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Abstract

Cold-formed steel (CFS) construction is widely recognised as an important contributor to sustainability and
green construction. Thus, the use of CFS construction is encouraged and had been advanced by innovations
in its structural applications. One such innovation that has recently gained popularity is the use of CFS sections
in composite construction. The researchers assembled two CFS C-lipped channels back to back to construct I-
beam sections for testing. Innovative bracket shear connectors were also developed and inserted between
concrete slabs and steel beams in order to provide composite action. The composite beams were drastically
stronger and stiffer than non-composite beams. The experimental results were validated theoretically with a
high level of correspondence. The proposed composite beams with CFS sections were found to be strong and
stiff enough to be used in the construction industry.

Keywords
cold-formed steel, shear connector, composite beam, concrete slab, strength capacity, partial shear
connection

1 INTRODUCTION

Cold-formed steel (CFS) sections have become increasingly popular in the past decade [1-9], and the effectiveness
of applying CFS sections to beams has been postulated by professionals in the construction industry [4]. In developed
countries, CFS is used prominently in the structural members of sustainable buildings [10]. However, CFS sections are
primarily designed to be non-composite members used for framing, roof trusses on metal buildings, and racks [11]. The
application of CFS is currently limited because its thinness can lead to buckling. Composite steel-concrete beams,
conversely, are more extensively used in the construction industry. They are more economical and possess higher
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strength capacities than bare steel beams [12]. The use of composite principles is appropriate for promoting the
widespread use of CFS sections in the construction industry [13].

Composite construction is an excellent option for minimizing, or even preventing, buckling in the compressed top
flange of CFS beams. This can be done by attaching a concrete slab to a CFS beam via shear connectors. Doing this shifts
the neutral axis of a steel beam up so that the top flange of the CFS beam experiences less compression stress. Thus, a
composite beam system could increase the strength capacity and stiffness of non-composite CFS beams. Also, concrete
prevents the CFS beam’s top flange from buckling, improving the performance of the composite beam. Shear connectors
must be used in the development of such composite beams, as these connectors promote a robust interaction between
the beam and concrete slab. Due to the thinness of CFS sections, the use of a welded headed stud is not suitable [14].
Therefore, new shear connectors need to be designed to be used in composite beams with CFS sections.

Such beams are suitable for a small- to medium-sized buildings [15], in which the use of composite beams with a
hot-rolled steel section would be ineffective due to a low level of interaction between the steel beam and the concrete
slab [16]. A few researchers have investigated the feasibility of using CFS sections with concrete as a composite beam
and have proposed new shear connectors [14, 17-20]. The composite action between the concrete slabs and CFS sections
has been approved. These studies have shown that the degree of shear connection is a crucial factor. The degree of shear
connection depends on the shear connector’s configuration, spacing, shape, and type. Likewise, the concrete strength
and CFS section’s thickness influence the degree of shear connection. Nevertheless, the performance and behaviour of
CFS sections in beams is not clear, as little data is available. A comprehensive review on this topic has been reported
elsewhere [21].

In the present study, new composite beams with CFS sections are proposed and experimentally tested. Each
concrete slab was attached to a CFS beam with one of three shear connector types (i.e., a hot-rolled plate shear connector
(HPSC), a single-bracket shear connector (SBSC), or a double-bracket shear connector (DBSC)) using steel brackets. The
results of push-out tests for these shear connectors have been reported previously by Bamaga [22], who found that each
of the three connectors is extremely ductile and has an adequate strength capacity. For the proposed composite beams,
bending moment capacity was found via a theoretical analysis in which the strength of each shear connector was based
on the results of the push-out tests.

2 MATERIAL AND METHODS

2.1 Full-scale test specimen

The full-scale beams used in the study were 4360 mm long. The span between supports (effective length) was
4000 mm. These lengths were chosen because they represent the common span in small- and medium-sized buildings.
The concrete slabs were 1000 mm wide. This width was based on the effective width principle given by Eurocode 4, which
recommends that the width is one-quarter of the span [23]. The thickness of each slab was 110 mm. Two back-to-back
lipped C-channels were used to form a CFS I-beam, and a profile metal deck was applied to form a concrete slab that was
oriented perpendicularly to the steel beam axis. Figure 1 shows a cross section of the proposed composite beams. Three
types of shear connectors (SBSC, DBSC, and HPSC) (Figure 2) were inserted between the slab and the beam to create a
robust composite beam. The fabrication of the proposed shear connectors is presented elsewhere [22].
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Figure 1: Cross-section of the proposed beams
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Figure 2: Types of shear connectors
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A reinforcement mesh with a diameter of 6 mm (A142) was placed at the top of the concrete slab with 20 mm of
nominal cover. Figure 3 shows the composite beam test specimens and the arrangement of the shear connectors. The
formwork and casting work are shown in Figures 4(a) and -(b), respectively. A total of six composite and two non-
composite CFS beam specimens were tested. Two parameters were studied: the type of shear connector and the
thickness of the CFS section (2.0 mm or 2.3 mm). As it is shown in Figs. 3, the shear connectors and double channel
sections mounted together in the same phase to form a solid base beam for the composite beam.
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Figure 3: Full-scale specimens with shear connectors arrangements
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a) formwork b) casting of composite beam specimens

Figure 4: Preparation of full-scale specimens

2.2 Test setup and experimental procedure

A DARTEC jack machine with a 1000-kN capacity was used to test the composite beam specimens. Two concentrated
loads were located 1025 mm from the supports; these were applied to the specimens as part of a four-point bending
test system. A pure bending moment occurred during this flexural test between the point loads along the section with
no shear force (vRd). A pin support and a roller support were provided at both ends of each specimen. All composite
specimens were laterally restrained to represent the restraint provided from the composite concrete slab in its
construction. The control specimens were also laterally restrained to prevent premature failure due to lateral buckling.

Figures 5(a) and -(b) show schematic diagram and real view of the full-scale composite beam test setup, respectively.
The deflection of the specimen was monitored at the mid-span with an LVDT transducer. At both ends of the beam, the
slip between the steel beam and concrete slab was determined by LVDT transducers. Strain gauges were used only for
composite specimens with 2.3-mm thick steel beams. They were carefully set at the bottom steel flange and at the top
of the concrete fibre in the mid-span section to evaluate the interaction between the steel beam and concrete slab of
the specimens [24]. A data logger was used to collect all measurements from the LVDTs and strain gauges.
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a) schematic diagram of full-scale composite beam test

b) actual view of full-scale composite beam test

Figure 5: Test set-up of full-scale specimen

A similar procedure was adopted to test the composite beams. A hydraulic jack and a load cell were used to apply
and measure the concentric load applied to the specimens. The load was applied to the test specimen by a “spreader
beam”, as shown in Figure 5. An initial load of 15 kN was applied to the specimen, which was then unloaded to zero to
ensure a state of equilibrium in the specimen. The load applied to the specimens was increased gradually by increments
of 0.50 min/sec. Each test ended when the specimen failed.
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2.3 Material properties

The materials used in the construction of the proposed composite beam (i.e., the CFS sections, shear connectors,
concrete, and reinforcement mesh) were tested to identify their properties. The results of these tests are presented in
Table 1. The specs of the concrete and reinforcement steel used in the composite beam were C25/30 and A142,
respectively.

Table 1: Material properties

Reinforcement

shear connector Cold formed steel beam Concrete
mesh
Specimen foictest
Type PRrd A t fy fu E foi, 28 E e fy fu
(kN)  (mm) (mm) (MPa) (MPa) (GPa) (MPa) (GPa) (MPa) (MPa) (MPa)
Composite FSSBSC250-20 SBSC 40.7 25.9 2.0 542.6 575.7 191.0 26.6 229 28.5 641 676.9
FSDBSC250-20 DBSC 515 21.0 2.0 31.9
FSHPSC250-20 HPSC 51.8 34.0 2.0 29.2
FSSBSC250-23 SBSC 444 441 2.3 518.7 558.4 1874 23.0 20.6 24.0
FSDBSC250-23 DBSC 57.6 22.2 2.3 23.6
FSHPSC250-23 HPSC 52.6 30.4 2.3 24.2
Control FSSC250-20 N/A N/A N/A 2.0 542.6 575.7 191.0 - - - N/A N/A
FSSC250-23 N/A N/A N/A 2.3 518.7 5584 187.4 - - - N/A N/A

Pra:strength capacity of shear connector

Auk: characteristic slip capacity of shear connector
t: thickness

fy: yield strength

fu: ultimate strength

fe: cylindrical concrete compressive strength

E: modulus of elasticity

3 RESULTS AND DISCUSSIONS

To determine the flexural capacity of the composite beams and to investigate the effects of using different types of
proposed shear connectors on the behaviour of composite beams, the simply supported four-point bending tests were
conducted on the full-scale composite beams. The results of these full-scale experimental tests are summarised in Table 2.

Table 2: Experimental results of full-scale specimens

Py .
specmen (:':') (k) (k:ﬂ:n) (|:|:1) I:msr:’))
(At first crack)
FSSBSC250-20 172.3 127.2 88.3 32.3 0.2
FSDBSC250-20 182.8 128.7 93.7 33.5 0.3
FSHPSC250-20 180.8 129.1 92.7 36.6 0.1
FSSBSC250-23 187.3 130.2 96.0 34.1 0.4
FSDBSC250-23 213.3 140.0 109.3 40.6 0.3
FSHPSC250-23 202.8 120.4 103.7 38.5 0.3
FSSC250-20 89.8 - 46.0 29.0 -
FSSC250-23 82.9 - 42.5 23.4 -

Py: ultimate load

Mu: moment capacity from experimental test

Su: ultimate deflection at mid span

H-slip: slip between steel beam and concrete slab

The curves of mid-span deflection versus the subjected load for beams with CFS sections of two different thicknesses
(2.0 and 2.3 mm) are shown in Figures 6(a) and -(b), respectively. As the figures show, mid-span deflection increases
linearly when load increases during the elastic stage. For control specimens, elastic failure was observed when the CFS
section buckled. In contrast, the composite beams failed quite long after the control specimens due to the composite
action between the CFS beam and the concrete slab equipped with shear connectors. All composite specimens continued
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to receive the applied load in a non-linear manner until the ultimate load (Pu) was reached. In addition, the composite
beams experienced less deflection than the non-composite ones when the same load was applied. This finding can be
attributed to the composite action of composite beams.
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Figure 6: Load-deflection curves of full-scale speciemens

The failure modes are summarised in Table 3. Generally, all composite specimens experienced similar cracking
patterns. The load at which the first crack was formed is shown in Table 2. For all specimens, the primary cracks occurred
at a location below the load and became larger as the load increased. This is due to the concentration of stress around
the point loads. Longitudinal cracks in the concrete slab and transverse cracks in shear span and bending span were also
observed (Table 3). The resistance of the concrete flange of the slabs to shear force was calculated theoretically using
the recommendations of Eurocode 4 and Equation 1 [25]. The results of the calculations are presented in Table 4. The
longitudinal cracks that appeared on the concrete slabs of composite beams could be the result of the higher longitudinal
shear force received by the shear connectors compared to the concrete flange as shown in Table 4.

17Rd:2-5"“4011*rl‘*‘[Rd"i'Ae*};%k S 02%Agy *n* for /Yo (1)

N

where
A.,: Cross-sectional area of concrete per unit length in any shear plane
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Trq: Basic shear strength of concrete

A.: Reinforcement crossing shear plane

f 4.+ Yield strength of the reinforcement
n: A factor taken as 1 for normal concrete
Y, Y. Partial safety factor

Table 3: Failure modes of full-scale beam specimens

Specimen Concrete slab steel beam Shear connector
FSSBSC250-20 Longitudinal and transverse Web failure underneath the None
cracks at bending and shear points load
span
FSDBSC250-20 Longitudinal and transverse Web failure underneath the None
cracks at bending and shear points load
span
FSHPSC250-20 Longitudinal and transverse Web failure underneath the None
cracks at bending span only points load
FSSBSC250-23 Longitudinal and transverse Web failure underneath the None
cracks points load
FSDBSC250-23 Longitudinal and transverse Web failure underneath the None
cracks at bending and shear points load
span
FSHPSC250-23 Longitudinal and transverse Web failure underneath the None
cracks at bending and shear points load
span
FSSC250-20 None localized buckling at top flange None
underneath the points load
FSSC250-23 None buckling at top flange None

All composite beams failed due to a combination of high shear force and bending moment at critical sections (i.e.,
sections below the point loads), as shown in Figure 7. Figure 8 shows the typical cracking patterns and failure modes of
the composite specimens; the typical failure mode of the control specimens is shown in Figure 9.

i =N N N NNV B = —
- 000 N
P/2

Shear

P2
Moment

1.025%p/2 1.025%P/2

025 950 025

Figure 7: Critical section underneath point loads
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a) Transverse crack underneath point load b) Transverse crack at shear span

c) Longitudinal crack d) Transverse cracks at bending span

) Failure of steel beam web

Figure 8: Typical crack patterns and failure modes of composite specimens

Figure 9: Typical failure mode of control specimens
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The deflection of the composite beam was calculated theoretically using the transformed section method. It has
been stated that, for beams under service conditions, 50% of the ultimate load could be applied [26]. The effects of the
partial shear connection were considered by using Equation 2. Table 4 shows the theoretical deflection values and their
corresponding experimental values. The experimental deflection data were significantly better than the corresponding
deflections predicted using the transformed section method. Moreover, the experiments showed improvements in
deflection when compared to the limit of span/200 given by most codes of practice.

5 _ N[ _
5‘1'0+C[1 Nf]*[gc 1] 2)
where

6.: defection of the composite beam with full shear connection
8, defection of the steel beam under the same loads

N .
- degree of shear connection
f

C: A coefficient taken as 0.3 for un-propped construction and 0.5 for propped construction

Table 4: Comparison between theoretical and experimental deflection and longitudinal shear

Specimen 0.5*P, 8e Scal VRd v
(kN) (mm) (mm) (kN/m) (kN/m)
FSSBSC250-20 86.1 8.7 20.3 119.8 125.2
FSDBSC250-20 914 8.9 20.9 119.8 158.6
FSHPSC250-20 90.4 8.2 20.7 119.8 159.4
FSSBSC250-23 93.6 9.1 18.0 119.8 136.6
FSDBSC250-23 106.6 10.7 19.4 119.8 177.3
FSHPSC250-23 101.4 8.9 18.9 119.8 161.7

8e: deflection at load of 0.5*P,

8cal: calculated deflection based on transformed section method
Vvrd: shear resistance of concrete flnage of slab

v: longituidinal shear force

Composite beam specimens exhibited much greater ultimate moment capacity than non-composite CFS beam
specimens (see Figures 5(a)(b) and Table 2). The ultimate moment capacity of composite beams with a 2.0-mm thick CFS
section was 100% greater than that of 2.0-mm thick non-composite beam specimens. Composite beams with CFS sections
that were 2.3 mm thick exhibited an average ultimate moment capacity that was 142% greater than the ultimate moment
capacity of non-composite specimens of the same thickness. During the linear loading stage, composite construction
improved the stiffness of CFS beams by at least 270% for beams with 2.0-mm thick CFS sections and 259% for beams
with 2.3-mm thick CFS sections (see Figures 5(a) and -(b)).

The researchers investigated the effects of the proposed shear connectors (i.e., SBSC, DBSC, and HPSC) on the
strength and behaviour of composite beam specimens. Specimens with DBSC shear connectors sustained a greater
ultimate moment capacity with increases of up to 13.9% when compared to specimens with SBSC shear connectors and
5.4% when compared to specimens with HPSC shear connectors (see Figures 5(a) and —(b) and Table 2). This is because
a DBSC shear connector possesses a higher design strength capacity than HPSC or SBSC shear connectors (see Table 1).
All composite specimens displayed similar stiffness traits during linear stage loading, as presented in Figures 5(a) and -
(b). However, as load increased, the stiffness of specimens with SBSC shear connectors dropped below that of the other
specimens, perhaps owing to their lower strength capacity.

Table 2 shows the ultimate moment capacities that were experimentally obtained for composite beam specimens
with CFS sections of two different thicknesses (i.e., 2.0 and 2.3 mm). As expected, an increase in the thickness of the CFS
section enhanced the composite beams’ ultimate moment capacity. For example, specimens with DBSC shear connectors
and 2.3-mm thick CFS sections had an ultimate moment capacity that was 16.7% greater than specimens with DBSC shear
connectors and 2.0-mm thick CFS sections. Similar findings were observed for specimens with HPSC and SBSC shear
connectors. These findings coincide with results obtained by other researchers [10, 18].

Figure 10 shows the strain distribution for composite beam specimens with 2.3-mm thick CFS sections. Strains at
the top of the concrete slab fibre and at the bottom steel flange of the steel beams were recorded. The composite beams
behaved similarly to steel beams in terms of their interaction with concrete slabs, in that a complete interaction did not
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take place. Such incomplete interactions could be the result of significant differences between the fibre strains at any
given load level. Also, the relatively great bottom steel and concrete slab fibre strains in FSSBSC250-23 specimens indicate
a greater reduction in the interaction between the concrete slab and steel beam. The development of cracks could be
the cause of strain reversal during the advance loading stage near the ultimate load.

250 ... bottom steel flange strain JERE i EReKeas bottom steel flange fibre

— concrete slab fibre concrete slab fibre

-200

Load (KN)

Load (KN)1

-1000 0 1000 2000 3000
-1000 0 1000 2000 3000

Strain (micro-strain) Strain (micro-strain)

FSSBSC250-23 FSDBSC250-23

=250 | eeenees bottom steel flange fibre
= concrete slab fibre

-
..'
.

Load (KN)

-1000 0 1000 2000 3000

Strain (micro-strain)

FSHPSC250-23
Figure 10: Strain distribution

4 COMPARISON OF EXPERIMENTAL AND THEORETICAL RESULTS

The degrees of shear connection of all the specimens observed in the present study are given in Table 5. The value
of this parameter is below the Eurocode 4 limit (K<0.40) for all the specimens. However, it has been reported that if the
shear connectors have a larger deformation capacity, a lower degree of shear connection can be used in composite
beams [27, 28]. In this study, the proposed shear connectors possess very large deformation capacities (see Table 1).
Hence, the predicted ultimate moment capacities of full-scale composite beam specimens were calculated using the
plastic theory principle. Due to the thinness of the CFS sections used in this study, the composite beam specimens were
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subjected to high shear force; that is, the applied shear force was greater than 50% of the steel beam web’s shear
resistance. Hence, the composite beam was designed as a slender beam (class 4) subjected to a combination of shear
force and bending. According to Eurocode 4, the interaction between bending and shear force for section class 4 beams
should satisfying the following criteria [29]:

Mgy My pa VEed 2 Mgy M rd

—-I-(l—— 2—-L~—1) <1.0 for =+ > = 3
My ra My ra ( Vibw,rd ) f My Rd My Ra (3)
where

M¢rq: Design plastic moment of the composite section ignoring the web
M, ra: Design plastic moment of the fully composite section irrespective the class of the web
MEgq4: Total bending moment at the section
VEkq: Total vertical shear at the section
Vbw rd: Shear resistance of the section
Based on Eurocode 3 [25], the web’s crippling capacity in steel beams was calculated as follows:

ks*ks*(13.2+2.87\/§>*t2*fyb

Ayt

(4)

Rw,Rd =

where

Ry ra: Resistance of web crippling

ss: Nominal length of stiff bearing, taken as the distance over which the applied load is effectively distributed at a slope
of 1:1

t: Thickness of web

fyp: yield strength of web

ks:=149—-053xk

kg:=10.88—-0.12+t/1.9

k: f,p/228

Ay Partial factor taken as 1.0

Table 5: Degree of shear connection of composite beam specimens

. Rc Rs Rq
Specimen (kN) (kN) (kN) K
FSSBSC250-20 959.8 763.9 175.8 0.231
FSDBSC250-20 1072.5 763.9 222.6 0.290
FSHPSC250-20 982.7 763.9 223.8 0.293
FSSBSC250-23 808.8 878.5 191.8 0.237
FSDBSC250-23 794.0 878.5 249.0 0.313
FSHPSC250-23 812.5 878.5 227.1 0.279

Rc: resistance of concrete slab

Rs: resistance of steel beam

Rq: total shear force transferred by shear connectors
K: degree of shear connection

Table 6 shows a comparison between the predicted ultimate moment capacity values and the ultimate moment
capacity values obtained in the experiments. The predicted values, using both an interpolation method and the stress
block method, are presented in Table 6. For stress block method calculations, the formulas given by the British standard
[30] were used. It is clear that the ultimate moment capacity values predicted by the interpolation method were more
conservative than those predicted by the stress block method. This is because the interpolation method considers the
contribution of the composite action between the steel beam and the concrete slab as a linear function to the degree of
shear connection, as shown in Figure 11.
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Table 6: Theoretical capacities of composite beam

Theoretical
Experimental
Interpolation method Stress block method YVeI?
. Crippling
Specimen
I/u Mu VEd Vu MEd Mu VEd Vu MEd M u R
VEd M Ed VEd M Ed w.Rd
(kN) (kN.m) (kN) (kN.m) (kN) (kN.m)
FSSBSC250-  86.1 88.3 61.1 1.41 76.4 1.16 68.3 1.26 85.3 1.03 76.34
20
FSDBSC250- 91.4 93.7 67.2 1.4 84.0 1.11 73.6 1.24 91.9 1.02
20
FSHPSC250- 90.4 92.7 68.1 13 85.1 1.09 73.4 1.23 91.8 1.01
20
FSSBSC250-  93.6 96.0 67.0 13 87.4 1.10 83.7 1.12 104.7 0.92 96.10
23
FSDBSC250- 106.6 109.3 77.0 1.4 96.3 1.14 90.6 1.18 113.2 0.97
23
FSHPSC250- 101.4 103.7 74.2 1.4 92.7 1.12 88.2 1.15 110.2 0.94
23
MEd : predicted moment capacity
Mu : ultimate moment capacity from experimental test
Rw,Rd : web crippling resistance
VEd : predicted shear resistance
Vu : ultimate shear capacity from experimental test
Mcomp ——————————————————————————
=
UEJ Stress block
g method
g
ol
B!
s
5
= interpolation
method
Mgteel
Degree of shear connection, k 1.0

Figure 11: Interpolation and stress block method principle

The theoretical results predicted by the stress block method predicted the experimental results almost exactly.
However, for composite beam specimens with 2.3-mm thick CFS sections, the block method underestimated the
experimental result values by 0.92, 0.97, and 0.94 for the FSSBSC250-23, FSDBSC250-23, and FSHPSC250-23 specimens,
respectively. Considering that the predicted ultimate moment capacity values were determined based on push-out test
results, the low predictions could be attributed to the concrete slabs’ lower compressive strength in full-scale composite
beams (see Table 1) compared to the compressive strength of the concrete slabs of the push-out test specimens [22].
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The theoretical shear (VEd) and web crippling (Rw,Rd) capacities yielded results that were conservative compared
to the experimental results. This result could be attributed to the fact that the concrete slabs in composite beams
contribute to vertical shear resistance [31, 32]. However, in practice, it is assumed that shear force in composite sections
is resisted only by the steel beam web. Also, the theoretical results for shear and web crippling shown in Table 6 reveal
that the combination of bending and shear resistance has a stronger influence on the design than web crippling does.
For example, a shear force load of 68.28 kN caused the FSSBSC250-20 specimen to fail, while a load of 76.36 kN is needed
for the same section to fail from web crippling.

5 CONCLUSIONS

An experimental investigation of the structural behaviour of composite beams with CFS sections was performed. A
theoretical analysis was also carried out to validate the experimental results. The major contribution of this study is that
it has developed efficient composite beams that can be used in the construction of medium- and small-sized buildings.
This research also helps to expand the CFS industry, which, in turn, will lead to a greener and more sustainable
environment. The main findings of this study can be summarized as follows:

1. The efficiency of using a composite construction concept to improve the strength and behaviour of CFS beams is
clear. The new composite beams exhibited higher ultimate moment capacities and stiffness than non-composite
beams.

2. The failure modes are similar for all composite beams. At shear and bending spans, transverse cracks under point
loads developed first, and transverse cracks followed. Longitudinal cracks formed along the span. At the ultimate
load, the beam section located underneath the point load failed from the combination of maximum bending and
shear force. This result was validated by the theoretical analysis.

3. Under service conditions, deflections of the specimens were significantly improved when the test results were
compared to the defection results predicted by the transformed section method.

4. The bending moment capacities of composite beam specimens are similar to the theoretical values predicted using
the plastic theory principle. This result suggests that the new composite beams could be designed using the plastic
theory principle.

5. Composite beam specimens with DBSC shear connectors showed a higher ultimate moment capacity than the other
specimens. Also, thicker CFS sections correlated with higher strength capacities.
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