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Abstract 

The findings from a numerical investigation into the degree of composite action that may be 

mobilised within floor systems comprising cold-formed steel joists and wood-based particle 

boards are presented herein. Finite element models have been developed, simulating all the 

components of the examined systems, as well as the interaction between them. The models 

include initial geometric imperfections, the load-slip response of the fasteners employed to 

achieve the shear connection as well as both geometric and material nonlinearities. The 

developed models were first validated against 12 physical tests reported in the literature, 
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which showed them to be capable of accurately capturing the load-deformation curves and 

failure modes exhibited by the tested specimens.  Parametric studies were then performed to 

examine the influence of key parameters on the structural behaviour of these systems, 

including the depth and thickness of the cold-formed steel section, as well as the spacing of 

the employed fasteners; in total, about 100 systems have been examined. Significant benefits 

in terms of structural response have been identified from the presented numerical study as a 

result of the mobilisation of composite action; for the systems investigated, which were of 

typical, practical proportions, up to 140% increases in moment capacity and 40% increases in 

stiffness were found. The presented research reveals the substantial gains in structural 

performance and the influence of the key governing parameters for this novel form of 

composite construction. 

Keywords: cold-formed steel; composite action; finite element modelling; numerical 

modelling; partial shear connection; wood-based particle boards 

1  Introduction 

The use of cold-formed steel beams in conjunction with wood-based flooring panels for 

the construction of lightweight and economical flooring systems is widespread. Cold-formed 

steel joists are often preferred over other structural members (e.g. timber joists) due to their 

high strength-to-weight ratio which results in easy and fast erection, reduction in 

transportation and handling costs and, ultimately, in economical and durable solutions for 

floors. An experimental programme described in [1-3] concluded that it is feasible for 

composite action to develop within flooring systems comprising cold-formed steel beams and 

wood-based particle boards, leading to substantial improvements in structural performance 
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and load carrying capacity, while previously conducted laboratory tests  had shown that the 

serviceability performance of these floors can be further improved by enhancing end fixity 

and considering interaction with the flooring boards [4,5]. 

Although the findings of these experimental investigations are promising, further research 

is required to explore the key features of the structural behaviour, to expand the existing pool 

of data and, hence, to quantify more accurately the benefits derived due to the development 

of composite action within cold-formed steel flooring systems. However, laboratory tests, 

which constitute the traditional method of data generation, are costly and time consuming. 

The need for a finite element investigation, replicating the complex geometry and nature of 

cold-formed steel flooring systems, is therefore evident.  

In this paper, finite element models of composite flooring systems comprising cold-

formed steel beams and wood-based particle boards are presented and validated against data 

from physical tests reported in the literature. The validated numerical models are then 

employed for numerical simulations investigating the influence of key parameters on the 

performance of these composite flooring systems; the results are then reported and analysed. 

2 Development of finite element models 

The finite element software package ABAQUS [6], which has been widely used in the past 

for the analysis of cold-formed steel members [7-11], was chosen for the performed 

numerical investigation. The developed finite element models were initially used for the 

simulation of the physical beam tests reported in [1-3], utilising the relevant material and 

push-out test results as inputs. The main features of the developed finite element models are 
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presented herein while their validation, as well as the conducted parametric studies, are 

presented in Sections 3 and 4 of this paper, respectively. 

2.1 Material modelling 

In order to accurately capture the response of a structural system, the material 

characteristics of all its members must be precisely determined and incorporated into the 

numerical simulations.  

2.1.1 Cold-formed steel 

Unlike hot-rolled steel, cold-formed steel exhibits a gradually yielding response followed 

by a significant period of strain hardening, apparent even at low levels of strain – see Figure 

1. A constitutive model initially proposed by Ramberg and Osgood [12] for aluminium and 

modified by several researchers [13-17] for application to other nonlinear metallic materials, 

has been employed herein. Specifically, the two-stage Ramberg-Osgood model presented in 

Equations (1) and (2), proposed by Gardner and Ashraf [18], has been chosen for the material 

modelling of the cold-formed steel. 

ε  = 
σ

E
 + 0.002 (

σ

σ0.2

)
 n

      for σ ≤ σ0.2 
(1) 

𝜀  =
σ −  σ0.2

E0.2

+ (ε1.0 −  ε0.2 −  
σ1.0 −  σ0.2

 E0.2

) (
σ −  σ0.2

σ1.0 −  σ0.2

)
 n'0.2,1.0

+ ε0.2   for σ0.2 <  𝜎 ≤  σu 
(2) 

where σ and ε are the engineering stress and strain respectively, E is the Young’s modulus of 

the material, σ0.2 and σ1.0 are the 0.2% and 1% proof stresses respectively, E0.2 is the tangent 

modulus of the stress-strain curve at σ0.2, ε0.2 and ε1.0 are the total strains corresponding to the 

0.2% and 1.0% proof stresses while n and n'0.2,1.0 are strain hardening exponents determining 
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the  degree of roundedness of the stress-strain curve. The two-stage Ramberg-Osgood model 

was fitted to the measured stress-strain curves reported in [1,2] and assigned to the flat 

portions of the modelled cold-formed steel sections. 

Coupon tests conducted by several researchers [19-21] have shown that the cold-rolling 

process can have a significant influence on the material behaviour of the resulting cross-

sections due to the accumulation of permanent plastic deformations, particularly in the corner 

regions, which exhibit higher yield (0.2% proof) strengths compared to the flat portions of the 

same cross-sections, though with reduced ductility. Corner coupon tests were carried out as 

part of the research of Kyvelou et al. [1,2] revealing, on average, a 17% higher yield strength 

in the corners than in the flat portions of the tested sections. Therefore, allowance was made 

in the developed finite element models for strength enhancements in the corner regions by 

assigning different material properties, in accordance with the conducted tests, to these parts 

of the sections. Note that the corresponding through-thickness residual stresses were not 

incorporated in the numerical simulations since their effect is approximately included in the 

stress-strain curves obtained from tensile coupon tests extracted from cold-formed sections 

[22]. 

For input into the developed ABAQUS shell finite element models, the nominal stresses 

and strains, derived by fitting Equations (1) and (2) to the measured stress-strain data, have 

been converted into true stresses and strains. The equations used for the determination of the 

true (Cauchy) stresses σtrue and the true plastic strains εtrue
pl

 are presented in Equations (3) and 

(4), respectively. 

 
σtrue = σ (1+ε)  (3) 



6 

 

 

 
εtrue

pl = ln(1+ε) - 
σtrue

E
 (4) 

2.1.2 Wood-based particle board 

The results of tests carried out on the floorboard material employed in the beam tests [2,3], 

were used to define the material stress-strain characteristics of the flooring panels in the 

present numerical models. The measured material properties lay within the expected range in 

relation to similar existing experimental results [23,24], and the stress-strain response could 

be accurately represented by the Ramberg-Osgood curve, as shown in Figure 2. Hence the 

material behaviour assigned to the flooring panels in the finite element simulations was 

determined according to Equation (1), where E and σ0.2 were taken as the values of Young’s 

modulus in compression Eb and the compressive strength of the board fcb, respectively – see 

Figure 2 – while the value of the strain hardening exponent n was taken as 6, based on a fit to 

the experimental data. The value of the Poisson’s ratio for the boards vb was taken as 0.2, 

based on previous physical tests [25,26]. Failure of the floorboards was deemed to occur 

when the stress reached the ultimate compressive or tensile stress of the board material (fcb 

and ftb respectively). 

2.2 Element types 

Shell elements are typically employed for modelling structures in which one dimension, 

usually the thickness, is significantly smaller than the other two dimensions; these elements 

are able to accurately capture local instabilities, such as local and distortional buckling, 

rendering them an ideal choice for modelling thin-walled sections. The general purpose 4-

noded three-dimensional S4R [6] shell elements with reduced integration and hourglass 

control were chosen for the modelling of the cold-formed steel beams examined herein. 
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Several researchers have used these elements in the past for modelling cold-formed steel 

structures under bending, obtaining accurate replication of the observed physical behaviour 

[21,27-29]. 

The 8-noded three-dimensional C3D8R [6] solid elements with reduced integration and 

hourglass control were chosen for the modelling of the wood-based flooring panels. 

Numerical investigations on composite systems described in the literature have employed this 

type of element to model the concrete slab in composite beams, yielding accurate results 

when compared against physical tests [30,31,32-34]. 

The gaps between adjacent floorboards were modelled with gap contact elements 

GAPUNI [6], which allow for contact or separation of two nodes by closing or opening of a 

predefined gap with the contact direction fixed in space. A representation of the gap between 

adjacent floorboards in the developed finite element models, compared with that observed in 

laboratory tests [1], is shown in Figure 3. 

2.3 Mesh density 

The choice of an appropriate mesh density is important for the accuracy and efficiency of 

the developed finite element models. While a very fine mesh limits the propagation of 

hourglass modes and ensures accurate capturing of local instabilities, it may also result in 

very long computational times, rendering use of the finite element models inefficient. 

Additionally, as indicated by Natário et al. [35], the corner regions and stiffener regions of 

cold-formed sections generally have to be more finely discretised, compared to the flat 

regions, to minimise geometrical and, hence, numerical inaccuracies. Yu [36] and Ren [37] 

conducted a mesh sensitivity study on cold-formed steel sections in bending, similar to these 
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examined herein, defining an appropriate cross-sectional and longitudinal mesh density for 

capturing the material and geometrical nonlinearities that cold-formed steel members exhibit. 

For the numerical simulations conducted within this paper, 98 shell elements were used in 

total for each steel cross-section while 123 solid elements were employed for the modelling 

of the cross-section of the floorboard. The longitudinal mesh size was set equal to 10 mm for 

the shell elements and 20 mm for the solid elements. Ultimately, the mesh density employed 

in the numerical simulations described herein, a representative illustration of which is 

presented in Figure 4, secured an accurate replication of the observed physical phenomena 

while keeping the computational time within reasonable limits. 

2.4 Modelling of fasteners 

The self-drilling screws acting as the shear connection between the cold-formed steel 

joists and the flooring panels were replicated with SPRING 2 nonlinear spring elements, used 

for connecting two nodes in a fixed direction.  The load-slip (P-s) response assigned to the 

springs was determined according to a model proposed in [2], derived based on the results of 

push-out tests. The model, which is illustrated in Figure 5, is given by Equation (5), with the 

coefficients C1 and C2 given by Equations (6) and (7), respectively.  

 
𝑠  =

P

Ko

+C1 (
P

P10

)
C2

 (5) 

 
C1 = s10 - 

P10

Ko

 (6) 
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C2= 

ln (sb - 
Pb

Ko
)  - ln (C1)

ln (
Pb

P10
)

 (7) 

where s10 is a slip of 10 mm, P10 is the load corresponding to s10, Ko is the slip modulus of the 

employed connectors (taken as the slope of the initial linear part of the push-out curve), Pb is 

the load corresponding to the bearing resistance of the floorboard in contact with the fastener 

(calculated as the product of the compressive strength of the board and the area of the board 

in contact with the fastener [2])  and sb is the slip on the push-out curve corresponding to Pb. 

The shear resistance of the connector Pv, which can be either determined by shear tests on the 

connectors or calculated based on the material properties and dimensions of the connectors, 

constitutes the upper limit of the employed model. The values of these key points 

corresponding to flooring systems with self-drilling screws connecting cold-formed steel 

beams and wood-based particle boards, which have been reported in [2], are presented in 

Table 1. Note that the fact that the base metal thickness does not influence the response of the 

connection for the range of parameters considered in this type of system relates the board 

material being significantly softer than the steel, leading to the overall deformation being 

dominated by the deformation in the floorboard [2]. 

It should be mentioned that, in ABAQUS [6], the nonlinear spring behaviour is defined by 

load-relative displacement pairs of ascending order while, outside the given range, the 

stiffness of the spring is assumed to be zero, resulting in constant force, as shown in Figure 5. 

Therefore, for all the conducted analyses, the deformations of all connectors at ultimate load 

were monitored to ensure that shear failure had not occurred. At the position of each spring, 

the lateral and longitudinal displacements of both adjoining nodes were controlled by the 



10 

 

 

spring characteristics while their vertical displacements were equated using the *EQUATION 

command [6]. 

2.5 Initial geometric imperfections 

Since cold-formed steel sections are prone to local instabilities, such as local and 

distortional buckling, initial geometric imperfections can have a crucial effect on their 

buckling response and hence their ultimate load-carrying capacity. Therefore, suitable initial 

geometric imperfections should be included in finite element simulations of such sections, 

and these generally comprise a superposition of the lowest pure local and pure distortional 

buckling mode shapes. 

Eigenvalue (elastic buckling) finite element analysis is frequently used by researchers to 

determine lowest buckling mode shapes, which can subsequently be assigned as geometric 

imperfections by creating a perturbed mesh.  However, an imperfection sensitivity study 

conducted by Haidarali [38] showed that employing such an analysis for the determination of 

initial imperfections can be problematic since the identification of suitable, periodic local and 

distortional buckling modes can be difficult, with localised or mixed modes often arising.  

A more consistent and controllable approach was adopted in this paper, in which the finite 

strip software CUFSM 3.12 [39,40] was first employed for each beam model to extract the 

pure local and distortional buckling mode shapes, as identified from the derived signature 

curve (see Figure 6). Note that, in Figure 6, the critical load factor plotted on the vertical axis 

is relative to the load required to cause first yield of the section. It should also be mentioned 

that although the buckling mode shape corresponding to the first minimum of the signature 
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curve shown in Figure 6 is predominantly a local mode, there is some deflection at the lip-to-

flange junction. 

Following the derivation of the signature curve, the two buckling modes were distributed 

longitudinally, through sinusoidal functions with periods equal to the corresponding critical 

half-wavelengths along the member length and superposed. Hence, the initial imperfection 

was assigned by directly specifying the deformed geometry of the steel sections in ABAQUS, 

a typical example of which is shown in Figure 7. The amplitudes employed for scaling the 

local and distortional buckling mode shapes were 0.1t and 0.3t, respectively, as illustrated in 

Figure 8, where t is the thickness of the non-galvanised steel section; these were taken from 

industrial and experimental measurements [3,41]. Finally, alignment of the maximum local 

and distortional imperfections at midspan (with both the distortional and local modes inward 

at this location [21,42]) was ensured – see Figure 9. 

2.6 Contact modelling 

The contact interaction between the top flange of the cold-formed steel beams and the 

bottom fibre of the flooring panels, as well as the contact between adjacent floorboards, has 

been modelled using surface-to-surface hard contact (*SURFACE BEHAVIOR, 

PRESSURE-OVERCLOSURE=HARD). The parameter ADJUST=0.0 has been used in 

conjunction with the *CONTACT PAIR command in ABAQUS [6] for the definition of 

contact between the steel beam and the flooring panels to ensure that no over-closure of the 

two surfaces would occur after the inclusion of geometric imperfections in the models. Based 

on experimental findings reported by Gorst et al. [43], the Coulomb friction coefficient μ 

between the steel beam and the floorboards was given a value of 0.2, while a value of 0.3 was 



12 

 

 

adopted for the friction coefficient between adjacent floorboards. Finally, since the contact 

interaction between adjacent floorboards was found to cause numerical instabilities, linear 

smoothing of the nodal force distribution upon sliding was allowed (*SLIDING 

TRANSITION=LINEAR SMOOTHING [6]). 

2.7 Boundary conditions  

At the positions of high concentrated forces, namely at the positions of the point loads and 

at the supports, stiff rigid plates were tied to the steel beams to prevent the occurrence of 

localised failure. Vertical and out-of-plane displacements were constrained at each support, 

while rigid body motion was prevented by constraining the longitudinal translational degree 

of freedom of one support. Note that since all the modelled cross-sections (a pair of beams 

spanned by wooden floorboards) were symmetric, only half of the cross-section was 

modelled in order to decrease computational time, with appropriate boundary conditions 

applied on the axis of symmetry (axis 1 in Figure 10). All the boundary conditions that have 

been implemented in the numerical simulations and described above are illustrated in Figure 

10. 

2.8 Solution scheme 

Although the modified Riks method is widely employed to solve static structural stability 

problems featuring geometric and material nonlinearities, the general static solver with 

artificial stabilisation was employed for all the conducted analyses described herein. The 

reason for this choice lies in the highly unstable behaviour of cold-formed steel members 

arising due to the development of local instabilities (such as local and distortional buckling) 

and to the large contact surfaces, rendering the Riks solver unable to consistently reach the 
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peak system load or trace the post-ultimate response of the system. An adaptive automatic 

stabilisation scheme [6] was employed throughout this study, controlled by a predefined 

accuracy tolerance, limiting the ratio of the energy dissipated by viscous damping to the total 

strain energy of the system, which was below 0.5% for most of the conducted analyses.  

Several researchers have compared results of artificial damping and arc-length (Riks) 

schemes when analysing cold-formed steel members [21,44], showing that the two methods 

yield similar results, provided that sufficient iterations prior to the peak load are enforced; at 

least 40 successful iterations before the peak load were ensured for all the analyses conducted 

herein.  

3 Validation of the developed finite element models 

The developed finite element models were validated against the results of twelve physical 

tests performed on flooring systems comprising cold-formed steel beams and wood-based 

particle boards; a detailed description of these experiments can be found in [2]. All tested 

specimens were simply supported and subjected to four-point bending – see Figure 11. Two 

steel section sizes were employed in the tests, along with two different shear transfer 

mechanisms: self-drilling screws with varying spacing and structural adhesive. A summary of 

the tested systems is presented in Table 2. Specimens B15-1 and B30-1 were bare steel 

control beams, while the remaining specimens were composite beams with different means of 

shear connection. Additionally, for some specimens, wood adhesive was applied at the joints 

between adjacent floorboards in order to eliminate the gaps between them. A typical cross-

section of the tested flooring systems is shown in Figure 12. Note that for the numerical 

simulations, only half of the cross-section (i.e. one beam and associated flooring, rather than 
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the tested pair of beams) was modelled in order to decrease computational time, with 

appropriate boundary conditions applied on the axis of symmetry.  

For the specimens with structural adhesive applied at the beam-board interface (specimens 

B15-5 and B30-7), the shear connection has been modelled by means of nonlinear springs at 

20 mm spacings, the load-slip characteristics of which had been obtained from 

complementary push-out tests [2]. In addition, for the specimens with adhesive applied at the 

joints between adjacent boards (specimens B15-4, B15-5, B30-3 and B30-7), the boards have 

been modelled as continuous along the length of the system, with no gaps between them 

while, for the rest of the specimens, measured values of gaps between floorboards have been 

modelled – see Table 2. 

Table  3 presents comparisons between the ultimate moment capacities Mu,FE and flexural 

stiffnesses (EI)FE predicted by the finite element models and those achieved in the tests, 

namely Mu,exp and (EI)exp, respectively, with a mean Mu,FE/Mu,exp ratio of 0.99 and a mean 

(EI)FE/(EI)exp ratio of 1.04. The finite element models were found to be capable of accurately 

predicting the exhibited failure modes, as shown in Figure 13, as well as the load-

displacement responses and strain distributions at ultimate load of the tested flooring systems, 

as illustrated in Figures 14 and 15, respectively. Note that, in Figure 14, the presented test 

curve is the average of the load-displacement curves of the two beams of the system shown in 

Figure 12.  

For the cases marked with * in Table 3, the physical tests were stopped prematurely, 

shortly after initial buckling occurred and before the ultimate load was obtained and 

subsequent unloading started, while the numerical simulations continued beyond that point; a 

typical example is shown in Figure 16. For these cases, the values of maximum load used for 
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the validation were taken as those when the FE midspan vertical deflection reached the level 

corresponding to the maximum load of the equivalent physical test.  

Following successful validation, the developed finite element models are employed to 

investigate further the feasibility of developing composite action between cold-formed steel 

beams and wood-based floorboards. A parametric numerical investigation to examine the 

influence of the key input parameters is presented in the following section. 

4 Parametric studies and results 

In this section, a series of parametric studies is presented in which the influence of the depth 

and thickness of the steel beam, the spacing of the fasteners and the gap size between the 

floorboards on the development of composite action in cold-formed steel flooring systems is 

investigated. The results are examined in the context of gains in flexural capacity and 

stiffness and the attained degree of shear connection. 

4.1 Influence of gap size between floorboards 

Since the experimental results reported in [2] showed that the elimination of gaps between 

adjacent floorboards led to significant increases in flexural stiffness, an initial parametric 

study was carried out to explore the influence of the size of these gaps on both the moment 

capacity and flexural stiffness of the examined flooring systems. The dimensions and 

material properties of the modelled steel beams and floorboards were kept constant for all the 

conducted analyses while two alternative screw spacings (600 mm and 150 mm) were 

considered; the modelled gap size was varied between 0 and 1 mm. 
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The results are presented in Figure 17, where the obtained moment capacity and flexural 

stiffness of the examined systems with gaps have been normalised by the moment capacity 

and stiffness of their equivalent systems with no gaps. It can be observed from Figure 17 that 

increasing the gap between the flooring panels results in gradually decreasing moment 

capacity, with a reduction in capacity of up to 17% seen for the system with the denser screw 

spacing (i.e. 150 mm) and widest gap size (i.e. 1 mm). Flexural stiffness, on the other hand, 

was found to drop sharply in the presence of even the smallest gap, but then remained 

essentially constant as the gap size was increased. Eliminating the gap (e.g. by applying 

adhesive at the interfaces between the boards), rather than simply reducing its size, would 

therefore be required to most effectively exploit the available stiffness. It should also be 

noted though that the gaps between adjacent floorboards close under increasing load and, at 

some point, the floorboards come into contact with one another; this causes a change in the 

slope of the load-deflection curve of the system, rendering its response stiffer – see Figure 18. 

This effect is more pronounced for systems with thinner steel sections and denser screw 

spacings since the contribution of the board to the stiffness of the system is more influential 

in these cases where the effective shear connection enables the boards to become more fully 

engaged after the closure of these gaps. For the determination of flexural stiffness from the 

parametric finite element models, the initial part of the load-displacement curve, up to 40% of 

the ultimate load Pu, was used. 

4.2 Influence of section geometry and screw spacing  

The influence of section geometry (depth and thickness of steel beam) and the spacing of 

the fasteners on the structural performance of composite cold-formed steel flooring systems is 

examined in this sub-section. Cold-formed steel sections with three different depths (220 mm, 
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250 mm and 300 mm) and 6 different thicknesses (1.0 mm, 1.2 mm, 1.5 mm, 2.0 mm, 2.5 

mm and 3.0 mm) have been examined while, for each thickness, five alternative spacings of 

fasteners have been employed. Note that for all systems the gap between adjacent floorboards 

was taken as 0.2 mm, this being the average measured value from the experiments. A bare 

steel system was also simulated for each case in order to provide a reference response against 

which the composite systems could be bench-marked.  

A summary of the examined systems is presented in Table 4, while a typical modelled 

cross-section is illustrated in Figure 19. The identification system of the examined specimens 

begins with the number corresponding to the height of the steel section, followed by the 

thickness of the section and finally the spacing of the connectors. For example, the system 

designated 25015-300 refers to a system comprising a steel beam of 250 mm height and 1.5 

mm thickness for which the connectors are positioned at a constant spacing of 300 mm; the 

corresponding bare steel system is labelled 25015-BR. 

The material properties employed for the cold-formed steel material are presented in Table 

5 and are the average of the measured values reported in [2]. In Table 5, νs is the Poisson’s 

ratio of the steel material, Es is the Young’s modulus, σ0.2 is the yield (0.2% proof) strength, 

σu is the ultimate tensile strength and n and n’0.2,1.0 are the strain hardening exponents for the 

two-stage Ramberg-Osgood material model, presented in Equations (1) and (2). The 

dimensions and material characteristics of the flooring panels were not varied between the 

examined systems; a summary of these is presented in Table 6, where Eb is the Young’s 

modulus of the board in compression, fcb and ftb are the compressive and tensile strengths of 

the floorboard material, respectively and νb is the Poisson’s ratio. The results are examined 

and discussed in the following sub-section. 
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4.3 Analysis of results 

In this sub-section, the results of the numerical parametric study are analysed in order to 

explore the influence of the key parameters on the structural behaviour of the examined 

composite systems. For some specimens with dense screw spacing, numerical convergence 

could not be achieved due to the complexity of the system caused by the combination of 

numerous nonlinear springs replicating the fasteners and multiple contact surfaces between 

the steel beam and the boards and between adjacent boards. For these cases, in order to obtain 

the peak load, the complexity of the system was reduced by eliminating the gaps between 

adjacent panels; thus, the board was modelled as if it were continuous along the length of the 

steel beam. In accordance with Section 4.1 and as shown in Figure 20, such an assumption is 

justified since the discrepancy between the peak loads of the system obtained from the finite 

element model including gaps and the one assuming the board is continuous along its length, 

is minimal. Note that, for these cases, the flexural stiffness of the system was obtained from 

the finite element model including gaps between the boards since only the initial part of the 

load-deformation behaviour was required for its derivation. 

In several systems with high degrees of shear connection, a second peak in the load-

displacement response was observed, as shown in Figure 21. For these cases, although the 

occurrence of distortional buckling resulted in a drop in load causing the first peak of the 

curve, redistribution of forces enabled further load to be carried until ultimate failure (second 

peak of the load-displacement curve). The difference between the loads corresponding to the 

first and second peaks increased with increasing slenderness and reducing screw spacing; this 

is because enhanced composite action delayed the development of buckling due to both the 

higher neutral axis (i.e. reducing the area of steel in compression) and the greater restraint 
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offered to the compression flange, with the buckling half-wavelength limited to the screw 

spacing – see Table 7. However, obtaining the second peak from the finite element 

simulations was not possible for all systems, due to numerical instabilities. In addition, it was 

observed that excessively large deflections at midspan were often required for the second 

peak to be reached. It was therefore decided that only the first peak would be used for the 

numerical prediction of moment capacity of the examined systems. 

A summary of the conducted parametric studies is presented in Tables 8, 9 and 10, where 

the ultimate moment capacity Mu,FE and stiffness (EI)FE of each system is normalised by the 

ultimate moment capacity Mu,FE,BR and stiffness (EI)FE,BR of the equivalent bare steel system, 

while the values of the attained degree of shear connection η, defined by Equation (8), are 

also presented. Graphical illustrations of these comparisons are shown in Figure 22. 

   η = 
Nc

Nc,f

 (8) 

where Nc is the compressive force in the board of the examined system and Nc,f is the 

compressive force in the board of an equivalent system with full shear connection [45]. 

All the examined systems failed in-plane, with most exhibiting distortional buckling of the 

top flange of the steel beam between fixings (see Figure 23) while the stresses developed 

within the floorboards were consistently found to be well below the ultimate strength of the 

material. Decreasing the spacing of the connectors resulted in enhanced shear connection at 

the beam-board interface and hence in the increasing mobilisation of composite action within 

the system. As expected, the systems comprising thinner steel sections benefitted to a greater 

extent from the development of composite action due to the higher ratio of board to steel 

area. The spacing of fasteners was found to have a significant influence on the structural 
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performance of the flooring systems, leading to up to 140% increases in moment capacity and 

40% increases in stiffness for the system comprising the thinnest steel section and the highest 

degree of shear connection (system 25010-40).  

A different form of behaviour to that described above was observed in systems 30010-160, 

30010-80 and 30010-40, where shear failure occurred in their shear spans, as shown in Figure 

24, leading to lower load-carrying capacity than expected – see Figure 22 (c). This form of 

failure is more likely for sections with slender webs and with increasing composite action, 

which leads to significant increases in moment resistance while the shear resistance remains 

essentially unchanged; shear failure therefore becomes more critical. 

In order to quantify the gains in moment capacity and stiffness of the examined systems 

with increasing composite action, the moment capacity and flexural stiffness of the 

equivalent systems with full shear connection and interaction had to be determined. The 

plastic moment capacity of the theoretical fully composite system can be calculated by taking 

moments about the neutral axis of the composite section, the position of which is determined 

considering the equilibrium of forces in the composite cross-section, assuming a plastic 

distribution of stresses. Accordingly, the flexural stiffness of a system with full shear 

interaction can be calculated according to the parallel axes theorem assuming the composite 

cross-section acts monolithically with the longitudinal slip between its components being 

completely eliminated. Full details of the above calculations can be found in [2,46]. 

In Figure 25, the proportion of the attained moment capacity between the bare steel and 

theoretical fully composite systems are plotted against the attained degree of shear connection 

η, calculated according to Equation (8), with zero on the vertical axis being the capacity of 

the bare steel section and unity being the capacity of the theoretical fully composite section; 
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the same comparison for flexural stiffness is illustrated in Figure 26. It can be observed that 

shear connection up to almost 80% has been attained, leading to moment capacities up to 

90% of the capacity of the equivalent fully composite systems  and to flexural stiffnesses up 

to 45% of the stiffness of the equivalent fully composite systems. Note the gains in flexural 

stiffness may also be plotted against the shear bond coefficient, which reflects the stiffness of 

the shear interaction, and that stiffer shear connectors would be required to attain flexural 

stiffnesses closer to those of the fully composite scenario; more details about the definition 

and calculation of the shear bond coefficient can be found in [46]. The results presented 

herein form the basis for a full design method for composite cold-formed steel flooring 

systems, the development and application of which are described in [46]. 

Overall, the results show substantial benefits to be gained, both in terms of strength and 

stiffness, through the mobilisation of composite action within cold-formed steel flooring 

systems, and it is recommended that these be exploited in practice.  

5 Concluding remarks 

Finite element models to simulate the response of flooring systems comprising cold-

formed steel beams and wood-based particle boards have been developed in order to 

investigate the feasibility of mobilising composite action within these systems; the key 

modelling features have been described in this paper. 

 The developed numerical models were validated against relevant physical tests and were 

found to be capable of accurately predicting the moment capacity and flexural stiffness of the 

examined flooring systems, as well as replicating the observed failure modes. Following 

validation of the models, a parametric numerical investigation was conducted to investigate 
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the influence of key parameters on the load carrying capacity and stiffness of the examined 

systems.  Results from the conducted parametric studies showed that decreasing the spacing 

of the fasteners enhances the development of composite action, leading to up to 140% 

increases in moment capacity and 40% increases in stiffness while elimination of the gaps 

between adjacent floorboards can lead to further improvements in terms of structural 

behaviour. Finally, the floors comprising thinner steel sections were found to benefit to a 

greater extent from the mobilisation of composite action. The present paper has shown both 

the available improvements in structural performance through the mobilization of composite 

action and the conditions in which to maximise the derived benefits; it is recommended that 

these benefits be exploited in practice. 
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Table 1: Key values required for the definition of the load-deformation response of the 

fasteners  

Ko (kN/mm) Pb (kN) sb (mm) s10 (mm) P10 (kN) Pv (kN) 

1.20 2.70 2.68 10.00 5.11 5.55 

 

Table 2: Summary of tested flooring systems and means of shear connection 

Specimen  

Nominal 

thickness of 

steel beam (mm) 

Screw 

spacing 

(mm) 

Gap size 

between 

boards (mm) 

Wood 

adhesive at 

board joints 

Epoxy resin at 

the beam-board 

interface 

B15-1 1.5 n/a n/a n/a n/a 

B15-2 1.5 600  0.3 N N 

B15-3 1.5 150  0.2 N N 

B15-4 1.5 150  0.0 Y N 

B15-5 1.5 100  0.0 Y Y 

B30-1 3.0 n/a n/a n/a n/a 

B30-2 3.0 600  0.4 N N 

B30-3 3.0 600  0.0 Y N 

B30-4 3.0 300  0.2 N N 

B30-5 3.0 150  0.2 N N 

B30-6 3.0 75  0.1 N N 

B30-7 3.0 75  0.0 Y Y 

 

Table 3: Summary of comparisons between finite element and test results 

Specimen Mu,FE/Mu,exp (EI)FE/(EI)exp 

B15-1 0.97 1.06 

B15-2 0.96 0.99 

B15-3 0.96* 0.98 

B15-4 1.02* 0.92 

B15-5 1.05* 1.07 

B30-1 0.94 1.09 

B30-2 0.96 1.12 

B30-3 1.00 1.08 

B30-4 0.98 1.07 

B30-5 0.97 1.04 

B30-6 0.99 1.00 

B30-7 1.14* 1.10 
MEAN 0.99 1.04 

COV 0.05 0.05 

* Physical tests stopped prematurely 
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Table 4: Summary of examined flooring systems 

 t = 1.0 mm t = 1.2 mm t = 1.5 mm t = 2.0 mm t = 2.5 mm t = 3.0 mm 

h = 220 mm 

22010-BR 22012-BR 22015-BR 22020-BR 22025-BR 22030-BR 

22010-600 22012-600 22015-600 22020-600 22025-600 22030-600 

22010-300 22012-300 22015-300 22020-300 22025-300 22030-300 

22010-160 22012-160 22015-160 22020-160 22025-160 22030-160 

22010-80 22012-80 22015-80 22020-80 22025-80 22030-80 

− − 22015-40 22020-40 22025-40 22030-40 

h = 250 mm 

25010-BR − 25015-BR 25020-BR 25025-BR 25030-BR 

25010-600 − 25015-600 25020-600 25025-600 25030-600 

25010-300 − 25015-300 25020-300 25025-300 25030-300 

25010-160 − 25015-160 25020-160 25025-160 25030-160 

25010-80 − 25015-80 25020-80 25025-80 25030-80 

25010-40 − 25015-40 25020-40 25025-40 25030-40 

h = 300 mm 

30010-BR − 30015-BR 30020-BR 30025-BR 30030-BR 

30010-600 − 30015-600 30020-600 30025-600 30030-600 

30010-300 − 30015-300 30020-300 30025-300 30030-300 

30010-160 − 30015-160 30020-160 30025-160 30030-160 

30010-80 − 30015-80 30020-80 30025-80 30030-80 

30010-40 − 30015-40 30020-40 30025-40 30030-40 

 

Table 5: Material characteristics of cold-formed steel for parametric study 

Young’s 

modulus      

Es (GPa) 

Poisson’s 

ratio        

νs 

Flat yield 

strength    

σ0.2 (MPa) 

Corner yield 

strength      

σ0.2 (MPa) 

Tensile 

strength     

σu (MPa) 

Exponent 

n 

Exponent  

n'0.2,1.0 

201 0.3 491 574 561 11.2 2.1 

 

Table 6: Material characteristics of flooring panels for parametric study 

Young’s modulus 

Eb (GPa) 

Poisson’s ratio 

νb 

Compressive strength 

fcb (MPa) 

Tensile strength   

ftb (MPa) 

2.3 0.2 12.9 5.8 

 

Table 7: Differences in ultimate load obtained from the first and second observed peak of 

the load-displacement curve 

Specimen 
Cross-sectional 

slenderness  λcs 

Degree of  shear 

connection η 

P
2

nd
peak

P1
st

peak

 

25020-160 1.005 0.140 1.01 

25015-160 1.179 0.146 1.20 

30015-80 1.291 0.194 1.20 
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Table 8: Results of parametric studies for steel sections of 220 mm height 

Specimen 
Mu,FE

Mu,FE,BR

 

(EI)
FE

(EI)
FE,BR

 η 

Mu,FE

Mpl,comp

 

(EI)
FE

(EI)
comp

 

22010-BR 1.00 1.00 0.000 0.32 0.52 

22010-600 1.10 1.07 0.043 0.35 0.56 

22010-300 1.42 1.13 0.088 0.45 0.59 

22010-160 * 1.72 1.22 0.167 0.55 0.63 

22010-80 2.21 1.32 0.273 0.71 0.69 

22012-BR 1.00 1.00 0.000 0.35 0.56 

22012-600 1.10 1.06 0.040 0.39 0.59 

22012-300 1.34 1.10 0.079 0.47 0.61 

22012-160 1.50 1.17 0.127 0.53 0.65 

22012-80 2.04 1.26 0.264 0.72 0.70 

22015-BR 1.00 1.00 0.000 0.41 0.59 

22015-600 1.08 1.07 0.039 0.45 0.63 

22015-300 1.25 1.11 0.073 0.52 0.65 

22015-160 1.41 1.16 0.120 0.59 0.68 

22015-80  * 1.70 1.24 0.231 0.71 0.73 

22015-40  * 2.08 1.31 0.464 0.86 0.77 

22020-BR 1.00 1.00 0.000 0.49 0.64 

22020-600 1.06 1.06 0.049 0.52 0.68 

22020-300 1.23 1.09 0.094 0.60 0.70 

22020-160 1.39 1.14 0.153 0.68 0.73 

22020-80  * 1.66 1.20 0.350 0.80 0.76 

22020-40  * 1.83 1.26 0.522 0.89 0.80 

22025-BR 1.00 1.00 0.000 0.53 0.68 

22025-600 1.07 1.05 0.057 0.56 0.72 

22025-300 1.21 1.08 0.107 0.64 0.73 

22025-160 * 1.36 1.11 0.208 0.72 0.76 

22025-80 1.56 1.16 0.347 0.82 0.79 

22025-40  * 1.71 1.21 0.562 0.90 0.82 

22030-BR 1.00 1.00 0.000 0.55 0.71 

22030-600 1.08 1.05 0.064 0.59 0.75 

22030-300 1.19 1.07 0.116 0.65 0.76 

22030-160 * 1.33 1.10 0.222 0.73 0.78 

22030-80 1.52 1.14 0.325 0.83 0.81 

22030-40  * 1.65 1.18 0.592 0.90 0.84 

*FEM with continuous board used for the calculation of peak load 
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Table 9: Results of parametric studies for steel sections of 250 mm height 

Specimen 
Mu,FE

Mu,FE,BR

 

(EI)
FE

(EI)
FE,BR

 ηFE 

Mu,FE

Mpl,comp

 

(EI)
FE

(EI)
comp

 

25010-BR 1.00 1.00 0.000 0.31 0.52 

25010-600 1.08 1.06 0.041 0.34 0.56 

25010-300 1.43 1.12 0.095 0.45 0.59 

25010-160 1.62 1.21 0.133 0.51 0.63 

25010-80 1.89 1.27 0.200 0.59 0.66 

25010-40 2.41 1.39 0.343 0.75 0.73 

25015-BR 1.00 1.00 0.000 0.41 0.59 

25015-600 1.04 1.04 0.034 0.43 0.62 

25015-300 1.22 1.10 0.070 0.50 0.66 

25015-160 1.42 1.16 0.146 0.59 0.69 

25015-80 1.58 1.21 0.208 0.66 0.72 

25015-40  * 1.98 1.29 0.371 0.82 0.77 

25020-BR 1.00 1.00 0.000 0.48 0.64 

25020-600 1.04 1.05 0.045 0.50 0.68 

25020-300 1.20 1.09 0.087 0.58 0.70 

25020-160 1.36 1.13 0.140 0.65 0.73 

25020-80 1.52 1.19 0.229 0.73 0.77 

25020-40  * 1.82 1.25 0.499 0.87 0.81 

25025-BR 1.00 1.00 0.000 0.52 0.68 

25025-600 1.05 1.04 0.053 0.54 0.71 

25025-300 1.18 1.07 0.099 0.61 0.73 

25025-160 1.33 1.11 0.121 0.69 0.76 

25025-80 1.54 1.15 0.281 0.80 0.79 

25025-40  * 1.80 1.21 0.757 0.93 0.83 

25030-BR 1.00 1.00 0.000 0.54 0.71 

25030-600 1.06 1.02 0.055 0.57 0.73 

25030-300 1.17 1.06 0.107 0.64 0.76 

25030-160 1.31 1.09 0.103 0.71 0.78 

25030-80 1.51 1.12 0.371 0.82 0.80 

25030-40  * 1.76 1.17 0.760 0.96 0.84 

*FEM with continuous board used for the calculation of peak load 
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Table 10: Results of parametric studies for steel sections of 300 mm height 

Specimen 
Mu,FE

Mu,FE,BR

 

(EI)
FE

(EI)
FE,BR

 ηFE 

Mu,FE

Mpl,comp

 

(EI)
FE

(EI)
comp

 

30010-BR 1.00 1.00 0.000 0.31 0.54 

30010-600 1.02 1.04 0.033 0.31 0.56 

30010-300 1.35 1.09 0.070 0.41 0.59 

30010-160  1.70 1.17 0.156 0.52 0.63 

30010-80 1.99 1.26 0.213 0.61 0.68 

30010-40 2.02 1.32 0.232 0.62 0.71 

30015-BR 1.00 1.00 0.000 0.40 0.62 

30015-600 1.00 1.04 0.033 0.40 0.64 

30015-300 1.19 1.08 0.068 0.48 0.66 

30015-160 1.37 1.13 0.118 0.55 0.69 

30015-80 1.53 1.18 0.194 0.62 0.72 

30015-40  * 1.93 1.27 0.353 0.78 0.78 

30020-BR 1.00 1.00 0.000 0.47 0.66 

30020-600 1.00 1.04 0.057 0.47 0.69 

30020-300 1.17 1.07 0.082 0.55 0.71 

30020-160 1.33 1.10 0.132 0.63 0.73 

30020-80 1.51 1.15 0.229 0.71 0.76 

30020-40  * 1.81 1.22 0.480 0.85 0.81 

30025-BR 1.00 1.00 0.000 0.50 0.70 

30025-600 1.02 1.03 0.048 0.51 0.72 

30025-300 1.15 1.05 0.089 0.58 0.74 

30025-160 1.30 1.08 0.120 0.65 0.76 

30025-80 1.54 1.13 0.263 0.77 0.79 

30025-40  * 1.80 1.18 0.628 0.90 0.83 

30030-BR 1.00 1.00 0.000 0.53 0.73 

30030-600 1.05 1.03 0.051 0.55 0.75 

30030-300 1.16 1.05 0.096 0.61 0.77 

30030-160 1.29 1.07 0.113 0.68 0.79 

30030-80 1.52 1.11 0.277 0.80 0.81 

30030-40  * 1.70 1.14 0.583 0.89 0.84 

*FEM with continuous board used for the calculation of peak load 
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Figure 1: Initial part of material stress-strain curves for typical cold-formed and hot-rolled 

steels 

 

 

 

Figure 2: Comparison between the measured stress-strain curve of the floorboard material 

and the Ramberg-Osgood material model 
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Figure 3: Gap between adjacent floorboards in (a) test and (b) finite element model 

 

 

 

Figure 4: Cross-sectional mesh and node numbers for (a) floorboard and (b) steel beam 
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Figure 5: Load-displacement relationship assigned to nonlinear springs 

 

 

Figure 6: Signature curve from CUFSM for typical examined cross-section 
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Figure 7: Distribution of (a) local and (b) distortional imperfections along the length of the 

beam 

 

 

 

 

Figure 8: Amplitudes of (a) local and (b) distortional buckling mode shapes 
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Figure 9: Distribution of local and distortional wavelengths along the length of the beam 

 

 

Figure 10: Boundary conditions of a typical arrangement 
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Figure 11: Typical cross-section of tested flooring systems (adapted from [2]) 

 

 

 

Figure 12: Typical cross-section of tested flooring systems 
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Figure 13: Comparison of typical observed failure mode from: (a) test and (b) numerical 

simulation 

 

 

 

Figure 14: Comparison of load-deflection responses from test and numerical simulation 

for specimens: (a) B15-2 and (b) B30-2 
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Figure 15: Comparison of cross-sectional strain distributions at ultimate load from test 

(B15-2) and numerical simulation at midspan 

 

 

Figure 16: Comparison of load-deflection responses from test and numerical simulation 

for a typical specimen (B15-4) where the physical test was stopped prematurely  
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Figure 17: Influence of gap size on moment capacity and flexural stiffness 

 

 

 

 

 

Figure 18: Change of slope of the load-deflection curve due to the closure of gaps between 

adjacent floorboards 
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Figure 19: Typical cross-section of examined composite flooring systems 

 

 

 

Figure 20: Comparison of the load-slip response obtained from FE analysis with and 

without gaps between adjacent floorboards for specimens: (a) 22025-80 and (b) 30030-80 
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Figure 21: Load-displacement response exhibiting two peaks (specimen 25020-160) 
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Figure 22: Enhancements in moment capacity and flexural stiffness of the composite 

systems relative to the corresponding bare steel systems 
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Figure 23: Typical bending failure with distortional buckling between fasteners at midspan 

(specimen 25015-300) 

 

 

 

 

Figure 24: Typical shear failure in shear spans (specimen 30010-80) 
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Figure 25: Gains in moment capacity relative to values for bare steel beam and theoretical 

fully composite section with increasing shear connection 

 

 

 

Figure 26: Gains in flexural stiffness relative to values for bare steel beam and theoretical 

fully composite section with increasing shear connection 
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