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Abstract

An experimental investigation into the structural response of cold-formed steel-timber
composite flooring systems with innovative and irregularly spaced shear connectors is
presented in this paper. Five composite beam tests and a series of supporting material and push-
out tests were carried out. The obtained results showed that the innovative shear connectors
enabled the generation of considerable composite action, resulting in up to about 45% increases
in load-carrying capacity and 15% and 20% increases in the initial and mid-range stiffnesses
respectively over the non-composite system. Methods for predicting the effective flexural
stiffness and moment capacity of the examined cold-formed steel-timber composite beams are
presented and validated against the derived physical test data. It is shown that accurate
predictions for both the flexural stiffness and moment capacity can be obtained, with mean

prediction-to-test ratios of 0.93 and 0.91 respectively.
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1. Introduction

Flooring systems composed of cold-formed steel (CFS) beams supporting timber boards are
widely used in construction, particularly in industrial and commercial applications. Retrofitting
of mezzanine floor plates and the replacement of damaged slabs are examples of typical
situations where use of these flooring systems is preferred, due to their dry construction
method, ease of installation facilitated by the lightweight, easily transportable and
manoeuvrable nature of the components, high strength-to-weight ratio and the possibility for
demountability and reuse [1-7]. Lightweight floor plates can, however, be prone to excessive
deflections and vibrations due to their low flexural stiffness, while CFS beams are susceptible
to local and distortional instabilities due to the slender nature of the cross-sections, limiting
their ultimate load-carrying capacity [5, 6, 8]. Recent studies [8-12] have shown that these
drawbacks can be mitigated by harnessing the composite action that can potentially develop
between the timber boards and the CFS beams. Composite action shifts the position of the
neutral axis such that a smaller proportion of the CFS section is in compression [10, 12], while
the connectors linking the two components provide partial restraint to the CFS compression
flange, thus delaying the development of local and distortional instabilities [13]. Composite
action also enhances the flexural stiffness of the system, hence reducing vibrations and
deflections. The shift of the neutral axis and the increase in flexural stiffness are dependent on
the degree of composite action, which is in turn dependent on the strength and slip modulus of

the interface connection [9, 14].

Current practice is for timber boards to be connected to the underlying CFS beams via self-
drilling screws, inserted at regular intervals, typically with one screw per board. The advantage
of using such screws is mainly the fast installation process, with the screws being drilled from

the top of the floorboard into the steel, eliminating the need for access from the underside while



ensuring an intrinsically safe working environment. Initial studies on CFS-timber flooring
systems have therefore mainly focussed on self-drilling screws used as connectors [8-10, 14],

examining how their spacing influences the structural behaviour of the system.

Seeking to enhance the shear connection and, hence, the composite action in CFS-timber
flooring systems, the authors, motivated by previous studies on timber-to-timber [15-22] and
timber-to-concrete connections [23-29], carried out research to investigate the impact of
adopting inclined screws [30]. The study showed that, although there are significant benefits
derived from the inclined screw configuration, these can be offset by the level of difficulty
encountered when installing the screws on-site. This led the authors to develop innovative shear
connectors that can be easily installed on-site and can enhance the strength and slip modulus

of the connection [31, 32].

The aim of the present study is to investigate the behaviour of the best performing innovative
shear connectors developed in [32] when installed on a CFS-timber flooring system subjected
to bending. The study also assesses analytical solutions which may be used to predict the
ultimate strength and effective flexural stiffness of the composite system. It should be noted
that this study focuses on the performance of the connectors and, therefore, the proportions of
the CFS beams [33] and of the wood-based particle boards were kept constant throughout the
investigation. In practice, variations in the timber or CFS components may affect the behaviour,

performance and ultimately the failure mode of the shear connectors.



2. Material and shear connector tests

The shear connection is key to the efficiency of a composite system; therefore, previous
research carried out by the authors [30, 32, 34] was aimed at investigating and developing an
understanding of the complex interactions at the shear interface. An overview of the conducted
tests is given in Sections 2.1 and 2.2, and the key results are presented in Tables 1, 2 and 3.
The innovative connectors that have been employed in the composite beam tests presented

herein are described in Section 2.3.

2.1. Material and interaction tests

The first category of tests carried out in [30] was aimed at determining the material properties
of the constituent components of the CFS-timber flooring system, namely the CFS beams, the

boards, and the connectors.

The compressive properties of the wood-based particle boards were determined in accordance
with BS EN 789:2004 [35]. Compression tests were carried out on 380 mm long, 100 mm wide
and 76 mm deep particle board specimens and the results, presented in Table 1, were in close

agreement with those of previous testing [9] carried out on the same timber product.

Tensile tests, according to BS EN 1SO 6892-1:2016 [36], were carried out on the second
component of the flooring system being investigated, the CFS beams. Tensile coupons were
extracted from the webs, flanges, and corners of the CFS beams, as shown in Fig. 1. The tensile

test results presented in Table 1 are the weighted average results for the flat and corner regions.

The third component of the composite flooring system, the connectors, were ordinary self-
drilling screws of 5.5 mm diameter. Tensile tests according to BS EN ISO 898-1 [37] and BS

EN ISO 6892-1:2016 [36], and bending tests according to ASTM F1575-17 [38] were carried



out and the average results are summarised in Table 1. Note that no additional material tests
were carried out on the innovative connectors assessed in [32], since their behaviour when
subjected to shear was shown to be either independent of the connector material properties or
solely dependent on the properties of the ordinary screws, but interaction tests were performed,

as summarised below.

The second category of tests carried out previously [30, 34] was aimed at investigating the
complex interactions between the three components of the composite system, namely the
timber boards, the steel section and the connectors. The results of the interaction tests are

presented in Table 2.

The interaction of the connector embedding into the timber was investigated by means of tests
according to BS EN 383:2007 [39], carried out both on the screws [30] and the innovative
connectors [32]. The expressions for the timber embedment strength fn given in EN 1995-1-1
[40] are dependent on the connector diameter d, with the strength of bolted panel-to-timber
connections being proportional to d0®. The predictions resulting from this code expression [40]
were in close agreement with the test results, with the latter indicating that the embedment
strength is proportional to d®°. For the innovative connectors, tests [34] have shown that the
embedment interaction is essentially independent of the materials considered for the outer

fitting.

Finally, the interaction of the screw head pulling-through the timber board was investigated,
according to BS EN 1383 [41], while the interaction of the screw thread withdrawing through

steel was examined in line with BS EN 1382 [42].



2.2. Push-out tests

The shear response of the connections, employing various screw orientations (i.e.
perpendicular or diagonally to the board) [30] and different innovative connectors [32] was
examined through push-out tests, carried out according to BS EN 26891 [43]. All particle board
test results, including comparisons with ordinary self-drilling screws installed perpendicularly
to the shear plane, are presented in Table 3. The labelling system adopted starts with the letter
‘P’ to indicate a push-out test and then specifies whether the thickness of the CFS section was
1.5 mm or 2.4 mm, using ‘15 or ‘24’ respectively. For the ordinary screw tests described in
[30], the next two numbers after the dash indicate the screw inclination in degrees measured
from the normal to the shear plane, while the last letter, ‘W’ or ‘N’, indicates whether the
screws were winged or non-winged. For the innovative shear connector tests described in [32],
the letter ‘P’, *S’ or ‘A’ following the dash indicates whether the connector was made from

plastic, steel or aluminium, while the last number specifies the connector type.

The obtained results [30] have shown that significant benefits in terms of stiffness can be
gained when adopting inclined screws, with an increase in the slip modulus ks (as defined in
BS EN 26891 [43]) of up to 90% and 140% for the winged and non-winged screws
respectively, and an increase in the mid-range slip modulus ksm (measured between 40% and
70% of the estimated ultimate load) of up to 200% and 410% for the winged and non-winged
screws respectively. Despite the achieved improvements in the slip modulus, it became evident
during the preparation of the test specimens that the process of driving-in inclined screws was
burdensome, with the screw tip prone to break during installation. Therefore, from a practical

point of view, installation of inclined screws could overcomplicate and delay construction.

Tests on innovative connectors [32], bespoke to the flooring system being investigated, have

shown that significant improvements in strength and slip modulus can be achieved with



connectors installed perpendicularly to the shear plane, if the formation of a plastic hinge within
the connector is prevented and the embedment interaction is enhanced. Six connector types
were investigated in [32]. Results have shown that Type 3 and Type 4 connectors, which
include a self-locking mechanism, as shown in Figs. 2 and 3 respectively and described in
Section 2.3, achieved significant improvements in slip moduli, with increases of up to 300%
and 600% for ks and ksm respectively, when compared to the equivalent values achieved by
ordinary self-drilling screws installed perpendicularly to the shear plane. Improvements in the
ultimate load capacity were also achieved, with increases of up to 110% when compared to
ordinary screws. From a practical perspective, specimen preparation has shown that these two
types of connectors are relatively easy to install and, due to their integrated self-locking
mechanism, no access is required from underneath the timber board. Note that Type 3
connectors can also be fully reused if the deformations experienced during the service life of

the floor plate are within typical serviceability limits.

Following an assessment of all push-out tests carried out in [30] and [32], and considering both
practicality of installation and performance, it was decided that two types of innovative
connectors merit further investigation, Types 3 and 4; these were therefore employed in the

composite beam tests described in Section 3.

2.3. Types of innovative connectors

In [32], six types of innovative connectors were explored, all of which required predrilling,
were installed perpendicular to the shear plane and featured a 20 mm external diameter
embedding into the timber board. It should be noted that only the connectors selected for further

investigation, namely Types 3 and 4 as defined in Section 2.2, are described below.



The Type 3 connector, shown in Fig. 2, consists of a bevelled head, plastic outer fitting, with a
diameter tapering from 20.1 mm towards the head end to 19.5 mm at the tail end, as shown in
Fig. 4. The outer fitting also includes an 8 mm diameter hole, through which an 8 mm steel
shank, including a 5 mm grade 10.9 bolt and a self-locking nut, is inserted. This connector
required predrilling of an 8 mm and a 20 mm diameter hole in the steel sheet and timber board
respectively. The connector is installed into the predrilled hole in the timber board with the
steel shank, bolt and locking-nut protruding through the steel sheet. The bolt is then tightened

from the top to mobilise the self-locking mechanism.

The Type 4 connector, shown in Fig. 3, has the same outer fitting dimensions (see Fig. 4) and
requires the same predrilling in the timber board and steel sheet as Type 3, but, in this case, the
fitting is made of aluminium and includes four tapered segments at the tail end. Upon tightening
the bolt, the bevelled nut wedges itself into the four tapered segments, forcing them to open
outwards and tighten against the steel sheet. Note that both the Type 3 and Type 4 connectors
were tightened using a torque wrench, limiting the torque to 9 Nm for the conducted push-out

tests [32].



3. Composite beam tests

Four-point bending tests were carried out to assess the flexural stiffness and moment capacity
of the CFS-timber flooring system, featuring different shear connectors and connector

configurations. Five composite beam specimens were tested in total, as described below.

3.1. Test specimens

All beam tests were carried out on specimens comprising 1.2 m wide by 38 mm thick wood-
based floorboards and 300 mm deep and 1.5 mm thick CFS swage beams [33]. The nominal
and average measured cross-sectional dimensions of the swage beam sections are presented in
Fig. 5. For each test, two 4 m long swage beams were used. The beams were spaced 600 mm
apart, as shown in Fig. 6. The overlying timber boards were placed symmetrically over the
beams, as shown in Fig. 6(a). All connectors were installed perpendicularly to the shear plane.
A summary of the test specimens is provided in Table 4. The arrangement of the screws
described below seeks to limit the slip between the CFS beams and timber boards, which is

largest toward the ends of the specimens.

The connectors employed for specimen No. 1, the benchmark test, were ordinary screws spaced
at 300 mm, with the two central screws spaced at 150 mm on either side of the beam midspan.
Specimen No. 2 was similar to No. 1, but with the last 3 screws at the end of each beam —
within the length ‘E’ as shown in Fig. 6(a) — replaced by Type 3 innovative connectors. In
specimen No. 3, the same length ‘E’ at the end of each beam contained 9 ordinary screws at 75
mm spacing. Specimen No. 4 included ordinary screws spaced at 75 mm throughout the length
of the beam and wood adhesive along the joints of adjacent boards to ensure their immediate

contact, minimising the effect of any gaps between the boards. The final composite beam test,
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specimen No. 5, comprised a combination of ordinary screws, and Type 3 and Type 4

innovative connectors, spaced at 150 mm as shown in Fig. 7.

3.2. Experimental layout

The test setup, shown in Figs. 6 and 8, consisted of 4 m long specimens resting on rollers
positioned at 100 mm from the beam ends, resulting in simply supported spans L of 3.8 m. The
specimens were loaded at their third points, that is, at 1.267 m from the supports at either end,
through a spreader beam which was loaded at its midspan by a 600 KN Holmatro hydraulic
cylinder. The applied loads were measured by a 200 kN load cell [44]. As shown in Figs. 9(b)
and 9(c), the CFS beams were stiffened at loading points and supports by a 150 mm length of
the same beam cross-section, connected back-to-back. The stiffened sections also included
timber infilling blocks and a timber diaphragm, all tied by a threaded bar linking the two main

beams.

Three potentiometers on each beam were employed to measure vertical displacements, at the
loading points and at midspan, while four further potentiometers, one at each end of each beam,
were employed to measure the interface slip between the timber boards and the CFS sections.
The interface slip measurements were achieved by installing the potentiometers on the
underside of the timber boards with the tip resting on a steel bracket bolted directly to the beam.
For specimens No. 3 to 5, two inclinometers per beam were also employed, installed on
brackets placed at 0.5 m either side of the midspan and bolted to the mid-height of the beam
web. Fig. 9 presents the full set of instrumentation used. Finally, five strain gauges were fixed
on each beam section and another two at the top and bottom fibres of the timber boards at

midspan, as shown in Fig. 9(d), to monitor the cross-sectional strain distribution.
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Four loading and unloading cycles, with a 20 kN load increase in each subsequent cycle, were
applied on each specimen, followed by loading up to failure, as shown in Fig. 10. This was
performed to allow the measurement of any permanent deformation after each cycle. The setup
was load controlled at a rate of 2 kN/min for the loading phases and 20 kN/min for the
unloading and reloading phases (i.e. until the peak load of the previous cycle was reached). A
period of 1 min of steady loading was maintained after each loading and unloading phase. All
loads, displacements, strains and rotations were recorded at 0.5 s intervals, using the

SignalExpress data acquisition software.

3.3. Specimen preparation observations

The key observations, challenges encountered and lessons learnt during the preparation of the
tests specimens are reported in this section. It was evident during the specimen preparation that
the size of the gap between the timber boards could have a direct impact on the effectiveness
of the composite system. A wide gap would result in the adjacent timber boards not coming
into contact during testing, thus leading to the beneficial effect of the compressive stress
typically generated in the top component of a composite system being lost. This problem was
mitigated by tightening each timber board against the one previously installed using long bar
clamps. These clamps were held in place by a stopper secured to each side of the fixed board,
as shown in Fig. 11. Note that this method of board tightening would be difficult to achieve in
practice since access to both sides of the fixed timber board would be blocked by other boards
of the flooring system. An alternative procedure that could be used in practice would be to
temporarily fix stoppers to the timber board by means of screws, until the following board has

been clamped and installed.
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For the specimens with the innovative shear connectors, the predrilled holes required in the
timber boards and the steel flanges were implemented by means of a pillar drill. However, in
practice, holes in the timber boards could be predrilled as part of the manufacturing process,
before being delivered on site. A customised drilling device, as shown in Fig. 12, having a
smooth upper section fitting within the predrilled holes in the timber, and an 8 mm drill tip,
could be used on site to ensure that the holes in the steel beam are aligned with the predrilled

holes in the timber.

3.4. Results

The key results of the composite beam tests are presented in Table 5, where Pyt and My, are
the maximum applied load and maximum moment per beam respectively, while &, and s are
the vertical displacement at midspan and the end slip at maximum load respectively. The
average values for the two beams in each test are reported. It should be noted that the weights
of the CFS beams, timber boards, spreader beam, loading sections, load cell, and of the
stiffening setup described in Section 3.2, have been included in the calculation of the applied

load and bending moments.

All specimens failed in-plane indicating that the floorboards and the connectors provided
effective restraint against lateral torsional buckling. Specimens No. 1 to 3 failed by distortional
buckling within the constant moment region, as shown in Figs. 13 and 14. On the other hand,
specimens No. 4 and 5, which had a reduced connector spacing, failed primarily by local
buckling with some distortional contribution. Local instability in these two specimens also

occurred within the constant moment region as shown in Fig. 15.

The degree of restraint against vertical buckling displacements of the top flange is dependent

on the thread withdrawal capacity and the connector spacing. It may be seen in Fig. 13, that the
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top flange in specimen No. 1 withdrew from the screw thread. This shows that ordinary screws
at 300 mm spacing did not effectively restrain the compressive flange against local/distortional
buckling. Fig. 16, on the other hand, shows that when connectors at 150 mm spacing were
employed, the compressive flange was effectively restrained. In this case, local buckling

occurred adjacent to the connector position.

The effective flexural stiffness of the examined composite systems was determined based on
the re-arranged formula for the elastic midspan displacement of a simply supported beam
loaded at its third points:

23PI3 1)
6485,

(ED: =
where P is the value of each point load applied at the beam thirds, L is the simply supported
span and & is the midspan displacement, taken as the average of the readings from the central
potentiometers of both beams. Two stiffness values were calculated for each specimen: the
initial effective stiffness (El)it, calculated at a load of around 0.2Py: and the mid-range effective

stiffness (El)midt, calculated between 0.2Py and 0.6Py - see Table 5.

It should be mentioned that the effective flexural stiffnesses (El)i: and (El)mid: of the examined
systems were also calculated based on the moment-curvature response in the uniform moment
region of the beams, with the radius of curvature calculated either using the rotations recorded
by the inclinometers or the vertical displacements at midspan and at points of load application.
The values of stiffness calculated using the rotations were similar to those reported in Table 5,
while significant discrepancies were observed for those yielded using the vertical
displacements. This is attributed to the sensitivity of this calculation method to the differential

movement between adjacent timber boards and the positions at which the displacement
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measurements were taken (i.e. on the timber boards), with a tendency of the timber boards to

bulge upwards, relative to the underlying steel beam, towards midspan.

The load - displacement (Pt - &) curves and the load - average end slip (P: - st) curves for all
composite beam tests up to the ultimate load are plotted in Fig. 17 and Fig. 18 respectively.
Note that the unloading cycles have been removed from the curves to ensure clarity of the

results.

From Fig. 17 and Table 5, it can be observed that the introduction of Type 3 fittings at the beam
ends in specimen No. 2 improved the ultimate load capacity and stiffness, compared to
specimen No.1l. Specimen No. 3 performed slightly better, with a higher initial stiffness and
ultimate load. Specimens No. 4 and 5 displayed a similar load-displacement response, both
performing better than all other specimens. Despite specimen No. 4 being initially the stiffest,
it later exhibited a reduction in stiffness with increasing load, whilst specimen No. 5, which
maintained a constant stiffness up to a load of around 40 kN per beam, had a stiffer response

at higher loads, and reached the highest ultimate load.

The average end slip curves shown in Fig. 18 also indicate that specimens No. 2 and 5
performed better at higher load levels. Specimen No.2 displayed a steady rate of slip at higher
loads, while specimen No. 5 displayed a reduction in the rate of slip at mid-range loads. All
other specimens experienced an increase in the rate of slip, hence a decrease in stiffness, as the
loads increased. It should be noted that although specimens No. 3 and 4 displayed an almost
identical load-average end slip response, a proportion of slip in the third specimen would have
been dissipated at each board joint until the gaps are closed and boards are in full contact;
hence, this proportion of the slip was not captured by the potentiometers. Gaps at the board
joints were eliminated in the final two specimens by the addition of glue. Therefore, whereas

the end slip in specimens No. 4 and 5 is reflective of the total interface slip resulting from half
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of the composite beam (from midspan to the beam ends), that measured for the other three
specimens that had no glue at the joints, would need to be increased by the summation of gaps

between the boards.

The strain distributions at 0.5Py and Pyt, measured by the strain gauges fixed to the CFS beam
and timber boards at midspan, are shown in Fig. 19. It can be seen that the neutral axis shifts
upwards with increasing load. This is attributed to the closure of gaps between the boards,
increasing their effectiveness in transferring compressive stresses. The significant shift that
occurred in specimen No. 5 is also attributed to the increased effectiveness of the innovative

connectors at higher slips, leading to an enhanced degree of shear connection - see Section 4.3.

The average permanent midspan deformations after each load cycle for all beam specimens

were very similar, as shown in Fig. 20, increasing by about 0.5 mm after each load cycle.
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4. Analysis of results

4.1. Flexural stiffness of CFS-timber composite beams

The flexural stiffness of composite beams is directly related to the stiffness of the shear
connection at the interface between the system components. If the components are not
connected and can thus slip relative to each other, they act independently, with their individual
cross-sectional properties, including their individual flexural stiffness, activated when
subjected to bending moments. On the other hand, if the relative slip at the interface is fully
restrained, the two components have full interaction and act monolithically, having a composite
cross-section, with its properties influenced by the two different Young’s moduli. Achieving
full interaction in practice is unrealistic, since an infinitely stiff connection would be required

to fully restrain the slip between the individual components.

Note that a distinction must be made between the concepts of full interaction and full shear
connection, with the former term being related to the stiffness of the shear connection, and
implying no relative slip between the components, and the latter being related to the strength
of the shear connection, referring to a system with connectors capable of transferring the shear
forces that develop when the full plastic moment capacity of the system is attained. Hence,
while a system with full interaction cannot be realised in practice, one with full shear

connection is achievable.

4.1.1. Determination of the theoretical effective flexural stiffness

A method for determining the effective flexural stiffness of mechanically jointed timber beams
is presented in Section B.2 of Annex B of EN 1995-1-1 [40]. This approach is based on the

gamma method, first proposed by Mohler [45], with its full derivation presented by Kreuzinger
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[46]. The model has been effectively adapted to timber-concrete [47-49] and, more recently, to
timber-CFS composite systems [8, 12]. In this section, the approach introduced in [8] for beams
similar to those examined herein has been extended to allow for varying connector stiffness

and spacing.

Consider a simply supported composite beam of span L, as shown in Fig. 21, consisting of a
CFS section of area As, second moment of area ls, Young’s modulus Es and depth h,
mechanically connected to overlying timber boards of area A:, second moment of area I,
Young’s modulus E; and thickness t. The connectors are installed at a spacing s and have a slip

modulus K.

When the beam is subjected to a vertical load, it deforms as shown in Fig. 22, and the relative
slip at the beam-board interface is restricted by the connectors, which consequently develop an
internal shear force Fcon. With reference to the internal forces acting on an incremental portion
of the composite beam of length dx, the equilibrium equations for the axial and shear forces
and bending moments lead to Eq. 2 [8] for the calculation of the effective flexural stiffness

(Elefr of the composite system:

E. A ya? 2
(EDogf = Eel, + Ely + LM X
1+
VEA,
where:
t+h 3)
a= —
and vy is the shear bond coefficient, given by:
y = 1 (4)
1+ m EA,
L2 k
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In Eq. 4, k is the smeared slip modulus at the interface, related to the slip modulus of each
connector K by:
K
LK (5)
S
Note that although this solution has been derived assuming a sinusoidally distributed load (thus
resulting in a sinusoidal bending moment diagram), it has been shown that it is also reasonably

accurate and applicable to most other load distributions [46, 48].

It should be noted that the span L considered in Eq. 4, should be taken equal to the summation
of the critical lengths of the composite beam (i.e. those lengths experiencing a shear force). For
instance, considering the beams presented in Section 3 subjected to four-point bending, the
length input into Eq. 4 should be equal to two-thirds of the simply supported span, which is
equal to the summation of the two (outer) portions of the beam experiencing a variation in

bending moment and, hence, a shear force.

Generally, slip values increase when moving away from the beam midspan, however, slip
measurements in [8] have shown that within the critical lengths, slip values are approximately
constant, particularly for connector spacings less than 160 mm. Therefore, in situations where
different groups of connectors are employed within the critical lengths of a beam with their slip
moduli varying, the average slip modulus Kavg given by Eq. 6 can be used in Eq. 5 in place of

K:

K. = Y Kin, (6)
avg Z ni
where Ki; is the slip modulus of a connector from group i and n; is the number of connectors in

group i, with each group comprising connectors with the same slip modulus.
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If, on the other hand, the spacing of the connectors varies, then the average smeared slip
modulus kavg should be used in Eq. 4 in place of k:

Kn 7
kavg = T ( )

where n is the quantity of connectors within the critical length L.

If both the spacing and the slip moduli of the connectors are varying, the average slip modulus
is first found using Eqg. 6 and the resulting value is then used in Eqg. 7 to find the average

smeared slip modulus.

4.1.2. Flexural stiffness of composite beams assuming full interaction

The flexural stiffness of a composite system assuming full shear interaction, although not
practically achievable, provides an upper bound limit against which the experimental values
achieved in this study can be compared. The flexural stiffness of a composite system with full

shear interaction is given by:

2 2
(El)comp = Etlt + Esls + EtAt(ycomp - [h + yt]) + EsAs(ycomp - YS) (8)

where ycomp is the distance from the centroid of the fully composite section to its base, while y:
and ys are the distances from the centroid to the base of the timber board and steel section

respectively, as shown in Fig. 23.

4.1.3.Comparison of experimental results with theoretical flexural stiffness values

Table 6 presents comparisons between the values of the effective flexural stiffness (El)es

determined using the method presented in Section 4.1.1 and those obtained from the beam tests
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(EDit. Additional experimental flexural stiffness data reported in the literature [50] and [51]
for simply supported composite beams with 250 mm deep swage beams and 254 mm deep
lipped channel sections, have also been included in the presented comparisons. A summary of

the test specimens examined in [50] and [51] is included in Table 7.

The comparisons presented in Table 6 show that the proposed method can accurately predict
the effective flexural stiffness of the examined composite systems, with an average (El)esr /
(El)it ratio of 0.93 and an associated coefficient of variation of 0.14. The validity of the
proposed extension of the method to cater for irregular connector spacing and varying slip
moduli is therefore demonstrated. Values of the flexural stiffness of the bare steel section
(ENbare and of the composite section assuming full interaction (El)comp have also been presented

in Table 6, defining the lower and upper bound values for each composite beam configuration.

4.2. Moment capacity of CFS-timber composite beams

The beneficial influence of composite action on the moment capacity of composite beams
depends on the degree of shear connection at the interface between the system components. A
design method devised in [8] for the determination of the degree of shear connection and, hence
of the moment capacity of CFS-timber composite systems has been appropriately adapted and
applied to the specimens examined herein. A summary of the method, as well as its validation

against the obtained test data, is presented in this section.
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4.2.1. Moment capacity of a fully composite system

In a fully composite system the moment capacity of the section is governed either by the
strength of the steel section or that of the timber boards, whichever is the weakest. Therefore,
with reference to Fig. 24, the force to be transferred by the connectors in a system with full
shear connection V is limited either by the compressive strength of the timber boards Fc: or by

the tensile strength of the CFS section Fs:

V =min(F,; Fys) )
with:

10
Foo= 402 (0

Ym
f; (11)

Ft,s = As 2

Ymo

where fc is the compressive strength of the timber board material, fy is the yield strength of the
CFS beam while yv and yo are the material partial safety factors for timber [40] and steel [52]
respectively. It should be noted that for the systems examined herein, consisting of beams
spaced at 600 mm, physical tests [10] and numerical simulations [14] have shown that there is
no evidence of shear lag across the width of the board and, therefore, the width considered
when calculating At was taken as equal to the spacing of the beams. Further investigation is

required for beam spacings exceeding 600 mm.

The number of shear connectors required per critical length, as defined in [53], for a fully
composite system ns can be determined from Eq. 12, where F, is the shear force that can be
withstood by each connector and may either be determined from push-out test data or using the

methodology presented in [32] and [34].
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= (12)

T <

Assuming full plastic redistribution, EN 1994-1-1 [53] allows ductile connectors to be
uniformly spaced along that critical length. Hence, a simply supported composite beam
subjected to a uniform load, which has two identical critical lengths, each from mid-span to
one of the supports, requires a total of 2ns connectors for a fully composite system and these

may be spread uniformly along the beam.

As described in [8] and with reference to Fig. 24, the plastic moment capacity Mpi,comp Of a fully
composite system can be determined based on cross-sectional equilibrium. The derived
formulae [8] depend on the position of the plastic neutral axis (PNA), which can be located

within the timber board, within the CFS beam or at their interface.

Note that CFS sections are typically classified as Class 3 or Class 4 and, thus, have their
moment resistance limited to either the elastic or the effective moment capacity due to local
instabilities. However, for a composite system with full shear connection, the compression
flange of the CFS section is restrained by the overlying board, while a reduced extent of the
CFS web is under compression due to the upward shift of the neutral axis. Under such
circumstances, particularly when the compressive capacity of the timber board is comparable

to, or exceeds, the tensile capacity of the steel section, Mpicomp may be attained.

4.2.2.Moment capacity of a composite system with partial shear connection

When the total strength of the shear connectors provided within a critical length is less than
that required to develop full shear connection (i.e. lower than the result given by Eqg. 9), then
the shear connection is partial. Therefore, the moment capacity of a composite section with

partial shear connection is governed by the strength of the shear connection. The degree of
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shear connection 7y, for a system consisting of n connectors of the same properties per critical

length, is given by:

ndzi <1 (13)
Tlf -

If the connectors are not the same, then Eq. 13 may be rewritten as:

ZFv,i
vV

(14)

Na = <1

where Fy,i is the shear strength of the i connector.

An extension of the EN 1994-1-1 [53] design approach for determining the moment capacity
of composite steel-concrete systems comprising Class 1 or 2 steel sections with partial shear
connection to CFS-timber systems with Class 3 or 4 sections was introduced in [8]. As shown
in Fig. 25, this approach [8] can be used to determine the moment capacity of a CFS-timber

composite system based either on plastic theory:
M ra = Mpipa — (1- Ud)(Mpl,bare - Mbare) (15)
or a more conservative simplified linear expression:
Mciinra = Mpare + Na (Mpl,comp — Mpare) (16)

where Mpird and Mpipare are the plastic moment capacities of the composite system with partial
shear connection and the bare steel section respectively, while Mpare is the elastic or the
effective moment capacity (depending on the classification of the cross-section) of the bare

steel section.

Note that, in line with the recommendations set out in [8], when 74 < 0.05, no composite action
should be considered, and the moment capacity of the system should be limited to that of the

bare steel section Mpare. Also note that for a Class 4 section, the effective cross-section to be
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considered for the calculation of the effective moment capacity may be determined according

to EN 1993-1-3 [54] and EN 1993-1-5 [55].

4.2.3.Comparison of predicted moment capacities with experimental results

Comparisons between the moment capacities predicted by the method described in Section
4.2.2 (for both the linear approach Mcinrd and the plastic theory approach Mcrq) and the
experimental results My are presented in Table 8. Note that the experimental data reported in
[50] and [51], a summary of which is presented in Table 7, have also been included in the
comparisons. The values of the degree of shear connection 74, of all specimens, as well as the
moment capacities Moare, Mpi,pare, aNd Mpicomp, Which are required for the calculation of the
predicted moment capacities of the composite systems, are also reported in Table 8. The
comparisons confirm that the approach based on the plastic theory is more accurate than the
simplified linear expression, with average prediction-to-test ratios equal to 0.91 and 0.83

respectively, and a coefficient of variation equal to 0.09 and 0.12 respectively.

4.3. Performance of innovative shear connectors in composite beam systems

It is evident from Table 6 that for the specimens with the innovative shear connectors (i.e.
specimens No. 2 and No. 5), the initial stiffness determined from the experiments was lower,
by 8% on average, than that predicted by the method presented in Section 4.1.1. In Fig. 17, it
can be observed that the stiffness of these composite specimens improved with increasing

loads; a similar trend is also evident in Fig. 18, as noted in Section 3.4.

The lower initial stiffnesses are attributed to the initial tolerance gaps between the different
connector components. From Fig. 18, it can be seen that there was very little slip in the initial

stages of loading, generally less than 0.5 mm end slip for loads up to around 50% of the
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ultimate. This means that even the slightest tolerance gaps had a significant impact on the initial
stiffness of the system. It is only when the generated slip is sufficient to bring all the individual
components into direct contact that the connector can be deemed to be fully effective. Since
slip is dependent on the span of the beam, it can be assumed that the performance of the
connectors would improve for longer spans, but further investigation would be required for this

to be confirmed.
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5. Conclusions

An experimental investigation into the structural response of CFS-timber composite flooring
systems, featuring a combination of ordinary self-drilling screws [30] and innovative shear
connectors [32], has been presented. It has been shown that the performance of the innovative
connectors improves with increasing load, with this trend being attributed to the closure of
tolerance gaps between the various connector components as the interface slip increases. The
best performing specimen, comprising a combination of ordinary screws and innovative
connectors at 150 mm spacing, achieved increases of up to about 45% in moment capacity and
almost 20% in mid-range stiffness, when compared to the benchmark specimen with ordinary

screws at 300 mm spacing.

The applicability of design methods reported in the literature for the calculation of the effective
flexural stiffness and moment capacity of CFS-timber composite systems has been evaluated
by comparisons against the obtained experimental data. In addition, these methods have been
adapted to cater for varying screw spacings and varying connector strengths, and it has been
shown that accurate predictions of the effective stiffness and moment capacity of the examined

systems can be achieved, with mean prediction-to-test ratios of 0.93 and 0.91 respectively.
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Fig. 8. Composite beam test setup
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Fig. 13. Failure of specimen No. 1 — Distortional buckling within the constant moment region



Fig. 14. Failure of specimen No. 3 — Distortional buckling within the constant moment region

Fig. 15. Failure of specimen No. 5 — Local buckling, with some distortional contribution, within the
constant moment region



Fig. 16. Failure of specimen No. 5 — Local buckling, with some distortional contribution, adjacent to
the connector
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Fig. 21. Simply supported composite beam
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Fig. 24. Longitudinal forces in a composite system with full shear connection.

Note that F, and Fy are the compressive and tensile forces in the timber board respectively when
the PNA lies within board. Similarly, F.s and Fz; are the compressive and tensile forces in the CFS
beam respectively when the PNA lies within beam.
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