been made to conduct experimental investigations on this rebar connector. Deformed
rebars cut into L-shape can be used as shear connectors. This type of shear connectors
can be easily prepared at construction site by simply cutting the long deformed rebars.
Their installation through welding is also easier as compared to stud connectors.
The design strength of shear connector plays an important role in the design of
composite members. The design strength of shear connectors is determined through
experimental push-out test. Current design codes such as Eurocode 4 (2005), CSA-S16
(2009) and AISC 360-16 (2016) only include the design equations and design values
for headed stud and channel shear connectors. However, the shear capacity and
behaviour of the L-shape rebar connectors are not available in the literatures as well as
in current design standards including BNBC (2017). To this end, an attempt has been
made in this study to conduct experimental investigations with a view to determine the
shear strength and load-slip behaviour of L-shape rebar connectors in composite beams.

2

1.2

Objectives of the Study

The objectives of this study are as followsa) To conduct experimental investigations on Push-out test specimens with rebar
shear connectors.
b) To study the effect of the following parameters on load-slip behaviour, failure
modes and shear capacity of rebar connectors:
-

Height of the rebar connector

-

Length of the rebar connector

-

Diameter of the rebar connector

-

Compressive Strength of Concrete

c) To compare the shear strength capacity of rebar shear connector with that of
headed stud shear connectors provided in AISC 360-16 specifications.
d) To propose design recommendations for the evaluation of the shear resistance
capacity of rebar shear connectors embedded in solid concrete slabs.
1.3

Scope of the Study

The scope of this research is limited to the behaviour and strength of new type of rebar
shear connector in a composite beam with solid reinforced concrete slab. As in
construction site there are so many cut-piece deformed rebars available in spare, these
rebars could be used as shear connector in lieu of mechanical headed stud connector.
In this research, the behaviour of L-shape rebar connector through push-out tests are
monitored and compared with the headed stud connector. An experimental program has
been designed with sixteen push-out test specimens in two groups of series A and B.
The specimen geometry was kept similar with variation provided in connector size and
concrete compressive strength. Concrete strength was varied between the two series of
specimens. Specimens in series A are cast with 40 MPa concrete whereas higher
strength concrete of 50 MPa is used in series B test specimens. Deformed rebar type of
shear connectors are used with diameters varying from 10 mm to 20 mm with two
intermediate values of 12 mm and 16 mm and two additional specimens with bundled
connectors of 10 mm and 12 mm diameter. The size of the L-shape connector is also
varied from 100 by 100 mm to 75 by 75 mm with an intermediate size of 100 by 50
mm.

3

Through experimental investigations, load-slip curves of test specimens have been
generated to evaluate the ultimate shear capacity, maximum slip and ductility of the
connector. To this end, experimental shear strength capacity of rebar shear connector
has been compared to that of headed stud shear connectors provided in AISC (2016)
specifications. A simplified correction factor has been computed to formulate a
factorized design provision for this type of rebar connector.

1.4

Organization of Thesis

This thesis is organized by five chapters. In this chapter, general idea of the work is
presented with the objectives and scope of the study. Therefore, literature review and
code provisions of different types of connectors are described briefly in Chapter 2.
Chapter 3 contains the total test program, detail descriptions of test specimen,
fabrication of test samples, material properties along with the setup and test procedures.
All the test results are summarized and discussions along with the comparison with
code provisions took place in Chapter 4.
Finally, Chapter 5 presents the conclusions drawn from experimental studies with
summary and the recommendations for future research of this work.

4

Chapter 2
LITERATURE REVIEW

2.1

Background

A great deal of research has been conducted to improve the understanding of the
behaviour of steel-concrete composite beams. Reviews of research on composite beams
from 1920 to 1958 and 1960 to 1970 were reported by Viest (1960) and Johnson (1970)
respectively. The current research is mainly focused at the study of shear connectors.
There have been a number of different types of mechanical shear connectors developed
to replace welded headed studs since the 1930s including the bar, spiral, T-section,
perfobond rib shear connectors, H or I-shape and channel connectors. Before the
invention of profiled metal decking, the channels shear connectors were used to a large
extent in composite beams. However, the headed shear connectors are the most popular
and commonly used in today’s construction industry due to the through deck welding
process and available design rules for welded headed shear connectors. A typical
headed shear connector can be seen in Figure 2.1, it is welded to the top flange of the
steel beam. These headed shear connectors are available in different diameters ranging
from 13-25 mm and lengths ranging from 50-250 mm. According to Eurocode 4, the
minimum ultimate tensile strength should be 450 MPa, they should have an elongation
of 15% and the head diameter should be 1.5 times the shank diameter (d).

Figure 2.1

Welded headed shear connector

In this chapter, an attempt has been made to review different types of shear
connectors including the commonly used one and their alternatives are used in
composite structures are also shown in Figure 2.2. The representative shear connectors
were discussed and a summary of their behaviour was included. This chapter first
reviews the state-of-the-practices currently used in the design of concrete shear
connections as per the pertinent sections of professional codes currently, also included
in the review of an overview of the research that led to the formula used in the
professional codes. The latter portion of this chapter covers the state-of-the-arts of
concrete shear connections by providing a review of previous researches.

Figure 2.2

2.2

Different types of Shear connector [Mazoz et al. (2013)]

Present state of the Problem

In this research, deformed rebar shear connectors formed in L-shape (Figure 2.3) are
studied for feasibility and design evaluation with the behaviour and failure mode. The
focus however is on rebar connectors, as they are the main subject of this thesis. At
present, there are no design rules available for this connector in any design code.
Therefore, design equations for welded shear connectors available in different design
6

codes are discussed in this chapter and later used to evaluate the shear strength of rebar
connectors by the help of suitable design equation. As the proposed rebar connector is
similar to headed stud connector in many aspects such as: variety of diameter, length,
strength and other flexibility regarding welding and installing process, it may be
feasible to study this new type of connector with welded headed stud connectors.

Figure 2.3

2.3

Proposed L-shape Rebar shear connector

Push-out test Technique

The capacity and failure mechanism of shear connectors is often studied by means of
push-out tests. A typical push-out specimen consists of a steel section with shear
connectors on both flanges embedded in concrete slabs. The web of the steel section is
loaded vertically until the specimen fails. The ultimate load obtained is then divided by
the number of shear connectors to calculate the strength of each connector (Driscol and
Slutter, 1961). The load is assumed to be transmitted from the steel section to the slabs
only through the connectors and the load is distributed evenly between the connectors
(Viest, 1956). This method was first adopted in the 1930's in Switzerland to test the
shear capacity of spiral shear connectors (Davies, 1967). The strength calculation of
conventional shear studs is provided in various design codes in North America.
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Eurocode 4 (2004) provides a simple procedure for push-out tests and equations to
predict the shear capacity of welded shear connectors in composite beams. However,
the push test details provided in Eurocode 4 (shown in Figure 2.4) are for welded shear
connectors in solid concrete slabs. This test is used as a substitute for a full scale
composite beam test to reduce the time and cost related to a full scale test.

Figure 2.4

Figure 2.5

General Arrangements of standard push test in Eurocode 4

Determination of slip capacity according to Eurocode 4
8

Ductility is another major factor in composite construction. The ductility of a shear
connector can also be determined from push tests; this depends on the slip capacity at
the interface of the steel beam and the composite concrete slab. The slip capacity is the
maximum slip measured at the characteristic load level as shown in Figure 2.5. Shear
connectors are considered to be ductile if the connectors have sufficient deformation
capacity.
According to Eurocode 4, the shear connector will be considered to be ductile if the slip
reaches 6 mm. A large plastic deformation of the headed shear connector is
characterized as good ductile behaviour. On the other hand if the shear connector does
not fulfill the limit of 6 mm, it is characterized as brittle behaviour of the headed shear
connector with very little plastic deformation.

2.4

Design equations for shear strength

There is no design guide available for Deformed rebar shear connectors in a composite
construction. Therefore, the design equations available for welded shear connectors are
considered for rebar shear connectors. An overview of some of the available design
codes for the shear strength of welded shear connectors in composite construction is
presented in the following section.
The strength of the shear connection is mainly influenced by shank diameter, height
and tensile strength of the connector, compressive strength and the elastic modulus of
concrete. The shear forces are resisted by bending, tension or shearing at the root of the
shear connection. The connector’s root transmits the horizontal shear forces acting at
the interface, while the head prevents the uplifting of the slab. The plastic deformation
occurs after reaching the ultimate strength of the connector.

2.5

State-of-the-Practice: Professional Design Codes

The design strength of shear connector acts as an important factor in the design of
composite member. The design equations and design value are available in professional
standard codes. The design code is currently providing the equation and provisions only
for headed stud connectors and few types of shear connectors. In this section, different
design codes have been discussed with the adopted and derived equation from
experimental push-out tests as the State-of-the-practice.
9

2.5.1 Headed Stud Connector
2.5.1.1 AISC 360-16 (2016)
In America, the AISC 360-16 (2016) specification has included provisions for
composite construction since 1936. In 1961, the shear capacity of headed shear
connectors in solid slabs appears in the AISC specification as a function of stud
diameter and concrete strength. In 1978, a new provision was added for profiled metal
decking in composite construction.
AISC 360-16 adopted the Ollgaard, (1971)’s proposed equation to work out the shear
strength of headed welded shear connectors, involving the testing of 48 push-out
specimens with 16 mm and 19 mm studs embedded in normal and lightweight concrete.
The strength of a shear connection in a solid slab is a function of concrete strength,
modulus of elasticity of concrete and the cross-sectional area of a connector. The upper
limit in this equation is the tensile strength of the connector as shown in Eq. 2.1. In
AISC 360-16, the shear connector position and group factors were also considered to
determine the nominal shear capacity (𝑄𝑛):

𝑄𝑛 =0.5 𝐴𝑠𝑐 √(𝑓’c𝐸𝑐) < 𝑅𝑔𝑅𝑝𝐴𝑠𝑐𝐹𝑢

(2.1)

In these expressions;
𝑅𝑔= group effect factor,
𝑅𝑝= position effect factor.
𝐴𝑠𝑐= the cross sectional area of a connector, mm2
𝐹𝑢= minimum tensile strength of a shear connector respectively, N/mm2
𝑓’c= the compressive cylinder strength, N/mm2
𝐸𝑐= the modulus of elasticity, N/mm2
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2.5.1.2 CSA S16-09 (2009)
Equation 2.1 has also been incorporated in the Canadian Standard CAN/CSA-S16-09
(CSA 2009) in the form provided below. For end welded studs in solid slabs, headed or
hooked with h/d ≥ 4.0, the shear capacity of a stud is:
qr = 0.5 φsc Asc√(f'c Ec) ≤ φsc Asc Fu

(2.2)

where,
qr = Performance Factored resistance of a shear connector in a solid slab, N
φsc = Resistance factor for shear connectors [taken as 0.8]
Asc= Area of stud shear connector, mm2
Fu = Tensile strength of stud connector, MPa
h = Height of stud, mm
d = Diameter of stud, mm
The limiting value of φscAscFu in Eq. 2.2 represents the factored tensile capacity of the
stud connectors. This is to ensure that the computed capacity does not exceed the
tensile capacity of the stud as the stud may eventually bend over and fail in tension.
The provision h/d ≥ 4.0 for studs restricts the use of very short studs and is based on the
work by Driscoll and Slutter (1961), which showed that the height to diameter ratio
must be at least 4 for a stud embedded in normal weight concrete to reach its full
capacity. The left-hand side term to the inequality estimates the shear stud strength as
affected by the compressive strength and modulus of elasticity of concrete whereas the
right-hand side represents the stud strength governed by the tensile strength of stud as
the stud bends over and finally fails in tension (Jayas and Husain, 1988).
2.5.1.3 Eurocode 4 (2004)
In Europe, the provisions for composite construction as part of Eurocode were included
in the 1990s and followed by the issuing of Eurocode 4 more recently. BS EN 1994-11:2004 Eurocode 4 clause 6.6.3.1 provides two equations as described in Eq. 2.3 and
Eq. 2.4 for shear resistance of welded headed shear connectors in solid slabs. The
design resistance (PRd) should be determined from the minimum value from these two
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equations. These two equations are related to two main failure modes, concrete cone
failure and shear connector failure.

𝑃𝑅𝑑 =
𝑃𝑅𝑑 =

(0.29𝛼𝑑 2 √𝑓𝑐𝑘 𝐸𝑐 )

(2.3)

𝛾𝑣
0.8𝑓𝑢 𝜋𝑑 2

(2.4)

4 𝛾𝑣

where,

𝛼=0.2(ℎ𝑠𝑐/𝑑+1) ≤ 1.0,

for 3 ≤ ℎ𝑠𝑐/𝑑 ≤ 4

and

𝛼=1,

for ℎ𝑠𝑐/𝑑 > 4

𝑑 = is the shear connector shank diameter, mm (16 mm ≤ 𝑑 ≤ 25 mm)
ℎ𝑠𝑐 = is the overall nominal height of shear connector, mm
𝑓𝑢 = is the shear connector ultimate tensile strength, N/mm2
𝑓𝑐𝑘 = is the characteristic cylinder compressive, N/mm2
𝐸𝑐 = is modulus of elasticity of concrete, N/mm2
𝛾𝑣 = is the partial safety factor for shear resistance (𝛾𝑣 = 1.25)

2.5.1.4 JSCE (2005)
The Japanese Standard Specifications for Steel and Composite Structures also defines
shear resistance of the welded headed studs as minimum value for two separate failure
modes (stud and concrete). Those are given in Eq. 2.5 and Eq. 2.6. Height to diameter
ratio is limited to hss/dss ≥ 4.
ℎ

′
𝑉𝑠𝑢𝑑 = (31 𝐴𝑠𝑠 √(𝑑𝑠𝑠 ) 𝑓𝑐𝑑
+ 1000)/γ𝑏

(2.5)

𝑉𝑠𝑢𝑑 = 𝐴𝑠𝑠 𝑓𝑠𝑢𝑑 /γ𝑏

(2.6)

𝑠𝑠

In previous expressions:
Ass = stud shank cross sectional area, mm2
dss = shear stud connector diameter, mm
hss = shear connector height above the flange, mm
fsud = design tensile strength of stud, N/mm2 (= f’suk/1)
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f’suk=characteristic tensile strength of stud, N/mm2
f’cd =design compressive strength of concrete, N/mm2 (= f’ck/1.3)
f’ck=characteristic compressive strength of concrete, N/mm2

𝛾b =partial safety factor =1.3

2.5.1.5 ACI 318-08 (2008)
ACI 318-08 Appendix D contains the code and commentary pertinent to anchoring in
concrete, including tension, shear, and combined loading of CIP and post-installed
anchors. Anchorage of full-depth precast connections is not discussed directly.
For both conventional tension and shear of anchors, the concrete failure cone is
assumed to be ±1.5hef on either side of the anchor, where hef is the effective
embedment depth of the anchor. Factors are outlined for dealing with single anchors,
groups of anchors, eccentric loading, edge effects and cracking. The steel strength of
the anchor in shear is outlined in D.6.1.2, which gives the nominal strength of an
anchorage, Vsa for a cast-in headed stud anchor and for a cast-in headed bolt or postinstalled anchor as Eq. 2.7 and Eq. 2.8, respectively,
Vsa= n Ase,v futa

(2.7)

Vsa= n 0.6 Ase,v futa

(2.8)

where n is the number of anchors in the group, Ase,v is the effective cross-sectional area
of a single anchor in shear, in2, and futa shall not be taken greater than the smaller of
1.9fya and 125 ksi. Where fya is the specified yield strength of the anchor steel and futa is
the specified tensile strength of the anchor steel. The commentary specifies that the
tensile strength is in the calculations for nominal shear strength rather than the yield
strength because most anchor materials lack a well-defined yield point. The
commentary also specifies that welded stud anchors develop larger shear strength due
to the fixity of the weld.
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2.5.2 Channel Connector
2.5.2.1 AISC 360-16 (2016)
The current American Standard (AISC 360-16) provides the following equation for
calculating the strength of a channel shear connector embedded in a solid concrete slab:
Qn = 0.3 (tf + 0.5tw) Lc√(f'c Ec)

(2.9)

where,
Qn = Nominal strength of one channel shear connector, N
tf = Flange thickness of channel shear connector, mm
tw = Web thickness of channel shear connector, mm
Lc = Length of channel shear connector, mm
f'c = Specified compressive strength of concrete, MPa
Ec = Modulus of elasticity of concrete, MPa

This equation is a slightly modified form of the formula developed by Slutter and
Driscoll (1965). The factor Ec has been introduced into Eq. 2.9 to extend its use to
determine the shear strength of channel connectors with different weights of concrete.
2.5.2.2 CSA S16-09 (2009)
The current Canadian Standard, CAN/CSA-S16-09 specifies that the factored resistance
(Nominal strength of channel shear connector) qrs, of a channel shear connector
embedded in a solid concrete slab be evaluated using Eq. 2.10.
qrs = 36.5 φsc (tf + 0.5tw) Lc √f'c

(2.10)

where,
φsc = Resistance factor for channel shear connectors
tf = Flange thickness of channel shear connector, mm
tw = Web thickness of channel shear connector, mm
Lc = Length of channel shear connector, mm
f'c = Specified compressive strength of concrete, MPa

This equation is also based on the results of 41 push-out specimens tested at Lehigh
University (Slutter and Driscoll 1965).
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2.5.2.3 Eurocode 4 (CEN 2001)
The European standard on the design of composite steel and concrete structures
(Eurocode 4; CEN 2001) provides a formulation for the design of a rigid channel
connector. The typical orientation of this connector is as shown in Figure 2.6. This
connector is referred to as a block connector. Because of the orientation of the channel,
a steel tie is provided to prevent uplift.

Figure 2.6 Rigid channel shear
Figure 2.7 Parameters of rigid shear connectors
connector.
[Picture taken from Eurocode 4; CEN 2001]
The design resistance (PRd) of this type of connector is as follows:
PRd = ηAf1Fck / γc

(2.11)

where,
Af1 = Area of the front surface, as shown in Figure 2.7
Af2 = Area of the front surface enlarged at a slope of 1:5 to the rear surface of the
adjacent connector (Figure 2.7).
η = √(Af2/Af1), but not greater than 2.5 for normal density concrete or 2 for lightweight
aggregate concrete.
γc = Partial safety factor for concrete.
These block shear type of connectors are very rigid, and the need to provide an
additional tie makes it unpopular in North America.
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2.5.3 Angle Shear Connector [Eurocode 4, CEN 2001]
In the European standard (Eurocode 4, CEN 2001), the strength (PRd) of an L-shape
angle shear connector in a solid slab (as shown in Figure 2.8) is given as:
PRd = 10 b h3/4 fck2/3 / γν

(2.12)

where,
PRd is in Newton
b = Length of the angle, mm
h = Width of the upstanding leg of the angle, mm
fck = Characteristic strength of concrete, N/mm2
γν = Partial safety factor, taken as 1.25 for the ultimate limit state

Figure 2.8
2.6

Typical L-shaped angle shear connector [Eurocode 4; CEN 2001]

State-of-the-Art: Previous Research Review

Design equations and recommendations for shear strength are available in code
standards for stud and channel connectors only. There are many other types of
connector are used in composite structures now a days. Many researchers have tried
over a time, to investigate the behaviour of different connectors through experimental
and numerical studies. Herein, these state-of-the-art works are described briefly on
different connectors as well as stud and channel connector.
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2.6.1 Headed Studs
To resist horizontal shear and vertical uplift forces in composite steel-concrete
structures, the most commonly used types of shear connector is the headed stud, known
as the Nelson stud (Figure 2.9). This type of connector contributes to the shear transfer
and prevents uplift. It is designed to work with an arc welding electrode and
simultaneously, after the welding, it then acts as the resisting connector with a suitable
head.

Figure 2.9

Typical Nelson shear stud

Many researches have been carried out on headed stud connectors and various
equations have been proposed to estimate the strength of headed studs (Gelfi and
Marini, 2002; Lee et al., 2005; Ollgaard et al., 1971; Viest, 1956a). Viest (1956a)
carried out the initial studies on headed stud shear connectors, where full scale push-out
specimens were tested with various sizes and spacing of the headed studs. The push-out
and composite beam tests were used to evaluate the shear capacity of the headed stud.
In order to investigate the behavior of headed stud connectors in solid slabs, an accurate
nonlinear finite element model was developed by Ellobody (2002), and Lam and
Ellobody (2005).
Validations against test results and comparison with data specified in the current Codes
of Practice, such as BS5950 (1994) and AISC (2005) was carried out using the
effective numerical model by Lam and Lobody (2001). The results of the experiment
conducted by these authors are comparable with the results obtained from the finite
element analysis. The finite element model offered accurate predictions on the capacity
of the shear connection, the load-slip behavior of the headed studs and the failure
modes.
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Ellobody (2002) conducted another finite element model by considering the linear and
non-linear behaviour of the materials in order to simulate the structural behaviour of
headed stud connectors. The use of the model in examining variations in concrete
strength and headed stud diameter in parametric studies was also presented.
Consequently, it was found that the finite element results suggested by BS5950 (1994)
may overestimate the headed stud’s shear capacity.
The experimental tests to assess the behavior of the shear connection between the steel
and lightweight concrete that were carried out at the University of Minho were
described in another work by Valente and Cruz (2004). The behaviour of headed stud
connectors embedded in ECC (Engineered Cementitious Composites) was investigated
by Lee et al. (2005) while, in order to examine the capacity of large headed stud shear
connectors embedded in a solid slab, an accurate nonlinear finite element model of the
push-out specimen was performed by Nguyen and Kim (2009).
The AISC (2005), CSA (2001) and Eurocode (2004) code standards currently provide
design equations for the calculation of the resistance of a headed stud shear connector
which are already described earlier in previous ‘State-of-the-practice’ section 2.5.1.
The investigation of the headed stud’s capacity has been conducted thoroughly and
tabulated values can be found in BS 5950: Part 3 (1990) and BS 5400: Part 5 (1983) as
well.
Now, the detailed step by step researches are narrated herein according to timelines for
better understanding of the behaviour of welded headed type stud shear connectors:
Viest (1956) tested 12 push-out specimens with varying stud diameters to determine if
round headed studs could be used as shear connectors. Specimens also included shear
studs at different spacing by increasing the number of studs in the same size steel
section. Inelastic deformations in the concrete and yielding of the steel were observed.
Test results also showed that the load capacity of shear studs at constant slip increased
with increasing strength of concrete and that increase was approximately proportional
to √f’c. In addition, an increase in the stud diameter resulted in an increase in the stud
load capacity.
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Driscol and Slutter (1961) examined the effect of stud height on shear strength of studs.
They tested push-out specimens with stud diameters varying from 12.7 mm (0.5 inch)
to 19.1 mm (0.75 inch). It was found that when the ratio of the stud height-to-diameter
was below 4.2, the concrete failed before the stud sheared-off. When the ratio was
greater than 4.2, failure was by stud pulling out. Concrete failure resulted in a greater
reduction of the connector strength and should be avoided. They found that the shear
connectors can be spaced evenly and do not have to follow the shear diagram of a
member in distribution.
Davies (1967) tested 20 push-out specimens with varying spacing and arrangements of
shear studs. All specimens had the same 9.525 mm (3/8 in) diameter and 50.8 mm
height. Shear stud spacing ranged from 88.9 mm to 6.35 mm. Specimens contained two
shear studs that are at right angle to the load, a series shear studs parallel to the line of
loading and a cluster of shear studs arranged as the shape of a square. Test results
showed that specimens with two shear studs perpendicular to the line of loading had the
highest shear strength of all specimens, and gave 25% more shear strength than
specimens with parallel arrangements. He found that when there are three studs per
flange arranged longitudinally, the strength per stud is more sensitive to variations in
spacing than when there are only two per flange. Adding a second row of shear studs in
close proximity (38.1 mm to 6.35 mm) to the other studs reduces the shear strength per
stud by almost 70%, than having a single row of shear studs at right angle to the line of
loading.
Gobble (1968) tested the strength of shear connectors on beams of varying flange
thickness. He tested 41 push-out specimens containing studs of diameter 12.7 mm (1/2
inch), 15.9 mm (5/8 inch), 19.1 mm (3/4 inch) and flange thickness varying from 3.25
mm (0.128 inches) to 11.23 mm (0.442 inches). He found that in order for the stud to
fail by shear-off at the connection the following ratio should be attained:
𝑑𝑠
𝑡𝑓

< 2.7

(2.13)

where, ds is the diameter of the stud and t f is the thickness of the flange. If the ratio is
greater than stated the connection will fail by shear stud pull-out ripping a piece of the
flange with it.
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Davies (1969) examined 7 simply supported composite beams on the effect of
connector spacing and amount of transverse reinforcement. Specimens had connectors
spacing ranging from 95.3 mm (3.75 in) to 38.1 mm (1.5 in), an equivalent of 10 times
to 4 times diameter of stud. Beam spans were reduced from 3.05 m (10 ft) to 1.2 m (4
ft) as the spacing decreased. All beams had identical 32 shear studs placed in one line
in the middle of the steel flange. He found that connector spacing had little or no effect
on deflection, steel and concrete strains, or ultimate moment resistance. However, the
decrease in stud spacing increased the amount of slip but was questionable if the loss of
interaction affects the behaviour of the beam as a whole. The amount of transverse wire
mesh in the slab was varied from 0.118 to 0.94% of the slab cross sectional area.
Results showed that a beam with 0% transverse reinforcement only achieved 50 to 60%
of the ultimate load in comparison to a beam with proper reinforcement as described by
the author. He found that adequate reinforcement adds to the ultimate strength of a
beam by preventing longitudinal cracking along the line of shear connectors. He also
found that 0.5% of transverse reinforcement is the minimum amount that should be
required in composite slabs and 1.0% is the maximum. When transverse reinforcement
was less than 0.5%, the ultimate moment would be very sensitive to changes in
reinforcement amounts while the amount of reinforcement higher than 1.0% had little
effect to increase the ultimate moment. However, the minimum amount to prevent
longitudinal concrete cracking was 0.82%.
Johnson (1970) investigated the effect of amount of transverse reinforcement on shear
capacity of composite slabs. He concluded that regardless of the elevation of the
reinforcement mesh, it resulted in an increase in the longitudinal shear capacity of the
slab.
Ollgaard et al. (1971) tested 48 push-out specimens containing light-weight and
normal-weight concrete. All specimens were made with a solid slab with same
reinforcement of top and bottom mesh, of #4 bars (129 mm2) parallel to the line of
loading and #5 bars (200 mm2) perpendicular. The variables they tested were concrete
properties, stud diameters, and number of connectors per slab. Failure modes included
studs sheared-off but stayed imbedded in the concrete or the concrete failed in the areas
around the studs. They found that the shear capacity of a stud was almost proportional
to its cross-sectional area. The following equation was generated from the least square
fit of the test results to estimate the stud strength:
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Qu= 1.106 As f'c0.3 Ec0.44

(2.14)

where:
Qu = Ultimate shear capacity of the stud connector, N
As = the cross-sectional area of the stud connector, mm2
f'c = Specified concrete compressive strength, N/mm2
Ec = Elastic modulus of concrete, N/mm2
This equation formed the basis for stud strength equations (Eq. 2.1 & Eq. 2.2) used in
the North American codes.
Dorton et al. (1977) investigated the use of high strength bolts fitted in the predrilled
holes on the steel flange as shear connectors. High strength bolts with 22.225 mm
diameter were used as the shear connectors with oversized holes in the flanges to
incorporate concrete slab shrinking without stressing the steelwork. The authors tested
push-out specimens with an H-pile section containing 2 bolts in each flange. The bolts
failed in shear at an average load of 205 kN each with a concrete strength of 29.7 MPa.
At the tested concrete strength the calculated ultimate strength of shear studs is 167 kN
using CSA-S06 equations. The tested ultimate load was 22.8% higher than the
estimated ultimate load. Authors concluded that bolts can replace shear studs of that
size.
Jayas and Husain (1988) examined the validity of design equation for stud (Eq. 2.1) for
ribbed slabs. Jayas and Husain analyzed 18 push-out specimens containing solid slabs
and ribbed slabs with ribs both parallel and perpendicular to the steel section. One layer
of reinforcement mesh was used in each slab with 10 M parallel and 15 M
perpendicular to the line of loading. It was found that Eq. 2.1 accurately calculated the
shear strength of the connectors in solid and parallel ribbed slabs when failure occurred
due to stud shear-off when studs are spaced more than six-times the diameter of stud
apart. However, the code overestimated the strength in perpendicular ribbed slabs. With
slabs that have longitudinal stud spacing of less than six-times the diameter of the stud
concrete failed before the studs were sheared-off which resulted in a decrease of 7%
and 14% in shear strength in solid and parallel slabs respectively being compared to
specimens with spacing of six-times the stud diameter.
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Lloyd and Wright (1990) conducted push-out tests on specimens with profiled steel
sheets and headed shear connectors to study the effects of varying the reinforcement
position and the slab dimensions. The authors found that increasing the slab width in a
tested specimen had little effect on the on the ultimate load of shear connectors. The
authors observed a similar failure cone around the shear studs in all specimens with
varying reinforcement positions, from placed right above the profile sheeting, to being
placed flush with the head of the stud, to being placed above the head of the stud. They
concluded that the variations in quantity and position of the reinforcement had little
effect on the connection strength.
Oehlers and Park (1992) tested 25 push-out specimens to test the effect of transverse
reinforcement on the ultimate strength of shear connectors in longitudinally cracked
slabs. They varied the reinforcement elevation from 25 mm from the surface of the
flange to 95 mm, in a 130 mm thick concrete slab. They also varied the amount of
transverse reinforcement in the slab by increasing the diameter of the bars. Some
specimens contained a double line of shear studs at a spacing of 67 mm while others
had one line of studs at a spacing of 100 mm. All specimens had 100 mm long shear
studs with a 19 mm diameter. The authors stated that an increase in the yield strength of
the reinforcement by up to 56% had no effect on the stud ultimate load. Test data
showed that the double line shear connector arrangements had a decrease of 20% in
ultimate load when compared to a specimen with a single line of shear studs. After
examination of specimens with elevating the reinforcement in the slab the authors
found that for the reinforcement to have effective confinement around the stud, it must
abide by the following equation:
ℎ𝑟 ≤ 1.7 ℎ𝑎

(2.15)

where, hr is the elevation of the reinforcement in the concrete slab in mm and ha is the
height of stiff connector, or effective height of flexible connector, which is equal to 1.8
times the diameter of a shear stud in mm. They stated that the reinforcement adds to the
concrete confinement around the stud rather than contribute to strength.
An and Cederwall (1996) researched the effect of concrete strength on strength of shear
studs. They tested 8 push-out tests with concrete strengths varying between 30-40 MPa
for normal strength, and between 80-100 MPa in high strength concrete. Reinforcement
varied between a single and double-layer both under the head of the stud. In normal
22

strength concrete specimens, concrete failure predominated while in high strength
concrete specimens, failure was more due to fracture of the shear studs. It was observed
that the transverse bars in the bottom layer of reinforcement had the highest strain in
both layers of reinforcement. This was true for all strengths of concrete. This supports
the theory that the reinforcement mesh helps confine the concrete around the studs to
increase its capacity. For normal strength concrete, specimens with double layers of
reinforcement were able to withstand an average 6% more loads and had higher slip
than specimens with a single layer of reinforcement. However, having two layers of
reinforcement did not add strength over specimens with a single layer of reinforcement
in high strength specimens.
Badie et al. (2002) carried out tests on large size studs in bridge decks. They used 31.8
mm (10/8 inch) studs as opposed to the commonly used 19.1 mm (3/4 inch) and 22.2
mm (7/8 inch) studs. Specimens included specimens with double rows of 7/8 inch studs
to be compared with a single row of 10/8 inch studs and specimens with alternating
headed and headless studs along the length of the flange. The authors reported that
almost all the studs failed at their tensile capacity as demonstrated by Eq. 2.1. The 10/8
inch studs demonstrated a load capacity twice that of the 7/8 inch studs. The larger
studs also showed 30% less slippage at ultimate load than the smaller studs, thus
creating a more rigid structure. The authors found that replacing half the headed studs
with headless studs reduced the shear capacity by 17%.
In bridges composed of steel beams and precast concrete slabs, the shear studs are often
arranged in a group arrangement to fit in the holes made in the precast concrete slab
which will be grouted to make a fixed connection between the steel and concrete.
Okada et al. (2006) tested the effect of group stud arrangements in precast slabs. A
number of specimens had transverse reinforcement run in between the studs to be
compared with specimens that did not have any reinforcement between the studs. They
found that the influence on the strength between the grouped arrangement and the
normal arrangement, is small enough to be negligible, but if the concrete strength was
low the influence will be greater. Slip in grouped arrangements was 25% lower than
normal arrangement. No difference was observed in the results between specimens with
and without transverse reinforcement between the studs, which results in ease of
construction.
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Xue et al. (2008) investigated the effects of stud diameter and height, concrete strength
and the amount of transverse reinforcement that was varied by increasing the layers of
reinforcement in the slab from two to four having a concrete cover of 15 mm. They
stated that push-out test results provided lower shear transfer capacity than that
obtained in beam test result; and that transverse reinforcement had a negligible effect
when using high strength concrete but more effect when using normal strength
concrete. The results indicated the behaviour of shear studs in bridges is affected by
concrete strength and amount of transverse reinforcement. An increase in the stud
diameter resulted in an increase in the ultimate shear capacity but they had a negligible
effect on the load-slip curve shape. An increase in the stud height decreased its ultimate
strength by 16.3% in 13 mm studs. The maximum load of specimens increased when
the amount of transverse reinforcement increased especially for studs with larger
diameters.
Smith and Couchman (2010) examined the effect of reinforcement mesh position in the
ribbed slab on shear strength. They tested 27 push-out specimens having both top and
bottom reinforcement, where the top reinforcement was placed at minimum cover (70
mm) from the top, and the bottom reinforcement was placed on top of the profile
sheeting. They noticed that placing the mesh on top of the ribbed deck increases the
shear strength of studs by 30% than placing the mesh in the top layer. When the mesh
placed on top of the profile sheeting intercepting the stud, failure was by the concrete
pull-out in a shape of a cone below the head of the stud.
Wang et al. (2011) tested 12 push-out specimens to study the effect of increasing the
stud diameter and its tensile capacity in specimens on their ultimate strength. The
authors examined studs with 200 mm heights, and diameters of 22 mm, 25 mm, and 30
mm. The studs had tensile strength ranging from 430 MPa to 675 MPa. All specimens
had top and bottom layers of reinforcement with 50 mm concrete cover. Specimens
were tested at concrete strength of 70.3 MPa. All specimens failed by studs shearing off
with no obvious concrete cracks around the studs. Results showed that studs with 675
MPa tensile strength reached 15.3% and 15.6% higher loads and rigidity when
compared with studs having 465 MPa tensile strength. The authors also found that the
shear capacity and shear rigidity of the 30 mm studs were 39.6% higher and 82.2%
higher than specimens with 22 mm studs.
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Prakash et al. (2012) modified the conventional push-out test specimens by increasing
the concrete confinement around the studs using hoop type transverse reinforcement to
test the effect of shear strength and stiffness of high strength steel (HSS) stud
connectors. The HSS studs used in this study had ultimate tensile and yield strengths of
900 MPa and 680 MPa respectively. The studs had a 20 mm shank diameter and 30 mm
head diameter. During loading the specimens had cracks that extended parallel to the
shear stud position on the top of the slab at almost 30% of the ultimate load. The
authors found that the added hoop reinforcement had yielded during loading and
resulted in an increase in the ultimate load of the push-out specimens. The authors also
found that the HSS shear studs achieved on average 132 kN per stud which was 23.4%
more than the 107 kN anticipated using the Eurocode (2004).
The headed stud’s root is functioned to transmit the horizontal shear force acting at the
steel-concrete interface, while the head is provided for preventing uplift of the slab. The
cross-sectional area of a headed stud connector is directly proportional to its shear
strength and its ultimate shear strength is influenced largely by the concrete’s
compressive strength and modulus of elasticity.

2.6.2 Hilti Connectors
The Hilti Corporation, located in Liechtenstein, has developed a mechanical type of
shear connector, which can be nailed on to a steel flange using a special fastening
device. The fastening device is a powder-actuated tool equipped with a special base
plate to hold the shear connector during the fastening operation. The major advantage is
that no electricity is needed for the welding and installation. The manufacturer carried
out some proprietary investigations to ascertain the strength of these connectors; some
push-out tests have also been conducted in Europe (Crisinel 1983, Crisinel 1987).
However, the author is not aware of a comprehensive test program conducted in North
America. Some concerns have been expressed that, unless extreme caution is taken, the
nails may cause injury to persons working on the floor below. A picture of Hilti
connector and its installation is shown in Figure 2.10.
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Figure 2.10

Hilti connector

2.6.3 Perfobond Ribs
In the late 1980’s, Leonhardt et al. (1987) developed a new type of connector called the
Perfobond rib. This connector was introduced in recognition of the unsatisfactory
behavior of headed studs in which resulting from fatigue problems caused by live loads
on composite bridges. Developed in Germany, this connector consists of a welded steel
plate, with a number of holes (Figure 2.11). This shear connector is a viable alternative
to the headed stud connector, as signified in the experimental studies conducted
previously (Ahn, et al., 2010) and recently (Jumaat et al., 2011; Kisa, 2011), this
connector was initially used in building structures (Ferreira et al., 1998). The fact that
not only it ensures the concrete steel bond but also enabled a better anchorage of the
internal columns hogging moment has encouraged its adoption. By passing through the
Perfobond web holes or simply by being superimposed to the transverse reinforcing
bars would allow these bars to be anchored. A study, which had been done by Zellner
(1987) indicated that a one meter length of Perfobond connector was comparable to
eighteen 22 mm diameter’s headed studs which were disposed in two lines or twenty
four 19 mm diameter’s headed studs which were disposed in three lines.

Figure 2.11 Perfobond Ribs shear connector
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2.6.4 T-rib Connectors
In the scope of a study on Perfobond connectors, Vianna et al. (2009) presented an
alternative connector for headed studs, called the T-Perfobond (Figure 2.12). The
researcher also provided a comparative study between the behavior of these connectors
and a limited number of T-Perfobond connectors. By adding a flange to the plate,
which acted as a block, the derivation of this connector from the Perfobond connector
was created. The need to combine the large strength of a block type connector with
some ductility and uplift resistance arising from the holes in the Perfobond
connector web was a motivating factor for the development of this T-Perfobond
connector.
In order to prevent a premature loss of stiffness in the connection, the T-rib
connector detail should minimize the prying action effect (Ferreira, 2000). As
leftover rolled sections can be used to produce the T-rib connectors, it can reduce
cost and minimize welding work. The four steps involved in the fabrication process
of the T-rib connectors are: (i) initial profile, (ii) web holes, (iii) flange holes, (iv)
opposite flange saw cut are as shown in Figure 2.12.
For similar longitudinal plate geometries, the resistance and stiffness of TPerfobond connectors are higher than that of Perfobond connectors. In addition to
this advantage, the use of T-Perfobond connectors offers benefits in terms of saving
material and labor, as they are produced by ordinary laminated I or H sections.

Figure 2.12 T-Rib shear connector
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2.6.5 T-Connectors
This connector is a section of a standard T-section welded to the H or I section with
two fillet welds (Figure 2.13). T-connectors evolved from the observation by
Oguejiofor and Hosain (1997) they stated that a large part of the bearing capacity
of a Perfobond strip was the result of the direct bearing of the concrete at the front
end of the (discontinuous) Perfobond strip. Therefore, a T section, which has a
larger cross section than a single strip, and its shape, was potentially able to prevent
vertical separation between the steel-section and the concrete, seemed to be a good
alternative.
The behavior of the T-connector is very favorable. The bearing stress on the front
of the T is very high, which is a result of the relatively small area. Local concrete
crushing occurs, which results in a quasi-plastic performance (Zingoni, 2001). The
load capacity for T-connectors is similar to that of the oscillating Perfobond strip,
however, the ductility of these connectors is much larger (Rodera, 2008). When
these connectors are used in concrete with fibers, lightweight concrete or a higher
strength concrete, there is a notable increase in the load capacity and ductility of
this type of connector. In the case of the T-shape connectors, the strength of the
connector itself is vital and the concrete is no longer decisive. Disregarding the
Perfobond strip, the resistance characteristic of the T-shape connectors is
considered as the highest and its failure mode varies according to different concrete
strengths.

Figure 2.13 T-shear connector
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2.6.6 C-shaped Shear Connector
Due to the limitations for the use of headed studs and Perfobond shear connectors
in composite construction, the use of C-shaped shear connectors may be a
recommended alternative, especially in developing countries. Some restrictions on
the fatigue behavior of headed studs have been reported such as the
commencement of fatigue cracks in welds under cyclic loading, the necessity of
specific welding equipment and high power generators on site (Chromiak et al.,
2006). Also for the Perfobond shear connector, problems will appear when the steel
bars need to cross the connector openings and it is difficult to position the slab for
lower reinforcement (Ver´ıssimo et al., 2006).
In addition, the manufacturing of Perfobond shear connectors is not as easy as the
C-shaped shear connectors due to the need of making holes in Perfobond shear
connectors, which is a time consuming and an expensive procedure.
There are commercially available standard sized hot rolled steel profiles of these
type of C-shaped shear connectors mostly in the steel industry. It is also easy to
prepare these types of connectors by simply cutting their plain steel profiles. One
may also notice that manufacturing cost and time to manufacture C-shaped
connectors are significantly lower compared to the Perfobond connectors.
Also, the C-shaped connectors have high load carrying capacity and can be welded
to steel beam by using the conventional reliable welding system. Some inspections,
like bending test which is needed for headed stud connectors, are not necessary for
these types of shear connectors and also positioning the slab for bottom
reinforcement, may not be a challenge when C-shaped shear connectors are
employed (Ciutina and Stratan, 2008). Generally speaking, C-shaped shear
connectors are preferred as they overcome the constraints and difficulties of using
the Perfobond shear connectors in composite beams.
The C-shaped shear connectors can be made with both angle and channel profiles
as shown in Figures 2.15 and 2.16. The angular profiles can also include L-shaped
shear connectors in addition to the C-shaped one as well. Since angle connectors in
the absence of bottom flange in comparison to channels, they could be cheaper and
more economical than channel connectors. A hoop reinforcement should be
provided for L-shaped angle connector (Figure 2.14) to prevent uplift of concrete in
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the composite system (Eurocode 4, CEN 2001), a similar problem also occurs in
the case of Perfobond connectors when the steel bars need to cross the connector
openings. Therefore, it is better to use the C- shaped angle shear connector than the
L-shaped connector in composite beams.

Figure 2.14 Typical L-shaped angle shear connector [Eurocode 4; CEN 2001]

Figure 2.15 Typical angle shear
connector

Figure 2.16 Typical channel shear
connector

Although channel shear connectors, as one of the popular C-shaped shear
connectors are used more in structures because of their accepted well-behaved
performance. Angle shear connectors without bottom flange could be cheaper and
more economical than channel shear connectors by saving more steel material in
composite beams. The convenient welding process of angle connectors compared
to channel connectors is a further advantage.
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2.6.6.1 C-shaped Channels
Channel shear connectors were used in the scale-model of composite bridges and
initially tested at the University of Illinois by Viest et al. (1952). The test results of
a preliminary study of channel shear connectors were presented by Slutter and
Driscoll (1965) and Pashan (2006) to identify their behavior and assess the
possibility of using this steel profile as a shear connector. From the above studies,
some equations were derived to calculate the capacity of channel shear connectors
in a solid concrete slab. Those equations were adopted into building codes, such as
the National Building Code of Canada (NBC) (2005) and the American Institute of
Steel Construction (AISC) (2005).
Channel connector’s shear strength equation adopted in CSA S16-09 code is based
on the results of 41 push-out specimens tested at Lehigh University (Slutter and
Driscoll 1965). Unfortunately, 34 of these specimens featured 4 inch (102 mm)
high channels. Five specimens had 3 inch (76 mm) high channels and only two
featured 5 inch (127 mm) high channels. This Equation is strictly applicable to 4
inch high channels and does not include channel height as a parameter. Moreover,
35 out of the 41 push-out specimens had 6 inch (152 mm) long channels. Four
specimens had 4 inch (102 mm) long channels. Five inch (127 mm) and 8 inch
(204 mm) long channels were used in the other two. Although channel length (L c)
is included as a parameter, this design equation (CSA S16-09) is only
representative of 6 inch long channel connectors. The results of another
experimental study on shear connectors carried out at the Lehigh University were
reported by Slutter and Driscoll (1965). The overall test program involved testing
of push-out and beam specimens with headed stud connectors, spiral connectors
and channels. Five beam specimens were tested with channel shear connectors, of
which four involved 4 inch (102 mm) high channels and one had three inch (76
mm) high channels.
In order to assess the accuracy of the design code equations for the strength of
channel shear connectors, an experimental study using specimens with different
channel sizes and lengths under monotonic loading was conducted by Pashan
(2006) and concluded that the CSA equation is too conservative. By including
channel height (H c) as a parameter, he developed the following empirical equation
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for solid concrete slab to evaluate the load capacity (Qu ) of channel connector
having a height of 100 mm:
Qu = (336 tw2+5.24 Lc Hc) √f’c

(2.16)

Several researchers presented the behavior of channel shear connectors embedded
in a solid concrete material slab based on an experimental study conducted under
monotonic and low-cycle fatigue loading and proposed an effective numerical
model using the finite element method to simulate the push-out test of channel
shear connectors as described in following:
A series of tests were carried out on push-out specimens made of plain concrete,
reinforced concrete (RC), fiber reinforced concrete (FRC) and engineered
cementitious composite (ECC) by Maleki and Bagheri (2008a, 2008b). Based on
the results, the reversed cyclic shear strength of most specimens is lower than their
monotonic strength by about 10%-23%. The results also indicated that the shear
strength and load-displacement behaviour of the specimens was slightly affected by
the use of the polypropylene fibers (FRC specimens). However, a considerable
increase in the ultimate strength and ductility of channel shear connectors was
achieved by the use of the polyvinyl alcohol fibers (ECC specimens) (Maleki &
Bagheri, 2008a).
A validation against experimental test results and a comparison with the data given
in North American design codes was carried out for additional research on the
shear capacity of channel shear connectors embedded in a solid reinforced concrete
slab under monotonic loading by using the finite element analysis. To investigate
the variations in concrete strength, channel dimensions and the orientation of the
channel, parametric studies by using nonlinear finite element analysis were
performed. It was found that to determine the ultimate strength of channel shear
connectors, the significant parameters included the strength of concrete, the web
and flange thicknesses of the channel and the length of the channel, whereas the
height of the channel section was regarded else. Moreover, a change in the stiffness
and the ultimate strength of the shear connector could be caused by changing the
orientation of the channel (Maleki & Bagheri, 2008b).
Other similar push-out tests have been performed by Shariati et al. (2011) for
channel connectors after embedding in high strength concrete (HSC).
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Baran and Topkaya (2012) experimentally investigated fifteen push out tests on
European channel connector to formulate a new design equation for ultimate
resistance which correlated well with those tested earlier by other researchers, with
reasonable accuracy.
In other research, Maleki and Mahoutian (2009) investigated the shear strength of
channel shear connectors embedded in normal and polypropylene concrete both
experimentally and analytically. Before a prediction for the shear capacity of
channel connectors in polypropylene concrete could be reached, an extensive
parametric study was performed. An equation was suggested for the shear strength
of these connectors when used in polypropylene concrete, which was included in
design codes:
Qn = 27.2( tf +0.5t w) Lc √f’c

(2.17)

Generally, Viest et al. (1952), Pashan (2006), Ollgaard et al. (1971), Viest (1960)
and Johnson (1970) reported on a literature review of composite beam research
from 1920 to 1958 and 1960 to 1970 for headed stud and channel shear connectors
that are embedded in normal concrete. Their results of the push-out test showed
that the strength of the composite system could be affected by other factors apart
from the concrete strength, which include the flange thickness, web thickness and
channel length. Several equations for obtaining the channel shear connector
capacity were proposed based on these investigations.

Years later, building design codes adopted some of these equations. Equations for
the calculation of the shear capacity of a channel shear connector embedded in a
solid concrete slab have been described earlier in previous ‘State-of-the-practice’
section 2.5.2.
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2.6.6.2 C-shaped Angles
The primary results of the push out tests on specimens with several shear
connectors including channel and L-shaped angle shear connectors were reported
by Rao (1970). The results indicated that the C-shaped channel shear connectors
provided considerable flexibility and showed greater load carrying capacity than
other shear connectors.
In a research carried out by Ciutina and Stratan (2008), five different types of shear
connectors which comprised of L-shaped angle shear connectors subjected to
cyclic and monotonic loading, were investigated through a limited number of pushout tests. It was concluded that the cyclic loading makes 10-40% reductions in
shear resistance for all connectors including L-shaped angle shear connector
compared to the corresponding monotonic loading.
L-shaped angle shear connectors can be used in some other structural members too.
For example, in extended connections, the L-shaped angle connector can be applied
as single or double angle bolted shear connections. A research conducted by
Higgins (2005) discussed on the design of bolted extended double angle, single
angle and tee shear connections and covered the design of the extended connections
by using these connectors.
Being a shear connector embedded in concrete foundation can be considered as
another application of this connector. An equation for shear capacity of angle shear
connector embedded in concrete foundation is suggested by ASCE (2000).
Also a few studies have been conducted on the behavior of C-shaped angle shear
connectors. Kiyomiya and Yokota (1987) investigated the ultimate strength and
deformation of various kinds of shear connectors, including C-shaped angles,
channels and T-shaped shear connectors in composite members. It was concluded
that the shapes and directions of shear connectors and concrete strength greatly
affect the mode of failure of specimens in the push-out test.
In a research by Choi et al. (2008), the fatigue strength of a welded joint between
C-shaped angle shear connectors and bottom plate in steel-concrete composite
slabs was investigated through fatigue tests and finite element analysis. The results
confirmed that the stress level at the welded joint was low and considerably less
than the fatigue limit of this connector based on Eurocode 4 (Eurocode 4, 2004).
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Another research, done by Fukazawa et al. (2002), undertook the wheel trucking
test on the composite slab, applying C-shaped angle shear connectors, in order to
explain their applicability to continuous composite steel girder bridges and their
performance under moving load conditions. Their results showed that the
composite slab has the sufficient fatigue durability and stiffness.
In a research carried out by Saidi et al. (2008), the relationship between transfers
shear force and relative displacement on the C-shaped angle shear connectors and
T-shaped shear connectors, utilized in steel-concrete sandwich beam, was studied
and a numerical model was presented. In this model, the rotation at the edge of the
shear connector and the horizontal movement of it were presumed to be the
boundary condition of the angle and the T-shaped shear connectors.
A new test method was developed by Ros and Shima (2009), in order to examine
the shear load-slip relationship of C-shaped angle shear connectors. The
conclusions of their study showed that the direction of the shear force of the shear
connector influences the shear strength of the shear connector.
The experimental shear resistance and stiffness with angles embedded in a normal
strength concrete (NSC) were compared with standard design code formula stated
in section 2.5.3 (Eurocode 4, CEN 2001) and recommended values of design codes
by Balasubramanian and Rajaram (2016).
Empirical equations were developed by Kiyomiya and Yokota (1987) that
predicted the load carrying capacity of some shear connectors including of angle
connectors.
P=65 √twLc √𝑓 c

(2.18)

where,
P = Load carrying capacity of the connector, kgf
tw = Web thickness of connector, cm
Lc = Length of connector, cm
fc = Concrete compressive strength, kgf/cm2
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Another equation was also proposed by Ros (2011) that can predict the ultimate
shear capacity of angle shear connectors based on either the connector failure or
concrete crush.
Vu =k×√𝑓 c ×Lc ×h

(2.19)

And k =63t w ⁄ h+160

where,
Vu = Ultimate shear force in the shear failure mode or by concrete crush, N
Lc = Length of connector, mm
h = Height of shear connector, mm
tw= Thickness of shear connector, mm
fc= Concrete compressive strength, MPa

2.6.7 I-Shape Connector
Under the economic considerations, continued motivation has driven the
development of new systems for the shear transfer in composite beams called “Ishape shear connector” which was introduced by Mazoz et al. (2013) shown in
Figure 2.17. This type of connectors has similarity with T-connector with addition
of a bottom flange welded to the steel beam. Twenty four push-out specimens have
been tested with I-shaped connector cut from IPE sections. Parameters such as
height, length of connectors and compressive strength of concrete slabs on load-slip
behaviour and failure modes were studied. The experimental shear capacity of I-shape
connectors was compared with existing design equations for validity. The results of
push-out tests on the I-shape shear connectors have shown that their behaviour is
similar to that of the channel shear connectors. Therefore, the Canadian standard code
(CAN/CSA-S16-01) equation that has been adopted for the channel shear connectors is
capable of predicting the ultimate load capacity of I-shape shear connectors with
reasonable accuracy.
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Figure 2.17

I-shape connector [Titoum et al. (2016)]

Also a finite element method was developed by Titoum et al. (2016) for numerical
simulation of these specimens used in Mazoz et al. (2013). These results have shown
satisfactory synchronization with experimental outcomes. In case of I-shape
connectors, the connector itself prominent and the concrete has little influence
except on the concrete failure mode. The comparison between the I-shape connector
and the channel connector by the finite element analysis confirms the similarity of their
behaviour. The ultimate capacity and ductility of the connector have shown significant
influence using this type of I-shape connector.
2.7

Conclusions

An overview of past and ongoing research on shear connectors in composite beams is
presented in this chapter. State-of-the-art for welded headed studs, as the most
commonly used shear connectors in steel-concrete composite beams, is also given,
focusing on rules given in the design codes. An overview of other shear connector
types, competitive replacements for welded headed studs, is also presented. The shear
capacity and failure behaviour of the L-shape rebar connectors are not available in
these literatures as well as in current design standards. Therefore, an attempt has been
made in this study to investigate the strength and failure behaviour of rebar shear
connectors in steel-concrete composite members through standard push-out tests.
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Chapter 3
EXPERIMENTAL PROGRAM

3.1

Introduction

This chapter describes the experimental work carried out to investigate the feasibility
and behaviour of deformed L-shape rebar shear connector by push-out test program.
This chapter contains the push-out test arrangements, test parameters, material
properties, experimental test setup, specimen reinforcing details, construction and
testing procedures. In depth, including the effect of different parameters; an
experimental program has been designed. The test parameters included the compressive
strength of concrete as well as the length, height and diameter of the rebar connector. A
total of sixteen push-out test specimens have been constructed for this program. Eight
specimens have been designed identical in two groups except in concrete strength
(series A and B). Another six specimens with same concrete strength (series B) were
differed with the connector height and length to study their effects. In addition to that,
two specimens have been examined to investigate the bundle effect of connectors.
Details will be discussed in the following sections.

3.2

Descriptions of Test Specimen

All specimens were categorized into two push-out test series (series A and series B
with a subseries of B') have been constructed and tested under static loading. Each
push-out specimen consists of a hot rolled short standard (S-shape) compact steel beam
section (100 by 200 mm) held in a vertical position by two identical reinforced concrete
slabs having dimensions of 250 by 350 mm with a thickness of 130 mm. Details of a
typical test specimen is shown in Figure 3.1. In the test specimen, the concrete slabs
have been attached to the beam flange by deformed L-shape rebar shear connectors.
These connectors were directly welded to the flanges of the steel section as shown in
Figure 3.2. For specimens with 10 mm and 12 mm diameter connectors, 5/16 in. (8
mm) fillet welds were used whereas 3/8 in. (10 mm) fillet welds were used for
specimens with 16 mm and 20 mm diameter connectors at the base around the
connector by Electrode E6013. In this study, the specimen geometry was kept similar
with variation provided in connector size and concrete compressive strength. Concrete

strength was varied between the two series of specimens. Specimens in series A were
cast with 40 MPa concrete whereas higher strength concrete of 50 MPa was used in
series B test specimens. Deformed rebar type of shear connectors have been used with
diameters varying from 10 mm to 20 mm with two intermediate values of 12 mm and
16 mm. Two specimens have been examined to investigate the bundle effect of
connectors with diameter of 10 mm and 12 mm. The slabs of all the push-out test
specimens were cast vertically. The push-out test specimens were subjected to
downward axial compression applied at the top of the steel beam (Figure 3.1). The steel
section when subjected to a vertical load will produce shear load along the interface
between the concrete slab and the steel section through shear connectors. A recess of 75
mm was provided between the bottom of the slab and the lower end of the steel beam to
allow for the slip at the steel concrete interface during loading. The distance between
the center lines of rebar connector and the bottom of the slab was kept constant at 212.5
mm. The detail specifications of the specimens are listed in Table 3.1.

(a) Front view
Figure 3.1

(b) Side view

Push-out test specimen with L-shape Rebar Connector
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Table 3.1

Specimen classification chart

Compressive
strength of
Series
Specimen
concrete, f'c
(MPa)

A

40

B

50

B'

50

A-1
A-2
A-3
A-4
B-1
B-2
B-3
B-4
B-5
B-6
B-2a
B-3a
B-4a
B-2b
B-3b
B-4b

Rebar
connector
dia, d (mm)

Connector
Height, h
(mm)

Connector
Length, l
(mm)

d10
d12
d16
d20
d10
d12
d16
d20
d10+d10
d12+d12
d12
d16
d20
d12
d16
d20

100
100
100
100
100
100
100
100
100
100
100
100
100
75
75
75

100
100
100
100
100
100
100
100
100
100
50
50
50
75
75
75

Reinforcements in concrete slab were provided in two layers with a clear cover of 25
mm on top and bottom. Two #3 (10 mm) longitudinal reinforcing bars were placed in
both layers. Another two #3 (10 mm) bars were used as transverse reinforcement in
each layer. These arrangements created a hooped action. For ease of workmanship,
adopted system consisted two ties of 10 mm reinforcement were placed in each layer
top and bottom by means of separator at four corners. Details will be discussed later in
section 3.3.

3.2.1 Series A
A total of four push-out test specimens of this series have been cast with concrete
strength of 40 MPa with solid concrete slabs of 130 mm thickness with same L-shape
connector height & anchor length (100 by 100 mm). Connector sizes have been varied
from 10 mm to 20 mm diameter with two intermediate values of 12 mm and 16 mm.
Each push-out specimen in this test program was designated by one capital letter
indicating the name of the series followed by the serial number of the specimen with
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hyphenation. Here first capital letter A refers the concrete strength of 40 MPa and
numerical serial number 1, 2, 3, 4 represents the rebar connector’s diameter of 10, 12,
16, 20 mm respectively. So, specimen designated with A-1 stands for a push-out test
subject consisted of slab with 40 MPa concrete strength accompanied by 10 mm
diameter rebar connector with a dimension of 100 by 100 mm in height and anchor
length.
3.2.2 Series B
Total six push-out specimens have been studied in this test series which were cast by 50
MPa concrete. Two test specimens B-5, B-6 have been taken into consideration to
examine the capacity of bundle effect of the 10 mm and 12 mm rebar connector
respectively. The nomenclature of this series is similar as series A, where the difference
is in the first capital letter B which refers to 50 MPa concrete strength. All other
designations are similar like connector size and diameter. Likewise, specimen B-3
indicates the push-out test specimen cast with 50 MPa concrete strength and connector
of 16 mm diameter with a dimension of 100 by 100 mm in height and length as stated
above.

3.2.3 Series B'
This subseries consisted of six specimens to study. Series B' and series B specimens are
quite same in concrete strength except the connector dimension. These specimens were
constructed to study the effect of connector height and anchor length. In addition to
these specimens, numerical numbers are followed by small letter ‘a’ and ‘b’. Small
letter ‘a’ represents the L-shape rebar connector into dimension of 100 by 50 mm,
whereas ‘b’ represents the size of 75 by 75 mm in lieu of 100 by 100 mm previously
used in series A and B.
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3.3

Specimen Preparation

As shown in Figure 3.2 (a), the push-out test specimens were fabricated from six meter
long hot rolled standard (S-shape) compact steel beam I-section (100 by 200 mm) cut
into pieces of 350 mm length in the Machine Shop of BUET. The rebar short cut-pieces
were extracted to appropriate lengths from long deformed reinforcing bar as shear
connectors followed by bending the cut-pieces into L-shape in Strength of Materials
Lab, BUET. The rebar connectors were then welded to the flanges of steel section
according to AWS (American Welding Society) specification by a certified welder at
Sheet-metal and Welding Shop, BUET as shown in Figure 3.2 (b). For all test
specimens, the position of the connector was kept constant at 212.5 mm as end distance
(Figure 3.1), i.e. distance from the center-line of the connector to the bottom of
reinforced concrete slab as stated earlier. Welding was applied around the rebar
connector so that the connector would not fail due to weld failure during testing shown
in Figure 3.4 (b).

(a) Fabricated short steel beam
Figure 3.2

(b) Rebar connector welded to Steel beam

Short steel beam with L-shape rebar connector
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After the welding process was done, the steel specimens were erected in between the
wooden formwork around the flanges for casting the concrete slabs. Figure 3.6 shows
the procedures. The plywood forms were constructed to assure a 75 mm recess between
the lower end of the steel section and the bottom of the concrete slabs for allowing the
slip during loading (Figure 3.5).

(a) 100 by 100 mm connectors
Figure 3.3

L-shape deformed rebar connectors

(a) Cutting of rebar connectors
Figure 3.4

(b) 100 by 50 & 75 by 75 mm connectors

(b) Welding of rebar connector

Preparation & welding of rebar connectors
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Figure 3.5

Preparation of formwork

(a) Shaping of short steel beam

(b) Weld job of connectors

(c) 16 push-out specimens after welding

(d) A typical push-out test specimen

Figure 3.6

Fabrication of push-out test specimen
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All push-out specimens consisted two ties of 10 mm reinforcing bars in each layer top
and bottom as shown Figure 3.7 by means of separator at four corners for casting of the
concrete slab. As stated earlier, 25 mm clear cover was provided for the slab casting.

Figure 3.7

Reinforcement details of slab

The slabs of all the push-out test specimens were cast vertically according to the
procedure adopted by Mazoz et al. (2013). Both slabs were cast from the same batch of
concrete to reduce the chance for variation in concrete strength from one slab to
another. Concrete mixing has been done according to ACI mix design which has been
described in section 3.4.1. Two different types of concrete strength (40 MPa and 50
MPa) were used in this test program, varying the water to cement ratio and composition
of aggregates and filler materials according to mix design process. As per the specified
mix design, materials have been mixed with mechanical concrete mixture machine.
Specimens were cast in four batches where four push-out specimens and two test
cylinders were cast in each batch. Test of compressive strength of concrete has been
done on the 4 by 8 inch cylinders. After mixing concrete, slump values have been
checked for the workability. The chemical bond at the steel concrete interface was
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eliminated by oiling the steel flanges before casting the slabs. After that, concrete has
been cast in the prepared formworks. Casting has been performed in two layers with
mechanical compaction by the help of needle vibrator. Each lift was thoroughly
vibrated to eliminate air voids adjacent to the connectors. Then sixteen push-out test
specimens have been cured with water after casting for 28 days using hessian cloth. To
prevent the evaporation of surface water from concrete face, polyethene sheets have
been used by wrapping the test specimens. The specimens have been whitewashed on
the concrete surface after the curing period was over and concrete surface was in dry
condition. This was done to ensure proper visibility and recognition of concrete crack
lines during loading procedure for ease of marking the propagating line. The sequential
procedure followed in the preparation of the test specimens are chronologically shown
in Figure 3.8 through Figure 3.11.

(a) SSD aggregates by weight

(b) Mechanical concrete mixer machine

(c) Specimen with shutter &

(d) Oiling on the steel flanges before

reinforcement

casting

Figure 3.8

Procedures before concreting
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(a) Mixing of aggregates

(b) Slump measurement

(c) Concrete pouring step by step

(d) Compaction & taking test cylinders

Figure 3.9

Casting procedure of push-out specimens

(a) Marking & curing of test cylinders

(b) Completion of specimen casting

(c) Curing by water

(d) Curing for 28 days

Figure 3.10

Completion of casting specimens & curing
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(a) Dry condition after curing period

(b) Lime whitewash of specimens
Figure 3.11

3.4

White-wash painting of test specimens

Material Properties

Tests on steel, concrete and shear connector were carried out using appropriate test
procedure to determine the experimental shear strength capacity of rebar connector
obtained by applying the compressive load on the push-out test specimens.
3.4.1 Concrete
Saturated surface dry (SSD) condition aggregates have been used in all the concrete
mixes. The fine aggregate was graded sylhet sand (FM 2.75) with a maximum nominal
size of 4.75 mm and the coarse aggregate was crushed black stone (origin: pakur, India)
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with a maximum nominal size of 20 mm. The cement used in all mixes was Ordinary
Portland Cement (OPC) has been used corresponding to ASTM C150 (2005). The
slump values for different concrete mix designs were achieved to be from 50-65 mm
for different mix designs. The mix properties of the materials are presented in Table
3.2.
Mix proportions of concrete materials by weight

Table 3.2
Mix
Series

Cement
(kg/m3)

A

355

B

385

Fine
aggregate
(kg/m3)

Water
(kg/m3)

W/C

1016.0

799.0

142

0.40

34683

40

1026.9

732.5

127

0.33

38722
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Coarse
aggregate
(kg/m3)

Modulus of
Elasticity
(MPa)

Compressive
Strength
(MPa)

The compressive strength and modulus of elasticity of concrete obtained from 28-days
cylinder test are listed in above table according to the test based on the ASTM C39
(2005) shown in Figure 3.12.

Figure 3.12

Compressive strength test of concrete cylinder

3.4.2 Steel
Steel coupons were machined from steel beam section and deformed rebar connectors
have been tested in universal testing machine. Three specimens for each test were
tested from flange & web of steel beam and deformed rebar been taken for
determining the yield strength, ultimate strength and elongation. The steel coupons had
a dog-bone shape according to BS EN ISO 6892-1 (2009) gauge length of 8 inch with a
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grip of 4 inch in both sides as shown in Figure 3.14. The reinforcements (60 grade)
used for shear connectors are shown in Figure 3.13 after testing.

(a) Tensile test at UTM
Figure 3.13

Tensile strength test of reinforcing bar as rebar connector

(a) Steel coupon before test
Figure 3.14

(b) Reinforcement after tensile test

(b) Steel coupon after test

Test coupons for Tensile strength of steel beam section
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After testing according to BS EN ISO 6892-1 (2009), properties of the steel
components have been shown in the Table 3.3. Load-deflection curve of the steel
sections and reinforcing rebar connector (such as 20 mm dia connector) have been
shown in Figures 3.15 (a) and 3.15 (b).

(a) Load-displacement curve of steel section

(b) Load-displacement curve of reinforcing bar

Figure 3.15

Typical Load vs. displacement curves for steel members
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Table 3.3

Mechanical properties of Steel section and Rebar connector
Specimen

Yield
Strength,
fy (MPa)

Ultimate
Strength,
fu (MPa)

Elongation

307

424

22

382
403
408
476

577
628
638
652

15
16
17
15

Steel section

(%)

Rebar Connector

10 mm
12 mm
16 mm
20 mm

3.5

Instrumentation and Test Setup

3.5.1 Test setup and Procedure
All of the push-out specimens were tested by a 2000 kN capacity Tinius Olsen
Universal Testing Machine (UTM). The push-out test specimen was placed over the
flat platform of the UTM. The load was then applied at the upper end of steel beam by
a moveable hydraulic crosshead through a rigid steel plate of 25 mm thickness. A
rubber pad was placed over the steel plate for uniform contact and proper distribution
of the applied load. The data acquisition system used a computer running Horizon data
acquisition software. A schematic diagram of UTM is shown in Figure 3.16. Two 50
mm capacity dial gauges located at the level of shear connectors for measuring slip.
Each dial gauge was attached to the beam by the help of bracket near the connector,
one at flange and another to the web. In addition, 5 mm capacity dial gauge was set at
the side of concrete slab for evaluating the uplift or separation of the concrete slabs
from the steel during loading up to the ultimate load. The test setup is shown in Figure
3.17. Real-time graphs of the key data were displayed during loading to assist in
controlling the tests. Laboratory safety regulations do not permit personnel near the
UTM while it is operating, so digital cameras were used to take photographs and gauge
readings of the specimens during the tests.
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Figure 3.16

Schematic diagram of test setup

3.5.2 Load Application
The downward axial compression was applied statically by displacement-controlled
method at a rate of 0.5 mm/min. Generally two methods of loading can be employed
for applying the load in mechanical test conditions: load-control and displacementcontrol. It is not possible to precisely maintain test conditions using the loadcontrol method because in these situations the displacements can change with no
change in the load input. The most important cases in which this occurs are at
lower loads that the slope of the load-slip curve is small and for some specimens
may approach zero. Also at the other extreme, the fracture of a specimen results in
a sudden increase in load with increasing displacement. The displacement-control
method provides the means for testing these extreme conditions. So, displacementcontrolled method was adopted. The load step was 5 kN of increment in linear portion
of the load-slip curve of push-out test specimen and 1~2 kN increment was taken at the
nonlinear branch for the accuracy of the post peak behavior after ultimate load. The
load was applied slowly in several steps until the failure of each specimen, which
occurred in about 35 to 45 minutes. However, it was not possible to record the readings
after the ultimate load for most of specimens with shearing of rebar connector, because
of the sudden failure of the shear connector. In specimens involving concrete related
failures, the loading was continued until collapse occurred or a significant amount of
load release was observed beyond the ultimate load.
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Figure 3.17

Typical Test Setup & Instrumentation

3.5.3 Data Recording
Two 50 mm capacity dial gauges were installed on either side of the specimen to
measure the slip at the interface of the concrete slab and the steel beam flange during
loading. The average of these two gauge readings is denoted as the net slip of
connector. During each load step, the slip between the steel beam and the concrete slab
was measured by means of the gauges after the dial had stabilized. The readings of load
steps were recorded by the data acquisition system using the test method of “Generic
Compression Force vs. Deflection” using HORIZON software, which records the
resistance load automatically. The stored data was transformed into spreadsheet and
used for further analysis of the tests.
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3.6

Summary

An experimental research project was undertaken to study the shear resistance capacity
and behaviour of rebar connector. Total sixteen push-out test specimens using rebar
shear connectors in solid concrete slab were tested under static axial compression.
Their detailed setup, testing procedure and specimen fabrication have been explained in
this chapter. These push-out specimens were classified into series A and series B based
on concrete strength of 40 MPa and 50 MPa respectively. First series of test specimens
consisted of four composite specimens constructed with medium strength concrete
whereas comparatively higher strength was used for remaining twelve specimens.
Moreover, in the test specimens the connector geometry was varied in terms of its size,
height and length in order to investigate effect of the connector geometric properties on
the failure behaviour and the ultimate load carrying capacity of the composite
specimens. Tension coupon tests were also conducted to determine the mechanical
properties of steel beam section and deformed rebar shear connectors. Concrete
properties were determined using standard cylinder tests of the concrete samples. The
results and discussion on push-out test results will be presented in chapter 4.
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Chapter 4
RESULTS AND DISCUSSION

4.1

Introduction

In this study, an experimental program has been designed to investigate the
performance of the rebar shear connectors through push-out test under static axial
compression. This chapter presents the experimental results of sixteen push-out
specimens in the forms of tables and graphs. The explanation of the different failure
mechanisms observed in the tests and representative photographs of specimens
exhibiting each type of failure are also included. The main test results are shown in the
form of load-slip curves. In all load-slip graphs, the abscissa represents the average slip
in mm at the interface of the steel section and the concrete slab. The ordinate represents
the load per connector in kN, i.e. the total load carried by the specimen is twice this
value. The effects of various parameters considered on the behaviour and capacity of
composite action are discussed. The main purpose of the experiments was to examine
load-slip behaviour to identify maximum shear capacity, characteristics slip, ductility of
connectors and the modes of failure. The comparison between the test results and code
suggested values for conventional stud connectors specified in AISC 360-16 is also
presented for possible design recommendation regarding the rebar connector.
4.2

Experimental Results

The behaviour of the rebar shear connectors in composite structures was investigated
through push-out tests and the results are presented in Table 4.1. In all specimens, load
was applied monotonically until failure. The slips at the steel concrete interface and
total applied load on the specimen were collected. Table 4.1 presents the ultimate load
per connector and the slip at the steel concrete interface at failure. The occurrence of
failure in each specimen is also demonstrated in the table.

Table 4.1

Specimen

Strength of
concrete,
f’c
(MPa)

Results of push-out test specimens

Rebar
connector
dia, d (mm)

Ultimate
Load per
Rebar
connector,
Pu (kN)

Max. Slip at
Failure,
s (mm)

Occurrence of
Failure

Shearing of
connector
Shearing of
connector
Cracking of
concrete
Crushing of
concrete
Shearing of
connector
Shearing of
connector
Cracking of
concrete
Crushing of
concrete
Shearing of
connector
Shearing of
connector
Shearing of
connector
Cracking of
concrete
Crushing of
concrete
Shearing of
connector
Cracking of
concrete
Crushing of
concrete

A-1

d10

57.5

3.17

A-2

d12

97.5

4.57

d16

118.0

4.71

A-4

d20

125.5

11.67

B-1

d10

51.0

4.90

B-2

d12

82.0

4.83

d16

120.0

7.41

B-4

d20

145.5

7.35

B-5

d10+d10

85.5

6.39

d12+d12

154.0

6.13

d12

84.5

5.19

d16

135.0

11.62

B-4a

d20

165.5

12.72

B-2b

d12

79.0

5.00

d16

133.5

5.59

d20

153.0

17.47

A-3

B-3

B-6

40

50

50

B-2a
B-3a

B-3b
B-4b

50

50

For ease of description, test results were divided into several groups based on one
common parameter. For each group, a brief description of specimens is given and
followed by the discussion on the load-slip behaviour, ultimate load, slippage at failure
and the observed failure mode of each specimen.
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4.2.1 Group 1: (Test A-1, B-1)
Group 1 consists of specimens with 10 mm dia L-shape rebar connectors with a size of
100 by 100 mm, embedded in solid concrete slabs attached to the both steel beam
flanges. The specimens were similar in all aspects except in concrete strength.
Specimen A-1 had a concrete strength of 40 MPa whereas specimen B-1 had a strength
of 50 MPa. Results are shown in Table 4.1 where Pu is the ultimate load capacity of the
rebar connector and s represents the slip at failure.

Load per Connector (kN)

80
A-1
B-1

60

40

20

0
0

1

2

3

4

5

6

Slip (mm)

Figure 4.1

Load-slip curve of test specimen A-1 & B-1

The nature of the load-slip curve (Figure 4.1) for specimens A-1 and B-1 are identical
with a slight difference in the ultimate capacity. As shown in Table 4.1, specimen A-1
shows 12% higher capacity as compared to specimen B-1 which was cast with
relatively higher strength concrete. The reason behind this is that the ultimate capacities
in these specimens were reached through shearing failure of the connectors. Concrete
crushing was not observed in these specimens.
The failure behaviour observed in these test specimens are shown in Figures 4.2 and
4.3. In these specimens, failure occurred through shearing of the rebar connectors
followed by separation of the concrete block from the steel flange. No cracking or
splitting of concrete was observed in these push-out specimens during the test. The
rebar connector of both specimens sheared off from the flange near the weld fillet area
as shown in Figure 4.3.
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(a) Specimen before loading

(b) Specimen after failure

(c) Rebar sheared surface: part embedded

(d) Rebar sheared surface: part attached to

into the slab

the I-section

Figure 4.2

Failure mode of specimen A-1

(a) Rebar sheared surface: part embedded into

(b) Rebar sheared surface: part

the slab

attached to the I-section

Figure 4.3

Failure mode of specimen B-1
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4.2.2 Group 2: (Test A-2, B-2)
Group 2 consists of specimens with 12 mm dia of same L-shape rebar connector (size
of 100 by 100 mm) embedded in solid concrete slabs attached to the both steel beam
flanges. However, specimen A-2 had a concrete strength of 40 MPa and specimen B-2
had strength of 50 MPa.
120
A-2
B-2

Load per Connector (kN)

100
80

60
40
20
0
0

1

2

3

4

5

6

Slip (mm)

Figure 4.4

Load-slip curve of test specimen A-2 & B-2

The load-slip curve for specimen A-2 and B-2 are shown in Figure 4.4. Here, both
specimens show similar load-slip behaviour and similar slippage at failure with the
value of 4.57 and 4.83 mm for specimen A-2 and B-2 respectively. However, the
ultimate capacity of specimen B-2 is about 18% lower than the capacity of specimen A2 which was cast with lower strength concrete (40 MPa) as compared to specimen B-2
(50 MPa concrete). The specimen with higher strength concrete demonstrated lower
capacity than the specimen with lower concrete strength. This may be due to the fact
that the ultimate capacity is reached through direct shear failure of the specimens. The
concrete strength did not affect the ultimate capacity at all. However, more
experimental investigations are required to establish the current findings.
The failure behaviour (Figure 4.5) of specimen A-2 and B-2 was found to be similar to
specimens in Group 1 (A-1 and B-1). The failure occurred through shearing of the
connectors and was observed to be brittle. No crushing or splitting of concrete was
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observed in these specimens, but a hairline crack just appeared at the bottom of slab
was propagating in one slab for both specimens near the failure load. The rebar
connector of both specimens sheared off from the flange near the weld fillet area as
shown in Figure 4.6.

(a) Specimen after failure

(b) Rebar sheared surface: part embedded
into the slab

(c) Rebar sheared surface: part attached to

(d) Hairline crack at bottom of slab

the I-section
Figure 4.5

Failure mode of specimen A-2
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(a) Rebar sheared surface: part embedded

(b) Rebar sheared surface: part attached to

into the slab

the I-section

Figure 4.6

Failure mode of specimen B-2

4.2.3 Group 3: (Test A-3, B-3)
This group consists of the push-out specimen A-3 and B-3 with 16 mm diameter rebar
connectors. The size of the connector (100 by 100 mm) is similar to that used in Group
1 and Group 2. The only difference between these two specimens was in the concrete
strength. In specimen A-3, concrete of 40 MPa compressive strength was used whereas
50 MPa concrete was used for specimen B-3. The test results for this group of
specimens are discussed below.
140
A-3

Load per Connector (kN)

120

B-3

100
80
60
40
20
0

0

2

4

6

8

10

Slip (mm)

Figure 4.7

Load-slip curve of test specimen A-3 & B-3
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The relation between the push-out load and the slip between the concrete slab and the
steel flange is shown in Figure 4.7. The initial portions of the two curves are very
similar with a significant difference in the slip values near and after the ultimate point.
Specimen B-3 (with 50 MPa concrete) showed a flatter peak and gradual decline at the
descending branch of the load-slip curve whereas specimen A-3 (with 40 MPa
concrete) exhibited sharp decline at the descending branch of the curve after the
ultimate point. Here, specimen A-3 and B-3 had experienced different slippage at
failure with the value of 4.71 and 7.41 mm respectively. However, the ultimate shear
capacities obtained from the test for specimens are very close (118 kN for A-3 and 120
kN for B-3). Specimen B-3 which was cast with 50 MPa concrete exhibited more
ductile behaviour after the ultimate point until failure. In reality, high strength concrete
exhibits a relatively brittle failure mode as compared to lower strength concrete.
However, the load-slip curve obtained from these two specimens demonstrated brittle
failure for lower strength concrete (40 MPa) as compared to 50 MPa concrete. This
may be due to the fact that in specimen A-3 (40 MPa concrete) the shear fracture of the
rebar connector might have initiated at the ultimate point before the crushing of
concrete. In general the failure in these specimens was initiated by cracking and
crushing of concrete followed by shear failure of the connector. During the test for
specimen A-3, concrete cracking was observed to develop vertically at the bottom face
of the right slab at 80 kN load level before reaching its ultimate (118 kN) point. As the
applied load is increased, the splitting of concrete propagated upward as can be seen in
Figure 4.9 followed by shear failure of rebar connector on the left slab with a sudden
load drop at its failure point.

(a) Crack propagating during loading
Figure 4.8

(b) Specimen after failure

Failure mode of specimen A-3 at Right slab
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(a) Rebar sheared surface: part embedded

(b) Rebar sheared surface: part attached to

into the slab

the I-section

Figure 4.9

Failure mode of specimen A-3 at Left slab

Specimen B-3 had shown the similar failure pattern as A-3. The initial cracking was
developed at the bottom face of left slab at the stage of 87.5 kN before its ultimate
point. Failure occurred during propagation of splitting the concrete followed by
shearing of connector at right slab with a relatively more ductile behaviour than A-3
after the ultimate point. The possible reason for the ductile failure behaviour of
obtained in specimen B-3 as compare to specimen A-3 is explained in the previous
paragraph.

(a) Specimen after failure

(b) Rebar sheared surface: part
embedded into the slab
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(c) Crack at bottom of slab

(d) Rebar sheared surface: part
attached to the I-section

Figure 4.10

Failure mode of specimen B-3

4.2.4 Group 4: (Test A-4, B-4)
Push-out specimen A-4 and B-4 were included in Group 4. These specimens were
constructed with 20 mm diameter connectors (size of 100 by 100 mm) attached at the
interface between steel flange and concrete block. Concrete strength was varied:
specimen A-4 was cast with 40 MPa concrete and specimen B-4 with 50 MPa concrete.
160
A-4
B-4

Load per Connector (kN)

140
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Slip (mm)

Figure 4.11

Load-slip curve of test specimen A-4 & B-4

Figure 4.11 shows the load versus slip curve obtained from the push-out test for these
specimens. The initial portion of the load slip curve is quite similar with significant
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difference at and after the ultimate point for these two specimens. The magnitudes of
the ultimate load and slip at failure are presented in Table 4.1. Here, specimen A-4
experienced higher slippage (59%) at failure as compared to specimen B-4. On the
other hand specimen B-4 showed about 16% higher ultimate load with regard to the
ultimate capacity of specimen A-4. As observed in Figure 4.11, specimen A-4 exhibited
a gradual decline of the peak load at the descending branch of the load-slip curve due to
concrete crushing failure whereas B-4 had shown sudden load drop after the ultimate
load indicating shear type fracture of connector after cracking and crushing of concrete.
During the test for specimen A-4, concrete cracking (or concrete pry-out failure) was
developed at the level of connector of left slab at 95 kN load level before reaching its
ultimate (125.5 kN) point. As the applied load is increased the cracking and splitting of
concrete propagated like a spider-web around the rebar connector as seen in Figure
4.12. Similar cracking and crushing pattern were observed on the other slab occurring
at 112.5 kN, just after the ultimate point in the declining branch of unloading. Crushing
of concrete was observed accompanied by a considerable bending deformation of the
rebar connectors. The occurrence and progression of failure of specimen A-4 is
presented in Figure 4.13.

(a) Crack propagating during loading
Figure 4.12

(b) Splitting with crushing

Failure mode of specimen A-4 at Left slab
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(a) Splitting of Slab

(b) Concrete crushed at connector level

(c) Deformation of connector 1

(d) Deformation of connector 2

Figure 4.13

Failure mode of specimen A-4 at Right slab

Similar failure mechanism during push-out test was also observed in specimen B-4.
Concrete cracking (or concrete pry-out failure) was developed around the connector at
57.5 kN and 92.5 kN load level for left and right slab respectively, way before its
ultimate (145.5 kN) point. During increment of loading, the cracking and splitting of
concrete propagated in the form of spider-web around the rebar connector as discussed
earlier. Figure 4.14 shows the failure related cracking and crushing of concrete
followed by shear failure of the connector occurring in the right slab.
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(a) Concrete Pry-out around connector

(b) Inner face of Left side

(c) Rebar sheared surface: part embedded
into the slab

(d) Rebar sheared surface: part attached to
the I-section

Figure 4.14

Failure mode of specimen B-4

4.2.5 Group 5: (Test B-5, B-6)
In this group, specimen B-5 and B-6 were incorporated with the bundle connector of 10
mm and 12 mm diameter rebars respectively, attached to steel beam flange. All other
parameters remained fixed such as concrete strength (50 MPa) and connector
dimension (100 by 100mm). The load-slip curves and failure behaviour for these
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specimens are illustrated in Figures 4.15 and 4.16, respectively. The ultimate capacity
and failure slip value are given in Table 4.1.

180

B-5

160

B-6

Load per Connector (kN)
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Figure 4.15

Load-slip curve of test specimen B-5 & B-6

Specimens with bundled rebar connector of 12 mm and 10 mm diameter designated as
B-6 and B-5 had experienced similar slippage at failure with the value of 6.13 and 6.39
mm respectively. However, the ultimate capacity of specimen B-6 was found to be 80%
higher than the capacity of specimen B-5. Though both of them attained similar
slippage at failure, specimen B-5 exhibited gradual decline of load after its peak point.
In the other hand, sharp decline of load was observed in the load-slip curve for
specimen B-6. However, both specimens exhibited shear failure of bundle rebar
connector as shown in Figures 4.16 and 4.17.
Figure 4.16 shows shearing of both side connector failure followed by separation of
concrete block for specimen B-5. This failure occurred by direct shear failure of the 10
mm bundled rebar connectors. No crushing of concrete was observed in these
specimens; a crack appeared at the bottom of slab and propagated in one slab for
specimen B-5 near the failure load.
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(a) Specimen after failure

(b) Separation of Slab (left)

(c) Separation of Slab (right)
Figure 4.16

(d) Sheared connector attached to
flange
Failure mode of specimen B-5

During the test for specimen B-6, concrete cracking was found to develop vertically at
the bottom face of left slab before reaching its ultimate point. As the applied load is
increased, the splitting of concrete propagated upward as shown in Figure 4.17
followed by shear failure of rebar connector on the right slab with a sudden load drop at
its failure point. The rebar connector of both specimens sheared off from the flange
near the weld fillet area.
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(a) Specimen after failure

(b) Separation of Slab (left)

(c) Separation of Slab (right)
Figure 4.17

(d) Sheared connector attached to
flange
Failure mode of specimen B-6

4.2.6 Group 6: (Test B-2a, B-3a, B-4a)
In this group, specimen B-2a, B-3a and B-4a were incorporated. In these specimens
different diameter of rebars (12 mm, 16 mm and 20 mm) were used with a connector
size of 100 by 50 mm. The strength of concrete for these specimens was 50 MPa. Loadslip curves and failure behaviour for the specimens are investigated below.
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Figure 4.18

Load-slip curve of test specimen B-2a, B-3a & B-4a

From the load-slip curve, as shown in Figure 4.18, specimen B-4a (with 20 mm bar)
showed higher ultimate point and gradual post peak behaviour as compared to
specimens B-3a (16 mm) and B-2a (12 mm). The slip at the steel concrete interface for
specimen B-3a and B-4a are very close to each other (11.6 mm for B-3a and 12.7 mm
for B-4a) whereas specimen B-2a has a significantly lower slip value (5.2 mm) at
failure. This indicates brittle failure of specimen B-2a which was constructed with
12 mm diameter rebar connector. However, overall shape of the curves and initial
stiffness are similar as seen in Figure 4.18.
Simple shear failure of connector was observed in specimen B-2a at right slab followed
by separation of concrete blocks (Figure 4.19). For specimen B-3a with 16 mm
diameter rebar failure was initiated by cracking of concrete (Figure 4.20) followed by
shearing of connectors. The hairline cracking was observed in the longitudinal direction
and propagated through the rebar connectors in the inner side of both slabs as shown in
Figure 4.20.
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(a) Separation of Slab
Figure 4.19

(a) Connector attached to flange
Figure 4.20

(b) Sheared connector attached to flange
Failure mode of specimen B-2a

(b) Separation of Slab
Failure mode of specimen B-3a

In specimen B-4a, concrete cracking was developed at the level of both connectors at
155 kN load level before its ultimate load (165.5 kN) point. Further loading have
caused the cracking and splitting of concrete propagated like a spider-web around the
rebar connector as seen in Figure 4.21. This type of failure can be designated as
concrete pry-out failure. Finally, crushing of concrete was observed in this specimen
accompanied by a considerable bending of the rebar connectors, as shown in
Figure 4.22.
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Figure 4.21

Failure mode of specimen B-4a

(a) Bending of connector
Figure 4.22

(b) Crushed (pry-out) concrete block

Failure mode of specimen B-4a (close-up)

4.2.7 Group 7: (Test B-2b, B-3b, B-4b)
Specimen B-2b, B-3b and B-4b were included in Group 7. The length and height of the
rebar connectors in these specimens were 75 mm, instead of 100 mm used in the
previous group of specimen. The diameter of the rebar connector was varied from
12 mm to 20 mm with an intermediate value of 16 mm. The concrete blocks of the
specimens were cast with 50 MPa concrete. The load-slip curve for this group is shown
in Figure 4.23. The figure shows that the initial slope of the three curves are similar
with significant difference in the peak and post peak descending branch. The specimen
B-2b (12 mm connector) and B-3b (16 mm connector) showed a sharp decline after the
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ultimate point whereas specimen B-4b (20 mm connector) showed gradual decline at
the post peak descending branch of the load-slip curve.

Load per Connector (kN)
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Figure 4.23

Load-slip curve of test specimen B-2b, B-3b & B-4b

The slip at failure for specimen B-2b, B-3b and B-4b are found to be 5.0, 5.6 and 17.5
mm, respectively. Increasing the diameter from 12 mm to 16 mm and 20 mm resulted
in increase in slip by 12% and 250% respectively. The ultimate shear capacity is also
increased by 68% and 94% when the diameter of 75 by 75mm rebar connector is
increased from 12 mm to 16 mm and 20 mm respectively.
During the test specimen B-2b and B-3b exhibited brittle failure behaviour as compared
to specimen B-4b. Shear connector failure occurred in specimen B-2b at the left slab
with the separation of concrete blocks (Figure 4.24). In specimen B-3b failure initiated
by cracking of concrete in the form of web through the rebar connectors in the inner
side of left slabs accompanied by the shear connector failure at the right slab as shown
in Figure 4.25.
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Figure 4.24

Failure mode of specimen B-2b

(a) Cracking around connector level
Figure 4.25

(b) Sheared connector attached to flange

Failure mode of specimen B-3b

In specimen B-4b, concrete cracking was developed at the load level of 80 kN and 97.5
kN in the bottom of the right and left slab respectively before its ultimate (153 kN)
point. Further loading resulted in cracking and splitting of concrete which propagated
in all directions around the rebar connector as shown in Figure 4.26. Finally Crushing
of concrete was observed accompanied by a considerable deformation of the rebar
connectors shown in Figure 4.27.
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(a) Cracking propagate during loading

(b) Splitting & crushing of concrete after failure
Figure 4.26

Figure 4.27

Failure mode of specimen B-4b

Deformation of connector at specimen B-4b

77

Table 4.2

Series

A

B

f'c
(Mpa)

40

50

50
B'
50

Load-Slip Summary of Push-out test specimens

dia
Specimen

d
(mm)

Pu

ΔPu

Smax

ΔSmax

(kN)

(%)

(mm)

(%)

A-1

d10

57.5

-

3.17

-

A-2

d12

97.5

69.6

4.57

44.2

A-3

d16

118.0

105.2

4.71

48.6

A-4

d20

125.5

118.3

11.67

268.1

B-1

d10

51.0

-

4.90

-

B-2

d12

82.0

60.8

4.83

-1.4

B-3

d16

120.0

135.3

7.41

51.2

B-4

d20

145.5

185.3

7.35

50.0

B-2a

d12

84.5

-

5.19

-

B-3a

d16

135.0

59.8

11.62

123.9

B-4a

d20

165.5

95.9

12.72

145.1

B-2b

d12

79.0

-

5.00

-

B-3b

d16

133.5

69.0

5.59

11.8

B-4b

d20

153.0

93.7

17.47

249.4

The increment of ultimate capacity and slip values at failure of all push-out specimens
are summarized in Table 4.2. These increments have calculated with respect to the
smallest diameter of rebar connector in each series.
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4.3

Parametric studies

4.3.1 Effect of the Diameter of rebar connector
In this study, four different diameter (10 mm, 12 mm, 16 mm and 20 mm) deformed
rebar connectors were used in the push-out tests. To study the parametric evaluation of
connector diameter, primarily eight specimens were taken where all other parameters
remained same. Effect of the rebar diameter on the load-slip curve obtained from the
push-out tests are presented in Figures 4.28 and 4.29 for series A (40 MPa) and series B
(50 MPa) specimens, respectively with the same L-shape connector size of 100 by 100
mm dimension.
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Figure 4.29

Effect of Rebar Diameter for Series B
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For both series, increasing the diameter of connector results in an increase in push-out
load capacity of the specimen without significantly changing the initial stiffness and the
overall shape of the load-slip curve. Specimens with smaller diameter connectors
exhibited a less ductile behaviour (i.e. smaller slip values at failure) as compared to the
specimens with larger diameter of connectors. The ultimate capacity of the test
specimen was observed to be affected significantly by the diameter of rebar connectors
as shown in Table 4.2. For specimens with 40 MPa concrete the increase in ultimate
capacity was found to be 69%, 105% and 118% when the rebar dia. is increased from
10 mm to 12 mm, 16 mm and 20 mm, respectively. This increase in capacity for series
B specimens (50 MPa concrete) was observed to be 60%, 135%, 185% respectively for
the similar increase in diameter.
Effect of rebar diameter was also investigated for different height and length of L-shape
rebar connectors. Specimens B-2a, B-3a and B-4a of Group 6 were constructed with
100 by 50 mm connectors and 50 MPa concrete. The diameter in these specimens
varied from 12 to 16 mm and 20 mm. Similarly, specimens B-2b, B-3b and B-4b were
fabricated with 12 mm, 16 mm and 20 mm diameter L-shape rebar connectors with a
height of 75 mm and length of 75 mm. The load slip curves for these specimens are
presented in Figures 4.30 and 4.31.
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Figure 4.30

Effect of rebar diameter for Series B' (L size: 100 by 50 mm)

Both the figures show that as the diameter increases the ultimate capacity and ductility
of the push-out specimen increases. The percent increase in the ultimate capacity and
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slip values are included in Table 4.2. For connector size of 100 by 50 mm, the capacity
for 20 mm diameter bars increases by 96% as compared to the capacity obtained for
12 mm diameter bars. This increase in capacity was observed to be 60% for 16 mm
diameter connectors. The failure slip at the steel concrete interface for 20 mm diameter
connectors was found to be 145% higher as compared to the 12 mm diameter
connector. Similar effects of diameter on load-slip behaviour are also observed for
specimens with connector size of 75 by 75 mm, as shown in Figure 4.31 and Table 4.2.
For both size of L-shape connectors the smaller diameter bars show brittle failure
behaviour as observed from the sharp decline of the load-slip curve (Figures 4.30 and
4.31).
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Figure 4.31

Effect of rebar diameter for Series B' (L size: 75 by 75 mm)

So, it can be concluded that, the ultimate capacity and ductility of the test specimens
were affected significantly by the diameter of rebar connectors regardless the concrete
strength or L size of the connectors.
4.3.2 Effect of the Length of rebar connector
To study the effect of horizontal anchored length of the rebar connector on the uplift of
separation of the concrete slab, two values 50 mm and 100 mm of anchor length was
considered. Six specimens of series B and B' were selected to evaluate the effect of
horizontal length (anchor or hooked length) of connector. 12, 16 and 20 mm diameter
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connectors were studied separately. Two different anchored lengths of 50 mm and 100
mm were taken as variable parameter while other parameters such as diameter of
connector, concrete strength (50 MPa) remained unchanged in each set of specimen.
The effects of the horizontal anchor length of the shear connectors on the ultimate shear
capacity are presented in Figure 4.32.
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Figure 4.32

Effect of Length of series B & B'

From the figure it is observed that, for 12 mm diameter bars the horizontal length of the
anchor bar does not affect the ultimate capacity of the test specimen. This may be due
to the fact that in specimens with 12 mm connectors the failure occurred due to the
direct shear failure of the connector. However, for 16 mm and 20 mm rebar connectors
capacity was observed to be slightly increased by the reduction of the horizontal length
from 100 mm to 50 mm. This increment was observed to be only 12% for 16 mm bars
and 13% for 20 mm bars. The load-slip behaviour also demonstrates the slightly
improved behaviour for lower value of anchor length for higher diameter bars. This
may be due to the fact that for higher diameter bars failure occurred by concrete failure
instead of direct shear failure. However, in this study only one orientation of rebar was
considered i.e. the horizontal length of the L-shape bar was placed along the loading
direction. The effect of opposite orientation must also be investigated.
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The uplift or separations of concrete slab from the steel flange during push-out test for
these specimens were also recorded. The separation was measured by 5 mm capacity
dial gauges placed at the side of concrete slab, up to the ultimate point. The uplift or
separation of concrete was found be within the range of 0.40~1.72 mm and 0.20~1.00
mm for anchor length 100 mm and 50 mm, respectively. As these values of uplift are
negligible, so this parameter has insignificant influence over rebar connector’s
behaviour.

4.3.3 Effect of the Height of rebar connector
Since there is no significant effect found for the length of connector, then six specimens
included in series B' were taken into consideration to evaluate the effect of height of
connector. Diameters of the bars used were: 12, 16 and 20 mm. Strength of concrete
was 50 MPa. The connector height was varied from 100 mm to 75 mm. Other
parameters such as diameter of connector, concrete strength remain unchanged in each
set. The graphical representations illustrate the effect of this parameter below:
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Effect of Height on 12 mm connector
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Figure 4.34
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Effect of Height on 20 mm connector

Figures 4.33, 4.34 and 4.35 illustrate the effect of height on the load-slip behaviour of
the push-out test specimens with 12 mm, 16 mm and 20 mm diameter connectors
respectively. It has seen from the figures that, there is no significant effect of connector
height on ultimate shear capacity, slip value and initial stiffness of the load-slip curve
obtained from the push-out tests. In present, the thickness of the concrete slab on both
sides of the steel beam was 130 mm. It was not possible to study the effect of length
higher than 100 mm in this 130 mm thick slab due to the provision for concrete cover
and placement of rebars in the composite floor slab.
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4.3.4 Effect of the Compressive strength of Concrete
Concrete strength has a significant effect on the shear resistance of rebar shear
connector and failure mode. In this study, eight specimens divided into two groups
(series A and B) of different concrete strengths of 40 and 50 MPa were studied. Figures
4.36 and 4.37 illustrate the effect of concrete strength on the load-slip behaviour of the
push-out test specimens with 16 mm and 20 mm diameter connector respectively. It is
obvious from the figures that as the concrete strength increases the ultimate load
carrying capacity of the test specimen increases accompanied by significant
enhancement in the slip values near the ultimate point. For 20 mm diameter connectors
increasing the concrete strength from 40 to 50 MPa resulted in 16% increase in the
ultimate load accompanied by 59% difference in the slip to failure. However, for
16 mm diameter connectors the capacity was found to be increased by 1.7%
accompanied by 57% increment in slip value from 4.71 to 7.41 mm for the similar
increase in concrete strength.
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Effect of Concrete strength on 16 mm dia. connector
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Effect of Concrete strength on 20 mm dia. connector

The analysis of shear capacity for eight (series A and B) specimens related to concrete
strength is presented in Figure 4.38.

Ultimate capacity of Connector (kN)

160

140
120
A series (40 Mpa)

100

B series (50 Mpa)

80
60
40
20
0
8

10

12

14

16

18

20

22

Dia. of rebar connector (mm)

Figure 4.38

Effect of Concrete strength of series A & series B
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For 16 mm and 20 mm connector specimens, ultimate load capacity increases with the
increase of concrete strength from 40 to 50 MPa. On the other hand, marginal reverse
effect is seen for 10 and 12 mm connector for increase in concrete strength from 40 to
50 MPa. Therefore it may be concluded that, benefits of increasing the rebar diameter
increases with the increment in concrete strength.
4.3.5 Bundle Effect of connector
Specimens B-5 and B-6 were designed to study the effect of bundle bars of 10 mm and
12 mm diameter as rebar connectors. The bundle effects of lower diameter bars are
studied since these bars are easy to bend and place on the steel flange. Specimen B-5
consisted of 2 numbers of 10 mm connector (bundled) assumed to act equivalent to 20
mm connector which was used in specimen B-4. All other parameter such as concrete
strength, L-shape connector size remained same for both specimens.
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Bundle Effect of specimen B-5

The load-slip behaviour of 20 mm diameter connector and 2-10 mm (bundled bar)
connectors are compared as shown in Figure 4.39. It was observed that the performance
of specimen B-4 (with single 20 mm rebar) is significantly better than that of specimen
B-5 (2-10 mm connector bars). Bundled connector (2-10 mm bars) in specimen B-5
experienced 70% lower ultimate capacity than specimen B-4 (1-20 mm bar). The
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ultimate capacities (Table 4.1) of push-out specimens with 2-10 mm (B-5) bars are
close to the specimens with single 10 mm (B-1). This is due to the fact that specimens
with lower diameter bars exhibits direct shear failure even though they are bundle with
two bars. Further investigation regarding this, must be studied in terms of equivalent
area of rebar diameter. Therefore, it is not feasible and safe to replace a higher diameter
bar with equivalent lower diameter bundle bars.
4.4

Comparison of Experimental data with AISC 360-16 Code

The current American Standard (American Institute of Steel Construction Inc. 2016)
specifies that the nominal shear strength (𝑄𝑛), of one headed stud anchor embedded in a
solid concrete slab be evaluated using Eq. 2.1. For end welded studs in solid slabs with
h/d ≥ 4.0

𝑄𝑛 = 0.5 𝐴𝑠𝑐 √(𝑓’c𝐸𝑐) < 𝑅𝑔𝑅𝑝𝐴𝑠𝑐𝐹𝑢

(4.1)

As described earlier in Chapter 2, AISC 360-16 adopted the Ollgaard (1971)’s
proposed equation to work out the shear strength of headed welded shear connectors,
based on the test results of 48 push-out specimens with 16 mm and 19 mm diameter
studs embedded in normal and lightweight concrete. It was reported (Ollgaard, 1971)
that the strength of a shear connection in a solid slab is a function of concrete strength,
modulus of elasticity of concrete and the cross-sectional area of a connector.
The main objective of this thesis was to evaluate the reliability of Eq. 4.1 in predicting
the shear capacity of deformed L-shape rebar shear connectors in solid concrete slabs
and if necessary, to introduce a modified version of this equation that would provide
better correlation with the test results.
4.4.1 Evaluation of Current Formulation
A comparison between the experimentally obtained shear capacity and AISC code
predicted capacity is presented in Table 4.3. The results of the 14 specimens involving
single rebar connector embedded in solid concrete slabs are included. The predicted
values were calculated using Eq. 4.1.
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Table 4.3

Comparison of Experimental and Predicted Capacities of Test
Specimens

Sl.
No

Specimen

1
2
3
4
5
6
7
8
9
10
11
12
13
14

A-1
A-2
A-3
A-4
B-1
B-2
B-3
B-4
B-2a
B-3a
B-4a
B-2b
B-3b
B-4b

Concrete
strength
(MPa)

40

50

50

Rebar
connector
dia (mm)
d10
d12
d16
d20
d10
d12
d16
d20
d12
d16
d20
d12
d16
d20

Exp.
Load,
Pexp (kN)
57.5
97.5
118.0
125.5
51.0
82.0
120.0
145.5
84.5
135.0
165.0
79.0
133.5
153.0

PAISC
(kN)

Pexp/PAISC

46.2
66.6
118.4
184.9
54.6
78.6
139.8
218.5
78.6
139.8
218.5
78.6
139.8
218.5
Mean
S.D.

1.24
1.46
1.00
0.68
0.93
1.04
0.86
0.67
1.08
0.97
0.76
1.01
0.95
0.70
0.95
0.21

As observed from Table 4.3, generally the AISC formula gives good correlation of
ultimate load per rebar connector except 20 mm diameter connector. The Pexp to PAISC
ratios for connector of 10, 12, 16 and 20 mm diameter are found to be 1.09, 1.15, 0.94
and 0.70 respectively. The ratios of experimental to predicted capacities range from
0.67 to 1.46 with a mean value of 0.95 and standard deviation of 0.21. Standard
deviation is higher due to the results of the specimens with 20 mm diameter rebar
connectors. It is seen that for 20 mm diameter rebar connector the experimental to
predicted ratio varies from 0.67 to 0.76.
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Experimental to Code predicted capacity ratio versus rebar diameter

Graphical representation provides better understanding of these factors as shown in
Figures 4.40 and 4.41. Figure 4.40 presents the comparison of experimental and code
predicted capacities for all test specimens whereas Figure 4.41 shows the average
capacity ratios for 10, 12, 16 and 20 mm diameter bars. These figures demonstrate that
the AISC code specified equation for stud connectors overestimated the experimental
capacities for 20 mm diameter rebar connectors. Therefore to apply the AISC equation
(Eq. 4.1) for L-shape rebar connector a correction factor of 0.7 is proposed and
therefore Eq. 4.1 will take the following form,
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𝑄ud = 0.7 x 𝑄n
= 0.7 x 0.5 𝐴𝑠𝑐 √(𝑓’c𝐸𝑐)

Therefore, 𝑄ud = 0.35 𝐴𝑠𝑐 √(𝑓’c𝐸𝑐) < 𝐴𝑠𝑐𝐹𝑢

(4.2)

where, 𝑄ud is the Design shear resistance of rebar connector.
The above equation (Eq. 4.2) can safely be used to predict the capacity of 10, 12, 16
and 20 mm L-shape rebar connectors in solid slabs cast with normal weight and normal
strength concrete. The L-shape deformed rebar connectors with diameter not less than
16 mm can be effectively used in composite beams due to the brittle failure behaviour
obtained from push-out specimens with 10 and 12 mm diameter bars.
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Chapter 5
CONCLUSIONS AND RECOMMENDATIONS

5.1

Conclusions

The behaviour of deformed L-shape rebar shear connectors in solid concrete slab was
investigated in this thesis. The experimental investigation involved the testing of 16
push-out specimens under static axial compression with rebar connectors attached to
steel I-section and embedded in concrete. The test specimens were designed to study
the effect of a number of parameters on the shear capacity and behaviour of rebar
connectors. The main parameters investigated were the size (height, length and
diameter) of the L-shape rebar connector and concrete compressive strength. The
experimental observation focused on the modes of failure, slip, ductility and capacity of
shear connection. The applicability of AISC 360-16 design equation for the prediction
of the ultimate capacity of rebar connectors was assessed and recommendations were
provided.

The following conclusions are drawn within the limited scope of the study:

1. The failure of the push-out specimens with smaller diameter connectors (10 mm
and 12 mm) occurred by shearing of the rebar connectors followed by
separation of concrete block on one or both side(s) of the steel section. On the
other hand, for 16 mm and 20 mm diameter rebar connectors, failure was
initiated by cracking of concrete followed by crushing of concrete or shearing of
connector.
2. The ultimate capacity and slip to failure of the push-out specimens were
significantly influenced by the diameter of the rebar connectors. For specimens
with 50 MPa concrete the increase in ultimate capacity was found to be 60%,
135% and 185% when the rebar diameter is increased from 10 mm to 12 mm,
16 mm and 20 mm, respectively.

3. Load-slip curves observed in the push out tests are two types: Sharp load-drop
after ultimate point indicates connector failure caused by connector rupture due
to direct shear and gradual decline after ultimate load represents concrete
cracking followed by crushing.
4. Lower diameter rebar connectors (10 mm and 12 mm) showed lower slip values
at failure indicating brittle failure as compared to that of higher diameter
connectors (16 mm and 20 mm).
5. Benefits of increasing the rebar diameter increases with the increment in
concrete strength.
6. The load-slip behaviour of the rebar shear connectors obtained from push-out
test was not significantly affected by the size (height and length) of the L-shape
connector.
7. Concrete strength has a significant effect on the shear resistance of rebar shear
connector and failure mode for larger diameter bars. For 20 mm diameter
connectors increasing the concrete strength from 40 to 50 MPa resulted in 16%
increase in the ultimate load accompanied by 59% difference in the failure slip
value.
8. For lower diameter bars the increase in concrete strength did not increase the
capacity and slip at failure due to shearing failure of connectors.
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5.2

Design Recommendations

According to parametric discussion from the limited scope of the study, the design
recommendations for L-shape rebar connectors are as follows:

a) The height of the L-shape rebar connector must be larger than 75 mm as the
AISC 360-16 code provision suggests a height to diameter ratio, h/d ≥ 4.0.
b) 50 mm anchor length (horizontal length) for L-shape rebar connectors may be
used. This also meets the criteria of the headed diameter of stud type shear
connectors which should be 1.5 times the shank diameter (Eurocode 4).
c) A modified design equation (as given below) is recommended for rebar shear
connector with a correction factor of 0.7 to the AISC 360-16 design equation of
stud connector.
𝑄ud = 0.35 𝐴𝑠𝑐 √(𝑓’c𝐸𝑐) < 𝐴𝑠𝑐𝐹𝑢

5.3

(5.1)

Suggestions

The following recommendations are provided for future research to better understand
the behaviour of rebar shear connectors in steel-concrete composite members.
i.

Further experimental investigations are required to investigate the effect low
strength (less than 30 MPa) and high strength concrete (greater than 60 MPa).

ii.

Effect of larger bar diameters and various anchor heights must be studied.

iii.

Strength of rebar shear connector in this study was 420 MPa. Behaviour of high
strength deformed rebars as shear connectors must be addressed in future work.

iv.

The behaviour of rebar shear connectors in steel-concrete composite beams
should be investigated and compared with the push-off test results.

v.

Nonlinear finite element analysis on the behaviour of rebar shear connectors is
required to carry out an extensive parametric study.

vi.

Effect of rebar connectors in metal deck composite slab need to be investigated.
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