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Abstract: This paper investigates the bending resistance of an innovative lightweight composite
floor system, LWT-FLOOR. The system consists of built-up cold-formed steel elements that are
spot-welded and connected to the concrete slab using demountable shear connectors. As the system
under investigation is new, the existing standards do not provide guidelines for calculating its
bending resistance. This paper gives an overview of different analytical approaches and a comparison
of calculated results using bending capacities from the numerical parametric study. Within the
numerical parametric study, the influence of the height of the steel beam, the type and degree of shear
connection, the connection between the steel elements, and the thickness of the corrugated web used
for the bending capacity are investigated. Numerical results for the full shear connections resulted
in lower bending capacities than the analytically calculated plastic bending resistances. However,
numerically obtained bending capacities for partial shear connections were found to exceed the
calculated characteristic non-linear bending resistances and bending resistances for partial shear
connections. The obtained results will comprise the basis for further experimental tests, which will
support the search for an optimal analytical approach for the bending resistance of the proposed
composite system.

Keywords: numerical analysis; analytical approaches; bending resistance; composite beam; cold-formed
steel sections; demountable shear connection

1. Introduction

Cold-formed steel (CFS) elements are widely used and investigated due to their high
stiffness and strength, ease of prefabrication and installation, and low transportation cost
and handling [1]. On the other hand, the combination of CFS with concrete slabs can
provide effective and lightweight composite floor systems. Apart from the low self-weight
and the possibility of building larger spans, the use of CFS profiles also makes it possible to
form various shapes of built-up open and closed cross-sections (e.g., from C and Z sections).
The thickness of CFS profiles ranges from 1.2 mm to 6.4 mm [2] (the minimum thickness
is 0.378 mm, according to [1]). The resistance of built-up sections and members can be
increased by arranging profiles in different positions and arrangements.

Different built-up CFS profiles with closed sections, as well as open profiles and
single profiles with holes, were presented in paper [3]. Back-to-back CFS profiles have
also been investigated; for example, two bolted C profiles were studied in [4]. There are
also innovative types of CFS profiles, such as the rectangular hollow flange beams where
hollow flanges increase their buckling resistance [5]. To improve the buckling performance
of the back-to-back steel system, Portioli et al. [6] placed reinforced plates inside the hollow
flanges and studied cases with different spacings between the connections and different
configurations of web beads. The results show that the profiled web reinforcement (beads)
increases the ultimate load by 10%, whereas the spacings between the connections (150 mm
and 300 mm) reduces the load-bearing capacity by 30%. Some other cross-section shapes
from CFS C-sections are investigated in [7].
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Regarding the applications of CFS in composite structures, Ref. [8] summarizes the
strength of state-of-the-art composite beams made of CFS concrete. The results of the
investigation show that the strength of the composite beam is maintained when a thin-
walled CFS profile replaces the standard reinforcement with the same cross-sectional area.
Furthermore, the development of the empirical equation, which aims to evaluate the
ultimate shear bond capacity under bending conditions, and the interaction between shear
connections and bending, is discussed. Ref. [2] predicts the moment resistance of the
composite beam; the CFS box section was composed of two channel sections embedded in
the concrete, in accordance with Eurocode 4 [9]. A CFS with hollow flanges was investigated
in [10], wherein the hollow flanges of an I section were filled with normal and high-strength
lightweight concrete. The results show that a lightweight infill, whether it is lightweight,
normal, or lightweight high-strength concrete, positively affects the shear capacity because
it delays shear buckling. Bolts were used for the connections between back-to-back C-
profiles in the composite members studied by Bamaga et al. [11]. They considered three
types of shear connections, under bending and shear resistance conditions, and they
compared the experimental and theoretical results. Single channels and back-to-back
channels in steel-concrete composite beams were also investigated in Ref. [12]. Considering
that the degree and type of shear connection significantly influence the composite systems,
different types and arrangements of shear connectors are studied in the existing literature.
Among the other types of shear connectors [13], there are shear connectors which are
permanently connected to steel beams [14] or that are demountable [15,16].

Guided by the idea of forming a composite system with built-up CFS profiles con-
nected by spot welds and demountable shear connections, the LWT-FLOOR system is
proposed [13]. The system consists of four cold-formed channel sections that are spot-
welded to the corrugated web (CW) and reinforced by shear plates near the supports,
whereas the concrete slab is connected to the steel beam with demountable shear con-
nectors. Considering that this is an innovative system and the standards do not provide
direct guidelines for the calculation of bending resistance, this paper reviews the analytical
approaches available in the literature. Furthermore, the analytically calculated results are
compared with the numerically obtained bending moment capacities. Numerical studies
consider the height of the steel beam in relation to the system bending capacity, as well as
the type and degree of the shear connection and the connections between the steel elements.
The influence of the CW thickness on the bending capacity of the proposed system is also
analyzed. The maximum values of numerically obtained bending capacities are compared
with analytically calculated characteristic bending resistances.

2. Materials and Methods
2.1. Analytical Approaches for the Bending Resistance of Composite Beams
2.1.1. Literature Overview

In the available literature, different approaches for calculating the bending resistance
of composite steel-concrete systems can be found, depending on which standards are used
(e.g., American, Australian, European, or Chinese). The prediction of the flexural strength
of the composite CFS section and the concrete slab, wherein the steel beam consists of two C-
sections oriented ‘toe-to-toe’ to form a box section, is shown in [2]; the bending resistance
is calculated using the elastoplastic theory, which is based on EN 1994-1-1:2004 [9]. The
structural behavior of double CFS-lipped channel sections that are connected to a concrete
slab as a composite beam was analyzed [11]; the channel sections were placed back-to-back
and connected with bolts. The plastic theory was used to calculate the ultimate moment
capacity of the full-scale composite beams. To compare the results, the experimental and
theoretical load capacities (interpolation method, stress block method, and web crippling)
were calculated in accordance with European [9] and British standards [17].

In addition to the interactions between steel and concrete, as presented in the afore-
mentioned articles, the composite action between CFS beams and wood-based floorboards
is shown in [18]. The theoretical plastic bending resistance was calculated and the full
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shear connection and plastic stress distribution was estimated in accordance with EN
1994-1-1 [9]. In [19], a comparison of two different standards of composite beam, European
(EN 1994-1-1 [9]) and Chinese (JGJ 138 [20]), were used for a bending experiment wherein a
novel configuration of cold-formed U-shaped steel-concrete composite beams was tested.

The flexural behavior of CFS composite beams was the subject of an article by Shi
et al. [21]. The researchers investigated the simplified the method for calculating the
flexural elastic capacity. Another comparison between European and Chinese standards
was analyzed; it concerned the flexural behavior of rebar truss stiffened cold-formed U-
shaped steel-concrete composite beams [22]. The test results showed that the ultimate
bending capacity could be calculated using EC4 and JGJ 138 with three modification
factors to account for the effective slab width, depth, and steel web, as well as the actual
compressive strength of the concrete. The calculated bending resistances align well with
the experimental results. The same modification was used in [23] to investigate the flexural
behavior of rebar truss stiffened cold-formed U-shaped steel-concrete composite beams.

Gildir et al. [24] investigated a CFS floor truss with concrete-filled compression
chords to show how external loading forces act on the trusses, and how they induce axial
strain and bending strain on the chord elements. The total number of chord strains at the
most critical cross-section can be calculated as the sum of the strains due to the two effects
mentioned. Zhao et al. [25] analyzed the negative bending behavior of novel U-shaped
composite steel and concrete beams. The whole procedure for calculating the negative
bending capacity, which is the sum of the moments caused by the corresponding force of
each part of the composite system, is explained. In addition, Yan et al. [26] also analyzed
the U-shaped steel-encased concrete composite beams.

Haris et al. [7] conducted an experimental study on the bending behavior of double
channels and hollow light gauge steel sections. An approach from the Australian-New
Zealand standard for CFS structures [27] was used to calculate the nominal beam bending
moment capacity. Nguyen [8] investigated the strength of a composite beam made of
concrete and a thin-walled CFS stiffened channel section. In addition to the bending
strength, the shear strength and the interactions between the shear and bending forces were
also analyzed.

Dar et al. [4] investigated the behavior of partly stiffened CFS built-up beams and they
compared the given experimental and numerical results with the analytical results. The
characteristic bending strength of the beam was calculated in accordance with the design
rules of EC3 [28] and the design rules of AISI-5100 [29]. It may be noted that the analytically
determined strengths, calculated using the North American Specifications and the European
Codes for CFS structures, were conservative compared with the numerical results.

Wehbe et al. [30] investigated the behavior of concrete / CFS—composite beams (experi-
mental development of a novel structural system). This paper showed how a composite
action could be achieved by attaching stand-off screws to the track and encapsulating the
screw shank in the concrete slab.

Irwan et al. [31] analyzed a large-scale test of symmetrical CFS—concrete composite
beams with bent-up triangular tabs to improve shear transfer. A composite beam with
shear transfer enhancements was found to have an increased capacity for ultimate bending
moments compared with specimens without enhancements.

In accordance with the research and their results mentioned above, it can be concluded
that different approaches are used to calculate the bending resistance of composite beams
made of CFS and concrete. The following section presents three commonly used approaches
which will be used in this paper.

2.1.2. Analytical Bending Resistance of Composite LWT-FLOOR Beams

It was assumed that the analytical bending resistance of composite LWT-FLOOR
beams could be calculated using three different approaches.
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The first approach calculates the plastic bending resistance. To calculate the character-
istic plastic bending resistance, finding the position of the plastic neutral axis is necessary,
and can be calculated in accordance with Equation (1):

XpLk =4 X Aa X fyi/(begr X 0.85 X foy), 1

where A, is the cross-section area of the CFS C profiles, fyy is the characteristic steel yield
strength, b is the width of the reinforced concrete slab, calculated in accordance with
Chapter 5.4 of EN 1994-1-1 [9], and fy is the characteristic value of the cylinder compressive
strength of concrete at 28 days.

In the analyzed LWT-FLOOR cross-section, as shown in Figure 1, the position of
the plastic neutral axis (n.a.) is assumed to be in the concrete, and the full degree of
shear connection is achieved. Therefore, the whole steel section was placed under tense
conditions, which allowed for the utilization of its plastic resistance, although the CFS
sections are usually taken as cross-sections of class 3 or 4.
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Figure 1. Cross section of the analyzed LWT-FLOOR composite beam.

Equation (2) enables the calculation of plastic bending resistance in the case of a full
shear connection, in accordance with the first analytical approach:

Mpire =2 X Aa X £y X (ha/2+he + hp — xp1x/2) +2 X Aq X fyx X (h —ha/2+he + hp — xp1x/2) 2)

where h, is the height of the CFS C section, hc is the height of the concrete slab, and hy, is
the height of the metal sheet rib, which is positioned perpendicular to the direction of the
composite beam (see Figure 1).

The calculated values for the characteristic plastic bending resistance in the case of a
full shear connection for steel beam heights of 400 mm, 500 mm, and 600 mm, are 257.7 kNm,
299.7 kNm and 341.7 kNm, respectively.

The second analytical approach, comprising a partial shear connection, may be used
when the bolts are arranged in such a way that a full shear connection between steel and
concrete parts cannot be achieved. In this case, the bending resistance is calculated by
modifying the equation from Eurocode 4 [9]; the plastic bending resistance of the structural
steel section My 5 ri is replaced with the elastic bending resistance of the structural steel
section, Mg 5 Rk, as shown in Equation (3) [13,18].

Mgk = Meark + MpL,rK — Mela,rK) X T, 3)

where My, ri is the bending resistance of the composite beam in the case of full shear
connection; this was calculated in accordance with Equation (2), and 7 is the degree of
shear connection, which may be calculated using Equation (4):

N =1n/Ngy. (4)

To calculate the degree of shear connection, it is necessary to understand the number
of shear connectors required to achieve a full shear connection, ngy;. In Equation (4), n is
the number of shear connectors used, and it is limited by the number of metal sheet ribs.
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In addition, the number of shear connectors can be varied by their position within the
ribs; it is possible to use two bolts per rib or one bolt per rib, which are then placed in a
staggered arrangement along the length of the beam. These two cases are considered in
this paper, with the axial spacing of the metal sheet ribs being 240 mm. The quality of the
bolts used as shear connectors is 8.8, which means that the tensile strength of the bolts is
800 N/mm?. This falls outside the scope of the European standard [9], where the equations
for calculating the resistance of headed shear studs are valid for tensile strengths up to
500 N/mm?Z. Moreover, the used bolt diameter (12 mm) is smaller than specified in the
European standard [9] (16 mm—25 mm). However, it was assumed that these equations are
also valid for bolts used as shear studs.

In addition, according to EN 1994-1-1 [9], to calculate the resistance of the bolt when
the ribs of the metal sheet are positioned perpendicular to the direction of the composite
beam, it is necessary to apply the reduction coefficient, k.

ki = 0-7/Sqrt(nr) X bO/hp X (hsc/hp — 1) < Ktmaxs @)

where by is a mean width of a concrete rib, hg is the overall nominal height of a connector,
n; is the number of stud connectors in one rib, hy, is the overall depth of the profiled
steel sheet (excluding embossments), and k¢ max is the limit value, in accordance with the
findings in [9].

EN 1994-1-1 [9] requires the minimum height of the shear connectors to be:

hge =hp +2 x d, (6)

where d is the diameter of the shear connector.
The shear connector resistance is finally calculated as:

Py gy = ki X PRy, ()

where Pgy is the design value of the shear resistance of a single connector.

Table 1 shows the calculated bending resistances of composite CFS—concrete beams
using the investigated steel beam heights in cases where shear connectors are arranged in
pairs or are staggered, with and without the reduction coefficient, k;.

Table 1. Bending resistances for steel beam heights of 400 mm, 500 mm, and 600 mm.

Bending Resistance [kNm]  Degree of Shear Connection [-]

Bolt Arrangement

without k¢ with ki without k¢ with ki

h =400 mm

In pairs 257.7 181.7 1.0 0.64

Staggered position 210.0 142.7 0.78 0.46
h =500 mm

In pairs 299.7 215.3 1.0 0.64

Staggered position 246.8 171.9 0.78 0.46
h =600 mm

In pairs 341.7 249.2 1.0 0.64

Staggered position 283.7 201.6 0.78 0.46

The third considered approach concerns the non-linear bending resistance, which is
calculated in accordance with [9,32,33]. First, the elastic bending resistance of the cross-
section must be found, which can be calculated by converting the concrete slab into a steel
cross-section. To calculate the ideal area of the composite cross-section, the ideal area of
the concrete slab cross-section must be found, as well as the distance between the center of
gravity of the composite section and the concrete slab. The ideal area of the concrete slab
is calculated by considering the thickness of the concrete slab above the center of gravity
of the composite section. Then, it is possible to calculate the ideal moment of inertia for
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the concrete slab, and finally, for the composite section. The stiffness of the composite
cross-section is possible to calculate using Equation (8):

El;, =E; x Ij1, (8)

where E; is the modulus of the elasticity of steel and ;1 is the ideal second moment of
the area.
Non-linear bending resistance can be considered for propped and unpropped systems.
In a propped system, regarding the criteria of the maximum stresses allowed in steel
and concrete sections, two equations can be formulated (Equations (9) and (10)) to calculate
the bending resistance; the lower result from the two equations should then be considered
for further calculations.
0a = Ea X Mgy 1/ElL X z,, 9

Oc = EC X MRk,Z/EIL X Z¢, (10)

where Mgy ; is the maximum allowable moment that will cause stress in the steel section,
and Mgy » is the maximum allowable moment that will cause stress in the concrete section.
To choose the right expression for elastic bending resistance, as demonstrated in [9], the
value of a normal compressive force in a concrete slab which corresponds with Mg gy can
be calculated as:

Neer =k X Mejre/LL X (AcL X Zig L), (11)

ZieL = Ay X aa/Ai,L' (12)

where k is the minimum value between k,, ks, and k.. These values are obtained from the
edge fibers of the cross-section that has reached its limit in terms of stress. A is the area
of the ideal composite cross-section, z;. 1, is the distance between the centers of gravity of
the composite cross-section and the center of gravity of the concrete slab; a, is the distance
between the center of gravity of the cross-section steel part and the center of gravity of the
composite cross-section.

An unpropped system must be considered during the phases of construction. In phase
I, the weight of the steel beam and concrete must be considered, and then the characteristic
bending moment of the calculated load is used to calculate the stresses on the steel section.
In phase II, the stress in the steel section is assumed to be limited by the yielded stress;
this allows the remaining stress to be taken into account. Two bending moments were
calculated using the equations that calculate stresses in the steel (Equation (13)) and in the
concrete (Equation (14)); the minimum value is associated with Mgy 1.

04,11 = Ea X MRy ia/ElL X z,, (13)

oc=E: x MRk,H,C/EIL X Z¢, (14)
The elastic bending resistance of the composite section is then calculated as follows:
Ml = MRi1 + k X MRy, (15)

where Mgy | is the design bending resistance from phase I, and k is the lowest factor when
a stress limit is reached.

Following the conditions given in EN-1994-1-1 [9], the characteristic value of the
bending resistance of a composite section is calculated using Equations (16) and (17).

N < Nc,el; MRk = Ma,Rk + (Mel,Rk - Ma,Rk) X Nec/ Nc,el/ (16)

Neel < Ne < Neg; MR = Mere + (Mprrc = Merrk) X (Ne = Nee)/(Nes — Neer)), (17)

Calculated values are shown in Figure 2.
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Figure 2. Simplified relationship between M and N.: (a) steel beam height of 400 mm; (b) steel beam
height of 500 mm; (c) steel beam height of 600 mm.

In Figure 2, a simplified relationship between M and N, is shown. In all diagrams
in Figure 2, curves for propped (red lines) and unpropped (purple lines) construction
are shown. Diagrams are defined in accordance with [9]. For both types of construction,
propped and unpropped, one and two bolts in each rib are analyzed. Each line has three
marked spots—one spot is used for both degrees of shear connection and is defined as
Mgk /Mp)rk and Ne¢/Ng ¢, and two spots represent Mej gk /Mpy rk and N e /N ¢; these are
related to the degree of shear connection. The calculated characteristic bending resistances
align well with the non-linear approach of the propped system; the steel beam height of
400 mm, with bolts in pairs and a staggered arrangement, have resistances of 161.74 kNm
and 112.55 kNm, respectively. The steel beam height of 500 mm, with bolts in pairs
and a staggered arrangement, resulted in characteristic resistances of 194.42 kNm and
139.72 kNm, respectively. The steel beam height of 600 mm, with bolts in pairs and a
staggered arrangement, resulted in characteristic resistances of 227.21 kNm and 167.27 kNm,
respectively. In the case of the unpropped system, for the steel beam height of 400 mm,
with bolts in pairs and a staggered arrangement, the values of non-linear resistances are
176.39 kNm and 134.71 kNm, respectively. The steel beam height of 500 mm, with bolts
in pairs and a staggered arrangement resulted in characteristic resistances of 208.46 kNm
and 161.69 kNm, respectively. Finally, the steel beam height of 600 mm, with bolts in pairs
and a staggered arrangement, resulted in characteristic resistances of 240.83 kNm and
189.12 kNm, respectively.

2.2. Parametric Numerical Analyses

The numerical model was created using ABAQUS/CAE software [34]. The model is
based on a calibrated numerical model of a corrugated web beam (CWB) [35]. Figure 3
shows a comparison of experimentally and numerically obtained results for different
magnitudes of initial geometric imperfection (i.e., L/500, L/1000, and L/1500, where L is a
CWB beam span).

The system’s load is set as a vertical displacement of 100 mm in the middle of the span.
The load is transferred using two constraints (MPC Beams) that are connected with a MPC
Pin, which has a defined reference point (RP) where the load is assigned. Four loading
points are used for transferring the load and are defined as kinematic couplings, as shown
in Figure 4a. The model is formed as a simply supported beam whose ends are defined as
coupling constraints, as shown in Figure 4b.

The span of the LIWT-FLOOR composite CFS—concrete beam is 6 m. The loading points
are located 750 mm from the ends and are 1500 mm apart. The numerical modelling process
consists of two steps. First, the initial imperfections are modelled using a static analysis;
this produces an imperfect shape with an initial geometric imperfection of L/1500. Next,
an explicit dynamic analysis is performed.

The analyzed model consists of four CFS C-profiles which are connected to the CW
and shear plates to form a unit of a steel beam. The concrete slab on a metal sheet is placed
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Displacement of 100 mm y — v

on the steel beam to form a composite beam. The total height of the concrete slab with ribs
is 120 mm.
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Figure 3. Comparison of experimentally and numerically obtained results: (a) CWB SW-1; (b) CWB
SW-2, in accordance with [35].

(@) (b)
Figure 4. Numerical model of the analyzed composite beam: (a) Load introduction; (b) Support conditions.

The mesh size of the concrete slab is 30 mm and the assigned element type is C3D8R
(an 8-node linear brick with reduced integration). The mesh size of the C-profiles is 15 mm,
and the mesh size of the shear plates and CW is 10 mm. The assigned element type for
the aforementioned steel elements is S4R (a 4-node doubly curved thin or thick shell). The
mesh size of the shear connectors is 8.4 mm, and the assigned element type is B31 (a 2-node
linear beam in space).

The used concrete class is C25/30, in accordance with [36]. To define concrete damage
behavior, different concrete damage plasticity (CDP) models can be found in the litera-
ture [37-42]. The CDP model (shown in Figure 5a), in accordance with [13,37,38], is used to
model concrete. The used material for all steel elements is S350 GD (Figure 5b), and the
bolt quality is 8.8 (Figure 5c).

General contact between all FE model parts occurred using the following parame-
ters: normal direction—-hard contact, transverse direction—friction contact with a friction
coefficient of 0.1, and the free separation of elements to allow contact was permitted.

To ensure the joint behavior of steel parts, the connection between them is secured
in two ways: tie connection and spot welds. In cases where a tie connection is used, the
touching surfaces are connected using a tie constraint. When spot welds are used for
connecting C-sections, two and three spot welds are used, in accordance with [43]. The
spot welds are secured with attachment points using Point-Based Fasteners with assigned
properties investigated in [44,45]. Each spot weld has defined elasticity, plasticity, damage
and failure parameters. The connection section of the spot welds is secured using a bushing
connector element that provides a connection between two nodes; this allows independent
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behavior to occur in three local Cartesian directions, following the system in both nodes,
and it allows for different behaviors to occur in two flexural rotations and one torsional
rotation. The arrangement of the spot welds between CFS C-sections and the CW, and
between the CW and the shear plates, is determined by the arrangement of the ribs of the
CW, as shown in Figure 6a. The spot welds between the C-sections and other steel elements
are located 35 mm from the top and bottom edges of the flanges.
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Figure 5. Material definition: (a) stress-strain relation of C25/30 concrete, in accordance with [13,37,38];
(b) tensile stress—strain relationship for steel grade S350 GD; (c) tensile stress—strain relation for
bolts 8.8.

_l_

i

(b)
Figure 6. Spot welds and shear connections: (a) arrangement of spot-welds; (b) model shear connectors.

To create a connection between the steel beam and the concrete slab, the shear con-
nection is secured with a tie connection, which produces a full shear connection, and by
positioning the shear connectors in a different arrangement, a partial shear connection
is produced. As previously mentioned, structural bolts were used as demountable shear
connectors. The chosen height of 84 mm was defined in accordance with EN 1994-1-1 [9].
The diameter of the bolts used was 12 mm; for simplification’s sake, they are modelled as
beam elements without heads. The bolts were embedded in the concrete slab and their
lower end was connected to the upper flange of the C-profile with the wire comprising
the MPC Beam connector section; thus, the joint behavior of the C-section and the bolts
was ensured. Figure 6b shows how the lower edge of the shear connector and the upper
edge of the channel profile were connected. The axial distance between the bolts in the
cross-section, within the same rib, was 107 mm. The longitudinal arrangement is defined
by the axial distance between the metal sheet ribs, which was 240 mm. Two different
arrangements of bolts were analyzed in pairs or in a staggered arrangement.

The nomenclature for numerical model names used in this paper is explained in Figure 7.
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Figure 7. Nomenclature for numerical model names.

Table 2 shows all analyzed parameters of this numerical study.

Table 2. Analyzed parameters.

Parameter Description Label
400 mm 400
Steel height 500 mm 500
600 mm 600
Shear plate thickness 1.0 mm SP10
0.8 mm CWO08
Corrugated web thickness 1.0 mm CW10
1.5 mm CW15
full TIE
Type of shear connection Two shear connectors per rib 5C12C
One shear connector per rib SC12S
Type of connection between C tie constraint TIE
profiles and other steel 2 spot welds 02
elements 3 spot welds 03

3. Parametric Numerical Analysis Results

The influence of the previously mentioned parameters is shown in the following
sections. Firstly, individual influences are shown; then, the interactions between influences
on the bending capacity of the composite LWT-FLOOR beam are shown.

3.1. Influence of the Degree of Shear Connection

The degree of shear connection had a significant influence on the bending capacity
of the composite beam. The influence of the degree of shear connection was taken into
account by changing the way in which the connection between the steel beam and the
concrete slab was forged.

Compared with the models that use tied steel elements, wherein the influence of the
type of connection between the steel elements is not taken into account, the influence of
the degree of shear connection is easier to observe (Figure 8a—c). Figure 8a shows the
significant influence of shear connections on models with a steel beam height of 400 mm
and a CW thickness of 0.8 mm. The difference in values between a full shear connec-
tion (400_SP10_CWO0S8_TIE_TIE) and a partial shear connection when shear connectors
are positioned in pairs (400_SP_CWO08_SC12C_TIE) is approximately 50 kNm. More-
over, the difference between partial shear connections when shear connectors are in a
staggered arrangement (400_SP10_CWO08_SC12S_TIE) and when they are in pairs is ap-
proximately 45 kNm. The difference in value between model with full shear connection
(400_SP10_CWO08_TIE_TIE) and model with shear connectors, when they are in a stag-
gered position (400_SP10_CWO08 _SC12S_TIE), is approximately 95 kNm. Figure 8b shows
the influence of the degree of shear connection on models when the steel beam height is
500 mm and the CW thickness is 1.0 mm. The difference in bending capacity between
the model with tied steel beams and concrete slabs (500_SP10_CW10_TIE_TIE), and the
model where bolts are positioned in pairs (500_SP10_CW10_SC12C_TIE), is approximately
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40 kNm; the difference between models with shear connectors in a different arrangement is
approximately 20 kNm. Figure 8c shows models with a steel beam height of 600 mm. The
difference between the tied model (600_SP10_CW15_TIE_TIE) and the model wherein shear
connectors are positioned in pairs (600_SP10_CW15_SC12C_TIE) is approximately 30 kNm;
the model with shear connectors positioned in pairs has an increased bending capacity
of 50 kNm compared with the model with a staggered arrangement of shear connectors
(600_SP10_CW15_SC12S_TIE). All presented results show that the differences between the
degrees of shear connection are heightened as the steel beam height decreases.
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Figure 8. Influence of the degree of shear connection on tied steel elements: (a) height of 400 mm and
CW thickness of 0.8 mm; (b) height of 500 mm and CW thickness of 1.0 mm; (c) height of 600 mm
and CW thickness of 1.5 mm.

3.2. Influence of CW Thickness

The influence of CW thickness on the bending capacity of the proposed composite
system is shown in Figure 9 for models with a steel beam height of 400 mm and 500 mm,
full shear connections, and tied steel elements; hence, the influence of the degree of shear
connections and the number of spot welds will be eliminated. Three different thicknesses
of CW are analyzed—0.8 mm, 1.0 mm, and 1.5 mm. Based on the given results from
Figure 9, it is concluded that the influence of the corrugated web thickness is negligible in
the analyzed models.
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Figure 9. Influence of CW thickness: (a) steel beam height of 400 mm; (b) steel beam heights of

400 mm and 500 mm.
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3.3. Influence of the Type of Connection between Steel Elements

The connection between steel elements is observed in two different ways, as already
mentioned in Section 3. When steel elements are tied, displacements between connected
parts are prevented. Figure 10a shows the influence of the type of connections between
steel elements on models with a steel beam height of 500 mm and a CW thickness of
1.5 mm. It also shows the influence of the type of connections in cases where the lowest
bearing capacity is expected—with two spot welds between C profiles—and when other
steel elements are in contact with one another (500_SP10_CW15_TIE_02), as well as in cases
where the highest bending capacity is expected—in tied models (500_SP10_CW15_TIE_TIE).
Figure 10b shows the difference between the tied model (600_SP10_CWO08_TIE_TIE) and
models with two (600_SP10_CWO08_TIE_02) and three spot welds (600_SP10_CW08_TIE_03)
between C profiles and other steel elements for a steel beam height of 600 mm and CW
thickness of 0.8 mm. The results show that tied models do not have a higher bending
capacity compared with spot welded models, or they are approximately 10 kNm higher;
this equates to a difference in bending capacities of less than 5%. The difference in bending
capacity for spot-welded models is negligible.
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Figure 10. Influence of the type connection between steel elements: (a) steel beam height of 500 mm;
(b) steel beam height of 600 mm.

3.4. Influence of the Number of Spot Welds in the Cross-Section

The number of spot welds between C profiles and other steel elements that are in
contact with C profiles is varied. One C profile in the composite beam with two spot
welds has 48 spot welds along its length, which, for the whole composite beam, equates
to 192 spot welds between C profiles and other steel elements. In cases where C profiles
are connected using three spot welds, each C profile has 72 spot welds along its length.
Therefore, within the model, C profiles are connected to other steel elements using 288 spot
welds. Considering the steel beams of the same height, the number of spot welds in
cases when two and three spot welds are used is approximately 96. Figure 11 shows the
influence of the number of spot welds between C profiles and steel elements for different
steel beam heights.

Analyzing the results shown in Figure 11, the number of spot welds does not sig-
nificantly influence the bending resistance of the analyzed LWT-FLOOR composite CFS—
concrete beam. In accordance with the presented results, it can be concluded that an
increased number of spot welds, from two to three on the C profile, will result in a more
expensive beam with a disproportionate improvement in bending capacity.
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Figure 11. Influence of the number of spot welds between C profiles and other steel elements: (a) steel
beam height of 400 mm; (b) steel beam height of 500 mm; (c) steel beam height of 600 mm.

3.5. Influence of Steel Beam Height

The influence of the steel beam height is analyzed for three different values—400 mm,
500 mm, and 600 mm. In Figure 12, the influence of the steel beam height on models with a
full shear connection and when steel elements are tied is shown, (TIE_TIE). The analyzed
models have a CW thickness of 1.5 mm. In accordance with the presented results of the
numerical model, it is concluded that the influence of the steel beam height is significant.
Increasing the steel beam height from 400 mm to 500 mm increases the bending capacity
to approximately 60 kNm. The same difference is observed between models with a steel
beam height of 500 mm and 600 mm. This leads to the conclusion that increasing the steel
beam height to 200 mm increases the bending resistance to approximately 100 kNm.
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Figure 12. Influence of the steel beam height.

3.6. Influence of the Degree of Shear Connection and CW Thickness

Figure 13 shows models with different corrugated web thicknesses and degrees of
shear connection. Figure 13a shows models with a steel beam height of 400 mm and CW
thicknesses of 1.0 mm (400_SP10_CW10) and 1.5 mm (400_SP10_CW15). After comparing
models with the same degree of shear connection and different CW thicknesses, it is
concluded that CW thickness does not impact models with a partial shear connection.
Figure 13b shows models with a steel beam height of 500 mm and CW thicknesses of
0.8 mm (500_SP10_CWO08) and 1.5 mm (500_SP10_CW15). A slightly greater difference
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in bending resistance is shown, and it is assumed that this is a consequence of the more
significant difference in CW thicknesses, compared with the results shown in Figure 13a.
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Figure 13. Influence of the number of spot welds between C profiles and other steel elements: (a) steel
beam height of 400 mm; (b) steel beam height of 500 mm.

3.7. Influence of CW Thickness and Spot Weld Density
3.7.1. Full Degree of Shear Connection

The influence of spot weld density in the case of a full degree of shear connection is
shown in Figure 14 for models with steel beam heights of 500 mm and 600 mm. Figure 14a
shows the results for a steel beam with a height of 500 mm and CW thicknesses of 0.8 mm
(500_SP10_CWO08) and 1.0 mm (500_SP10_CW10); Figure 14b shows the results for a steel
beam with a height of 600 mm and CW thickness of 0.8 mm (600_SP10_CW08) and 1.5 mm
(600_SP10_CW15). In Figure 14a, when comparing models with a CW thickness of 1.0 mm,
a difference of 20 kNm is observed, and for the models with a CW thickness of 0.8 mm,
a difference between models with different numbers of spot welds does not exist. In
Figure 14b, the difference between models with the same CW thickness and different spot
weld densities is negligible, but a greater difference is observed in models with the same
spot weld density and different CW thicknesses, approximately 80 kNm. This difference
can be explained by the fact that models in Figure 14b exhibit greater differences in terms
of CW thickness.
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Figure 14. Influence of CW thickness and spot weld density on models with full shear connection:
(a) steel beam height of 500 mm; (b) steel beam height of 600 mm.
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Figure 15a,b show the deformed shape and von Mises stress fields of the steel beams
of the 600_SP10_CWO08_TIE_02 and 600_SP10_CW15_TIE_02 models, respectively. Von
Mises stresses are shown in the step when failure is observed. In Figure 15a, it is shown
how stresses in the area of the CW are increased compared with the results in Figure 15b.
The main reason for this concerns the differences between corrugated web thicknesses.
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Figure 15. Influence of CW thickness on the deformed shape and von Mises stress fields of the steel
beams: (a) 600_SP10_CWO08_TIE_02; (b) 600_SP10_CW15_TIE_02.

3.7.2. Partial Shear Connection

The influence of spot weld density in cases of partial shear connection is shown in
Figure 16 with regard to models with steel beam heights of 400 mm, 500 mm, and 600 mm.
Different CW thicknesses are analyzed for steel beams of the same height and with the
same degree of shear connection. In accordance with the results in Figure 16a, where
models with CW thicknesses of 1.0 mm (400_SP10_CW10) and 1.5 mm (400_SP10_CW15)
are presented, and which have shear connectors positioned in pairs (SC12C) and steel
beam heights of 400 mm, it is concluded that in the analyzed cases, the influence of the
CW thickness is 25-30 kNm for the difference in thickness of 0.5 mm. The influence
of the spot weld density in the analyzed models is negligible. In Figure 16b, the same
thicknesses are analyzed, but the shear connectors are presented in a staggered arrangement
(SC12S). Again, the bending capacity difference caused by spot weld density is negligible
compared with the impact of CW thickness. In Figure 16¢, only the influence of spot weld
density is analyzed in models with a steel beam height of 500 mm and a CW thickness of
1.0 mm when the shear connectors are arranged in pairs (500_SP10_CW10_SC12C). The
difference in bending capacity is approximately 20 kNm. Figure 16d shows the analyzed
influence of a steel beam height of 600 mm, a CW thickness of 1.0 mm (600_SP10_CW10)
and 1.5 mm (600_SP10_CW15), and an arrangement of shear connectors in pairs (SC12C).
After observing models with the same CW thicknesses, the difference was found to be
negligible, but after observing models with the same spot weld densities and different CW
thicknesses, the difference is approximately 15%.
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Figure 16. Influence of CW thickness and spot weld density on partial shear connections: (a) steel
beam height of 400 mm and shear connectors positioned in pairs; (b) steel beam height of 400 mm and

500_SP10_CW10_SC12C_02
500_SP10_CW10_SC12C_03

shear connectors positioned in a staggered arrangement; (c) steel beam height of 500 mm and shear
connectors positioned in pairs; (d) steel beam height of 600 mm and shear connectors positioned
in pairs.

Figure 17 shows the deformed shape and von Mises stress in model 400_SP10_CW10_S
C125_02 during the last stage of analysis. The view cut was made in the longitudinal plane,
wherein shear connectors were placed in a staggered arrangement. In Figure 17a, one
side of the shear connectors is shown, and in Figure 17b, the other C profile with shear
connectors is shown in its final stage. It is evident that the shear connector on one side of
the beam failed.
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Figure 17. Deformed shape and von Mises stress filed for model 400_SP10_CW10_SC12S_02: (a) left
end of the beam; (b) right end of the beam.

3.8. Influence of the Steel Beam Height on Models with Partial Shear Connections and Different
Spot Weld Densities

The influence of steel beam height on models with partial shear connections and
different spot weld densities is shown in Figure 18.
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Figure 18. Influence of steel beam height on models with partial shear connections and different
spot weld densities: (a) steel beam heights of 400 mm and 500 mm; (b) steel beam height of 600 mm;
(c) steel beam heights of 500 mm and 600 mm.

A comparison of models with the same steel beam height is shown in Figure 18a; it is
concluded that spot weld density does not have an influence on the bending capacity of
the analyzed steel beam with a CW thickness of 0.8 mm. To confirm the aforementioned
conclusion, Figure 18b shows results for the steel beam height of 600 mm and CW thickness
of 1.0 mm. The impact of the spot weld density is still negligible. On the other hand, in
Figure 18c, models with a CW thickness of 1.5 mm are shown, and some small differences
in bending capacity, up to approximately 15%, between beams of the same heights, can
be observed.

4. Comparison of Analytical and Numerical Results

Analytical approaches are divided into three categories depending on the degree of
shear connection and propped/unpropped construction in non-linear bending resistance
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cases. It is necessary to emphasize the fact that in the analytical approaches, it is not
possible to take into account the thickness of the CW, and it is not possible to consider the
type of connection between steel elements, nor the number of spot welds. For that reason,
in the comparison of analytical and numerical results, the decisive parameters for model
selection are the steel beam height and the degree of shear connection. Results are divided
into subchapters 4.1-4.3, in accordance with the steel beam height.

For models with a shear connection secured with a tie constraint (which constitutes a
full shear connection), bending resistance is calculated in accordance with Equation (2) to
ascertain the plastic resistance. For partial shear connections (when shear connectors are
positioned in pairs or in a staggered arrangement), bending resistances are calculated in
accordance with Equations (3), (16) and (17), to find the linear elastic—plastic or non-linear
elastic resistance, respectively.

4.1. Steel Beam Height of 400 mm

Figure 19 compares the analytically calculated results of different approaches with
numerically obtained bending capacities for a steel beam height of 400 mm. In the analyzed
models, steel elements were tied, and different degrees of shear connections were observed.
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Figure 19. Comparison of the analytical and numerical results of a steel beam height of 400 mm:
(a) full shear connection; (b) shear connectors in pairs; (¢) shear connectors in a staggered arrangement.

Figure 19a shows that the numerical model resulted in a bending capacity that ex-
ceeded the analytically calculated characteristic bending resistance, with a full shear con-
nection, as shown in Table 1. Figure 19b,c show results that are in accordance with the
analytical approaches, where Mgy i+ and Mgy without kt are the values shown in Table 1.
The bending resistance was calculated in accordance with Equations (16) and (17); the
non-linear elastic resistance for the propped and unpropped constructions were MRk propped
and MRy unpropped- For partial shear connection values calculated without considering the
reduction factor, ki, give characteristic bending resistances close to bending capacities
computed by numerical models Characteristic bending resistances that were calculated in
accordance with the non-linear elastic resistance for both propped and unpropped construc-
tions gave the lowest values; they were approximately 100 kNm lower than the numerically
obtained capacities.

4.2. Steel Beam Height of 500 mm

Figure 20 shows the comparison of the analytically calculated results for different
approaches with numerically obtained bending capacities for a steel beam height of 500 mm.
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In the analyzed models, steel elements are tied, but CW thicknesses and the degrees of
shear connection are different.
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Figure 20. Comparison of analytical and numerical results of a steel beam height of 500 mm: (a) full
shear connection; (b) shear connectors in pairs; (c) shear connectors in a staggered arrangement.

Figure 20 compares analytical and numerical results with full shear connections.
Figure 20a shows that the FE-calculated bending capacity exceeds the analytically calcu-
lated plastic bending resistance for a full shear connection. For partial shear connections,
when shear connectors are positioned in pairs, the value of the bending resistance that is
calculated without k; is not reached by the FE-computed bending capacity; however, other
analytically calculated values do reach that value.

4.3. Steel Beam Height of 600 mm

Figure 21 shows the comparison of analytically calculated results, for different ap-
proaches with numerically obtained bending capacities, of a steel beam height of 600 mm.
In order to avoid the influence of spot welds, all steel elements are tied.
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Figure 21. Comparison of analytical and numerical results of a steel beam height of 600 mm: (a) full
shear connection; (b) shear connectors-in pairs; (c) shear connectors in a staggered arrangement.
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After observing the results shown in Figure 21a, it is evident that the values of the
calculated characteristic bending resistances are reached using numerically computed
capacities for full shear connections in cases when the shear connectors are in a staggered
arrangement. In cases when shear connectors are positioned in pairs, Figure 21b shows
that the value of the bending resistance calculated with k; is similar to the bending capacity
calculated using the numerical model; however, the value of the bending resistance without
k¢ was not reached. The values of the bending resistances calculated in accordance with non-
linear elastic resistance are reached in cases of both partial shear connections in pairs and
in staggered arrangements. In the case of staggered arrangements, as shown in Figure 21c,
the value of the maximum bending capacity in the numerical model is the most similar to
the analytical values calculated without k.

5. Conclusions

This paper summarizes the analytical approaches for calculating the bending resistance
of the analyzed CFS—concrete composite beam with built-up CFS profiles connected by
spot welds. It compares the characteristic analytical results with the maximum values of
numerically obtained bending capacities based on FE analyses. Furthermore, the influence
of the steel beam height, the type and degree of the shear connection, the connection
between the steel elements, and the CW thickness on the bending capacity of the composite
system is analyzed. In accordance with the presented parametric numerical and analytical
models, the following conclusions are obtained:

e  The degree of shear connection has a significant influence on the bending capacity
of the composite CFS—concrete system. After changing the shear connection type
from a staggered arrangement to a tie connection, the bending capacity increased to
approximately 30-50%, depending on the analyzed height of the composite beam.

e  The CW thickness has a negligible influence on the bending capacity, which increased
by 11% in models with CW thicknesses of 0.8 mm and 1.5 mm.

e  Models with tied steel elements showed higher bending capacities (6-16%) than when
steel elements were connected with spot welds.

e  The number of spot welds between the C profile and other steel elements had a small
influence on the bending capacity of the system (3-6%).

e  The steel beam height greatly influenced the bending capacity in all models, regardless
of which type of connection between steel elements was used, or the degree of shear
connection that was achieved (i.e., by increasing the steel beam height from 400 mm to
600 mm, the bending resistance will increase by approximately 30%).

e  When comparing the numerical and analytical results for the full degree of shear
connection, it was found that the FE calculated bending capacities exceeded the
characteristic bending resistance for all analyzed steel beam heights.

e  Analytically calculated characteristic bending resistances for partial shear connections
without the reduction factor, ki, for steel beam heights of 400 mm (shear connectors
in pairs and in staggered arrangements) and for steel beam heights of 600 mm (stag-
gered arrangement), were reached using the bending capacities from FE models. For
models with a steel beam height of 500 mm (arrangement in pairs) and a height of
600 mm (arrangement in pairs), the analytically calculated values were not reached.
Analytically calculated characteristic bending resistances for partial shear connections
with the reduction factor, k¢, and characteristic non-linear bending resistances, were
reached for all analyzed FE models.

All conclusions will be verified in future planned experimental research concerning
CFS-concrete composite beams with built-up CFS profiles connected by spot welds; this
research will comprise planned activities related to the LWIT-FLOOR project. Furthermore,
as it was not possible to take into account the CW thickness and arrangement, or the
number of spot welds at the cross section of the analytical models, this topic will also be
investigated in future research.
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