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Abstract: 

In this study, structural performance of a new type of lightweight composite cold-formed steel and 

timber (CFST) flooring system has been investigated by conducting four-point bending tests on 

thirteen specimens. A bare cold-formed steel system without timber sheathing was also tested to 

provide a benchmark response to which the strength and stiffness of the composite system were 

compared. This paper presents key findings on the flooring system’s structural behaviour and 

performance parameters, such as ultimate bending capacity, load-deflection response, load-slip 

response and failure modes, by categorising thirteen specimens into four sub-groups based on shear 

connector types and spacings. In the proposed composite CFST flooring system, 45mm thick 
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structural plywood panels were connected to the 2.4mm thick cold-formed steel C-section joist using 

self-drilling screws, coach screws, and nuts and bolts. The performance of different types of shear 

connectors on the composite action is experimentally investigated and compared with the theoretical 

plastic section. Furthermore, the load-carrying capacity, effective bending stiffness, and deflection of 

composite CFST beams were computed theoreticall using elastic theory and compared to 

experimental results, which showed good agreement. 

Keywords: Cold-formed steel joists; Structural plywood; Composite floors; Four-point bending tests; 

Shear connection; Composite action; Flexural behaviour; Modular buildings; Composte beams 

1 INTRODUCTION 

For the development of lightweight flooring systems, cold-formed steel (CFS) joists or beams can be 

suitable structural members over timber joists due to their high strength-to-weight ratio, fast 

installation, and good resistance to fire and termite [1-3]. The use of engineered timber floorboard 

sheathing along with CFS joists provides lateral restraint to the CFS joists and the use of sustainable 

materials like steel and timber will also contribute to the eco-friendly floors making it an economical 

and durable solution for residential floors [4, 5]. CFS joists and engineered timber floorboard can be 

connected by various mechanical fasteners, which act as shear connectors to provide a composite 

action phenomenon [4, 6, 7].  

The most widespread use of composite structures is in the construction of floors and slabs. When a 

floor assembly is loaded, the load is transferred from the sheathing through the shear connectors to 

the floor joist, forming a composite assembly in which the load is distributed between two materials 

providing superior strength and stiffness over individual members themselves [8]. There have been 

numerous research works on composite steel-concrete and timber-concrete floors performed in the 

past, and many investigations have been carried out for development of shear connections. In 
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comparison, the benefit of composite construction, e.g., hot-rolled steel and concrete [9, 10], timber 

and concrete [11, 12], and hot-rolled steel and timber [13, 14] are well established and understood 

with a few recent studies on lightweight floors with CFS joists and timber [6, 15-18]. The use of CFS 

and timber floorboard contributes to the lightweight floor making it vulnerable to certain vibration 

problems due to their reduced mass and lower structural damping. Experimental investigations to 

study the dynamic performance of these floors [19, 20] has identified various construction details to 

control annoying vibrations without considering the mobilisation of composite action due to the 

presence of shear connection. Studies [21-23] have presented design procedures to check the 

acceptability of floors for vibration serviceability but there are limited studies that consider the 

contribution of shear connection on the structural capacity of these floors leading to conservative 

designs of CFS joists. 

Karki and Far [24] have discussed the state of the art on composite cold-formed steel floors. 

Experimental and numerical investigations conducted by Zhou et al. [6] and Kyvelou et al. [15, 25] 

have demonstrated enhancement in the load-carrying capacity and stiffness of the composite CFS and 

timber-based flooring systems due to the consideration of composite action arising due to self-drilling 

screws (SDS) as shear connectors. Further parametric studies conducted by Karki et al. [26] on 

composite cold-formed steel flooring systems highlighted the importance of shear interaction that 

arose at the top flange of the CFS joist and the bottom surface of timber floorboard and demonstrated 

the high strength-to-weight ratio of the flooring system. It has become apparent from the existing 

literature that only SDS was used as shear connectors in cold-formed steel and timber-based flooring 

systems. Hence to overcome the current knowledge gaps, there is a need to investigate the 

performance of different types of mechanical fasteners with higher ductility as shear connectors to be 

used in this type of flooring system.  
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The purpose of this study is to discuss a novel composite cold-formed steel and timber (CFST) floor 

module that comprises a CFS C-section joist and structural plywood panel as floor sheathing. Four 

different types of shear connectors are used to fabricate the modular floor components by combining 

CFS C-section and structural plywood panels. The main advantage of these modular floor components 

is that they can be fabricated off-site and easily and quickly assembled on-site, which reduces the 

construction time that will effectively address the current housing demand. CFST flooring systems 

offer the advantage of a high strength-to-weight ratio and lead to less seismic and gravity load on the 

foundation of the buildings. CFST floor module can be easily and quickly fixed to the main structural 

steel beams using only bolts or screws with cleat brackets at the end of the joists. The use of timber 

panels along with the steel joist reflects the growing awareness of environmental issues in new 

construction making it a sustainable choice [27, 28].  A typical reference construction system and 

assembly method of the CFST prefabricated floor components is shown in Fig. 1. In this paper, the 

flexural behaviour of the composite CFS C-section and structural plywood flooring system is 

experimentally and analytically investigated. As part of an experimental study, four-point bending 

tests were conducted on thirteen composite beam specimens and one bare CFS system (used as a 

benchmark study for comparative purposes). The bending capacity and flexural stiffness of the 

considered composite CFST beams were theoretically calculated based on the plastic analysis 

approach to summarise the findings of the four-point bending tests. An analytical model is also 

proposed for calculation of ultimate elastic load-carrying capacity and mid-span deflection of the 

composite CFST beams, which can be used for practical applications. 
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2 EXPERIMENTAL INVESTIGATION 

2.1 Specimen Details 

Thirteen 4-point bending tests were conducted on composite CFS and structural plywood flooring 

systems. A summary of tested composite systems with different means of shear connections is 

presented in Table 1. 254mm deep and 2.4mm thick CFS C-sections were employed as floor joists 

with 45mm thick F17 grade structural plywood panels as sheathing. Material tests of CFS C-section 

and plywood panels were conducted as per AS 1391:2007 [29], and AS/NZS 2269.1:2012 [30], 

respectively and the detail description of the tests can be found in Karki et al. [31]. The average 

measured mechanical properties of the CFS joist and plywood panel is provided in Tables 2 and 3, 

respectively. A bare CFS system was also tested to provide a benchmark response for which the 

remaining composite systems could be compared. For all the specimens, adhesives were applied at 

the joints between adjacent plywood panels. 

2.2 Test setup and procedure 

The overall test layout for all beam tests is shown in Fig. 2. All the tested composite beams consist 

of two CFS joists, back to back faced 600mm apart, and were connected to plywood floor sheathing 

with different means of shear connection and various spacings. For the bare CFS system, 50x50x3 

mm equal steel angles were used to restrain the top flanges of the two joists, as depicted in Fig. 3. 

The beams were supported simply on pin and roller across a 4.5m span with 100mm overhang from 

each support. A spreader beam was used to transfer the load from the loading jack through load-

bearing spherical to two loading beams running across the width of the plywood. The spherical 

bearings have a concave spherical surface in the housing washer that matches a convex surface on 

the shaft washer. They can primarily withstand axial loads and also combined axial and radial loads, 
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therefore no axial force would be applied to the beam. Longitudinal slips at the ends of the beams 

were measured using four LVDTs at each end, whereas the vertical deflection at the midspan of the 

beam was recorded using string potentiometers beneath each CFS joist. Strain gauges were fixed 

along the height and width of the midspan cross-section to take the readings of strain distribution 

during the testing and, ultimately, to locate the position of neutral axes through the depth of composite 

sections. Fig. 4 and 5 illustrate the employed instrumentation for all the bending tests. The CFS joist's 

webs were stiffened locally at supports and loading points using 12mm thick (Grade 350) steel plates 

on either side, held in place by M16 (Grade 8.8) through rods. This was done to avoid the localised 

failure of the CFS web and to assist in equal distribution of loading by preventing any possible 

twisting.  

The load was applied using a single hydraulic actuator (MTS 201.35) connected in a closed loop PID 

control system (MTS FlexTest 60), utilising a customisable portal load frame and concrete support 

blocks. The single actuator utilised suitably stiff spreader beams with suitable connections to apply 

two line loads across the deck at 1/3rd and 2/3rd spans of equal loads. Data were acquired utilising a 

NI PXIe-1083 chassis with PXIe-4330 modules and a single PXIe-4302 module. Flexlogger was used 

for acquiring the test data at a rate of 100Hz. All sensors were internally calibrated before testing. All 

the tests were carried out in displacement control condition and statically loaded to obtain the ultimate 

bending load. Each specimen was loaded up to 10% of the estimated ultimate load to ensure the 

correct functioning of the instrumentation and settling of the specimen. Afterwards, the load was 

gradually applied up to failure at a displacement rate of 1mm/min. 

2.3 Test results 

A total of thirteen prefabricated composite cold-formed steel and plywood flooring system with 

dimensions 1.2m x 4.5m were tested in bending to investigate the flexural strength and stiffness as a 
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result of composite action that arises between the interface of CFS joist and plywood due to the use 

of various fasteners. Two distinctive failure characteristics were observed in the tests. The specimens 

with 400mm and 800mm fastener spacing exhibited distortional buckling of the top flange of the CFS 

joist between the fixings in the constant moment region, as shown in Fig. 6. While the specimens with 

200mm spacing (namely SP-3, SP-6, and SP-10) exhibited bending due to the rotation in the bottom 

flange of CFS joist near the supports. This failure mode is depicted in Fig. 7. Similarly, the failure 

mode of the bare CFS system is illustrated in Fig. 8. Local buckling was observed on the top flange 

of the CFS section with approximate half wavelength of 150mm.  

It is obvious that the composite specimens with 200mm fastener spacing are stronger and stiffer than 

their 400mm spacing counterparts; hence the specimens with 200 mm spacing demonstrated the 

tensile yielding of the bottom flange near the supports, concluding that yield strength of the CFS joist 

governed the ultimate capacity of SP-3, SP-6, and SP-10. It was observed in almost all the specimens 

that reducing the fastener spacing, the position of the neutral axis moved toward the top of the section 

as a result of increasing degree of shear connection. During the test, strain gauges were used to 

measure the strain profile along the cross-section at mid-span which comprised the area of the 

composite floor marked by the maximum bending moment and absence of shear force. The cross-

section strain distribution at the ultimate load (Pu) and 50% of the ultimate load (0.5 Pu) through the 

depth of all specimens are illustrated and discussed. A linear response could be observed for all the 

specimens up to failure. All the specimens exhibited comparable behaviour characterised by 

compression and tension on plywood sheathing and tension in CFS joist. The key results of the 

specimens with different shear connectors are tabulated in Table  4, in which Mu is the moment 

capacity, δu is the average vertical midspan deflection at ultimate load, Su is the average slips at the 

ends of the beam at ultimate load, and EI is the flexural stiffness of the composite beam.  



 
 

8 | P a g e  
 

 Connection with self-drilling screws 

Fig. 9 depicts the load-deflection responses of the specimens with 6mm diameter self-drilling screws. 

SDS at 400 mm centres and glue at the interface exhibited 10% higher moment capacity and flexural 

stiffness than SDS at 400 mm centres only. However, SDS at 200 mm centres has a 20% higher 

moment capacity than 400 mm centre screws. The cross-section strain distribution at the ultimate load 

and 50% of the ultimate load through the depth of specimens SP-3 and SP-4 at the mid-span is 

illustrated in Fig. 10.   

 Connection with coach screws 

The load-deflection curves of the composite beam specimens with 12mm diameter coach screws are 

shown in Fig. 11. As can be seen, four specimens with different spacings and arrangements were 

tested. Failure of all specimens ultimately was governed by the yield strength of the CFS joist. 

Connections with coach screws at 400 mm centres with and without glue have similar loading 

capacities. The specimen with glue at the interface demonstrated 15% higher stiffness up to 

serviceability load, and after that, the stiffness of both specimens was similar. The sudden drop in the 

load-deflection response of the glued sample is because of the brittle failure of the adhesive bond on 

each joist and plywood interface, and afterwards, the coach screw started to take the flexural load. 

The specimen with coach screw at 200mm centres showed only 4% higher moment capacity but 15% 

higher flexural stiffness than the specimen with coach screw at 400 mm spacing. The distribution of 

strain through the depth of specimens at the mid-span is shown in Fig. 12.  

 Connection with M8 nut and bolt 

The load-deflection responses of the composite beam specimens with M8 nut and bolt are shown in 

Fig. 13. The specimen with 200 mm spacing demonstrated minimal enhancement in the ultimate 

strength and stiffness, which is only 6 % and 5 % higher than 400 mm spacing. It can be observed 
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that with an increasing degree of shear connection, the neutral axis position in the CFS joist moved 

toward the top of the section, as can be seen in Fig. 14. 

 Connection with M12 nuts and bolts 

Four specimens with different shear connection arrangements were tested, and the load-deflection 

histories and cross section strain distribution of all the tested specimens are presented in Fig. 15 and 

16 respectively. From the push-out tests as presented by Karki et al. [31], it was understood that M12 

nuts and bolts provide the most ductile and stiffest shear connections compared to other fasteners; 

hence 400 mm and 800mm fastener spacing was chosen for this composite floor assembly. 400 mm 

nuts and bolts spacing achieves 20% higher moment capacity and 11% higher stiffness than 800 mm 

spacing. The influence of structural adhesives for the 800 mm spacing on the stiffness was only 5%, 

but the strength capacity was enhanced by 10%. 

2.4 Summary of experimental findings 

One of the main purposes of this study was to experimentally investigate the shear connector’s 

performance of different fastener types on the structural behaviour of composite cold-formed steel 

and timber flooring systems. Hence in this section, more comparative findings are discussed. In Fig. 

17, the load-deflection histories of composite specimens that utilise self-drilling screws, M12 coach 

screws, M8 nuts and bolts, and M12 nuts and bolts as shear connectors at 400 mm spacings are 

compared with bare CFS beam. The moment capacity was increased by 7%, 60%, 56%, and 58% for 

the composite specimens with SDS, M12-CS, M8-NB, and M12-NB, respectively, in comparison to 

the bare CFS joist alone. Figs. 17 and 18 display the maximum moment capacity and flexural stiffness 

of each specimen, nomralised by the moment capacity, M, and flexural stiffness, EI, of the 

corresponding CFS beam. As expected, all the tested specimens exhibited composite action 

phenomenon and hence improvement in the strength and stiffness capacities. As can be seen from the 
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bar charts in Fig. 18 and Fig. 19, the spacing of the fasteners and the application of structural adhesives 

at the CFS joist and plywood interface were found to have improved performance in the moment 

capacity and flexural stiffness of these lightweight flooring systems. It was also observed that the 

presence of unstiffened web holes does not have noticeable influence on the structural performance 

of these flooring systems. 

For ductile connections like the M12 coach screws and M12 nuts and bolts at 400mm spacing, the 

moment capacity was significantly enhanced (by more than 50%), and flexural stiffness was improved 

by 19% and 22% only. However, for the M12 coach screw at 200 mm spacing, the flexural stiffness 

was found to be increased by 40%, but the moment capacity was similar to that of 400 mm spacing. 

Hence from this observation, it has become clear that there is a trade-off between the ductility and 

spacing of shear connectors with the yield strength of the CFS joist in these flooring systems.  

3 PLASTIC ANALYSIS OF RESULTS 

Inorder to achieve the full shear connection, the number of fasteners provided should be enough so 

that the full plastic bending capacity can be achieved with maximum use of material strength[32, 33]. 

3.1 Theoretical plastic bending resistance and flexural stiffness assuming full shear 

interaction 

The theoretical plastic bending resistance of the composite section can be determined considering full 

composite action between the plywood panel and CFS joist with the plastic distribution of stresses. 

Two possible scenarios are considered; Fig. 19 illustrates the case where the plastic neutral axis 

(PNA) lies within the plywood panel, and Fig. 20 illustrates the case where PNA lies within the steel 

section. Assuming a full shear connection for the tested composite system, the plastic compressive 

force in the plywood sheathing was calculated to be Np  = 756 kN. Since the compressive force of 
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plywood (756 kN) is greater than the tensile force in steel beam (Ast x Fy = 550 kN), hence theoretical 

plastic neutral axis lies in the plywood sheathing. 

For the scenario shown in Fig. 19, the force equilibrium can be expressed as: 

𝑁𝑁𝑆𝑆 + 𝑁𝑁𝑝𝑝,𝑡𝑡 = 𝑁𝑁𝑝𝑝,𝑐𝑐 (1) 

𝐴𝐴𝑆𝑆𝐹𝐹𝑦𝑦 + 𝐴𝐴𝑝𝑝𝑡𝑡𝐹𝐹𝑡𝑡𝑝𝑝 = 𝐴𝐴𝑝𝑝𝑐𝑐𝐹𝐹𝑐𝑐𝑝𝑝 = 𝑏𝑏𝑒𝑒𝑒𝑒𝑒𝑒𝑡𝑡𝑎𝑎𝐹𝐹𝑐𝑐𝑝𝑝 (2) 

Where As is the area of the CFS section, 𝐹𝐹𝑦𝑦 is the yield strength of CFS, 𝐹𝐹𝑡𝑡𝑝𝑝 and 𝐹𝐹𝑐𝑐𝑝𝑝are the tensile 

and compressive strength of the plywood, respectively, 𝑏𝑏𝑒𝑒𝑒𝑒𝑒𝑒 is the effective width of plywood 

sheathing (taken as 600 mm). The plastic moment capacity of the composite section (about the axis 

of the compressive force 𝑁𝑁𝑝𝑝,𝑐𝑐) can be calculated as: 

𝑀𝑀𝑝𝑝𝑝𝑝 = 𝑁𝑁𝑠𝑠𝑍𝑍 + 𝑁𝑁𝑝𝑝,𝑡𝑡
𝑡𝑡𝑝𝑝
2

 (3) 

In which                            𝑍𝑍 = ℎ − 𝑡𝑡𝑎𝑎/2− 𝑦𝑦𝑐𝑐 (4) 

Where ℎ is the height of the composite section, and 𝑦𝑦𝑐𝑐 is the distance from the bottom flange to the 

centroid of the steel section. The plastic moment capacity of the tested composite system was 

calculated as 𝑀𝑀𝑝𝑝𝑝𝑝= 81.46 kN.m using the force equilibrium expression as shown in Fig. 19 and 

Equations (1) to (4).  

The stiffness of the composite system is determined by transforming the area of plywood sheathing 

into an equivalent area of steel, as demonstrated in Fig. 21.  

𝐼𝐼𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝 = 𝐼𝐼𝑠𝑠 +
𝑏𝑏𝑒𝑒𝑒𝑒𝑒𝑒𝑡𝑡𝑝𝑝3

12𝑛𝑛
+ 𝐴𝐴𝑠𝑠(𝑦𝑦𝑒𝑒𝑝𝑝 − 𝑦𝑦𝑐𝑐)2 +

𝐴𝐴𝑝𝑝
𝑛𝑛
�𝑦𝑦𝑒𝑒𝑝𝑝 − ℎ −

𝑡𝑡𝑝𝑝
2
�
2
 

(5) 
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Where, 𝐼𝐼𝑠𝑠 and 𝐴𝐴𝑠𝑠 are the second moment of area and area of the steel section, 𝐴𝐴𝑝𝑝 is the area of 

plywood, and 𝑛𝑛 is the ratio of elastic moduli of steel to plywood. 𝑦𝑦𝑒𝑒𝑝𝑝 is the distance from the bottom 

flange of the steel to the centroid of the composite section and is determined from Equation (6). 

𝑦𝑦𝑒𝑒𝑝𝑝 =
𝑦𝑦𝑐𝑐𝐴𝐴𝑠𝑠 +

𝐴𝐴𝑝𝑝
𝑛𝑛 �ℎ𝑠𝑠 +

𝑡𝑡𝑝𝑝
2 �

𝐴𝐴𝑠𝑠 +
𝐴𝐴𝑝𝑝
𝑛𝑛

 

(6) 

For the composite beam examined in this study, using Equations (5) and (6), the second moment of 

area 𝐼𝐼𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝 is determined to be 22.9x106 mm4. 

3.2 Comparison of experimental results with full composite plastic bending capacity and 

flexural stiffness 

The ultimate moment capacity Mu,exp and flexural stiffness (EI)exp of each of the examined composite 

beams normalised by theoretical moment capacity Mpl,r and flexural stiffness (EI)comp of the fully 

composite system are presented in Fig. 22 and 23, respectively. As expected, the system with self-

drilling screws exhibited lesser capacity than others. The more ductile and at closer spacing the shear 

connection between the CFS joist and plywood sheathing, the closer the moment capacities and 

flexural stiffness were to those of equivalent fully composite system.The specimen with superior 

ductile connections like the M12 coach screw and M12 nuts and bolts demonstrated higher strength 

and stiffness than the others by attaining around 80% of the plastic moment capacity and 70% of the 

flexural stiffness of the fully composite system. It is worth noting that the system with M8 nuts and 

bolts at 400mm spacing demonstrated substantial moment capacity than that of M12 nuts and bolts at 

800mm spacing which demonstrated the fact that shear connection spacing at denser spacing perform 

best. Similarly the specimens with SDS at 200mm spacing exhibited similar capcities than that of 
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specimens with M12 nuts and bolts at 800mm spacing which also demonstrated the importance of 

ductility of shear connectors for this type of flooring system. 

4 ELASTIC ANALYSIS OF RESULTS 

It is nearly impossible for the composite cross-section to act monolithically without slip at the beam-

board interface (full shear interaction) because all fasteners will deform with increasing load. [9, 34]. 

Since slip develops at the interface, and the failure of the shear connection or material yielding affects 

load-carrying capacity in all the tested composite systems; the shear interaction are assumed to be 

partial. Therefore the elastic moment resistance of the composite system with the partial shear 

connection varies between the elastic moment capacity of the bare CFS beam and the elastic moment 

capacity of the fully composite beam. Note that cold-formed steel sections are thin-walled, and their 

section moment capacity is limited due to their susceptibility to local instabilities like distortional or 

local buckling [35, 36]; hence calculation is done in accordance with the direct strength method 

(DSM) of AS/NZS 4600:2018 [37]. THIN WALL-2 [38] is used in this study to develop the signature 

curve of the buckling stress versus buckling half-wavelength for the C-section. THIN-WALL is a 

finite strip software employed to extract the pure local and distortional buckling mode shapes by 

performing elastic buckling analysis. Fig. 24 and 25 depicted the signature curve of the buckling load 

factor versus buckling half wavelengths for local and distortional buckling, respectively obtained 

from THIN-WALL. In Figures 25 and 26, the critical load factor plotted on the Y-axis is relative to 

the load required to cause first yield of the C-section. The local and distortional buckling stress was 

found to be 509 MPa and 430 MPa, respectively. It should also be mentioned that in all the composite 

beam tests, the governing failure mode was the distortional buckling of top flange between the 

connections. The elastic buckling analysis also shows that distortional buckling stress being the 

predominant mode cause the CFS C-section joist to yield first. Table 5 provides a summary of the 
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four-point bending tests of the CFS C-section, which includes the ultimate peak loads (Pu) and the 

tested bending moments (Mt). The elastic local buckling moment (Mol), elastic distortional buckling 

moment (Mod), the yield moment (My) based on tensile coupon test results, and plastic moment (Mp) 

are also presented in Table 5. Mol and Mod are calculated by multiplying elastic section modulus (Z) 

with the local buckling stress (Fol) and distortional buckling stress (Fod), respectively. As can be seen 

from the values summariseded in Table 5, the tested moment capacity of the C-section is slightly 

larger than the yielding moment or local buckling moment capacity, which is relatable to the inelastic 

reserve capacity of cold-formed thin-walled steel sections [39]. Hence, the yield strength of CFS is 

reasonable to be used for computation of elastic ultimate bending moment of CFST beams.  

4.1 Theoretical elastic bending capacity of CFST beams 

Based on the research conducted by Hsu et al. [40] and Liu et al. [41] on the performance of CFS-

concrete and steel timber composite beams, respectively, similar assumptions and methodology is 

adopted in this study to investigate the elastic bending capacity of composite CFST beams. Under 

serviceability load conditions, both the CFS and plywood panel are in elastic stage. To calculate the 

elastic bending capacity of CFST beams following assumptions are made: 

• Under the flexure assumption, plywood sheathing and cold-formed steel joist that comply 

with the plane section remain plane; 

• Both steel and timber are ideal linear elastic bodies; 

• When the slip occurs at the interface, the curvature of plywood sheathing and cold-formed 

steel remains the same, and the lifting effect may be ignored. 

If the plywood sheathing of CFST beams were damaged first, the elastic bending capacity Mel with 

the full shear connection could be calculated according to Equation (7). When the failure in CFST 
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beams is initiated by yielding cold-formed steel, Me can be computed as per Equation (8). The 

ultimate elastic bending moment of the CFST beam with the full shear interaction may be taken as 

the smaller value of Equation (7) or (8). 

𝑀𝑀𝑒𝑒𝑝𝑝 = 𝑓𝑓𝑦𝑦𝑝𝑝𝐼𝐼𝑇𝑇𝑛𝑛/𝑧𝑧 (7) 

𝑀𝑀𝑒𝑒𝑝𝑝 = 𝑓𝑓𝑦𝑦𝑠𝑠𝐼𝐼𝑇𝑇/𝑧𝑧 (8) 

Where 𝑓𝑓𝑦𝑦𝑝𝑝 denotes parallel to grain compression strength of plywood panel (MPa), 𝑓𝑓𝑦𝑦𝑠𝑠 denotes the 

yield strength of cold-formed steel (MPa),  𝐼𝐼𝑇𝑇 (mm4) is the transformed section moment of inertia 

which is calculated as per Equation (10), 𝑛𝑛 is the ratio of elastic moduli of steel to plywood (Es/Ep), 

𝑧𝑧 is the centroidal position of transformed section (mm) and determined from Equation (9) 

𝑧𝑧 =  
𝐴𝐴𝑠𝑠𝑍𝑍1 + 𝐴𝐴𝑡𝑡𝑧𝑧2/𝑛𝑛
𝐴𝐴𝑠𝑠 + 𝐴𝐴𝑡𝑡/𝑛𝑛

 
(9) 

Considering the slip between the CFS and plywood interface, the actual bending capacity of 

composite CFST beams with a partial shear connection can be calculated according to Equation (10). 

𝑀𝑀 = 𝑀𝑀𝑒𝑒𝑝𝑝 − 𝛥𝛥𝑀𝑀 (10) 

Where, 𝑀𝑀𝑒𝑒𝑝𝑝 is the elastic bending capacity of CFST beams with full shear interaction, 𝛥𝛥𝑀𝑀 is the 

moment due to slip strain. It is assumed that when the slip occurs at the interface, the curvature of 

plywood sheathing and cold-formed steel remains the same at a given section, and the lifting effect 

may be ignored. Hence, the additional curvature (ΔΦ) due to slip strain (Ɛs’) of CFST beams with 

partial shear interaction can be calculated according to Equations (11) and (12). The strain distribution 

in composite CFST beams under elastic bending is represented in Fig. 26. 
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ΔΦ =  
𝜀𝜀𝑠𝑠′𝑡𝑡
ℎ𝑡𝑡

=
𝜀𝜀𝑠𝑠′𝑠𝑠
ℎ𝑠𝑠

=
𝜀𝜀𝑠𝑠′𝑡𝑡 + 𝜀𝜀𝑠𝑠′𝑠𝑠
ℎ𝑡𝑡 + ℎ𝑠𝑠

=
𝜀𝜀𝑠𝑠′
ℎ

 (11) 

𝜀𝜀𝑠𝑠′ = ℎΔΦ (12) 

Where 𝜀𝜀𝑠𝑠′𝑡𝑡 and  𝜀𝜀𝑠𝑠′𝑠𝑠 are the strains at the bottom of the plywood and top of cold-formed steel due to 

the stiffness of connections, 𝜀𝜀𝑠𝑠′ denotes the slip strain at the CFS and plywood interface. 

The strain at the top of CFS (𝜀𝜀𝑠𝑠′𝑠𝑠) can be found by rearranging Equation (11) 

𝜀𝜀𝑠𝑠′𝑠𝑠 =
ℎ𝑠𝑠
ℎ
𝜀𝜀𝑠𝑠′ 

(13) 

The tensile force variation in the CFS section due to slip (∆𝑁𝑁𝑆𝑆) can be computed according to 

Equation (14). 

∆𝑁𝑁𝑆𝑆 = 𝜎𝜎𝐴𝐴 = 𝜀𝜀𝑠𝑠′𝑠𝑠𝐸𝐸𝑠𝑠 �𝐴𝐴𝑠𝑠𝑒𝑒 +
1
2

 𝐴𝐴𝑠𝑠𝑠𝑠� =
𝐸𝐸𝑠𝑠𝜀𝜀𝑠𝑠′𝑠𝑠ℎ𝑠𝑠𝐴𝐴𝑠𝑠

2ℎ
 

(14) 

𝐴𝐴𝑠𝑠𝑒𝑒 (mm2) is the area of top flange, 𝐴𝐴𝑠𝑠𝑠𝑠 (mm2) is the area of web. The force equilibrium equation 

can be obtained from Equation (15). 

∆𝑁𝑁𝑆𝑆 = ∆𝑁𝑁𝑡𝑡 (15) 

Where ∆𝑁𝑁𝑡𝑡 denotes the resultant compressive force of additional stress for the plywood section. The 

moment 𝛥𝛥𝑀𝑀 due to slip strain can be computed according to Equation (16). 

∆𝑀𝑀 =  
ℎ𝑠𝑠
6
𝐸𝐸𝑠𝑠𝜀𝜀𝑠𝑠′𝐴𝐴𝑠𝑠 =

𝑀𝑀𝑒𝑒𝑝𝑝ℎℎ𝑠𝑠𝐴𝐴𝑠𝑠(𝐸𝐸𝑠𝑠𝐼𝐼𝑇𝑇 − 𝐸𝐸𝐼𝐼𝑒𝑒𝑒𝑒𝑒𝑒)
6𝐸𝐸𝐼𝐼𝑒𝑒𝑒𝑒𝑒𝑒𝐼𝐼𝑇𝑇 + ℎℎ𝑠𝑠𝐸𝐸𝑠𝑠𝐴𝐴𝑠𝑠𝐼𝐼𝑇𝑇

 
(16) 
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4.2 Effective bending stiffness of CFST beams 

The importance of determining effective bending stiffness for constructing timber-concrete 

composite floors was underlined in previous studies [42, 43] and a similar methodology is employed 

in this study. Previous studies [8, 44] estimated the deformation of steel and timber beams using 

Gamma (γ) method and found the experimental results to be close to the theoretical values. Most 

recently, Kyvelou et al. [33] proposed an equivalent formula based on the γ − method to calculate 

the effective bending stiffness of cold-formed steel and particleboard flooring system. Hence, the 

effective bending stiffness for CFST beams in this study is calculated based on Appendix B of 

Eurocode 5 [45]. The obtained slip modulus values discussed in Karki et al. [31] are used to calculate 

the effective bending stiffness of a cold-formed steel and timber composite assembly. Shear bond 

coefficient, γ, is calculated first to obtain the effective bending stiffness value of a composite 

assembly using Equation (17).  

γ =
1

1 + 𝜋𝜋2𝑆𝑆𝐸𝐸𝑡𝑡𝐴𝐴𝑡𝑡
𝐾𝐾𝐿𝐿2

 (17) 

In Equation (17), γ is  shear bond coefficient, S is the spacing of shear connections (mm),  𝐸𝐸𝑡𝑡  is the 

modulus of elasticity of timber floorboard (MPa), 𝐴𝐴𝑡𝑡  is the area of timber floorboard (mm2), K is the 

slip modulus (N/mm), and L is the length of the member (mm). The effective stiffness (EI)eff of the 

cold-formed steel and timber composite assembly can be determined using Equation (18). 

(𝐸𝐸𝐼𝐼)𝑒𝑒𝑒𝑒𝑒𝑒 = 𝐸𝐸𝑡𝑡𝐼𝐼𝑡𝑡 + γ𝐸𝐸𝑡𝑡𝐴𝐴𝑡𝑡𝑎𝑎12 + 𝐸𝐸𝑠𝑠𝐼𝐼𝑠𝑠 + 𝐸𝐸𝑠𝑠𝐴𝐴𝑠𝑠𝑎𝑎22 (18) 

Where It is the moment of inertia of timber floorboard, a1 is the distance between the centroid of 

timber and centroid of composite assembly, Es is the modulus of elasticity of CFS, Is is the moment 

of inertia of CFS, As is the area of CFS , a2 is the distance between the centroid of CFS and composite 

assembly. The distance between the CFS joist centroid and the centroid of the composite assembly 

can be determined from Equations (19) and (20). 
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𝑎𝑎2 =  
 γ𝐸𝐸𝑡𝑡𝐴𝐴𝑡𝑡(ℎ𝑠𝑠 + ℎ𝑡𝑡)

2(γ𝐸𝐸𝑡𝑡𝐴𝐴𝑡𝑡 + 𝐸𝐸𝑠𝑠𝐴𝐴𝑠𝑠)
 

(19) 

𝑎𝑎1 =
1
2

(ℎ𝑠𝑠 + ℎ𝑡𝑡)− 𝑎𝑎2 (20) 

The degree of composite action in the specimens can be quantified by the composite efficiency (ηef) 

as shown in Equation (21) based on the effective bending stiffness using Gamma method. 

η𝑒𝑒𝑒𝑒 =  
𝐸𝐸𝐼𝐼𝑝𝑝𝑎𝑎𝑝𝑝𝑡𝑡𝑝𝑝𝑎𝑎𝑝𝑝 − 𝐸𝐸𝐼𝐼𝑛𝑛𝑐𝑐𝑛𝑛 𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝𝑐𝑐𝑠𝑠𝑝𝑝𝑡𝑡𝑒𝑒

𝐸𝐸𝐼𝐼𝑒𝑒𝑓𝑓𝑝𝑝𝑝𝑝 𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝𝑐𝑐𝑠𝑠𝑝𝑝𝑡𝑡𝑒𝑒 − 𝐸𝐸𝐼𝐼𝑛𝑛𝑐𝑐𝑛𝑛 𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝𝑐𝑐𝑠𝑠𝑝𝑝𝑡𝑡𝑒𝑒
𝑥𝑥100% 

(21) 

Where 𝐸𝐸𝐼𝐼𝑝𝑝𝑎𝑎𝑝𝑝𝑡𝑡𝑝𝑝𝑎𝑎𝑝𝑝 denotes the effective bending stiffness of the composite specimens with partial shear 

connections (N.mm2); 𝐸𝐸𝐼𝐼𝑛𝑛𝑐𝑐𝑛𝑛 𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝𝑐𝑐𝑠𝑠𝑝𝑝𝑡𝑡𝑒𝑒 denotes the stiffness of a system without connections between 

the members (N.mm2); 𝐸𝐸𝐼𝐼𝑒𝑒𝑓𝑓𝑝𝑝𝑝𝑝 𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝𝑐𝑐𝑠𝑠𝑝𝑝𝑡𝑡𝑒𝑒 denotes the stiffness of a perfectly rigid composite system 

or full shear interaction (N.mm2). The composite efficiency obtained from Equation (21) are given in 

Table 6 which also clearly demonstrates the higher composite efficiency of ductile shear connectors 

at closer spacings and glued connections too. The ratio of effective bending stiffness obtained from 

Gamma method to the experimental values is also presented in Table 6 which demonstrate the 

accuracy of Gamma method with the mean value of 1.02. 

The mid-span deflection of a simply supported beam loaded at its third point with two equal 

concentrated loads P can be calculated using Equation (22) in accordance with the theory of elasticity. 

𝛿𝛿 = 23𝑃𝑃𝐿𝐿3/648𝐸𝐸𝐼𝐼𝑒𝑒𝑒𝑒𝑒𝑒 (22) 

4.3 Comparison of experimental and theoretical elastic calculations 

Table 7 present the results of the comparison between the theoretical elastic bending moment values 

and mid-span deflection values obtained according to the proposed analytical methods discussed in 

sections 4.1 and 4.2 and the physical test values. In Table 7, Mu,exp is the moment capacity obtained 
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from the experiments, Mel is the elastic bending moment with full-shear interaction calculated in 

accordance with Equation (8), and M is the actual bending moment capacity with partial shear 

interaction of the CFST beams obtained using Equation (10). Similarly, δexp is the deflection of the 

composite CFST beam obtained from the experiments, and δanalytical is calculated using Equation (22) 

by taking into account the effective bending stiffness. As can be seen from Table 6, the results 

calculated by the elastic analysis approach based on the composite coefficient method were in good 

agreement with the test values. The tested bending capacities of the composite beam utilising ductile 

shear connectors (M8 and M12 nuts and bolts and M12 coach screws) were found to be 20 to 28% 

higher than the capacities proposed by the elastic design approach. This approach produced slightly 

conservative results in comparison to the plastic analysis method, but this approach is believed to 

produce a safer design of such flooring systems in actual construction in the lack of extensive 

experimental data. The effective bending stiffness values of the composite CFST beams obtained 

experimentally and using the γ method were close. Therefore, the calculated deflection of the 

composite beams in the elastic stage demonstrated good results with the test observations. Hence, the 

proposed analytical methods can reliably be used to calculate the ultimate elastic bending capacity 

and mid-span deflection of composite CFST beams. 

5 CONCLUSIONS 

The experimental results of 13 full-scale composite CFST beams using cold-formed steel C-section 

sheathed with structural plywood panels are presented. The purpose of this research project was to 

explore the feasibility of composite action using four types of shear connectors with cold-formed steel 

flooring systems and to quantify the benefits derived from composite action. In this study, it was 

found that there are significant improvements in the structural performance of cold-formed steel 

flooring systems by utilising the shear interaction between the steel section and timber-based floor 
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sheathing. The ductility of fasteners and their spacing were found to have a substantial impact on the 

moment capacity and flexural stiffness of these systems. Up to 40% increament in the flexural 

stiffness was observed in the composite system in comparison with the bare steel system.  In 

comparison to the bare CFS joist alone, the moment capacity for the composite CFST systems with 

400mm fastener spacing was found to be increased by 6%, 47%, 54%, and 58% with SDS, M8 nuts 

and bolts, M12 coach screws and M12 nuts and bolts, respectively. Similarly, for the composite CFST 

system with 200mm fastener spacing, the moment capacity was enhanced by 27%, 56% and 60% for 

SDS, M8 nuts and bolts, and M12 coach screws. For stiffer connections like nuts and bolts and coach 

screws, the influence of fastener spacing on the moment capacity and flexural stiffness was not of too 

much difference as, in such cases, the capacity was found to be governed by the material strength of 

CFS or timber sheathing in comparison with the ductility of shear connectors.  

Two approaches of design, namely plastic analysis and elastic analysis methods, are thoroughly 

discussed to quantify the test results. The elastic analysis approach described in this paper, which is 

based on the calculation of achieved degree of partial composite action, is advised to be employed in 

prediction of moment capacity and deflection of composite CFST beams. The proposed design 

methodology discussed herein enables to design for the improved structural performance to be 

achieved in cold-formed steel and timber flooring systems by utilising the shear interaction to 

establish the practical design rules to be used by practicing engineers. 

Modular and prefabricated construction systems are a potential substitute for the fast construction of 

multi-story residential buildings. The pursuit of a more sustainable built environment has recently 

prompted the construction industry to develop energy-efficient systems. Buildings should indeed 

substantially decrease the amount of energy consumed throughout their entire life cycle, as well as 

the associated emissions of CO2 into the environment. This paper has highlighted that the use of 

innovative construction techniques can assist with sustainability goals and is a good potential way to 

build green buildings. 
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Fig. 1. Typical reference construction system and sequence of assembly for prefabricated composite floor 
components 
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Fig. 2. Four-point bending test layout of composite beam tests 
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Fig. 3. Overall test layout of bare CFS beam tests 
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Fig. 4. Arrangement of instrumentation for composite beam tests 
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Fig. 5. Strain gauges position at the mid span of cross section 

 

 

Fig. 6. Distortional buckling between fixings in the 
constant moment span (Specimen SP-11) 

Fig. 7. Bottom flange rotation and bending near 
the supports (Specimen SP-10) 
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Fig. 8. Local buckling observed between angle restraints for bare CFS system 
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Fig. 9. Load deflection curves of the full scale specimens with self-drilling screws (SDS) 
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(a) 

 

(b) 

 

Fig. 10. Strain distribution at mid-span section of specimens: (a) SP-3 (SDS @200mm) ; (b) SP-4 (SDS 
@400+Glue) 
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Fig. 11. Load deflection curves of the full scale specimens with M12 coach screws (CS) 
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(a) (b) 

  

(c) (d) 

 

Fig. 12. Strain distribution at midspan section of specimens: (a) SP-5 (CS @400mm) ; (b) SP-6(CS @200); 
(c) SP-13 (CS @200+webhole); (d) SP-14 (CS @400+Glue) 
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Fig. 13. Load deflection curves of the full scale specimens with M8 nuts and bolts 
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(a) 

 

(b) 

 

Fig. 14. Strain distribution at mid-span section of specimens: (a) SP-10 (M8-NB @200mm) ; (b) SP-11 
(M8-NB @400) 
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Fig. 15. Load deflection curves of the full scale specimens with M12 nuts and bolts 
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(a) 

 

 

(b) 

  

 

(c) 

 

(d) 

 

Fig. 16. Strain distribution at mid-span section of specimens: (a) SP-7 (M12-NB @400mm) ; (b) SP-
8(M12-NB @800+Glue); (c) SP-9 (M12-NB @800); (d) SP-12 (M12-NB @400+webhole) 
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Fig. 17. Load deflection curves comparison of bare CFS with composite beams 
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Fig. 18. Enhancement in moment capacity of the composite systems in comparison with bare CFS system 
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Fig. 19. Enhancement in flexural stiffness of the composite systems in comparison with bare CFS system 
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Fig. 20. Distribution of plastic stress with the neutral axis in the floorboard sheathing 

 

 

 

Fig. 21. Distribution of plastic stress with the neutral axis in the CFS joist 
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Fig. 22. Transformed section for the determination of stiffness of the composite system 
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Fig. 23. Moment capacity of the composite systems relative to the corresponding theoretically fully 
composite system 
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Fig. 24. Flexural stiffness of the composite systems relative to the corresponding theoretically fully 
composite system 
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Fig. 25. Signature curve obtained from THIN 
WALL-2 for examined cold-formed steel C-section 
showing local buckling mode and half-wavelength 

Fig. 26. Signature curve obtained from THIN 
WALL-2 for examined cold-formed steel C-

section showing distortional buckling mode and 
half-wavelength 
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Fig. 27. Strain distribution in CFST beams under elastic bending 
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Table 1. Summary of push-out specimen details 

Specimen Web hole 
in joist 

Type of shear 
connection 

Spacing of shear 
connection 

Structural adhesive at the 
beam-board interface 

SP-1a No NA NA NA 

SP-2 No Self-drilling screw 400 No 

SP-3 No Self-drilling screw 200 No 

SP-4 No Self-drilling screw 400 Yes 

SP-5 No M 12 Coach screw 400 No 

SP-6 No M 12 Coach screw 200 No 

SP-7 No M12 nut and Bolt 400 No 

SP-8 No M12 nut and Bolt 800 No 

SP-9 No M12 nut and Bolt 800 Yes 

SP-10 No M8 nut and Bolt 200 No 

SP-11 No M8 nut and Bolt 400 No 

SP-12 Yes M12 nut and Bolt 800 No 

SP-13 Yes M 12 Coach screw 200 No 

SP-14 No M12 Coach screw 400 Yes 
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Table 2. Mechanical and geometrical properties of CFS beam 

Thickness, t 
(mm) 

Height (mm) Flange width, bf 
(mm) 

Elastic modulus 
(MPa) 

Yield strength 
(MPa) 

Tensile strength 
(MPa) 

2.4 254 76 207000 504 567 
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Table 3. Average measured mechanical properties of structural plywood (in MPa) 

Bending 
parallel to 
grain (fb,0) 

Bending 
perpendicular 
to grain (fb,90) 

Tension 
parallel to 
grain (ft,0) 

Tension 
perpendicular 
to grain (ft,90) 

Compression 
parallel to 
grain (fc,0) 

Compression 
perpendicular 
to grain (fc,90) 

Modulus 
of 

Elasticity 
(E) 

40 45.5 22 17 31.5 28 10000 
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Table 4. Key results of four-point bending tests of composite beam with self-drilling screws as shear connector 

Specimen Mu (kN.m) EI (N.m2) δu  (mm) Su (mm) 

SDS at 200 52.5 2.65×106 43.6 2.6 

SDS at 400 42.9 2.5×106 36.5 2.4 

SDS at 400+glue 47 2.83×106 36.6 1.9 

CS at 200 66 3.23×106 47.11 2.05 

CS at 400 63.6 2.78×106 53.86 3.6 

CS at 400+glue 62.9 2.83×106 52 2.2 

CS at 200 + web holes in CFS joist 64.5 3.2×106 44 1.99 

M8-NB at 200 64.35 2.99×106 53 3.2 

M8-NB at 400 60.75 2.82×106 52.2 3.9 

M12-NB at 400 66.05 2.87×106 57.1 4 

M12-NB at 800 54.1 2.62×106 46.8 4.79 

M12-NB at 800 + web hole in CFS 
joist 

53.25 2.65×106 44.2 4.35 

M12-NB at 800+Glue 60 2.7×106 50.5 4.15 
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Table 5. Four-point bending test results, elastic and plastic bending capacities of CFS C-section used in the study 

Pu 

(kN) 

Mt 

(kN.m) 

Fol 

(mPa) 

Fod 

(mPa) 

Z 

(mm3) 

Sx 
(mm3) 

Mol 
(kN.m) 

Mod 
(kN.m) 

My 

(kN.m) 

Mp 

(kN.m) 

 

52.5 

 

39.37 

 

509 

 

430 

 

75651 

 

83530 

 

39.1 

 

32.5 

 

38.12 

 

43 
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Table 6. Comparison of effective bending stiffness from experiment and Gamma method and composite 
efficiency for CFST beams 

Specimen EIexp (N.m2) EIpartial, γ-method 

(N.m2) 

EIpartial, γ-method/ 

EIexp 

Composite 

efficiency (%) 

SP-2 2.65×106 2.5×106 0.96 17.5 

SP-3 2.7×106 2.82×106 1.06 30.4 

SP-4 2.83×106 2.8×106 1 30.5 

SP-5 2.8×106 2.96×106 1.05 36 

SP-6 3.2×106 3.44×106 1.06 55 

SP-7 2.9×106 2.84×106 0.99 31 

SP-8 2.6×106 2.51×106 0.97 18 

SP-9 2.7×106 2.7×106 0.98 24.5 

SP-10 3×106 2.9×106 0.97 36 

SP-11 2.8×106 2.6×106 0.9 22 

SP-12 2.7×106 2.9×106 1.12 36 

SP-13 3.2×106 3.4×106 1.07 55 

SP-14 2.8×106 3×106 1.08 38 

 

  



 
 

56 | P a g e  
 

Table 7. Comparison of theoretical elastic bending moment values with test values 

Specimen Mu,exp 

(kN.m) 

Mel 

(kN.m) 

ΔM 

(kN.m) 

M 

(kN.m) 

Mu,exp/M δexp  

(mm) 

δanalytical  

(mm) 

Relative 
Error 
(%) 

SP-2 43.65 59.8 14.3 45.5 0.96 36.5 37.7 -3.2 

SP-3 51.5 59.8 10 49.8 1.05 43.6 40.11 8.7 

SP-4 47.85 59.8 9.6 50.2 0.95 36.6 36.55 0.13 

SP-5 63.6 59.8 10 49.8 1.28 53.86 46.33 16.2 

SP-6 65.89 59.8 7.24 52.56 1.25 47.11 41.35 13.9 

SP-7 65 59.8 8.5 51.3 1.27 57.1 49.37 15.65 

SP-8 54.1 59.8 14.2 45.6 1.19 46.8 46.53 0.58 

SP-9 60 59.8 10.25 49.55 1.21 50.5 48.5 4 

SP-10 64.35 59.8 8.5 51.3 1.25 53 47.8 10.8 

SP-11 60.75 59.8 10.65 49.15 1.24 52.2 51.4 1.56 

SP-12 53.25 59.8 10 49.8 1.07 44.2 38.79 13.9 

SP-13 64.5 59.8 5.4 54.4 1.19 44 40.48 8.7 

SP-14 62.9 59.8 9 50.8 1.24 52 45.2 15 
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