
   

Copyright  and  Reuse:  Copyright  and  Moral  Rights  remain  with  the  author(s)  and/or

copyright  holders.  Copies  of  full  items  can  be  used  for  personal  research  or  study,

educational, or not-for-profit purposes without prior permission or charge, unless otherwise

indicated,  provided  that  the  authors,  title  and  full  bibliographic  details  are  credited,  a

hyperlink and/or URL is given for the original metadata page and the content is not changed

in any way. For full details of reuse please refer to City Research Online policy.

City Research Online:            http://openaccess.city.ac.uk/            publications@citystgeorges.ac.uk

Citation:  Liu, D., Fu, F. & Liu, W. (2021). Structural Behavior of Composite Floor 
System Using Cold-Formed Thin-Walled C Steel Channel Embedded Foam 
Concrete. Applied Sciences, 11(21), 9888. doi: 10.3390/app11219888 

This is the published version of the paper.

This version of the publication may differ from the final published version. To cite 
this item please consult the publisher's version.

Permanent repository link: https://openaccess.city.ac.uk/id/eprint/26940/

Link to published version: https://doi.org/10.3390/app11219888

City Research Online
City St George’s, University of London

https://openaccess.city.ac.uk/policies.html
mailto:publications@citystgeorges.ac.uk
http://openaccess.city.ac.uk/


applied  
sciences

Article

Structural Behavior of Composite Floor System Using
Cold-Formed Thin-Walled C Steel Channel Embedded
Foam Concrete

Dianzhong Liu 1, Feng Fu 2,* and Wanjuan Liu 1

����������
�������

Citation: Liu, D.; Fu, F.; Liu, W.

Structural Behavior of Composite

Floor System Using Cold-Formed

Thin-Walled C Steel Channel

Embedded Foam Concrete. Appl. Sci.

2021, 11, 9888. https://doi.org/

10.3390/app11219888

Academic Editors: Khan

Mohammad Iqbal and Dario De

Domenico

Received: 25 July 2021

Accepted: 15 October 2021

Published: 22 October 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 School of Civil Engineering, Jilin Jianzhu University, Changchun 130118, China;
liudianzhong@jlju.edu.cn (D.L.); liuwanjuan@jlju.edu.cn (W.L.)

2 Department of Civil Engineering, School of Mathematics, Computer Science & Engineering,
University of London, Northampton Square, London C1V 0HB, UK

* Correspondence: feng.fu.1@city.ac.uk

Abstract: In this paper, a new composite floor system using cold-formed thin-walled C steel channel
embedment and a foam concrete slab is developed. This new type of floor system features lightweight,
high fire-resistant, and high anti-corrosion features, and can be used for multi-story buildings,
providing a promising new alternative floor system for the construction market. Two four-point
bending tests were carried out to investigate the flexural capacity and failure modes of this new
type of composite slab. Based on the test results, a nonlinear finite element model was developed
using general software package ABAQUS. The model is validated using the test results. Using
this model, parametric studies were performed to study the key parameters affecting the structural
behavior of this new type of composite floor system. Different parameters such as density of the
foam concrete, grade of the cold-formed thin-walled C steel channel embedment, and spacing of
the cold-formed thin-walled C steel channel were investigated. Their contributions to the overall
moment capacity and their effect on the failure modes of this type of composite slab were discovered.
Based on experimental results and FE results, design formulas for ultimate flexural capacity of this
new type of composite slabs were also developed which can accurately predict their flexural capacity.

Keywords: flexural capacity; composite floor slab; foam concrete; ABAQUS

1. Introduction

Foam concrete is a cellular lightweight concrete with reduced density. It is made
of cement and fly ash with a compressive strength between 9 and 24 MPa in different
densities [1]. The density of foam concrete varies from 400 kg/m3 to 1600 kg/m3, much
lighter than normal concrete. Up to now, foamed concrete has been widely used for non-
structural members in buildings, working as a lightweight material for sound barriers,
and as filling for composite members [2]. It has also been used as filling for masonry
due to its good thermal insulation and ability to protect against fires [3]. Although foam
concrete has been widely used for non-structural purposes, there is an increasing trend
for its use in structural members. Little research has been done for the compressive and
flexural resistance of foam concrete members [4]. Yanet al. made numerical studies on
steel–UHPC–steel sandwich beams with novel enhanced C-channels [5]. Sohel et al. [6]
studied the behavior of steel–concrete–steel sandwich structures with lightweight cement
composite and novel shear connectors. However, no studies on composite structures using
foam concrete can be found in the current literature. Due to its inherent low strength, foam
concrete has to be further reinforced by steel reinforcements for structural purpose [7–9].
Jones et al. [10] studied the heat of hydration in foamed concrete. Kearsleya et al. [11]
studied the effect of high fly ash content on the compressive strength of foamed concrete.
Hashimoto et al. [12] introduced the process of continuous manufacturing of lightweight
foamed concrete.
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The cold-formed thin-walled steel structure has been developed for more than half
a century, and has been widely used in many construction projects. In 2001, the United
States, Canada, and Mexico integrated the specifications for cold-formed thin-walled
steel, and released the integrated specification “Code for Design of Cold-Formed Steel
Components” [13]. China also published the national standard “Technical Specification
for Cold-Formed Thin-Walled Steel Structures” (GB50018-2002) in 2002 [14].In 1987, in
order to promote the application of profiled steel-concrete composite slabs in the UK,
Wright and Evans [15] did a large number of related tests, which greatly promoted the
application of composite slabs. In 1997, Sauerborn Ingeborg and Bode Helmut [16] analyzed
the slip of composite slabs. In 2004, Elghazoul and Izzuddin [17] used high-strength
concrete instead of ordinary concrete to cast composite slabs, and analyzed the stiffness
changes of composite slabs and the performance of the slabs when the ultimate load was
reached. Crisinel and Marimon [18] developed a method to calculate the bearing capacity of
composite slabs, and verified the feasibility of this calculation method through experiments.
In 2008, Youn-Ju Jeong [19] proposed a new method that can calculate the composite board
by launching a test, which is more economical and simpler than the traditional test method.

Therefore, to enable a further application of this new type of concrete to the current
construction projects such as tall buildings [20–22], a new composite floor slab system made
of cold-formed thin-walled C steel channel embedment and foam concrete is developed
in this paper. As it shown in Figure 1, it is a one-way slab system. It uses a cold-formed
thin-walled C steel channel as a major steel skeleton embedded into the foam concrete,
which is laterally connected by steel belts. After casting the foam concrete, the one-way
slab is formed. Due to the lightweight feature and excellent fire resistance of foam concrete
compared to normal concrete, this new composite slab system exhibits a great application
prospect in multi-story buildings. However, the failure mechanism and the flexural capacity
of this type of new composite floor slab system are still not clear. Therefore, in this paper,
a full-scale bending test on composite floor slabs using cold-formed thin-walled C steel
channel embedment is conducted, and the failure mechanism and the flexural capacity
of this type of new slab system are investigated. In the meantime, a FE model is built
using ABAQUS, which is validated by the test results. It is used to investigate the effect
of different design parameters on the behavior of this type of floor system. Based on the
experimental and numerical investigations, the formula to calculate the flexural capacity of
this type of composite slabs is also developed.

Figure 1. Foam concrete composite floor slabs with cold-formed thin-walled C steel channels embedment (mm). (a) Specimen
B-1; (b) Specimen B-2.
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2. Four-Point Bending Test

The four-point bending test was performed in the structural lab of Jilin Jianzhu
University. The detailed testing setup and test procedures are introduced here. The
instrumentation and test procedure follows [23–29].

2.1. Test Specimens

As shown in Figure 1, two specimens were fabricated: B-1and B-2. The difference
between these two specimens is that studs with a diameter of 13 mm and a height of
60 mm were welded in B-2 (see Figure 1b).The cold-formed thin-walled C steel channels
are placed in a longitudinal direction, is laterally connected by steel belts with a spacing
of 200 mm to form a steel skeleton. After casting the foam concrete, the one-way slab is
formed. The dimension of the slab is 3000 × 1000 × 150 mm. Chinese 235B [30] with a
yield strength of 235 MPa is used for the cold-formed thin-walled C steel channels and
the steel belts. The ultimate strength of Chinese235B is 370~500 MPa. The density of
the foam concrete is 1200 kg/m3 [9], with a compressive strength of 17.8 MPa. The mix
design is shown in Table 1. The section size for cold-formed thin-walled C steel channel is
C100 × 50 × 20 × 2.0 mm, with spacing of 180 mm. The steel belt is 50 × 2.0 mm with a
spacing of 200 mm. The concrete cover is 25 mm.

Table 1. Mix ratio of foam concrete of 1200 kg/m3 density.

Density
(kg/m3)

Weight of Fly Ash
(kg)

Weight of Cement
(kg)

Weight of Water
(kg)

Weight of Foam Agent
(kg)

Volume of Foam
(m3)

1200 200 800 400 0.32 0.2916

2.2. Test Set-Up

As it is shown in Figure 2, the four-point bending test was performed. The supports
were placed 100 mm away from the end of the slab. Fixed hinge support was used at
one end and roller support was used at the other end. The MTS test system with electro-
hydraulic servo (range 500 kN) was used for vertical loading. The MTS loading system
transferred force through loading beams to the slabs. The load cell in the MTS test system
could directly transmit pressure sensing data to the computer system, and could control
the loading rate, switch loading mode, and change loading force and displacement by
computer. The spacing of the two loading beams was 1000 mm.

Figure 2. Test arrangements. (a) TestB-1; (b) testB-2.



Appl. Sci. 2021, 11, 9888 4 of 17

2.3. Instrumentation

During the tests, the conventional instrumentation for flexural tests was used, which
was comprised of LVDTs and strain gauges. The strain gauges were mounted on the
cold-formed thin-walled C steel channels at various locations to monitor the change of the
strain in the cold-formed thin-walled C steel channels, as is shown in Figure 3.

Figure 3. Schematic diagram of measuring points on cold-formed thin-walled C steel channels.
(a) Location of the strain gauges at the top and bottom flanges of the cold-formed thin-walled C steel
channels; (b) location of the strain gauges at the webs of the cold-formed thin-walled C steel channels.

In addition to measuring of the strains in the cold-formed thin-walled C steel channels,
there were 10 strain gauges on the upper surface of foam concrete, 4 of which were in mid
span, 4 at three points on both sides, 2 at the two ends near the support, and 5 strain gauges
were placed along the section height according to the position of the lower surface and the
strain gauges on the upper surface. The strain gauges used for measuring foam concrete
are shown in Figure 4.

Figure 4. Schematic diagram of measuring points of foam concrete slab strain gauge. (a) Strain
gauges at top and bottom surface of the foam concrete slab; (b) Strain gauges at the long edge of the
foam concrete slab.
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The LVDTs were installed at mid-span, at two loading points and two supports, respec-
tively. Their locations are shown in Figure 5. TheYHD-100 dial gauges were also placed at
the midspan and the two supports as shown in Figure 5. DJCK-2crack measurement device
is used to record the crack patterns and crack width of the slab.

Figure 5. Schematic diagrams of LVDTs.

2.4. Loading Procedure

The combined load and displacement control method was used during the loading
process using the MTS test system. Before the start of the test, the specimens were preloaded
to a smaller load to check whether all the instrumentations were working correctly. During
the test, the load was applied through several increments; the loading also stopped after
each increment for taking the readings, such as the dial gauge readings. The load increased
until the failure of the slabs.

The test adopted a load-displacement comprehensive control method. Before the
test started, two pre-loading steps were carried out, and the load was 2 kN each time.
At the beginning of the test, the loading level was controlled by the load increment, and
the loading rate was 2 kN/min. After cracks appeared, the loading rate was adjusted to
1 kN/min until the specimen showed large inelastic deformation. At each increment, the
load was kept constant for 10 min. At the same time, the readings of the instrumentations
were recorded. When obvious plastic deformation was observed in the specimen, the
loading method was changed to displacement control of the displacement in the middle of
the span. The increment was 5 mm when the concrete in the compression zone of the pure
bend section was crushed, in which case the loading could be stopped.

The YHD-100 resistance dial gauges were placed in the middle span and below the
two loading points. In order to monitor the influence of the settlement of the support on the
deflection, the other two YHD-50 resistance dial gauges were installed at the support. The
dial gauges were connected to the DH3818 data logger, and then connected to the computer.

2.5. Test Results and Discussion

The tests can be divided into three stages: elasticity, elastoplasticity, and failure. At the
initial stage of loading, the stress and strain of cold-formed thin-walled C steel channels
and foam concrete were small. As the load increased, cracks were noticed when the load
was about 15% of the ultimate load. When the load further increased, the composite
slabs entered the elastic-plastic stage, the number of flexural cracks in the pure bending
zone increased, the crack width became wider, and some were propagated through the
cold-formed thin-walled C steel channels. As is also noticed in [31,32], the variability of
the crack width along the element height was directly related to tensile and compressive
stresses arising at the critical section. At this time, the tensile force at the tension zone of
the composite slabs was fully resisted by the lower flange of cold-formed thin-walled C
steel channels. Apart from the cracks appearing in the pure bending section, when the
load was 50% of the ultimate load, a vertical crack in the shear span zone was also noticed.
The readings from the strain gauges indicated that the upper flanges of the cold-formed
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thin-walled C steel channels were under compression and the lower flanges were in tension,
and the lower flange of cold-formed thin-walled C steel channels began to yield under
tension, while the upper flanges were still in the elastic stage. After the yield of lower
flange, the crack width of the composite slab increased correspondingly. The neutral axis of
the cross section of the composite slab rose slightly. As the load continued to increase, the
upper flange of cold-formed thin-walled C steel channels started to yield, and the strain
of the foam concrete increased gradually, and finally the foam concrete was crushed and
destroyed. The crack distributions of some stages of the tests are shown in Figure 6.

Figure 6. The crack distributions of some stages of the tests. (a) Vertical cracks of B-1; (b) Vertical cracks of B-2.

2.5.1. Load-Deflection Relationship

Figure 7 shows the comparation of the deflection of tests B-1 and B-2. It can be seen
that the results are very similar. It also shows that the studs are not necessary for this type
of composite floor system.

Figure 7. Load-deflection relationship of tests B-1 and B-2.

It can be seen that, at the initial stage, the slab deforms as a normal concrete slab. This
is because of the compatibility of the cold-formed thin-walled C steel channels and foam
concrete at the elastic stage of the slab. With the increase of the load, cracks were observed
at the bottom of the slab. Due to the contribution of the cold-formed thin-walled C steel
channels, the deflection increases quickly, but the load does not increase too much, as the
slab is in elastic-plastic stage. As the cold-formed thin-walled C steel channels have not
started to yield, the deformation is primarily due to the bond slip between the concrete and
the cold-formed thin-walled C steel channels. However, with the development of the crack,
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the slab goes to the plastic stage, and the slip between the concrete and the cold-formed
thin-walled C steel channels causes the flexural rigidity of the slabs to reduce sharply until
the failure is noticed.

2.5.2. Load-Strain Relationship

Figure 8a is the readings of strain gages along the thickness of the slab at both edges
of specimen B-1midspan, and the location of the gauges is shown in Figure 4b. Figure 8b is
the reading of the strain gauges along the height of the web of the cold-formed thin-walled
C steel channels at specimen B-1midspan, and the location of the strain gauges is shown
in Figure 3b. From Figure 8, it can be seen that, when the load is small, (load is 0.09 Pu),
the strain distribution for both foam and cold-formed thin-walled C steel channels are
linearly distributed along the section height of the slab. However, with the increase of the
load, the distribution becomes non-linear. This is due to the slip between the cold-formed
thin-walled C steel channels and the foam concrete. It can also be seen that the strain in
cold-formed thin-walled C steel channels is primarily in tension.

Figure 8. Strain distributions along the height of the slab at different loading stages. (a) Foam concrete slab; (b) Cold-formed
thin-walled C steel channel.

Figure 9a is the reading of the strain gauges horizontally along the direction of the
plate span at the top surface of the slab of specimen B-1midspan, and the location of the
gauges is shown in Figure 4a. Figure 9b is the reading of the strain gauges horizontally
along the direction of the plate span at the top flange of the cold-formed thin-walled C steel
channels at specimen B-1midspan, and the location of the gauges is shown in Figure 3a.
It can be seen from Figure 9 that when the load is less than 70% of the ultimate load, the
compressive strain of the foamed concrete increases slowly; when the load is greater than
70% of the ultimate load, the compressive strain of the foamed concrete increases at a
faster rate until the specimen fails. When the load is less than 90% of the ultimate load,
the compressive strain of the cold-formed thin-walled C steel channels basically changes
linearly; when the load reaches 90% of the ultimate load, the compressive strain of the
cold-formed thin-walled C steel channels basically reaches the yield and enters the plastic
stage until it fails.
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Figure 9. Load-strain relationships of the top surface of the foam concrete and bottom surface of the cold-formed thin-walled
C steel channels. (a) Top surface of the foam concrete slab; (b) Top surface of the cold-formed thin-walled C steel channels.

3. Finite Element Modeling

As it is shown in Figure 10, a finite element model of composite foam concrete one-way
slab is established using ABAQUS. The foam concrete is simulated using 3D C3D8R solid
element, and the cold-formed thin-walled C-channel adopts 3D S4R linear quadrilateral
shell element. The boundary conditions at both ends replicate the support condition during
the test. Four-point loading methods were also replicated in the simulation. The mesh is
shown in Figure 11.

The boundary condition and the loading procedure of the model replicate those of
the test. To replicate the simply-supported condition of the slab, at one end of the slab,
U1 = U2 = U3 = 0, and at another end, U2 = U3 = 0. The plates at the support and the
loading position are connected to the slab using TIE available in ABAQUS. The sensitivity
analysis of the mesh was made. The grid density of 0.06 is used for the foam concrete, and
0.02 is used for the cold-formed thin-walled C steel channels. The belt and cold-formed thin-
walled C steel channels are embedded into the concrete. That is, the corresponding nodes
are coupled together, and it is assumed that the interfaces have no relative displacement.
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Figure 11. Mesh of the model. (a) Mesh of the foam concrete slab; (b) Mesh of cold-formed thin-walled C steel channels.

3.1. Material Model and Dimension of the Model

The foam concrete was simulated using the CDP model available in ABAQUS. The
uniaxial stress-strain relationship obtained from the tests was input into the CDP model
in ABAQUS. It was validated through the test results that the CDP model can efficiently
model the cracking behaviour of the foam concrete and it is easy to converge under moth
monotonic and cyclical loads. In the tension zone of the concrete, the strength of the
concrete is taken as 1/15, presuming that the concrete stops working after cracking. The
cracking strain of the concrete is therefore taken as the total strain minus the elastic strain,
which is used for the strain after the cracking of the foam concrete. The stress-strain
relationship curve of the foam concrete [14,15] and the steel components used in simulation
are shown as follows:

1. Stress-strain relationship curve of the foam concrete:

y =


−1.041x3 + 1.019x2 + 1.028x − 0.017 (0 ≤ x ≤ 1)

204x3 − 674x2 + 737.1x − 266.1 (1 ≤ x ≤ 1.2)
−0.005x3 + 0.052x2 − 0.211x + 0.559 (x ≥ 1.2)

where

x—is the ratio of the strain to the maximum strain;
y—is the ratio of the stress to the compressive strength of foam concrete.

2. Stress-strain relationship curve of the steel
A perfect elastic-plastic stress-strain relationship, using Von Mises yield criterion, is

shown as follows:

σ =


Esε (−εy ≤ ε ≤ εy)

fy (ε > εy)
− fy (ε < −εy)

where

σ—stress of the steel;
ε—strain of the steel;
Es—Young’s modulus;
fy—yield stress;
εy—yield strain is the limit value of strain.

Taking slab1 as an example, the size of the composite panels is 3000 × 1000 × 150 mm,
the size of the cold-formed thin-walled C steel channel is 100 × 50 × 20 mm, with wall
thickness is 2 mm, and the spacing of cold-formed thin-walled C steel channels is 180
mm. The density of the foam concrete is 1200 kg/m3 and the steel is Q235B. The concrete
parameters of foam concrete are shown in Table 2.
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Table 2. Simulation of the foam concrete and cold-formed thin-walled C-channel.

Material Density
(kg/m3)

Compressive
Strength/MPa

Tensile
Strength/MPa

Young’s
Modulus/MPa Poisson’s Ratio

C-channel 7800 300 300 2.05 × 105 0.30
Foam concrete 1200 17.8 2.4 2.73 × 103 0.20

3.2. Model Validation

The model is validated using the test results. Figure 12 shows the stress distribution
of the foam concrete and cold-formed thin-walled C steel channels. It shows the Mises
stress contour of both foam concrete and cold-formed thin-walled C steel channels; the
unit is Pa. It can be seen that, when composite slabs are loaded to the ultimate state, due to
the cracking, the slab is divided into several segments, and therefore show three red line
regions in Figure 12.

Figure 12. Stress contour of composite slab under ultimate load. (a) Foam concrete slab; (b) Cold-formed thin-walled C
steel channels.

Figure 13b shows the crack patterns for the middle 1200 mm of the span, and the unit
is Pa. From the comparison of Figures 13 and 14, it can be seen that the numerical model
can catch most of the cracks from the real tests; the crack patterns are similar to the test
results. However, it failed to simulate these small hair cracks.
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Figure 14. Crack distributions of composite slabs in tests.

The modeling results were validated against the test results as shown in Figures 15–18
and Table 3. The experimental results are in good agreement with the simulation results.
Figure 15 is a load-deflection comparison curve.

Figure 15. Comparison of experimental and simulated load deflection curves.

Figure 16. Comparison of load-strain curves of foam concrete.
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Figure 17. Comparison of load-strain curves of steel upper flange.

Figure 18. Comparison of load-strain curves of steel lower flange.

Table 3. Comparison of simulation and test data.

Testing Stages Mid-Span Deflection from
FE Model (mm)

Mid-Span Deflection from
Test (mm) Simulation Value/Test Value

Stage 1 5.51 5.99 0.92
Stage 2 25.65 25.55 1.003
Stage 3 85.806 82 1.046

Note: Stage 1 is the cracking stage. When a crack starts to form in the concrete, the cracking load of the foam concrete is taken as the load
when the cracking in the FE model is first noticed. Stage 2 is the plastic stage, when the bottom flange of the cold-formed thin-walled
C steel channels yield. Stage 3 is the failure state, when cold-formed thin-walled C steel channels yield as well as the crushing of the
concrete occurs.

Figure 16 is a comparison of load-strain curves of foam concrete; the strain is taken as
the compressive strain in the top surface of the foam concrete at the midspan section of
the slab.

Figures 17 and 18 are the comparisons of strain on the upper and bottom flange of
cold-formed thin-walled C steel channels. Figure 17 shows the compressive strain in the top
flange of cold-formed thin-walled C steel channels in the midspan, and Figure 18 shows
the tensile strain in the bottom flange of the cold-formed thin-walled C steel channels in
the midspan.
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4. Parametric Studies Using FE Model

Parametric studies were performed using ABAQUS finite element model, showing the
effects of different parameters on the bearing capacity and failure mechanism of composite
slabs. Cold-formed thin-walled C steel channels were symmetrically arranged with steel
belts. The width and thickness of steel strips are 50 mm and 2 mm. The length of steel
strips is the same as the width of cold-formed thin-walled C steel channels.

4.1. Effect of the Space of the Cold-Formed Thin-Walled CSteelChannels

The mechanical properties of models J-1to J-4 are shown in Table 4. Figure 19 shows
the load-deflection curves of cold-formed thin-walled C steel channels under four different
spacing. In the elastic stage, with the decrease of the spacing between cold-formed thin-
walled C steel channels, the steel content of the corresponding composite plate increases
and the slope of the curve increases, indicating that the stiffness of the composite plate is
improved. At the same time, the bearing capacity and ultimate load of the corresponding
model in the plastic stage are also improved. According to the analysis of the influence
of simulated cold-formed thin-walled C steel channels’ spacing on the ultimate bearing
capacity of the composite plate, the ultimate bearing capacity of the lightweight steel foam
concrete composite one-way slab will be increased by 0.23–0.76% when the steel component
increases by 1%. In conclusion, the change of spacing of cold-formed thin-walled C steel
channels not only affects the stiffness of composite slabs, but also acts as an important
factor affecting the bearing capacity of composite slabs.

Table 4. Mechanical properties of models J-1to J-4.

Model Number Ratio of C-Channels % Tensile Strength of
Steel MPa

Density of Foam
Concrete kg/m3

Compressive Strength of
Foam Concrete MPa

J-1 1.92 235 1200 17.0
J-2 1.60 235 1200 17.0
J-3 1.28 235 1200 17.0
J-4 0.96 235 1200 17.0

N.B. The ratio of C-channels is the ratio of the total area of the cold-formed thin-walled C steel channels cross-section/total area of the
concrete cross-section.

Figure 19. Load displacement curves of composite slabs with different cold-formed thin-walled C
steel channels spacing.

4.2. Effect of the Grade of the Cold-Formed Thin-Walled C Steel Channels

The influence of strength of four kinds of steel on composite plate was analyzed.
Selected model parameters are: transverse belt spacing are 200 mm, foam concrete density
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is 1200 kg/m3 (see Table 5), and the grade of the cold-formed thin-walled C steel channels
are 235, 345, 390, and 420 MPa, respectively.

Table 5. Mechanical properties for foam concrete.

Density kg/m3 Young’s Modulus MPa Poisson’s Ratio Compressive Strength MPa Tensile Strength MPa

800 1.75 × 103 0.2 7.8 0.52
1000 2.29 × 103 0.2 10.2 0.68
1200 2.73 × 103 0.2 17.0 1.13
1600 3.29 × 103 0.2 21.5 1.43

Figure 20 shows load-deflection comparison curves. The load-carrying capacity and
ultimate load of the corresponding model in the plastic stage are improved due to the
increase of the strength of steel. In the elastic change stage, the slopes of different models
are the same. Therefore, increasing the strength of steel does not have a greater impact on
the overall stiffness of the composite plate. According to the analysis of the influence of the
steel strength on the ultimate bearing capacity of the composite slabs, the ultimate bearing
capacity of the lightweight steel foam concrete composite one-way slab will be increased
by 0.65–0.72% when the strength is increased by 1%.

Figure 20. Load displacement curves of different steel strength.

4.3. Effect of the Compressive Strength of the Foam Concrete

The densities of the foam concrete used are: 800, 1000, 1200, and 1600 kg/m3; the
compressive strength of the foam concrete is shown in Table 5. The model labels are,
respectively, P-1, P-2, P-3, and P-4. First, the model is built without considering the
influence of other variables on the foamed concrete. The thickness of cold-formed thin-
walled C steel channels is set to 2 mm, the strength of steel is 235 MPa, the spacing between
cold-formed thin-walled C steel channels is 180 mm, and the spacing between transverse
strips is 200 mm; that is, only one factor of foam concrete density is considered.

Figure 21 shows load-deflection comparison curves. With the increase of the com-
pressive strength of the foam concrete, the ultimate bearing capacity of composite panels
also increases. According to [33], the larger the density of the foam concrete, the higher
the compressive strength, therefore the higher flexural capacity of the composite slabs.
In the elastic stage, the foam concrete modulus decreases with the decrease of the foam
concrete grade. As the compressive strength of the foam concrete increases, the stiffness of
the whole model increases; if the stiffness of the whole model increases, the smaller the
deformation. According to the corresponding compressive strength values of foam concrete
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with different density grades, the ultimate bearing capacity of a lightweight steel foam
concrete composite one-way slab will be increased by 0.17–0.23% per 1% increase. To sum
up, for the simulated lightweight steel foam concrete composite one-way slab, increasing
the compressive strength of foam concrete will increase the stiffness of the composite slab
and contribute to the improvement of the composite plate bearing capacity.

Figure 21. Load displacement curves of different grades of foam concrete.

5. Conclusions

In this paper, a new composite floor system using cold-formed thin-walled C steelchan-
nels embedment and foam concrete slab is developed. This new type of floor system
features lightweight, high fire-resistant, and high anti-corrosion features, and can be used
for multi-story buildings, providing a promising new alternative floor system for the
construction market.

The full-scale tests as well as FE modelling were performed to study the flexural
capacity and failure mechanism of composite foam concrete slabs using cold-formed
thin-walled C steel channels.

Using the FE model, main factors, such as the density of the foam concrete, the strength
of the steel, and the spacing of the cold-formed thin-walled C steel channels are studied.
The below findings are made:

1. The test shows that the composite floor formed by foamed concrete and cold-formed
thin-walled C steel channels shows good bearing capacity and deformation capacity,
but the stiffness of the composite floor is relatively small. When reaching the limit
state, the upper and lower flanges and part of the webs of the cold-formed thin-walled
C steel channels have reached the yield strength, and the plastic deformation of the
composite floor has been fully developed.

2. The comparison of the load-deflection curve and load-strain curve shows that the
simulation results are in good agreement with the test results.

3. The smaller the spacing of cold-formed thin-walled C steel channels, that is, the
greater the steel content, the higher the load-bearing capacity of the composite floor.

4. The higher the compressive strength of the foamed concrete, the higher the bearing
capacity of the composite floor slab, while the stiffness increases.

5. The increase of the steel strength of the cold-formed thin-walled C steel channels can
increase the bearing capacity of the composite floor, but it has almost no effect on the
stiffness of the composite floor.
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The limitation of the project research is that, as a new material, high-density foam
concrete is used. The rigidity of this new composite floor slab is relatively small, and
cracks often appear prematurely. Researches on mechanical properties of this type of floor
is still little and not mature enough, and the modelling analysis in this article does not
consider the bond slip between the cold-formed thin-walled C steel channels and foam
concrete. In future studies, in-depth and detailed research will be carried out in response
to the limitations of this research. In the meantime, research on two-way composite slabs
and composite shear walls and the connection between the slabs and walls will also
be conducted.
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