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A B S T R A C T

This paper presents the results of full-scale physical tests on a recently developed cold-formed steel (CFS) semi- 
rigid moment-resisting connection infilled with rubberised concrete (RuC) for seismic application. The 
connection comprises side-plates attached to both sides of built-up tubular CFS beam and column sections 
through either screwed or welded connections. The tests were performed on both bare steel and CFS-RuC 
composite connections under cyclic loading for comparison purposes. The predominant modes of failure are 
beam local buckling and side plate plasticity in the bare steel connections and screw shear failure in the com
posite connections. The results show that the composite connection typically reaches 45% higher strength and 
21% greater energy dissipation capacity than the bare steel connection both having 24 screw arrays. These 
indicate the beneficial effects of the infill RuC in prevention of the beam local buckling in connections with 
identical connection configuration. The energy dissipation capacity of the bare steel connection having 36 screw 
arrays, however, was 70% greater than that of the composite connection with 24 screw arrays. This reflects side 
plate plasticity being a more effective energy dissipation mechanism than the other identified mechanisms.   

1. Introduction

Buildings and construction are responsible for nearly 40 % of all
global CO2 emissions each year, around 10 % of which are directly 
related to steel structures [1]. This suggests a need for more efficient 
usage of steel components in building structures, and that improving 
structural performance can make an important contribution to the 
reduction of global carbon emissions. Lightweight steel framing (LSF) 
structures made of cold-formed steel (CFS) sections can offer a cost- 
effective and low carbon structural solution with ease of prefabrica
tion and offsite construction compared with the heavier hot-rolled steel 
frames [2]. The best-practice LSF systems comprise stud walls and 
joisted floors having simply supported floor-to-wall connections, typi
cally governed by the mid-span deflection and premature local failure 
limit states, which could lead to under-utilised joist and stud sections 
[3,4]. To address these identified deficiencies a semi-rigid moment- 
resisting floor-to-wall connection has been recently developed by the 
first author [5] which can lead to an improved utilisation and a more 
efficient design of stud-wall systems. 

Besides the ongoing research on stud-wall systems, a bolted CFS 
moment-resisting (MR) connection has also been developed for a 

framed/skeleton type of LSF systems [6–13]. The developed connection 
fulfils the requirements of highly ductile moment frames [14–15] 
through the beam plasticity and a bolting friction-slip mechanism whilst 
local buckling is postponed by using folded flange beam sections and 
transverse stiffeners. This connection has been further investigated by 
other research groups mainly focusing on optimisation of the connection 
bolting configuration and the CFS beam section [16–18]. Other types of 
CFS bolted moment-resisting connections have been developed and 
tested for portal frame systems [19]. 

More recently another type of CFS MR connection has been devel
oped by the first author (see Fig. 1 for the detailing) [20], based on finite 
element (FE) investigation, comprising tubular built-up beam and col
umn hollow sections with the same overall width infilled with rub
berised concrete (RuC). This detailing could postpone the beam local 
buckling through the restraining effect of the infilled RuC achieving a 
strength level greater than the nominal moment capacity of the beam 
section [20]. For this connection, side plates can be welded offsite to the 
column and screwed onsite to the beam, as shown in Fig. 1, like the well- 
known column-tree type of connections in hot-rolled steel MR framing 
counterpart. The side plates are welded to the opposite faces of the 
column through flare groove weld lines filling the rounded space 
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between the side plate’s inner surface and the channel corners. Both the 
beam and column tubular sections are built-up using un-lipped channel 
sections connected to one another through their top and bottom flanges 
using overlapped screwed or welded connections. The choice of infill 
RuC has been adopted to replace mineral aggregates of normal concrete 
by rubber particles recycled from waste tyres, thus a more sustainable 
construction solution [20]. 

The experimental study presented herein investigates the cyclic 
behaviour of the developed CFS-RuC beam-to-column MR connection 
through full-scale physical testing. Both bare steel and composite CFS- 
RuC connections producing various failure modes within the connec
tion components have been tested for comparison purposes. This de
termines the cyclic loading effects on the hysteretic behaviour of such 
connections. 

2. Testing arrangement and design considerations 

Fig. 2 shows a sketch and a photo of the set-up of the full-scale CFS- 
RuC beam-to-column connection tests conducted at the University of 
Aberdeen. The testing specimens comprise a 2 m long cantilever beam 
connected to a 1.5 m high stub column through side plate screwed 
connection. This testing arrangement represents a 4 m span moment- 
frame delineated at the beam mid-span inflection point under lateral 
loading condition. It should be noted that the intention of the proposed 
testing arrangement is to investigate the beam-to-side plate connection 
behaviour under cyclic lateral loading condition and that the axial 
behaviour of the column is not the focus of this research. The side plates 
are connected to the side faces of the beam and column through 24 or 36 
arrays of #S-MD 5.5 × 2.5 self-drilling Hilti screws with 5.4 mm shaft 
diameter (labelled as 24#12 or 36#12) and flare groove welded lines, 
respectively. As can be seen in Fig. 2 the testing specimen is fixed to a 
supporting frame comprising a strong hot-rolled steel column supported 
by a diagonal brace. The strong column is fixed to a concrete strong floor 
through a base plate and a set of base rails (see the photo in Fig. 2) 
providing a rigid base connection. Two bearing plates having 20 mm 
thickness were used to fix the CFS column to the supporting column 
through four M20 long rods at the top and bottom points. Top and 
bottom filler plates were placed at the gap between the specimen and 
supporting column welded to the CFS column and bolted to the strong 
column. The detailing for the CFS column connection to the supporting 
strong column should resist the top and bottom shear forces created by a 
hydraulic actuator at the free end of the beam (see Fig. 2) supported by a 

reaction frame. The actuator loading was applied at a distance of 2040 
mm from the connection centroid through a hinge connection. The hinge 
comprised a shackle head, a swinging link and a pivot shaft attached to 
two 20 mm thickness L-shaped plates which were connected to the beam 
using five M20 rods (See the sketch in Fig. 2). Two box columns were 
placed at either side of the beam with a small gap filled with PTFE sheets 
providing a frictionless lateral bracing restraint to avoid any possible 
global instability. 

The beam and column tubular sections comprised two un-lipped 
channels having a web height of 300 mm connected to one another 
through their 100 mm width top and bottom flanges with an overlapped 
width of 25 mm using self-drilling screws to form a rectangular hollow 
section. The beam hollow sections had either 2 mm or 3 mm thicknesses 
with an overall width of 175 mm (respectively labelled by CFS300-175-2 
and CFS300-175-3), connected to a column hollow section with 4 mm 
thickness (CFS300-175-4). The same height of 300 mm has been 
assumed for the side plates with 4 mm thickness and 620 mm width 
accommodating the screw fasteners to the beam and the welded lines at 
the opposite faces of the column. For the composite connection, the 
beam and column hollow sections were filled by RuC through the filling 
holes on the mid-height of the side of the sections as can be seen in the 
test photo in Fig. 2. The steel grade of S275 has been utilised for all the 
steel components having the nominal yield strength of fy = 275 MPa, the 
elastic modulus of E = 203500 MPa and the Poisson‘s ratio of v = 0.33. 
Based on the Direct Strength Method (DSM) equations, prescribed in 
Appendix 1 of the North American Specification AISI S100 [21], the 
nominal bending moment (Mn) values for the 2 mm and 3 mm beam 
sections were Mn = 33 kN m and 64 kN m, respectively accounting for 
local/distortional buckling modes of failure. The elastic buckling loads 
inputted into DSM equations have been calculated using CUFSM finite 
strip method software [22]. 

For the composite connection specimens, the characteristic 
compressive strength of the RuC infill having 35 % rubber content based 
on standard cylinder compression loading tests was around frc = 12 MPa. 
It should be noted that the moment strength contribution of the infilled 
RuC in the composite beam has been ignored due to a crack propagation 
which could be expected at both sides of the beam under cyclic loading. 
It has also been assumed that the confining pressure on the tubular 
sections becomes insignificant due to the relatively large width-to- 
thickness ratio (greater than 15) of the sectional elements, according 
to a numerical work on concrete-filled steel box sections reported in 
[23]. Therefore, providing a restraining effect to the beam and column 

Fig. 1. Schematic view of the developed composite cold-formed steel (CFS)- rubberised concrete (RuC) moment-resisting screwed connection.  
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steel hollow sections is assumed to be the main function of the infilled 
RuC for the testing specimens. 

Table 1 contains the testing connection configurations and the 
associated governing limit states including the beam local buckling 
(BLB), ultimate screw shear (USS) and side plate plasticity (SPP), iden
tified through the accompanying FE investigation reported in [20]. The 
connections are labelled as CFS2-4-SP4#24, CFS3-4-SP4#36 and 
CFSRuC2-4-SP4#24, standing for the bare steel and composite connec
tion acronyms followed by the beam thicknesses of 2 mm or 3 mm, the 

column thickness of 4 mm, the side plate (SP) thickness of 4 mm and the 
screw arrays of 24#12 or 36#12. These three sets of connection con
figurations have been chosen to capture the three predicted limit states 
(i.e., BLB, USS and SPP). These connections were designed to behave 
such that BLB would govern the bare steel CFS2-4-SP4#24 connection, 
while USS would be the predominant mode of failure for the composite 
CFSRuC2-4-SP4#24 connection along with a degree of SPP. By 
increasing the number of screws from 24#12 to 36#12 in the bare steel 
CFS3-4-SP4#36 connection, SPP would become the dominant limit 

Fig. 2. A sketch and a photo of the test set-up at the University of Aberdeen.  

Table 1 
Testing connections and predicted governing limit states.  

Testing connections Testing configuration Governing limit states* 

Beam section Column section Side plate dimension (mm) Screw array BLB USS SPP 

CFS2-4-SP4#24 CFS300-175-2 CFS300-175-4 620 × 300 × 4 24#12 √ – – 
CFSRuC2-4-SP4#24 CFS300-175-2 CFS300-175-4 620 × 300 × 4 24#12 – √ √ 
CFS3-4-SP4#36 CFS300-175-3 CFS300-175-4 620 × 300 × 4 36#12 – – √ 
* BLB: beam local buckling, USS: ultimate screw shear, SPP: side plate plasticity  
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state. The beam-to-side plate screw connection has been designed based 
on the yielding and ultimate capacities of Pnys = 7 kN and Pnus = 10.91 
kN taken from [24] for an identical #12 steel-to-steel connection screw 
fastener. The column section and the welded lines of the side plate-to- 
column connection both remain elastic complying with the well- 
known strong-column-weak beam concept in seismic-resistant moment 
frames. 

2.1. Instrumentation 

Fig. 3 shows a photo of strain gauges SG1- SG6 mounted on the 
critical points of the testing specimens to capture the predicted SPP and 
BLB via the sets of SG1-SG4 and SG5-SG6, respectively. The set of SG1- 
SG4 were positioned at the side plate section adjacent to the face of the 
column while SG5-SG6 were placed at the beam top and bottom flanges 
just after the side plate connection. Fig. 3 also shows the displacement 
transducers DT1 and DT2 located on the beam top and bottom flanges at 
the connection centroid and pointed to the column face to measure the 
relative rotation between the beam and column. This can be calculated 
using (D1-D2)/d, where D1 and D2 are the measured displacements by the 
transducers and d is the distance between the transducers (see Fig. 3). 
The obtained beam-column relative rotations have been used to assess 
the connection rigidity as discussed herein under section 3.4. 

2.2. Loading protocol 

Fig. 4 shows the loading hinge connection connected to the L-shaped 
plates through which a cyclic loading was applied following the AISC 
Seismic Provision [15] for qualifying beam-column moment-resisting 
connections. Fig. 5 shows the number of loading cycles for each of the 
specified connection rotations of θ from initial elastic cycles to the 
plastic cycles which can be continued at 10 mrad intervals until a sig
nificant strength degradation. The actuator displacement can be calcu
lated based on a given θ multiplied by the distance of 2040 mm 
measured from the loading point to the connection centroid. 

3. Test results 

The normalised moment-rotation (M/Mn - θ) hysteretic curves of the 
tested bare steel and composite connections as well as the energy 
dissipation, strain gauge and connection rigidity results are presented in 
the following subsections. The beam bending moment, M, has been 

calculated at the connection end distanced at 1890 mm from the loading 
point where BLB could occur, in the bare steel connections, at around 
the nominal moment of Mn. 

3.1. Hysteretic behaviour of the testing connections 

Fig. 6 shows the M/Mn - θ hysteretic curves for all the tested bare 
steel and composite connections listed in Table 1 (i.e., CFS2-4-SP4#24, 
CFS3-4-SP4#36 and CFSRuC2-4-SP4#24). As can be noticed two iden
tical composite connections have been tested with the only difference 
being the beam channels welded together (labelled by CFSRuC2-4- 
SP4#24 (w)), as another fabrication method for the beams, instead of 
the screwed fasteners. As can be observed the initial elastic cycles have 
been followed by the plastic cycles respectively identified by AB and 
BCD regions, in the downstroke loading direction. It should be noted 
that, in the upstroke loading direction, the cyclic loading has been 
affected by a degree of a set-up slackness in that direction. The test set- 
up has been modified for the CFS3-4-SP4#36 and CFSRuC2-4-SP4#24 
(w) connections to mitigate the slackening effect. As a result, the hys
teretic curves of these connections, as seen in Fig. 6, were relatively 
more symmetrical, as expected. 

In the CFS2-4-SP4#24 bare steel connection, the beam local buckling 
(BLB) initiated at point B around 10 mrad rotation which has been 
intensified and reached the peak moment of 0.97 Mn at point C (where 
Mn = 33 kN m). This has been followed by a relatively smooth strength 
degradation over the CD region after the initial sharp load drop which 
occurred immediately after point C. Fig. 7 (a) shows the beam flange 
local buckling, as the predominant mode of failure in the bare steel 
connection, which has been initiated around point B, intensified around 
point C and eventually extended to the beam web plates around point D. 

The two identical composite connections (CFSRuC2-4-SP4#24 and 
CFSRuC2-4-SP4#24(w)) produce a pinching-type hysteretic behaviour 
which also matches the model characterised through the lap-joint tests 
by Tao et al. [24]. The flat portions in the hysteretic curves are associ
ated with the slotted holes created as the screws bear against the plates 
during the cyclic loading. As can be realised the downstroke loading 
hysteretic curves of both composite connections are identical. The screw 
shear failure limit state governed the hysteretic behaviour of the com
posite connections initiated at point B around 10 mrad rotation (see 
Fig. 6) through yielding of the screws which led to a lower connection 
stiffness over the BC region. This eventually caused the ultimate screw 
shear (USS) failure around point C, respectively corresponding to the 

Fig. 3. Strain gauges (SG1-SG6) and displacement transducers (DT1-DT2) 
mounted on the testing specimens. 

Fig. 4. Loading hinge connection.  
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peak moment of around 1.41 Mn and 1.46 Mn (where Mn = 33 kN m) in 
both the composite connections which are reasonably close values, as 
expected. The progression of the screw shear failure led to a sharp 
strength degradation over the CD region. This initiated at the corner 
screws and progressed towards the centre and middle screws complying 
with the theoretical uniform connection rotation. The elimination of the 
beam local buckling indicates the effectiveness of the infilled RuC which 
resulted in achievement of 45 % greater moment strength in the com
posite connection compared with that of the corresponding bare steel 
connection (i.e., CFS2-4-SP4#24). Fig. 7 (b) shows a side and a top view 
of the connection deformation and failure due to the screw shear limit 
state at point D. This can be recognised when comparing the relative 
rotation between the beam and the side plate through the white line 

which was initially located along the vertical edge of the side plate on 
the beam. 

It should be noted that in the above bare steel and composite 
connection tests the upstroke rotation was limited to 35 mrad which was 
slightly lower than 40 mrad specified by the loading protocol. This was 
due to a limitation in the actuator movement in the upstroke loading 
direction and since these connections already failed in the earlier rota
tions it was decided not to go up to the value of 40 mrad to avoid 
possible damages in the actuator. This limitation, however, was checked 
and modified for the CFS3-4-SP4#36 connection test for which a larger 
rotation was expected. 

In the CFS3-4-SP4#36 bare steel connection, the side plate plasticity 
(SPP) was the predominant mode of failure which led to a relatively 

Fig. 5. Loading cycles.  

Fig. 6. Hysteretic moment-rotation curves of CFS2-4-SP4#24, CFSRuC2-4-SP4#24 and CFS3-4-SP4#36 connections.  
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wider hysteretic behaviour (see Fig. 6) than that of the composite 
connection affected by the pinching behaviour. Fig. 7 (c) shows a plastic 
deformation of the side plate developed at the face of the column. This 
corresponds to the beam peak moment of 0.7 Mn (around point C) where 
Mn is the nominal moment strength of the 3 mm beam section (i.e., Mn =

64 kN m). This has been followed by a relatively smooth strength 
degradation over the CD region over which the side plate plastic hinge 
deformation has been intensified and eventually led to a tearing failure 
(see Fig. 7 (c)) at the side plate around point D. This occurred adjacent to 
the side plate-to-column weld lines which prevented propagation of the 
plastic deformation to the column side of the connection. The connec
tion rotation at the failure point D reached 50 mrad which is greater than 
those of the bare steel and composite connections failed through BLB, 
and USS discussed above. 

It is worth mentioning that, as expected, no relative deformation and 
damage were observed between the CFS column and the strong sup
porting frame. Further, since the column panel zone and the welded 
lines were designed conservatively to remain elastic, the instrumenta
tion was set to capture the relative rotation between the beam and the 
column face which determines the connection rigidity (discussed under 
section 3.4). 

3.2. Strain gauge results of the tested connections 

Fig. 8 shows the maximum strain gauge values at the critical sections 
of the side plate (SG1-SG4) and the beam top and bottom flanges (SG5- 
SG6) at each loading cycle for CFS2-4-SP4#24, CFSRuC2-4-SP4#24 (w) 
and CFS3-4-SP4#36 connections. As can be seen the strain values of SG1 
and SG4 (i.e., the horizontal strain gauges) in all the bare steel and 
composite connections have exceeded the assumed proof yielding strain 
value of εy = 2000 µs. A higher level of plasticity occurred in the side 
plate of the CFSRuC2-4-SP4#24 and CFS3-4-SP4#36 connections, as 
expected, which initiated around 10 mrad rotation and sharply exceeded 
10000 µs at around 20–30 mrad (corresponding to points B and C in 
Fig. 6, respectively). 

The strain values of the beam top and bottom flanges of the CFS2-4- 
SP4#24 connection (i.e., SG5-SG6) have been significantly affected by 
the flange local buckling around 20 mrad onwards (corresponding to CD 
region in Fig. 6). In the CFSRuC2-4-SP4#24 and CFS3-4-SP4#36 con
nections, however, the beam strain barely exceeded the yielding value at 
around point C in their corresponding hysteretic curves. 

3.3. Energy dissipation of the tested connections 

Fig. 9 shows the cumulative energy dissipation (E) of the composite 
and bare steel connections calculated at each cycle based on the areas 

Fig. 7. Predominant mode of failures in the (a) CFS2-4-SP4#24, (b) CFSRuC2-4-SP4#24 and (c) CFS3-4-SP4#36 connections.  
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surrounded by their respective hysteretic curves. The use of infill RuC 
has boosted the energy dissipation of the CFSRuC2-4-SP4#24 (w) 
composite connection compared with that of the CFS2-4-SP4#24 bare 
steel connection up to 21 % at 30 mrad rotation. This, however, has been 
reduced to 3 % at 40 mrad rotation. As can be realised, the improvement 
in energy dissipation capacity of the composite connection using the 

infill RuC might not be deemed as significant particularly at the rotation 
corresponding to the connection failure (i.e., θ = 40 mrad). The reason 
being the pinching nature of the hysteretic behaviour of the composite 
connection dominated by the screw shear limit state and its sharper 
strength degradation over the CD region (see Fig. 6) compared with a 
wider hysteretic curve of the CFS2-4-SP4#24 bare steel connection 
governed by the beam local buckling. The energy dissipation for the 
CFS3-4-SP4#36 bare steel connection (having 36 screw arrays), domi
nated by the side plate plasticity, has been increased by around 70 % 
compared with that of the CFSRuC2-4-SP4#24 (w) composite connec
tion (having 24 screw arrays) at θ = 40 mrad rotation. As can be seen in 
Fig. 9, the energy dissipation of the CFS3-4-SP4#36 connection has been 
further increased by 33 % at θ = 50 mrad rotation compared with that at 
θ = 40 mrad rotation. This indicates a side plate plasticity could be a 
more desirable energy dissipation mechanism than screw shear and 
beam local buckling mechanisms. 

3.4. Connection rigidity 

To assess the semi-rigid joint classification based on Eurocode 3-part 
1-8 [25], the initial elastic stiffness of the bare steel and composite 
connections have been compared with the specified values for the simple 
and rigid joints. The boundary values are Sj,ini = 0.5 EIb / Lb and 25 EIb / 
Lb for simple and rigid joints, respectively where EIb and Lb are the 

Fig. 8. Maximum strain gauge values of SG1-SG6 at the side plate and the beam top and bottom flanges of the (a) CFS2-4-SP4#24, (b) CFSRuC2-4-SP4#24 and (c) 
CFS3-4-SP4#36 connections. 

Fig. 9. Cumulative energy dissipation capacity of the CFS2-4-SP4#24, 
CFSRuC2-4-SP4#24 and CFS3-4-SP4#36 connections. 

A. Bagheri Sabbagh et al.                                                                                                                                                                                                                     



Engineering Structures 271 (2022) 114956

8

bending rigidity and the length of the beam. A joint is classified as semi- 
rigid when its elastic stiffness lies between these boundary values. 
Fig. 10 shows the relative beam-column rotation of both the bare steel 
and composite connections, calculated using (D1-D2)/d (see Fig. 3), 
versus the bending moment at the connection centroid (Mc) corre
sponding to the elastic region in the hysteretic curves (i.e., region AB in 
Fig. 6). As can be seen all the bare steel and composite connections can 
be classified as semi-rigid joints, as their rigidity curves are fallen within 
that region. The CFSRuC2-4-SP4#24 composite connection, however, 
produces a greater initial rigidity by 3.4 times than that of the CFS2-4- 
SP4#24 bare steel connection. The reason being the connection 
screws of the composite connection were restrained by the infill RuC 
which has been resulted in a higher local stiffness for the screws. This 
restraining effect, however, has been reduced due to the bearing action 
of the screws against the plates and the surrounding concrete by 
increasing the loading cycles. A greater initial rigidity, in the same range 
as that of the composite connection, can also be achieved for the CFS3-4- 
SP4#36 bare steel connection by increasing the number of side plate 
screws from 24#12 to 36#12. As can be seen in Fig. 10, the initial 
connection stiffness of all the connections was gradually faded by 
increasing the connection rotation and progression of the plastic 
behaviour within the connection components. 

4. Conclusions 

By means of full-scale physical tests, a composite cold-formed steel 
(CFS)-Rubberised concrete (RuC) moment-resisting beam-to-column 
connection has been investigated under cyclic loading for seismic 
application. The beam and column sections were built-up using unlipped 
CFS channels attached to one another to form a tubular hollow section. 
The beam and column hollow sections were then filled with rubberised 
concrete (RuC) for the composite connection. The beam sections had 
either 2 mm or 3 mm thicknesses connected to a 4 mm thickness column 
through 4 mm thickness side plates. The side plates were welded to the 
column and screwed to the beam sides using 24 or 36 arrays of screws 
(forming CFS2-4-SP4#24, CFS3-4-SP4#36 bare steel and CFSRuC2-4- 
SP4#24 composite connections). The cyclic loading has been applied 
to the beam end through a loading actuator until the connection failure 
associated with a significant strength degradation has been reached. 

The predominant failure limit states for the CFS2-4-SP4#24 and 
CFS3-4-SP4#36 bare steel connections were the beam local buckling 
and side plate plasticity, respectively, while the CFSRuC2-4-SP4#24 
composite connection was failed due to the screw shear limit state. It 
was shown that the beam local buckling was effectively prevented by the 
infill RuC led to 45 % and 21 % higher moment strength and energy 
dissipation capacity, respectively, for the composite connection than 
those of the CFS2-4-SP4#24 bare steel connection. The boost in the 
energy dissipation capacity was not as significant due to the pinching 
nature of the hysteretic curve of the composite connection because of the 
screw shear failure and its sharper strength degradation. By increasing 
the number of screws from 24 to 36 the energy dissipation has been 
improved by 70 % for the CFS3-4-SP4#36 bare steel connection, 
dominated by side plate plasticity, compared with that of the composite 
connection. As a result, the side plate plasticity could be considered as a 
more favourable energy dissipation mechanism than the beam local 
buckling and screw shear energy dissipation mechanisms. 

Both the bare steel and composite connections can be classified as 
semi-rigid joints as per the Eurocode 3-part 1-8 criteria. The composite 
connection produced a rigidity of up to 3.4 times greater than that of the 
CFS2-4-SP4#24 bare steel connection due to the restraining effect of the 
infill concrete surrounding the connection screws. A greater connection 
stiffness, comparable with that of the composite connection, has also 
been achieved for the CFS3-4-SP4#36 bare steel connection through the 
increased number of screws. 

The test results presented in this research can be used for FE vali
dation purposes to further investigate and extend the range and 

applicability of the proposed CFS-RuC connections in multi-storey con
struction through a parametric FE study on various connection 
configurations. 
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