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Abstract

Steel-concrete composite structures are very attractive because of their characteristics, which can be emphasised by using
cold-formed steel instead of hot-rolled ones. This paper presents possible analytical approaches and a parametric finite
element study of cold-formed steel-concrete composite beams in bending. Analysed beams are formed of back-to-back
cold-formed steel channels and concrete slabs connected by demountable shear connectors. A solid concrete slab on a
profiled metal sheet analysed. Also, the study investigates the influence of corrugated web between the back-to-back
channels of different thicknesses. In the case of a corrugated web, the distance between the shear connectors is increased.
Furthermore, different degrees of shear connection, shear connector quality, and their arrangements are considered. An
analytical study is based on full and partial shear connection assumptions and non-linear bending resistance. It is shown
that the steel channel thickness and degree of shear connection significantly influence the beam bending capacity as well
as concrete slab configurations. Conversely, a discrete connection between steel elements has a minor effect. A comparison
of the maximum obtained bending capacities in FE analyses is in good agreement with analytical approaches for full and
partial shear connections.

Keywords: Cold-Formed Steel; Steel-Concrete Composite Beams; Demountable Shear Connections; Discrete and Continuous Shear
Connections; Bending Resistance; Numerical Study.

1. Introduction

In recent years, cold-formed steel (CFS) sections have become popular compared to hot-rolled sections because of
their benefits, such as lower price, reduced self-weight, easier on-site handling, and faster construction. Highly efficient
structural forms can be composed when using built-up CFS sections in structures. Furthermore, a higher resistance of
built-up sections can be achieved by using different connection types between its components. For example, the study
on the bending resistance of back-to-back built-up CFS members showed that the bending resistance of steel sections
depends on the type of connection [1].

Selvaraj & Madhavan [2] investigate the current design expressions of back-to-back CFS beams by numerical study.
The steel beam comprises two identical sigma sections with a thickness of 1.25 mm and is connected by spot welding.
The experimental results showed that the intermediate connection spacing had a negligible influence on the ultimate
capacity and failure modes. The bending capacity of a similar system, back-to-back CFS channels with edge-stiffened
holes, un-stiffened holes, and plain webs, was investigated by Chen et al. [3]. Because of the lack of available literature,
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authors investigate the already-mentioned system under four-point loading. Besides the experimental research, they
carried out a non-linear finite element (FE) analysis. Six specimens with edge-stiffened holes, six specimens with
unstiffened holes, and two plain channels were tested. The experimental results showed that the specimens with edge-
stiffened holes had an increased moment capacity by 15.4% compared to those without holes. Specimens with
unstiffened holes reduced moment capacity by 15.1% compared to those without holes. Good concordance is observed
between the numerical and experimental results.

Considering the importance of the connection type between CFS elements, studies [4—7] present studies about spot
weld resistance and its efficiency in the system formed of CFS elements, channel sections, shear plates, and corrugated
web (CW). Spot welds can provide a reliable solution for discrete connections between CFS elements.

Koudier et al. [8] present a numerical investigation of CFS members with different web shapes. Three different web
shapes are investigated, and it is concluded that web corrugation increases the bending capacity and the beam stiffness,
especially trapezoidal web shapes. Alharthi et al. [9] investigate the hybrid steel beams with trapezoidal CW by
numerical analysis. The results show that increasing web thickness by 1 mm can change the failure mode from web
buckling with flange buckling to only flange buckling. Furthermore, increased web height resulted in decreased
compressive stress on the top of the flange, which could delay or prevent flange buckling. For the flanges, increased
flange thickness changes the failure mode from web buckling with flange buckling to web buckling only. Also, the
number of stiffeners or increased stiffener height greatly influenced the load capacity and failure mode of the steel beams
with the CW. Other applications of different web shapes in CFS members are analysed in the literature [10-12]. In
addition to the different web shapes used in the steel section, Fang et al. [13] investigate the web-crippling resistance of
CFS channels with web holes. It is shown that American standards and Australian/New Zealand standards could closely
predict the reduced web crippling strength of CFS sections under interior one-flange conditions. Thanks to the mentioned
papers, it is possible to influence the beam capacity by the CW shape.

In addition to the mentioned ways of increasing the bending resistance of CFS elements, composite CFS-concrete
systems have become more popular. By combining a built-up steel beam with a concrete slab, the optimal utilisation of
two materials, i.e., steel and concrete, can be achieved.

The most common shear connection in composite beams with hot-rolled steel sections are headed studs. Due to their
significant benefits, CFS members can provide a competitive alternative to hot-rolled steel sections by designing new
built-up systems and using connecting techniques. However, different alternative solutions can be found in the literature
instead of welded-headed studs in the case of CFS elements.

Hsu et al. [14] investigate new composite beams formed of reinforced concrete slabs on a profiled metal sheet with
CFS joists and continuous shear connectors. It is concluded that the continuous, cold-formed furring shear connector
could help distribute the horizontal shear force. Furthermore, it is shown that composite sections behave similarly to
non-composite sections after the longitudinal shear crack in the concrete slab appears. In addition, it was noticed that
the composite and non-composite specimens had similar load-deflection behaviour at the initial stage. Compression
buckling was noticed in non-composite specimens when the concrete slab started to crack in the final stage. This is the
consequence of the help of a continuous shear connector that moved the neutral axis upwards to the concrete slab.

Bamaga et al. [15] investigate the structural behaviour of lipped CFS channel sections combined with concrete slabs
in composite beams. The laboratory tests were conducted on two no-composite and six composite specimens. Three
types of shear connectors were used: single-bracket shear connector, double-bracket shear connector and hot-rolled plate
shear connector. The observed parameters were the type of shear connector and the thickness of the CFS section (2.0
mm and 2.3 mm). As expected, the main conclusion is that a composite beam has higher moment capacities and stiffness
than a non-composite beam. Furthermore, considering the ultimate load, the composite beam failed due to the
combination of maximum bending and shear force. In addition, comparing the experimental results and analytical values
using the plastic theory, the values were similar. Double-bracket shear connectors showed an increased maximum
moment capacity compared to the other shear connectors. A numerical study for this research is presented in Elsawaf &
Bamaga [16], in which the strength capacity and failure mode of shear connectors suitable for cold-formed composite
steel beams are investigated. In addition to previously studied shear connectors, the headed studs were also investigated.
The headed stud shear connector was 76 mm high and welded to the steel beam flange. The research concludes that the
concrete damaged plasticity model can allow a concrete slab crushing and longitudinal crack, which is a common failure
for all specimens. Furthermore, in the case of a double-bracket shear connector, the proposed FE models clearly capture
the slip between the concrete slab and the metal sheet. In the case of the headed stud shear connector, the FE models
have captured the failure modes of headed stud shear connector specimens. At the same time, no cracks were observed
on the concrete slab.

In recent years, a demountable connection between steel and concrete elements has been one of the most popular
types of connection. Demountability is commonly achieved with different types of demountable bolts [17]. Knowing
that the reuse of steel elements should be increased to reduce footprint impact, Nijgh et al. [18] investigates the elastic
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behaviour of a tapered steel-concrete composite beam optimised for reuse. It emphasises the direction of the market for
the reuse of steel components. A full and partial shear connection can be obtained when the shear connectors are placed
in different arrangements. The partial shear connection can be achieved by placing the bolts in a continuous arrangement
with bolts in pairs or a staggered arrangement of bolts. With a staggered arrangement and a controlled degree of shear
connection, it is possible to reduce the number of bolts and, simultaneously, the cost and construction time. A composite
system with demountable bolts and the precast ferro-cement slab was investigated in [19, 20]. This study used nine
simply supported beam specimens composed of back-to-back lipped C-sections connected with self-drilling screws and
ferro-cement slabs connected by structural bolts as shear connectors. Based on the experimental results and observations,
specimens with a CFS section of 3 mm and 4 mm thickness failed due to ferro-cement crushing. Specimens with CFS
sections of 2 mm thickness failed due to buckling of the steel section. The shear connectors provided a full shear
connection, transferring the longitudinal shear force from the slab to the steel without failure. Furthermore, demountable
shear connectors were analysed in the paper by Hosseini et al. [21]. Their article is a research on using blind bolts as an
innovative solution to achieve a demountable shear connection. The results showed that the shear capacity of the bolted
shear connectors was improved by increasing the height of the blind bolt shear connector. Also, the load-bearing capacity
of blind bolted connections was affected by increasing the friction coefficient of the contact surfaces between the blind
bolts and the steel-concrete interfaces. In addition to the mentioned investigations, papers [22,23] also investigate
demountable shear connections.

Many investigations still deal with different types of shear connections [22—25]. FE modelling of shear connection
is shown in Talukder et al. [26], Alwash & Abd [27] and Chung & Sotelino [28]. Several experimental research with
different types of shear connectors are explained in Studies [29-32]. Elsawaf & Bamaga [16] investigate the failure
modes of shear connectors suitable for composite cold-formed steel beams, while design rules for shear connection are
shown in Studies [33-35].

This paper deals with a parametric FE study and possible solutions for analytical calculations of CFS-concrete
composite beams in bending. Analysed beams were formed of back-to-back CFS channels connected with discrete and
continuous connections and concrete slabs by demountable shear connectors. Two configurations of concrete slabs were
analysed: solid or slab on a profiled metal sheet. Furthermore, the study investigates the influence of CW presence
between back-to-back channels as well as channel thickness. The case with a CW ensures space between channels and
wider space between shear connectors. Also, the research considers the influence of bolt quality on the demountable
shear connection and their different arrangements. Continuous arrangements with bolts in pairs or staggered
arrangements based on the geometry of the profiled metal sheet were analysed. The study consists of a comparison of
the results of 142 FE models in Abaqus software. FE-obtained bending capacities are compared with the bending
resistances calculated using different analytical approaches. Three different approaches are investigated to find the best
results compared to numerical models. The brief methodology of the parametric study is presented by flowchart in
Figure 1.

Parametric study

¢ Bending resistance with full o Connection between C profiles - discrete,
shear connection, - continuous,
¢ Bending resistance with partial o Slabconfigurations - solid slab,
shear connection, - slab on a profiled metal sheet,
¢ Non-linear bending resistance. e CW presence - with CW,
- without CW,
e Shear connection - full: tie consStraint,
- partial: staggered arrangement
in pairs.

Comparison of results J

Figure 1. Flowchart of methodology

2. Analytical Assessment of Bending Resistance

The bending resistance is calculated according to three different analytical approaches. Since CFS profiles are
usually classified as classes 3 or 4, their plastic resistance is impossible to achieve. The plastic resistance in a composite
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section is possible if the whole steel section is in tension, which depends on the position of the plastic neutral axis.
Considering this assumption and the full shear connection, the calculation of the bending moment resistance of the
analysed composite section is possible, and it is presented in Section 2.1.

In the case of partial shear connection, the bending resistance is calculated using a modified Eurocode 4 approach
according to Lukacevi¢ et al. [17], where the elastic bending resistance of the structural steel section replaces the plastic
bending resistance of the structural steel section. The procedure is presented in Section 2.2.

Finally, non-linear bending resistance is calculated according to EN 1994-1-1 [36], Kyvelou et al. [37] and Dujmovié
et al. [38], and the procedure with results is shown in Section 2.3.

2.1. Approach 1: Bending Resistance with Full Shear Connection

To provide an analytical resistance of the CFS-concrete cross-section, the first and the most crucial parameter is the
position of the neutral axis, which must be checked. For all models with full shear connection, the position of the neutral
axis, X1, k, for the characteristic value of the concrete compressive strength can be calculated by Equation 1.

2'A'fyk (1)

Xplg = ——
PLK ™ borr0.85-fcr

where A is the cross-section area of the CFS channel section (presented in Table 1), fy« is the characteristic yield strength
of steel, ber is the total effective width, fc is the characteristic value of concrete compressive strength.

Knowing the value of Xy, it is possible to calculate the plastic bending resistance of the beam for the composite
beams with metal sheets, My rk (Equation 2).

h
Mpl,Rk=2'A'fyk'(g+hp+hc_xpzi) (2)

where h is the height of the CFS C200 channel section, hc is the height of the concrete slab (60 mm), and hj is the height
of the profiled metal sheet rib (60 mm), see Figure 2. In the case of composite beams with solid slabs, the h, value is
zero, and the height of the concrete slab is 90 mm. The calculated values of the plastic bending resistances for the full
shear connection are shown in Table 1.

h°J[ RRRZERZZ LI L RIS SIS
hp |
| ]

Figure 2. Cross section of the beam with concrete slab on profiled metal sheet

Table 1. Calculation of plastic bending resistance characteristic values - approach 1

i Moi,rc [KNmM]
Thickness of C200  poney £ A[mm?g xo [mm] PR
channel section [mm] he=90 mm  he+h,=120 mm
20 C200/2.0 717 15.7 914 106.5
2.5 C200/2.5 895 19.7 1129 131.7
3.0 C200/3.0 1089 239 135.7 158.6

2.2. Approach 2: Bending Resistance with Partial Shear Connection

For the calculation of the shear connection degree, it is necessary to know the arrangement of shear connectors and
the values of forces in the steel cross-section (3), Na, and the concrete slab (4), N¢. According to the calculated position
of the neutral axis shown in Table 1, the neutral axis is in the concrete slab.
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NaZZ'A'fyk (3)
Ne =2y beff +0.85- fi (4)
F, =N, =N, (5)

Equation 6 gives the required number of shear connectors for a full shear connection, nsy.

Fi

(6)

n =
full N'PREkmin

where F; is a longitudinal force in composite action, n is the number of shear connectors in the cross-section and Primin
is a minimum value between two calculated for the characteristic shear resistance of the shear connectors (depending
on the possible failure mode in the shear connection).

The plastic neutral axis is located in the concrete slab for beams investigated and F| = 2 A-fyx or Fj = Xpi, k- Defs- 0.85- fek.

According to EN 1994-1-1 [36], the resistance of shear connectors is defined by the following equations:

Pric = min{Ppy 1, Pri 2} (7

PRk,1=0'8.fu'T[.d2/4 (8)

PRk,Z =029 a-d*- vV fek " Eem 9)

where fy is the specified ultimate tensile strength of the material of the shear connectors, d is the diameter of the shear
connector, Ecnm is the secant modulus of elasticity of concrete and a. is a parameter that depends on the ratio of the nominal
height of the shear connector and the shear connector diameter.

Even though these equations are calibrated for headed studs with a tensile strength of up to 500 MPa, they are
assumed to be valid for bolts with a tensile strength of 800 MPa. Furthermore, to calculate the resistance of shear
connectors, in the case of a concrete slab on a metal sheet with ribs perpendicular to the beam, it is necessary to reduce
its resistance by the reduction factor kt given in EN 1994-1-1 [36].

After calculating the bolt resistance with Equations 7 to 9, it is possible to find out the degree of shear connection
and the bending resistance of the considered cross sections.

For the analysed composite beams, the longitudinal distance of the bolts in the composite beams is 240 mm, which
leads to nine bolts in the case of a staggered arrangement of bolts or nine bolt pairs in the case of continuous bolts
arrangement in the shear span. The degree of shear connection is calculated by the following Equation 10:

n

p = (10)

Nyl

where n is the number of bolts (or pair of bolts) on the shear span.
According to Lukacevi¢ et al. [17] and EN 1994-1-1 [36], knowing the degree of shear connection, it is possible to
calculate the bending resistance - for the partial shear connection - by Equation 11:

Mgy = Mgy o ri + (Mpl,Rk - Mel,a,Rk) 'n (11)

Equation 11 is a modified equation from EN 1994-1-1 [36] where the plastic resistance of the steel section, Mpiark,
is replaced by the elastic bending resistance of the steel cross-section, Meja rk-

The results of the analytical calculations are shown in Tables 2 to 4 for the cases of solid concrete slab and when
concrete slab lays on a metal sheet when bending resistance (Mrx) is calculated with and without reduction factor, k;

Table 2. Bending resistances for beams with CFS C200/2.0 — approach 2

Slab configuration Shear connection type  Degree of shear connection Bending resistance [kNm]

(Mgk with /without k)
solid slab TIE, sc12C, sc12S 1.0 91.4
TIE, sc12C 1.0 106.5
Concrete slab on a profiled metal sheet
sc12S 0.9 1.0 98.5 104.5
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Table 3. Bending resistances for beams with CFS C200/2.5 — approach 2

Slab configuration Shear connection type  Degree of shear connection Bending resistance [kNm]

(Mg« with /without k;)
Solid slab TIE, sc12C, sc12S 1.0 112.9
TIE, sc12C 1.0 131.7
Concrete slab on a profiled metal sheet
sc12S 0.7 1.0 102.1 131.7

Table 4. Bending resistances for beams with CFS C200/3.0 — approach 2

Bending resistance [kNm]

Slab configuration Shear connection type  Degree of shear connection (Mrs with Awithout ki)
Solid slab TIE, sc12C, sc12S 1.0 135.7
TIE 1.0 158.6
Concrete slab on a profiled metal sheet sc12C 0.8 1.0 137.9 158.6
sc12S 0.6 1.0 113.0 158.6

Two different bolt materials are investigated: bolts material with a yield strength of 640 MPa and ultimate tensile
strength of 800 MPa (the designation 8.8 in the further text will be used) and material which has a yield strength of 350
MPa and ultimate tensile strength of 450 MPa (the designation 350/450 in the further text will be used) which meet the
requirements given in EN 1994-1-1 [36] for the maximum ultimate tensile strength of bolts. For both analysed cases,
the failure mode is concrete crushing.

2.3. Approach 3: Non-linear Bending Resistance

The third considered approach is the non-linear bending resistance. In the first step, it is necessary to calculate the
elastic bending resistance of the cross-section. In the beginning, the concrete slab is reduced to a steel section. For
calculating the ideal area of the composite cross-section, the ideal area of the concrete slab cross-section must be known
as the distance between the centre of gravity of the composite section and the concrete slab. If the centre of gravity of
the composite section is on a concrete slab, it is necessary to repeat the procedure to consider the reduced area of the
concrete slab.

After calculating the part of a concrete slab in compression, the procedure must be repeated, from calculating the
ideal area of the concrete slab cross-section to the distance between the centre of gravity of the composite section and
the concrete slab. Knowing all the mentioned values makes it possible to calculate the moment of inertia for the concrete
slab and the ideal moment of inertia for the composite section.

Finally, the stiffness of the composite cross-section can be calculated using Equation 12:
El,=Eq Iy (12)

where E is the steel modulus of elasticity and I; is the ideal moment of inertia for the composite section.

Non-linear elastic resistance is considered only for propped systems. From the expressions for the maximum stresses
that can be achieved in steel and concrete sections, Equations 13 and 14, it is possible to calculate the design bending
moment equal to the required elastic bending resistance.

19a=Ea-MEET‘i'1-za (13)
9, =E, - M;‘ZZ 7 (14)

where E. is the concrete modulus of elasticity, za is the distance from the centroid of the composite section to the end of
the steel part, z¢ is the distance from the centroid of the composite section to the end of the concrete part.

To choose the right expression for the elastic bending resistance given by EN 1994-1-1 [36], the value of the normal
compressive force on the concrete slab that corresponds to Mer« must be known:

Moy,
Nc,el =k- IilLRk ' (AC,L ' Zic,L) (15)
Agaq
Zicp = " (16)
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where k is obtained from the condition that the edge fibres of the cross-section have reached the limit stresses, Ac, is
the ideal cross-sectional area of the concrete flange, zic. is the distance from the centre of the composite cross-section
to the lower edge, aa is the distance between the centroidal axis of the steel section and the elastic neutral axis and Ai .
is the ideal area of the composite section.

Following conditions given in EN-1994-1-1 [36], the characteristic value of the bending resistance of a composite
section is given by expressions 17 and 18:

Ne¢
Nc,el

N, < Nc,el - Mpy = Ma,Rk + (Mel,Rk - Ma,Rk) ’ (17)

Nc_Nc,el

Neet <N < Ngp > Mgy = Mgy + (Mpl,Rk — Mori) (18)

Nc,f_Nc,el

The calculated values are shown in Figure 3. Figure 3 shows that the system with a solid slab (for bolts positioned
in pairs or in a staggered arrangement) has higher bending resistance than the system with a concrete slab on metal
sheets. This is the consequence of the reduction in the shear connectors resistance with k.

1 1 1

0.8 0.8 0.8
Z 06 %06 Z06
s s 2
S 04 X 04 ¥ 04
s s

0.2 0.2 0.2

0 0 0

0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1
Nc/Nc,f Nc/Nc,f Nc/Nc,f

= C200/2.0-c90-propped

== C200/2.0-c90-sc12c/s

= (C200/2.0-c120-propped

—i— C200/2.0-c120-sc12s-propped
C200/2.0-c120-sc12c-propped

(a) thickness of channel section 2.0 mm

= C200/2.5-c90-propped

== (C200/2.5-c90-sc12c/s

= (C200/2.5-c120-propped

—i— C200/2.5-c120-sc12s-propped
C200/2.5-¢120-sc12c-propped

(b) thickness of channel section 2.5 mm

= (C200/3.0-c90-propped
—=—C200/3.0-c90-sc12c/s

= (C200/3.0-c120-propped

—— C200/3.0-c120-sc12s-propped
—m— C200/3.0-c120-sc12c-propped

(c) thickness of channel section 3.0 mm

Figure 3. Simplified relationship between M and Nc

In Figure 3, a simplified relationship between M and N is shown. In diagrams, red curves present composite beams
with a solid slab (full shear connection) and blue curves present composite beams with a metal sheet (full shear
connection), both for the propped system. All diagrams are defined according to EN 1994-1-1 [36]. Analysed composite
beams are calculated for the full degree of shear connection and for the cases when shear connectors are arranged in
staggered arrangement and in pairs. Yellow rectangular marker marks the mentioned relationship for composite beams
with a solid slab in the case when shear connectors are used. Because of no reduction by the coefficient ki, the full shear
connection is achieved for both analysed cases. This is the situation for all three diagrams that differ in the channel
thickness (2.0 mm, 2.5 mm, and 3.0 mm). The calculated characteristic bending resistances according to the non-linear
approach for the channel thickness of 2.0 mm with bolts in pairs and staggered arrangement are 91.4 kKNm. The channel
thickness of 2.5 mm with bolts in pairs and staggered arrangement resulted in characteristic resistances of 112.9 kNm.
The channel thickness of 3.0 mm and bolts in pairs and staggered arrangement resulted in a characteristic resistance of
135.7 kNm. Blue and green rectangular marks show the mentioned relationship for composite beams with metal sheets
in the case when shear connectors are used in pairs or a staggered arrangement, respectively. For the staggered
arrangement of bolts, the values of non-linear resistances are 95.14, 90.26 and 93.08 kNm, respectively. Arrangement
in pairs resulted in characteristic resistances of 106.47, 131.7, and 129.12 kNm, respectively.

3. Parametric Numerical Simulations

3.1. General

The parametric study is conducted with ABAQUS/CAE software [39]. The composite system is a 6-meter-long
simply supported beam under four-point loading (six-point bending). The support conditions are defined at the reference
points at the ends of the beam and are connected to the edges of the steel sections. The load is applied as a displacement
in the middle of the span, and undeformable elements and coupling constraints were used for load transfer. As shown in
Figure 4, the load input points are placed at a distance of 750 mm from the ends and 1500 mm from each other.
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Figure 4. Static system and distribution of V and M of analysed composite beam

An explicit solver is used due to the nonlinearities of material, geometric and especially contact of the model. A time
scale is used to speed up the analysis time. Dynamic impacts are avoided by keeping kinetic energy below 5% of the
internal energy. Also, the limit of 1% of the wave velocity is considered in the concrete and steel parts of the model.

3.2. Geometry of Steel Beams and Concrete Slabs

As was the case in the analytical study, three different thicknesses of channel sections are analysed — 2.0 mm, 2.5
mm and 3.0 mm. The height of the channels is 200 mm, the width of the flanges is 69 mm, and the inner radius is 3 mm.
The lip length depends on the thickness of the channel section. For the thickness of 2.0 mm and 2.5 mm, the lip length
is 18 mm, and for the thickness of 3.0 mm is 21 mm. Furthermore, two different configurations of steel beams are
considered. The first beam configuration comprises two back-to-back CFS channel sections Figure 5-a, and the second
comprises two CFS channel sections with the CW, which ensures the distance between the channel sections, Figure 5-
b. The CW located between the channel section has a thickness of 1 mm and extends along the entire beam length. The
width of the CW rib is 60 mm, as shown in Figure 5-b.

v 1] —
(R A 1821 mm 4 I ¥
2.0/2.5/3.0 mm 3.0 mm )
£
= £
E =
3 &
N
L J v li /H A A
69 mm 69 mm 60 mm 69 mm
(a) Two back-to-back channel C200 sections (b) Two back-to-back channel C200 sections with CW

Figure 5. Analysed steel beam configurations

As considered in the analytical assessment, a solid slab with a height of 90 mm and a concrete slab on a profiled
metal sheet whose ribs are transverse to the beam with an overall height of 120 mm were analysed. Investigated concrete
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slabs are combined with steel beams presented in Figure 5. Those combinations resulted in four different composite
beam configurations, in further text model 1, model 2, model 3, and model 4, presented in Figure 6.

(a) Model 1 (b) Model 2 (c) Model 3 (d) Model 4

Figure 6. Analysed composite beam configurations
3.3. Material, Mesh, Finite Element Types and Contacts

The numerical models are formed by combining the shell and solid finite elements. The steel elements are defined
as a 3D shell element S4R, while the concrete slab has an assigned element type C3D8R [40]. The concrete class used
in the analyses is C25/30. The modulus of elasticity, Ecm, for C25/30 is considered 31476 MPa and the Poisson's ratio
for concrete elements is 0.2, according to Lukacevi¢ [17] and EN 1992-1-1 [41]. The concrete slab has an effective
width of 1500 mm. Three different mesh sizes of the concrete slab were investigated: 15 mm, 30 mm and 60 mm.
Bending capacity for approximate mesh sizes of 15 and 30 mm is close for most of the analysed models.

Consequently, the adopted mesh size used for a concrete slab of the analysed system in a parametric study is 30 mm,
which also significantly reduces analysis time-cost compared to the mesh size of 15 mm. Concrete damage plasticity
model (CDP) is used to model concrete slab. It is based on two failure mechanisms of tensile cracking and compressive
crushing of concrete [41, 42]. Furthermore, ways of modelling steel and concrete materials are presented in the paper
Lukacevi¢ et al. [17]. The stress-strain relation for the used concrete C25/30 is shown in Figure 7, according to Lukadevi¢
etal. [17].

35
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o, [MPa]

0 1 2 3 4 5 6 7 8 9 10
Strain [%]

Figure 7. Stress-strain relation for C25/30
The CFS channels are modelled with S4R shell finite elements. The material characteristics of steel are defined with
the bilinear elastic-plastic model. Used steel grade S350GD is defined with a nominal yield strength of 350 MPa and

ultimate tensile strength of 420 MPa, which is reached at a strain of 15% [43], as shown in Figure 8. The approximate
global mesh size for steel elements is 20 mm [40].
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Figure 8. Nominal tensile stress-strain relation for steel grade S350GD
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Two materials were used for bolts. A material with a yield strength of 640 MPa and ultimate tensile strength of 800
MPa (the designation 8.8 in the further text will be used) and material which has a yield strength of 350 MPa and ultimate
tensile strength of 450 MPa (the designation 350/450 in the further text will be used). The strain for the ultimate tensile
strength is 12 % [43]. The modulus of elasticity of all steel elements is taken as 210 GPa, and the density of all steel
elements is assumed to be 7850 kg/m®. General contacts between all elements in the models are used. Tangential
behaviour with penalty friction formulation and friction coefficient 0.3 and normal behaviour as hard contact with
allowed separation after contact is used.

3.4. Type of Shear Connection

Two types of shear connections can be achieved: full and partial shear connections. Full shear connection is achieved
through the tie connection given by the Abaqus/CAE software options [39]. This type of connection prevents any slip
between the chosen surfaces. In order to achieve a partial shear connection, bolts of 12 mm diameter, M12, are used.
Two different bolt arrangements in the longitudinal direction are considered in pairs (continuous arrangement — Figure
9-a) and a staggered arrangement (Figure 9-b).

(a) Continuous arrangement of bolts (b) Staggered arrangement of bolts
Figure 9. Longitudinal bolt arrangements

The longitudinal distance between the bolts is 240 mm, which is the axial distance of the ribs of a profiled metal
sheet. Furthermore, observing the analysed composite cross-section, because of two configurations of steel beams, two
different transversal bolt arrangements are analysed, Figure 10. In Models 1 and 3, the distance between bolts in the
composite cross section is 69 mm because the channel sections are connected back-to-back. Models 2 and 4 have a
larger distance between bolts in the cross-section (129 mm) because of inserting the CW between CFS sections.

69
129

(a) Models 1 and 3 (b) Models 2 and 4
Figure 10. Transversal bolt arrangements

In Models 1 and 2, where the concrete slab is solid, the height of the bolts is considered to be 80% of the thickness
of the concrete slab, which leads to the height of the bolt of 72 mm. Due to the profiled metal sheet, in Models 3 and 4,
the height of the concrete slab is increased to 120 mm, and EN 1994-1-1 [36] prescribes the height of the bolts 2xd
above the profiled metal sheet (d is the bolt diameter). Respecting this rule, the height of the bolts is 84 mm, Figure 11.

240 I 240 240 240 240
[ ——————>

120

[—>]

Figure 11. Height and longitudinal bolt arrangements in models 3 and 4
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The bolts are embedded in the concrete slab and their bottom is connected to the top flange of the CFS C120 section
by a wire element with a beam connection type. In this way, the connection between the shear connector and the channel
section is ensured. As a simplification of models, bolts are defined as beam elements with a circular cross-section without
a bolt head.

3.5. Type of Connection between Steel Elements

The connection between steel elements is taken into account in two different ways: by tie connection and by point-
based fasteners with multi-point constraint (MPC) connector response. Such a connection can be, for example, realised
by structural bolting or resistance spot welding. The vertical arrangements of the point-based fasteners are presented in
Figure 12.

0
45.75 45.75
100
100
T 45.75
45.75
60
[———]
(a) in models 1 and 3 (b) in models 2 and 4

Figure 12. The vertical arrangement of the point-based fasteners

The longitudinal arrangement of point-based fasteners is presented in Figure 13. In Models 1 and 3, the distance
between the end of the beam and the point-based fasteners is 240 mm. In Models 2 and 4, where the CW is between
channels, the distance of the point-based fastener from the end of the beam is 50 mm, and the distance between point-
based fasteners on the same channel is 240 mm. In some studies, spot welds are designed based on laboratory research
that has previously been conducted [4—7]. In this study, a simplified method is used that uses the response of the MPC
connector.

(a) inmodels 1 and 3 (b) in models 2 and 4

Figure 13. Longitudinal arrangement of the point-based fasteners
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3.6. Nomenclature and Matrix of Analysed Models

The nomenclature of the models is shown in Figure 14. In models without CW, this part of the name disappears.

type of

connection

bletweeltl steel channel
elements thickness

c120 |sw |sc12C||CW||2.5[|8.8

b(l)lt quality

concrete

slab

thickness  type of shear
connection

Figure 14. Nomenclature of models
Table 5 presents the matrix of analysed models. For each model, two types of bolts material and three steel
thicknesses are analysed. In total, 142 models were analysed. In addition to the models presented in Table 5, 12 models

without shear connection are modelled in order to show the influence of the shear connection on the bending capacity
compared to models with the shear connection.

Table 5. Matrix of analysed models

. Connection Shear connection

e i v TSNS oo ow S oty
90 no tie tie / no 2.0/2.5/3.0 /
90 no tie scl2 C no 2.0/2.5/3.0 8.8/ 350/450
90 no tie sc12 S no 2.0/12.5/3.0 8.8/ 350/450
90 no spot weld tie / no 2.0/2.5/3.0 /
90 no spot weld scl12 C no 2.0/2.5/3.0 8.8/ 350/450
90 no spot weld scl12 S no 2.0/2.5/3.0 8.8/ 350/450
90 no tie tie / yes 2.0/2.5/3.0 /
90 no tie sc12 C yes 2.0/12.5/3.0 8.8/ 350/450
90 no tie scl2 S yes 2.0/2.5/3.0 8.8/ 350/450
90 no spot weld tie / yes 2.0/2.5/3.0 /
90 no spot weld scl2 C yes 2.0/2.5/3.0 8.8/ 350/450
90 no spot weld scl2 S yes 2.0/2.5/3.0 8.8/ 350/450
120 yes tie tie / no 2.0/2.5/3.0 /
120 yes tie scl2 C no 2.0/2.5/3.0 8.8/ 350/450
120 yes tie scl2 S no 2.0/12.5/3.0 8.8/ 350/450
120 yes spot weld tie / no 2.0/2.5/3.0 /
120 yes spot weld scl12 C no 2.0/2.5/3.0 8.8/ 350/450
120 yes spot weld scl12 S no 2.0/2.5/3.0 8.8/ 350/450
120 yes tie tie / yes 2.0/2.5/3.0 /
120 yes tie scl2 C yes 2.0/12.5/3.0 8.8/ 350/450
120 yes tie scl2 S yes 2.0/2.5/3.0 8.8/ 350/450
120 yes spot weld tie / yes 2.0/2.5/3.0 /
120 yes spot weld scl2 C yes 2.0/2.5/3.0 8.8/ 350/450
120 yes spot weld scl2 S yes 2.0/2.5/3.0 8.8/ 350/450
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4. Results and Discussion
4.1. General

This section analyses the influence of several parameters: channel section thickness, bolt quality, degree of shear
connection, spot weld density, corrugated web in the composite beam and concrete slab height. In the end, a comparison
of analytical and numerical results is given. It must be noted that bolt quality, degree of shear connection and concrete
slab height can be considered in the analytical calculation from all the abovementioned parameters.

4.2. Influence of Different Parameters
4.2.1. Channel Section Thickness

Figures 15-a and b show the influence of channel thicknesses from 2.0 mm to 3.0 mm with the step of 0.5 mm. It is
shown that profile thickness significantly impacts bending capacity and flexural stiffness, regardless of the degree of
shear connection (realised by a continuous (sc12C) or staggered arrangement (sc12S)) and the presence of CW between
channels. The influence of the profile thickness is shown for the models with a different type of shear connection
(sc12C/sc12S) and for different types of connections for the steel elements (tie/sw) to show that the thickness of the
channel section significantly influences all analysed cases.
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20 ¢120_sw_sc12C_CW_2.0 8.8 20 4 00000 | ===-=- c120_sw_tie CW_2.5
----- €120 _sw_sc1l2C CW 25 8.8 = « = 120_sw_tie CW_3.0
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0 20 40 60 80 100 0 20 40 60 80 100
Displacement [mm] Displacement [mm]
(a) models with the same bolt quality -8.8 (b) models with the same degree of shear connection
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§
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g
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@ 40 ¢120_tie_sc12C_CW_2.0_350/450
----- c120_tie_sc12C_CW_2.5_350/450
20 €120 _tie_sc12S_CW_2.0_350/450
————— c120_tie_sc12S_CW_2.5_350/450
0

0 20 40 60 80 100
Displacement [mm]

(c) models with the same bolt quality — 350/450
Figure 15. Influence of profile thickness

Figure 15-a shows the influence of the CFS channel thickness for two cases. The first case is when steel elements
are connected with a tie connection (tie), and the partial shear connection is achieved by positioning the shear connectors
(quality 8.8) in a staggered arrangement (sc12S). The second case is when steel elements are connected with spot welds
(sw) to CW and shear connectors are placed in pairs (sc12C) in each rib of the profiled metal sheet. When the results
between the same characteristics except for the channel thickness are compared, it can be concluded that increasing the
channel thickness can achieve a higher bending capacity and flexural stiffness. Figure 15-b shows the influence of the
channel thickness change for models with a degree of shear connection of 1.0 (tie), i.e., full shear connection and in the
cases where steel elements are connected by spot welds (sw). When results for models with 2.0 mm and 2.5 mm
thicknesses are compared, the bending capacity increases approximately for the same difference as in the case of 2.5
mm and 3.0 mm thicknesses. Figure 15-c shows the results for the case when the shear connectors quality is changed to
350/450 and the steel elements are connected by tie connection (tie).
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Figures 16-a and 16-b show von Mises stresses in the last step frame of the analysis for the channel thicknesses of
2.0 mm and 3.0 mm. Maximum values are achieved at the lower channel flanges, and higher stress is achieved for a
model with a thinner channel section, Figure 16-a.

S, Mises
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(a) c120_sw_tie CW_2.0
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(b) c120_sw_tie CW_3.0

Figure 16. Von Mises stress in CFS channel sections

4.2.2. Bolt Qualities

Numerical analyses show negligible differences in bending capacity and flexural stiffness when the models with
shear connectors quality 8.8 are compared with shear connectors quality 350/450 (see Figures 17 a to c). This conclusion
has also resulted from the analytical calculation. The reason is that the concrete crushing before the shear connectors
failed.
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(c) models with spot-welded steel elements

Figure 17. Influence of bolts qualities

Figure 17-a shows the influence of the bolt qualities for two cases. The first case is when the steel members are tied
and the CW is connected to a channel of 2.0 mm thickness. In this case, the shear connection is achieved by shear
connectors positioned in a staggered arrangement (sc12S). The second case is when the channels of 2.5 mm thickness
are connected by spot welds back-to-back, and shear connectors are positioned in pairs (sc12C) in each rib of the profiled
metal sheet. From a comparison of the results for models with the same characteristics except for the bolt qualities, it is
concluded that the bending behaviour is very similar. Figures 17-b and 17-c show the same effect for models with and
without CW, different bolt quality and channel thickness.

Figures 18-a and 18-b show the inelastic deformation of the material 'PEEQ" (Equivalent Plastic Strain) for the
analysed bolt qualities. The values of PEEQ in Figures 18-a and 18-b correspond to the time step when the maximum
load is achieved. For a model with a bolt’s quality of 8.8, the time step is 0.25; for a model with a bolts quality of
350/450, the time step is 0.2875. Considering that the PEEQ variable is higher than zero, the steel starts yielding in the
step times mentioned.

(a) bolts' quality 8.8

1 /
Max: +2.575e-02

(b) bolts' quality 350/450
Figure 18. PEEQ values for model ¢120_tie_sc12C_CW _3.0
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4.2.3. Degree of Shear Connection

The degree of shear connection is one of the most important variables that need to be considered in observing the
bending capacity of the composite beam. The influence of the shear connection is presented in Figure 19. Diagrams in
Figure 19 compare results for models without shear connection (sc0) and with full shear connection (tie). In results for
models without shear connection (sc0), where the degree of shear connection is zero, the concrete slab lays on a built-
up steel beam composed of tied CFS elements. The connection between the steel beam and the concrete slab is achieved
only through general contact with friction.
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Figure 19. Comparison of models without shear connection and with full shear connection

These are two extreme cases of the shear connection of a composite beam. The bending capacity in the cases of full
shear connection (tie) and beam flexural stiffness are significantly increased. Furthermore, the influence of the increased
thickness of the CFS channel is more visible in these cases with a full shear connection. It is a consequence of composite
action achieved by a tie connection between the concrete slab and the channel profiles.

By comparing results for models with and without CW with a degree of shear connection of 0 (sc0) with the same
concrete slab height from Figures 19-a to 19-d, it is concluded that models without shear connection and with the same
channel thickness, despite the difference in concrete slab height, achieve the same level of bending capacity and flexural
stiffness. The reason for such a result is that in the system without a shear connection (sc0), only the steel beam takes
the load. Also, it is concluded that bending capacities between Figures 19-a and 19-b, as well as Figures 19-c and 19-d,
between models without shear connection and the same channel thickness are the same, which means that CW does not
contribute to the bending capacity and flexural stiffness. Observing the results for models with full shear connection
(tie), it is concluded that models with a greater height of concrete slab (c120) achieve greater bending capacity and
flexural stiffness than the models with the height of the concrete slab of 90 mm (c90). Also, analysing models from
Figure 19. with the same channel thickness and with and without CW, a small increase in bending capacity can be
observed. Small differences can be justified due to tie connection between steel elements.

The degree of shear connection greatly impacts the results of all four analysed models (Models 1-4 from Figure 6).
Figures 20-a to 20-e show how the bending capacity and flexural stiffness can significantly change depending on the
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position of the shear connectors. When comparing bending capacity between models with shear connectors positioned
in pairs or in a staggered arrangement, the difference in capacity is approximately 25 kNm. Figure 20-a presents results
for models with tied steel elements and with different arrangements of shear connectors (sc12C and sc12S), where
channel thicknesses are 2.0 and 2.5 mm. It can be observed that despite the different channel thickness, bolt quality and
presence of CW, models with shear connectors positioned in pairs (sc12C) have approximately the same percentage of
higher bending capacity than models with staggered bolts (sc12S). The bending capacity is approximately increased by
20%. Figure 20-b shows results for models with concrete slab height of 120 mm (c120) and channel thickness of 2.5
mm and 3.0 mm with different bolt quality and different types of connection between steel elements. For both mentioned
cases, the bending capacity is increased for 25-30 kNm. Similar behaviour is observed for models with solid slabs shown
in Figures 20-c to 20-e. In Figures 20-c to 20-e, models with CW and channel thickness of 3.0 mm are analysed with
different bolt qualities. It is shown that the difference in bending capacities between models is similar
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Figure 20. Influence of degree of shear connection
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From all presented results for shear connection, it can be concluded that the degree of shear connection greatly
influences the bending capacity and flexural stiffness of the analysed composite beams. Specifically, for analysed
models, bending capacity can be increased by approximately 25-30% by positioning shear connectors in pairs compared
to a staggered arrangement.

4.2.4. Spot Weld Density

The influence of spot weld density for different channel thicknesses is shown in Figures 21-a to 21-e. The influence
of two spot welds (sw) is negligible on the models compared to those models with tied steel elements (tie). The reason
for such a result is that spot weld characteristics are set to rigid MPC and the steel beam is unaffected by global stability.
Results also show that it is possible to achieve the same bending capacity and flexural rigidity level by discrete
connection as in models with tied steel elements.
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Figure 21. Influence of spot weld density
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4.2.5. Corrugated Web in the Composite Beam

The CW with a thickness of 1.0 mm inserted between channels aims to increase the steel beam global stability
resistance. In a composite solution, such stability issues are prevented with a concrete slab, but the increased distance
between the channels consequently increases the distance between shear connectors. Consequently, the beam bending
capacity is increased. Because of an increased distance between the shear connectors, the crushing of concrete is
prevented in the area of one shear connector from extending to the area of the action of the other shear connector, which

is placed in the same rib. The comparison of results for models with and without CW are shown in Figures 22-a to 22-
d.
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Figure 22. Influence of CW in composite beam

Results confirm the influence of increased distance between shear connectors. Models with CW and 2.5 mm and 3.0
mm channel thicknesses have achieved higher bending capacities and flexural stiffness than those without the CW. In
addition, the results show that the models with CW can provide better ductility.
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4.2.6. Concrete Slab Height

Figures 23-a to 23-d show the influence of the concrete slab configuration. As mentioned before, two different
configurations of the concrete slab were investigated: a solid slab with a height of 90 mm (c90) and a concrete slab
performed on a profiled metal sheet with an overall height of 120 mm (c120).
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Figure 23. The influence of the concrete slab configuration

Figure 23-a shows the influence of the concrete slab height for models with and without CW. In Figures 23-b and
23-c, the influence of the concrete slab height is shown for models with different degrees of shear connection. An
increase in bending capacity is observed for continuous shear connection and tie connection between steel elements,
while the influence is negligible for other cases. Figure 23 (d) shows the influence of the concrete slab height for models
with different channel thicknesses and different degrees of shear connection with and without CW. It can be observed
that full shear connection increases beam bending capacity and flexural stiffness, depending on concrete slab
configuration, while other parameters have negligible influence. From all presented results, it is concluded that the
concrete slab configuration has a small influence on the beam bending capacity. At the same time, a certain increase in
flexural stiffness can be observed for models with concrete slabs performed on a profiled metal sheet with an overall
height of 120 mm (c120).

4.3. Comparison of Analytical and Numerical Results

Figures 24-a to 24-c show the comparison between analytically calculated characteristic bending resistances and the
numerically obtained bending capacities for models with solid slab and tied steel elements (tie) and models with spot
welded (sw) steel elements. Considering that in analytical approaches, it is not possible to consider the number and
position of spot welds and the CW between channels, those influences are not considered. Figure 25-a to 25-c shows
that numerically obtained bending capacities for full shear connection (tie) and the case when shear connectors are
arranged in pairs (sc12C) reached all three analytically calculated values. In contrast, analytically calculated values are
not reached when shear connectors are in a staggered arrangement (sc12S).
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Figure 25. Comparison of numerical and analytical models for channel thickness of 2.5 mm

Analysing Figure 24-b, where the results of numerical (models without CW and with concrete slab on a metal sheet)
and analytical cases (for channel thickness of 2.5 mm) are shown. The results are achieved for all three analytical
approaches. Figure 24-c shows the results in the case of full shear connection for the beam without CW and with a solid
slab where the channel thickness is 3.0 mm and where the values of analytical resistances for plastic bending resistance
and non-linear bending resistances (propped system) are achieved.

The values of the calculated plastic bending resistance for the full shear connection (according to Equation 2) and
those calculated by modification of the equation for the partial shear connection, Equation 11, are shown in Tables 1 to
4. Figures 24-a to 24-c show the comparison of results given by analytical approaches (Tables 1 to 4) and numerical
results.

From Figures 25-a to 25-c, which show results for models with metal sheets, it is possible to see that for the cases of
full shear connection (or in the case when the arrangement of bolts results in the full shear connection), the values for
non-linear bending resistance (propped system) and plastic bending resistance are the same. The values mentioned are
different in the case of a partial shear connection.

Figure 26 compares numerical and analytical results for both concrete heights and full shear connection. From Figure
26, it is possible to see that numerical models achieved analytical results. However, from all presented comparisons, it
can be concluded that there is a necessity to refine the analytical procedure to remain within the elastic limit considering
all flexibility in the model.
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Figure 26. Comparison of numerical and analytical models for channel thickness of 3.0 mm

5. Conclusions

This research compares analytically obtained results from three approaches and numerical parametric results. Two
configurations of concrete slabs were analysed: solid or slab on a profiled metal sheet. Furthermore, the study
investigates the influence of the connection between steel elements as well as the presence of CW between back-to-back
channels and channel thickness. Also, the research considers the influence of the degree of shear connection on the
bending capacity but also the quality of shear connectors. The following conclusions are obtained:

e The obtained results showed that the bending capacity increased in models with slabs on the profiled metal sheet.
It is expected because of the larger distance between the concrete part of the beam and the steel section.

¢ Discrete connections between steel elements have a negligible impact on the behaviour of steel back-to-back cross-
sections in the analysed composite system.

¢ Results of models with CW between channels show that an extra element between channels does not increase the
bending capacity of the composite section in the case of a continuous slab. A certain difference is observed in the
case of a concrete slab on a profiled metal sheet. In addition, due to the larger distance between the shear
connectors, the CW beam in the case of shear connectors in pairs shows increased bending capacity compared to
models without CW.

¢ Observing the influence of the degree of shear connection shows that the degree of shear connection significantly
affects bending capacity.

¢ A high influence on the bending capacity is noticeable by changing the thickness of the steel section.

e Good concordance of results is observed between the numerical model with a full shear connection and the
analytical results for the full shear connection calculated according to the expression for the plastic bending
resistance.

e The comparison of the numerical and analytical results shows that the bending resistances calculated according to
the modified EN 1994-1-1 model for partial shear connections are in good agreement.

o Comparing the non-linear bending resistance and numerical results, it is visible that numerical models achieve all
values calculated by the non-linear analytical approach.

o The results show that, compared to hot-rolled steel sections, the analysed, built-up CFS-concrete composite beams
can provide excellent bending resistance.

This research provides information on several influences that could affect the bending resistance of the analysed
built-up steel-concrete composite beam and an overview of three possible analytical approaches for its bending
resistance calculation. Considering that the modified EN 1994-1-1 approach for partial shear connection gives results
that are in good agreement with numerically obtained results, it can be assumed that this calculation method gives results
close to the real ones. However, further laboratory and numerical investigations will provide more insight into the overall
behaviour of the analysed system. Laboratory research will provide more knowledge about used materials (concrete,
metal sheets, and shear connectors), spot welds, and support conditions. This will result in calibrated numerical models
for further parametric studies. Also, future research will investigate a more accurate analytical approach to the bending
resistance of such or similar floor systems. Considering that there is no proposed analytical equation for the bending
resistance of a back-to-back built-up cold-formed steel-concrete beam, this should inspire researchers with the same or
similar cross-section of the composite beam to investigate and publish their knowledge and findings.
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