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Abstract: Concrete-filled steel columns are increasingly recognised for their enhanced structural 
performance. This study investigates an innovative shear connector design with screw connectors as 
an alternative to conventional connection types. From push-out testing, the shear capacity of screw 
connectors in composite columns comprising cold-formed steel sigma sections and concrete infill was 
evaluated. Experimental push-out testing demonstrated the effectiveness of theoretical equations in 
estimating the shear strength of screw connections. The comparison indicates that established design 
methods provide reasonable predictions, supporting their applicability in practical scenarios. 
Theoretical equations in the literature for estimating shear strength were tested for suitability and 
gave comparable results. De-assembling of tested specimens showed that a concrete failure was the 
prominent mode of ultimate condition. Shear screws offer a novel design alternative to conventional 
shear connection methods. They demonstrate significant potential for structural applications when 
integrated with advanced composite column sections, such as the four-sigma built-up CFS sections. 
The study highlights screw connectors as a cost-effective, sustainable, and practical solution for 
innovative composite column designs, offering significant potential for construction and 
maintenance efficiency. 

Keywords: concrete-filled steel columns; cold-formed steel sigma sections; four-steel sigma;  
push-out analysis; shear connectors; screw connectors  
 

1. Introduction 

Concrete-filled steel columns (CFSC) have become an effective alternative to traditional 
reinforced concrete and steel columns in modern construction. Their superior strength-to-weight 
ratio, enhanced load-bearing capacity, and improved buckling resistance make them a preferred 
choice for high-rise buildings and bridge construction [1]. This dual-material synergy has positioned 
CFSCs as a sustainable and cost-effective alternative to traditional single-material column systems 
[2]. Shear connectors play a critical role in these composite structures by ensuring the transfer of 
horizontal shear forces between the steel and concrete components, enabling composite action [3]. In 
addition, connectors are crucial in facilitating the assembly when utilising multiple cold-formed 
sections. Their presence ensures stability and load distribution, making them an integral part of the 
structural behaviour rather than mere fasteners. Therefore, assessing their co-existing function as 
connectors and components influencing shear capacity is essential for understanding their 
contribution to strength and efficiency. The demand for advanced structural designs has catalysed 
the exploration of innovative shear connectors, essential elements that facilitate the interaction 
between steel and concrete by transferring interface shear forces [4]. Without effective connectors, the 
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composite action of CFSCs is compromised, leading to independent behaviour of the materials under 
load and reducing overall structural performance. 

For decades, traditional shear connectors such as studs and bolts have dominated the design 
landscape. However, their limitations in adaptability, installation complexity, and maintenance 
challenges have prompted the search for alternatives. Although research on shear connectors has 
progressed significantly since the mid-20th century, most studies have focused on conventional 
connection types such as studs and bolts, limiting the applicability of existing theoretical models to 
innovative designs like screw connections [5]. Research on the effects of shear connections on 
composite columns dates to the 1950s [6]. Viest conducted the first test of shear connections in 1955, 
where push-out testing was used to determine shear strength [7]. The push-out test was deemed 
standard in the experimental investigation of shear connector strength. The test revealed that the 
shear connections failed in two main ways: concrete failure, where concrete surrounding the 
connection was crushed, causing connection deformation, and steel failure, where the connection 
reached its yield point and snapped/sheared in two. Based on such testing, it was the first 
mathematical model proposed for predicting the shear design strength of connections for either of 
these scenarios [7]. The equation was based on the effective depth of the shear connector and the 
strength of the concrete. In 1965, Driscol and Slutter proposed an alteration to Viest's equation in 
which the effective depth limits of connection were modified, and the area of steel was incorporated 
into the equation [8]. Ollgaard et al. furthered this investigation where a single equation independent 
of effective depth has been considered [9]. From this, the American Institute of Steel Construction 
(AISC) found these findings to be the basis for current standard equations. Since then, different 
international standards and independent researchers have implemented slight changes to numerical 
modelling to accurately estimate the shear strength of connections of various shapes and sizes. 

Screw connectors, known for their ease of installation and versatility, have emerged as a 
promising option, particularly in novel cross-sectional designs such as sigma sections [10]. These 
sections, characterised by their unique geometry, offer enhanced buckling resistance and load 
distribution properties compared to conventional shapes like rectangular or circular columns. The 
combination of screw connectors with Sigma sections creates an opportunity to push the boundaries 
of CFSC applications while addressing critical gaps in existing research. Despite their potential, screw 
connectors remain underexplored in the context of CFSCs, especially for cold-formed steel sections. 
Cold-formed steel is favoured for its lightweight and high strength-to-weight ratio, but its thin walls 
pose challenges for traditional connection methods [12]. Screw connectors, with their self-tapping 
capabilities, mitigate these issues, providing a practical solution for assembling complex geometries 
[13]. 

Furthermore, the structural performance of screw connectors in unconventional cross-sections, 
such as the four-sigma section, remains underexplored. This study focuses on four sigma sections, an 
innovative arrangement of sigma profiles that maximises structural efficiency and simplifies 
construction processes. By investigating the shear capacity of screw connectors within this context, 
the research aims to provide experimental evidence and theoretical insights into their performance. 

The methodology adopted in this study focuses on push-out testing, a standardised procedure 
for evaluating the shear capacity of connectors. The methods for constructing, testing, and analysing 
shear connections were established following international standards. AS 4600 [15] was utilised to 
define the requirements for the cold-formed sigma steel section, ensuring compliance with structural 
and shear screw properties. AS 2327 [12] provided guidelines for designing composite steel-concrete 
sections, influencing the construction of stub composite columns, shear connection setup, and push-
out testing procedures. Additionally, EN 1994-1-1 [14] was referenced for standardised testing 
procedures, aligning with previous studies and enabling analytical estimation of composite column 
and shear connection properties. This method involves applying axial compression to the concrete 
core while restraining the steel section, allowing the measurement of interface slip and ultimate shear 
strength. The results are then analysed to identify failure modes, such as concrete crushing or screw 
shearing, and to assess the alignment of experimental findings with theoretical predictions. Key 
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standards, including AS 2327 [12] and Eurocode 4 [14], offer a framework for these comparisons, 
although their applicability to screw connectors in cold-formed steel remains to be validated. This 
research contributes to the broader understanding of composite column behaviour, addressing 
critical gaps in the literature concerning non-traditional shear connectors and cold-formed steel 
applications. By providing empirical evidence and theoretical validation, the study sets the stage for 
future investigations into scaled-up specimens, long-term performance under cyclic loading, and the 
refinement of design standards to incorporate innovative connection types [26]. The findings 
advocate for the adoption of screw connectors in CFSCs to achieve enhanced structural performance, 
cost efficiency, and alignment with the evolving demands of modern construction.  

2. Materials and Methods 

This research investigates the shear capacity of screw connectors in composite columns 
comprising cold-formed steel sections with concrete infill, designed explicitly with a four-sigma 
channel cross-section. This cross-sectional configuration consists of channel-shaped members 
incorporating multiple folds or stiffeners along their width, optimising stiffness while minimising 
material consumption within the column [23,24]. The individual steel sections are interlocked and 
assembled to create a distinctive and structurally efficient column cross-section. The study aims to 
investigate the shearing resistance of screw connectors for the four-steel sigma section under axial 
compression. It also determines the shear failure of the screw connections for the four-steel sigma 
section under axial compression and the efficacy of the screw connections in such section through 
comparison of experimental and theoretical results. The ultimate shear strength of shear connections 
can be determined for a column section using an international standard test, the 'push-out' test [27-
32].  

2.1. Specimen Fabrication 

The construction of testing specimens was planned in steps, with the design and construction 
techniques adapted from the previously mentioned standards and past studies [22,30,31]. The 
dimensions and specifications of the cross-section and shear connection details were adopted to 
develop a generalised approach to further testing with alternative cross-sections and connections, as 
in Figure 1 (a) and (b). All the dimensions and methods complied with the requirements specified in 
the previously referenced standards. A generalised method for specimen construction and testing 
preparation is explained in the following section. 
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Figure 1. (a) and (b) Sigma channel section and (c) Specimen cross-section. 

Bending of steel sheets: Each specimen required four sigma-shaped sections as shown in Figure 1 
(c). After finalizing the channel specifications, the steel sheets were sourced from JR Lasers Geelong. 
They were formed into the required sigma-shaped sections using a pan brake press, as illustrated in 
Figure 2. An industrial pan brake was used to bend sheets, allowing for variable bending angles. The 
pan brake had to be checked for adequacy in handling sheet thickness. A series of bends were made 
to form the channel section using the pan brake, and a digital angle gauge was used to achieve the 
required bending angles. Bends were checked using a protractor to ensure uniformity. All four 
sections had to be identical to interlock together and form the four-sigma configuration.  

 

Figure 2. Sigma Section Bending Process. 
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Assembling the steel component of the test specimen: Clamping methods depend on the 
shape of the section. Once four sigma sections were bent, they were combined in a 
clockwise overlapping pattern to form an interlocked pattern. A 'dry run' should 
be conducted first to ensure all pieces fit together and the general uniformity of the 
cross-section, Figure 3 (a). Once the desired cross-section has been formed, a series 
of clamps were used to hold the four channels to be combined using shear 
connections, Figure 3 (b). Screw connections were drilled using an impact driver as 
they are used to prevent slippage during construction Figure 3 (c). This process is 
the same for bolted, nailed, or any other insertable shear connection, although 
predrilling may be necessary. A foam insert was cut into the shape of the cross-
section and inserted in the base of the specimen, Figure 3 (d). It is necessary to 
ensure that after the concrete is poured into the specimen and has undergone the 
curing process, the foam can be removed to create the base gap of the sample. It 
will ensure that during push-out testing, concrete has the space to be displaced 
under load.  

 
Figure 3. (a) and (b) Specimen before shear screw insertion (c) and (d) Specimen post shear screw insertion. 

Concrete pouring: The concrete infill was poured after assembling the steel sections and sealing 
all voids. The concrete mix design followed standard mix design procedures to achieve a compressive 
strength corresponding to M32. After mixing the concrete, a slump test was conducted to assess its 
workability, for which a slump value was 30 mm. Additionally, a set of plastic cylindrical moulds 
was prepared to evaluate the properties of the developed concrete mix following the designated 
curing period. 

Standard tamping procedures were followed, pouring in at least three layers and tamping at 
least 25 times for each layer, as shown in Figure 4 (a). It was ensured that the concrete did not 
overflow the specimen and level with the top as shown in Figure 4 (b). The specimens were cured 
before testing for a standard curing period of 28 days. Once cured, the foam insert was removed, and 
the specimens were prepared for testing.  
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Figure 4. (a) Tamping of concrete to specimen (b) Specimens post concrete pour. 

2.2. Test Setup 

A generalised method for testing short column sections under push-out loading is employed in 
this study. Before testing, the equipment was configured following standard procedures. A UTM 
hydraulic jack is utilised to perform the push-out test, as illustrated in Figure 5. Depending on the 
specimen's cross-section, custom steel ridged collars were constructed and attached to the top and 
bottom of the specimen to hold them together and to avoid localised buckling. A uniform load 
distribution was ensured over the concrete section.  

End-stiffening base plates were constructed, especially for thin-walled steel column sections like 
this. There is no standard method for its implementation, so high-strength steel sections were welded 
to steel specimens to prevent the movement of steel sections and allow for the push-out of concrete 
vertically and smoothly. Depending on the hydraulic press, UTM was able to measure displacement 
independently.  

a b 
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Figure 5. Experimental Setup. 

2.3. Test Instrumentation  

In the testing, two laser displacement sensors were placed above the concrete section to measure 
the displacement as during the application of the load. The setup was planned so that the relative 
movement of steel and concrete could be found. The lasers were so placed that one end is fixed to an 
immovable beam (representing the steel built-up section) while the laser tip is on the concrete from 
the top, perpendicular to the concrete. Synchronising this laser to the relative motion will give 
accurate results of the infill movement by correlating to the load measurement. Figure 6 depicts the 
positioning of the lasers at two different points on the top end of the specimen, only on the concrete. 
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Figure 6. (a) Specimen's instrumentation setup, (b) two lasers for recording absolute slip reading, and (c) laser 
positions. 

2.4. Test Procedure  

Push-out testing was conducted once the specimen was secured to the hydraulic press and steel 
sections were made immovable. Displacement control is generally adapted as 0.5 mm/min to capture 
buckling accurately until failure mode AS 2327 states that for testing, the load shall be applied in 
increments up to 40 percent of the expected failure load and then cycled at least 25 times between 5 
percent and 40 percent of the predicted failure load. Subsequent load increments were imposed so 
that failure did not occur in less than 15 minutes. Loading continued post-failure until the concrete 
core was pushed through the entire gap (50 mm) and reached the base plate. Load-slip data was then 
recorded and tabulated based on the experimental results.  

The data collected from experimental testing was assessed by constructing a load-slip graph and 
analysis was done. Analysis of the load-slip curve includes the staging of slip, elastic stage, inelastic 
stage, and past failure. Due to 3 specimens being tested, three load-slip curves were generated and 
compared. Depending on the failure case, the failure stage of the graph may exhibit different 
properties. This data collection shows that the ultimate shear strength is the most critical factor of this 
research. Video footage of the testing was taken to observe the deterioration of specimens over time 
and help determine when failure initially occurs. 

3. Results and Discussion 

3.1. Concrete Cylinder Testing 

A total of 9 concrete cylinders were tested: 3 for compressive strength (C:1-3), 3 for tensile 
strength (T:1- 3), and 3 for modulus of elasticity (E:1- 3). Based on testing and the concrete cylinder 
parameters, the average compressive strength, tensile strength, and modulus of elasticity have been 
outlined in Table 1. Figure 7 shows a collective image of the three different material tests conducted. 

Table 1. Concrete cylinder properties. 

Properties  Value (MPa) 
Compressive strength  34.25 
Tensile strength 2.43 
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Modulus of Elasticity 30100 

 

Figure 7. Specimens after testing of (a) Compressive Strength, (b) Tensile Strength, and (c) Modulus of 
Elasticity. 

3.2. Push-Out Specimen Testing 

Three push-out specimens were tested, of which displacement data was collected from 2 laser 
sensors. The specimens are denoted as 4S-C1, 4S-C2, and 4S-C3, meaning that four sigma channel 
sections (4S) were used to form the steel specimen, and the infill used is concrete (C). The push-out 
analysis recorded an ultimate shear strength for 4S-C1 of 70.961 kN. The ultimate shear strength was 
observed after the concrete had been displaced an average of 4.69 mm over the two laser sensors. 
Laser one was disconnected from the specimen in the push-out testing of 4S-C2; hence, its data was 
disregarded. An ultimate shear strength for 4S-C2 of 74.808 kN was recorded. The ultimate shear 
strength was observed after the concrete had been displaced an average of 5.843 mm over a single 
laser sensor. An ultimate shear strength for 4S-C3 of 71.2551 kN was recorded. The ultimate shear 
strength was observed after the concrete had been displaced an average of 4.58 mm over the two laser 
sensors.  

Table 2 shows the shear strength and shear strength per screw connection for three specimens, 
where the effectiveness and consistency of the screw connections in transferring shear loads within 
composite columns are demonstrated. Shear strength per screw connection between the tested 
samples ranged between 8.87 kN and 9.35 kN, averaging 9.04 kN. The test results indicated consistent 
performance by all the samples; hence, this is reliable as far as using screws for carrying loads is 
concerned. The total shear strength of the specimens is 70.96 kN, 74.81 kN, and 71.23 kN, which all 
lie in the narrow range, and the average is 72.33 kN. It, in turn, reflects the consistent behaviour and 
reliable load distribution across all the screw connections. The agreement between the experimental 
and theoretical values, as given later in the table 5, should be within 10%, validating that the self-
tapping screw connections indeed deliver performance comparable to that of conventional shear 
connections such as studs or bolts. The average shear strength per screw (9.04 kN) shows the 
possibility of utilising screw connectors for composite column design as a more economical and 
effective solution. It indicates that such connections can fulfil real-world engineering conditions. The 
obtained results confirm that screw connections may be used safely and reliably with consistent shear 
load transfer, opening up the door to cost advantages, ease of installation, and adaptability. 
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Table 2. Experimental Shear Strength per Screw Connection. 

Specimen Shear strength (kN) Shear strength per screw (kN) 
4S-C1 70.96 8.87 
4S-C2 74.81 9.35 
4S-C3 71.23 8.90 

Average 72.33 9.04 

The load-displacement curves from all three specimens are presented in Figure 8. Every curve 
corresponds to the composite columns' shear strength and displacement behaviour, with ultimate 
variations in strength and displacement. For all specimens, the laser readings (:1 and :2) showed 
identical results, indicating a balanced distribution of load and accurate measurement. 4S-C2 
displayed the highest ultimate shear strength at 74.81 kN, with a displacement of 5.843 mm. Due to 
a malfunction in the laser sensor, only one laser sensor's data was used for some specimens, and 
slight variability in displacement accuracy could have been introduced. Specimens 4S-C1 and 4S-C3 
reflected similar response patterns with ultimate shear strength, with the average displacement 
measured from two sensors being 4.58 mm. The combined load-displacement curves help illuminate 
the structural performance consistency among the three specimens, along with the ultimate shear 
strength with a narrow range. The curves also indicate the typical response of composite columns to 
screw connections, from initial stiffness and peak load capacity to post-peak behaviour. Results 
ultimately emphasise the trustworthiness of screw connectors in transferring shear forces in 
composite columns. 

 

Figure 8. Combined Load- Displacement Curve. 

The data shows post failure for two specimens (4S-C1 and 4S-C3), a rapid decline in load-bearing 
capacity with a gradual increase in displacement showing a particularly sudden failure. However, 
4S-C2 had an elongated curve around failure and a less gradual failure. It also exceeded other 
specimens' shear strength by over 3 kN. All specimens experienced a similar initial slip at around 20-
23 kN. This initial slip coincides with the load required for debonding steel and concrete surface 
resistance. At this load, the shear connections begin to undergo loading and experience elastic 
deformation as the load increases. Again, all specimens also experienced a very similar yield point of 
around 47-50kN. This yield point denotes the end of the linear section of the load-displacement 
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curves and indicates the beginning of plastic deformation of the connections. All load-displacement 
curves further support the assessment of concrete crushing as the prominent failure mode. It can be 
evidenced by the final stage of the curve, the post-yielding stage past failure. It means rather than a 
gradual post-yielding stage, failure is sudden. 

Table 3 summarises the experimental measurements of three tested specimens as a function of 
the shear load and displacement stage. The key parameters are the slip at the interface, yield slip, 
shear strength slip, and end slip with the corresponding loads. Interface slip values are closely 
banded, averaging 0.197 mm, meaning that the slips at the interface were spread uniformly at all 
steps of early loading. Interfacial loads averaged 21.945 kN, which was transferred stably throughout 
the specimens. The yielding slip averaged 1.155 mm, and the yielding strength averaged 48.442 kN. 
These parameters reflect the columns' elastic limit and resistance to significant loads before yielding. 
The shear strength slip averaged 4.876 mm, indicating uniform deformation before peak strength. 
The average ultimate shear strength was 71.336 kN, indicating consistent and robust shear strength 
across specimens. The end slip averaged 17.607 mm, with an average end load of 33.259 kN. This 
stage is the residual capacity after failure. The table also shows that screw connectors are quite reliable 
and consistent in transferring shear loads within composite columns and thus validate the structural 
performance of the connectors. 

Table 3. Experimental Specimen Graphical Measurements. 

  4S-C1 4S-C2 4S-C3  
Properties Symbol Laser 1 Laser 2 Laser 2 Laser 1 Laser 2 Average 

Interface Slip 
(mm) 

SI 0.004 0.256 0.342 0.197 0.187 0.197 

Interface Load 
(kN) 

Vi 23.724 23.639 21.810 20.489 20.064 21.945 

Yield Slip (mm) Sy 0.951 1.230 1.212 1.297 1.083 1.155 
Yield Strength 

(kN) 
Vy 48.225 47.716 50.703 48.307 47.169 48.442 

Shear Strength 
Slip (mm) 

Su 4.394 4.984 5.843 4.268 4.893 4.876 

Shear Strength 
(kN) 

Vu 70.961 70.961 74.808 71.225 71.225 71.336 

End Slip (mm) SF 16.237 16.659 20.704 16.621 16.561 17.607 
End Load (kN) Vf 26.075 26.075 38.365 37.889 37.889 33.259 

3.3. Failure Modes 

It is necessary to determine a prominent mode of failure based on the observation of specimen 
testing. The screw notations were previously shown in Figure 1. Of all three specimens tested, 
concrete crushing was identified as the prominent failure mode, as the crushing of the concrete 
surrounding the screw shank allowed for screw bending. This failure could be categorised as either 
brittle shear failure, resulting in a cut-off of the screw, or ductile failure, where the screw is bent due 
to the high local stresses induced by the surrounding concrete crushing. No evidence of screw head 
shearing was observed post-testing, further supporting concrete crushing as the primary mode.  

Due to the cross-sectional format, the concrete was not visible from the exterior after testing. 
Therefore, the specimens were deconstructed to evaluate any internal damage. In cases where shear 
screws could not be removed due to deformation, the specimen was cut open. The deformation of 
the steel shearing screws, if present, was examined and documented as part of the failure analysis, 
along with any buckling of the steel sheet or crushed concrete. A final assessment was made to 
determine the primary failure mode of the specimen, categorising it as either concrete crushing or 
shear screw failure. Although multiple failure modes could have been observed, the most prominent 
mode was identified. A theoretical equation was used to assist in determining the type of failure. As 
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illustrated in Figure 9 (a), intact screw heads with the connection body suggested concrete crushing, 
as no shearing failure occurred. Conversely, Figure 9 (b) shows bulging of the steel sheet along the 
screw path, further indicating concrete crushing. 

 

Figure 9. Specimen before deconstruction (a) Screw heads remaining intact (b) Bulging of steel sheet. 

In Figure 10, concrete crushing is the clear, prominent mode of failure for seven out of the eight 
screws. It should be noted that screw heads were cut off in the deconstruction process, not because 
of shearing during testing. Localised concrete crushing occurs in the direct path of the screw as it 
deforms under push-out testing. Concrete crushing around the fasteners was the prominent failure 
mode for all specimens based on deconstruction and exterior observation. 

In Figure 11 (a), the screw head is sheared off, focusing attention on the force distribution and 
the surface damage caused. At this stage, stress concentrations on the screw head significantly 
determine how the shear resistance of the screw will be expected to perform. In Figure 11 (b), the 
shearing of the screw tells that the applied load exceeded the screw shear strength. Such a failure 
mode represents the intrinsic limitability of screw connectors during high shear forces, which will 
probably depend on the strength of steel, penetration depth, and loading distribution among the 
screws. Failure in Figure 11 (c) by concrete crushing reveals failure where the strength of concrete 
infill cannot resist the shear forces applied to it, especially near screw connections. Concrete 
compaction, material homogeneity, and void presence are significant factors in this failure mode [20]. 
These failure modes highlight the interaction between screw connectors and concrete infill, thus 
underlining the need to optimise connector design, material properties, and construction techniques 
to enhance the shear performance of composite columns. 

 
Figure 10. (a) screw head during testing (b) screw shearing failure (c) failure via concrete crushing. 

a b 

a b c 
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Figure 11. Screw failure (a) ductile bending with crushing of concrete around (b) screw head shearing with 
moderate cracks (c) bending of screw inside the concrete without much crushing. 

It was noted from the results of this study that concrete crushing was the prominent failure 
mode, shear connections remained intact and hence held on to the concrete, causing a more extended 
post-yielding stage. Steel and concrete materials are entirely disconnected if shearing were the 
prominent failure mode (as they have already been chemically debonded); hence, no additional load 
is required to induce further displacement [19]. A more significant load is necessary to continue 
displacement post-failure when concrete crushing occurs. It was found that for this shear connection 
configuration, experimental data presented an average ultimate shear strength of 9.041 kN. AS 2327 
[12] states that where three tests on nominally identical specimens are conducted, and results from 
any individual test do not exceed the mean by more than 10%, results may be considered for further 
statistical analysis. The difference between the average ultimate shear strength and the most 
significant difference in individual shear strength was less than 10% (~3% difference). The results of 
the observation of screw failure from deconstructed specimen have been presented in Table 4. This 
table should be read in conjunction with Figure 1 for notation of screw ID. 

Table 4. Description of screw failure. 

Screw 
ID 

Screw Head 
Shearing 

Failure 
Mode 1 

Failure 
Mode 2 

Notes 

S1-B1 Y 
Screw 

shearing 
Concrete 
crushing  

The corner under the influence of S1-B1 and S4-B2 
underwent severe concrete degradation. It is 

believed that due to the premature screw shearing 
of SB-B1, forces in this corner were transferred to S4-
B2, leading to intense concrete crushing. It is evident 
as the S1-B1 screw was exposed and had undergone 
no bending, suggesting shearing at bolt heads early, 
in comparison to S4-B1, whose exposed screw was 

severely bent but did not shear off.  

S1-B2 N 
Concrete 
crushing  

- 

As S1- B2 screw head did not shear off, concrete 
crushing was the evident failure mode. The screw 

remained lodged in the sample and, from what 
could be observed, sustained severe bending, local 

crushing surrounding the screw was considered 
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mild as little concrete was displaced and a large 
crack had formed. 

S2-B1 Y 
Concrete 
crushing  

Screw 
head 

shearing 

S2-B1 underwent both local concrete crushing and 
shearing of the bolt head. It was declared that 

concrete crushing was the initial failure mode. It 
was evident through the observation of the lodged 
screw (in comparison to that of S1- B1. It means the 

screw head sheared later in loading conditions. 
Moderate/severe concrete crushing was observed, 

with considerable cracking; however, there was 
slight material displacement. 

S2-B2 N 
Concrete 
crushing 

- 

As the S2-B2 screw head did not shear off, concrete 
crushing was the evident failure mode. The screw 

remained lodged in the sample and, from what 
could be observed, sustained moderate bending. 

Local crushing surrounding the screw was 
considered mild as little concrete was displaced, 

and a large crack had formed. 

S3- B1 N 
Concrete 
crushing 

- 

As the S2-B2 screw did not shear off, concrete 
crushing was the evident failure mode. The screw 

remained lodged in the sample and, from what 
could be observed, sustained moderate bending. 

Local crushing surrounding the screw was 
considered mild as little concrete was displaced, 

and a small crack had formed. 

S3-B2 N 
Concrete 
crushing 

- 

As the S1-B2 screw head did not shear off, concrete 
crushing was the evident failure mode. The screw 

remained lodged in the sample, and from what 
could be observed, moderate as little concrete was 

displaced and minimal cracking. However, the bolt 
has undergone significant displacement close to the 

head of the bolt. 

S4-BI N 
Concrete 
crushing 

- 

As the S1-B2 screw head did not shear off, concrete 
crushing was the evident failure mode. The screw 

remained lodged in the sample and, from what 
could be observed, sustained severe bending, local 

crushing surrounding the screw was considered 
moderate as little concrete was displaced and 

minimal cracking. However, the bolt has undergone 
significant displacement close to the head of the 

bolt. Voids in concrete material homogeneity 
suggest a weakened area within the concrete. 

S4-B2 N 
Concrete 
crushing 

- 

The corner under the influence of S1-B1 and S4-B2 
underwent severe concrete degradation. It is 

believed that due to the premature screw shearing 
of S1-B1, it is thought that due to the premature 

screw shearing of S1- B1, forces in this corner were 
transferred to S4-B2, leading to intense concrete 

crushing. It is evident as the S1-B1 screw was 
exposed and bolted head in comparison to S4-B1, 

whose exposed screw was severely bent but did not 
shear off. 
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4. Mathematical Representation 

Theoretical results based on the relevant standards utilised across and from other pertinent 
references were calculated below. They have been compared to the experimental average ultimate 
shear strength of 9.041 kN. Theoretical equations have been ranked 1 - 6 in order of their proximity 
to experimental results. Table 5 lists equation factors to analyse a trend relating to comparing results. 
If a term is included in the equation, it has been denoted with an 'X'. Their percentage difference has 
also been calculated in Table 5. 

Table 5. Theoretical results ranking in comparison to experimental results. 

Name  Equation  

Theoretical 
Shear 

Strength 
(kN) 

Difference 
(%) 

As  d Ec F'c h Rank 

Australian 
Standards (AS 

2327) [26] 

 
0.5As √𝐸𝑐f'c 

9.986 9.30 X X X X X 3 

American 
Institute of Steel 

Construction 
(AISC 2005) [16] 

 
0.5As √𝐸𝑐f'c 

9.986 9.30 X X X X X 3 

Eurocode 4 (EN 
1994-1-1) [14] 

 
0.29d2 √𝐸𝑐f'c 

7.361 -22.82 X X X X X 5 

Chinese 
Standard 

(GB50017) [17] 

 
0.4As √𝐸𝑐f'c 

8.573 -5. 47 X X X X X 2 

Viest (1956) [7] 
 

5.25d2 f'cටସ଴଴଴

௙ᇱ௖
 

9.068 0.29 X X X X X 1 

Slutter and 
Driscoll (1961) 

[8] 

 
932d²√(f'c)  

As 

11.765 23.15 X X X X X 6 

Ollgaard et al. 
(1971) [9] 0.5As √𝐸𝑐f'c 9.986 9.30 X X X X X 3 

Pallarés (2009) 
[18] 

9f'c0.5 dₜ1.4.⁶ h⁰.⁶ 10.234 11.65 X  X X X 4 

It was found that the oldest expression, initially outlined by Viest in 1956 [7], was the closest to 
the experimental results. It recorded a difference of only 0.29% compared to that of the least accurate 
equation for this study proposed by Slutter and Driscoll, with a difference of 23.15% depending on 
the theoretical equation used. A variation in theoretical shear strength was calculated [8]. Due to the 
variance in results across international standards and research articles, from over-design to under-
design, further research is required to express theoretical results more accurately. Theoretical results 
obtained via the Eurocode 4 [23] bore an under-design of 22.82%, whereas Slutter and Driscoll's 
method gave an over-design of 23.15% in shear strength. A trend relating to the accuracy of results 
and including mathematical terms could not be developed. On average, equations derived from 
Ollgaard's model (all international standards) translated to more accurate results than Viest's original 
equation [7]. These equations have one main thing in common compared to other equations: they 
derive their results from the connection area rather than the penetration depth. 

All these equations rely heavily on the coefficients derived relating to the area of connection. AS 
2327 has a connection area coefficient of 0.5, whereas GB50017 has a coefficient of 0.43. Other than 
this coefficient, the equations are identical. By just the difference in this coefficient, AS 2327 and 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 3 April 2025 doi:10.20944/preprints202504.0285.v1

https://doi.org/10.20944/preprints202504.0285.v1


 16 of 18 

 

GB50017 have a difference in experimental results of 9.30% and 5.47%, respectively. This coefficient 
holds significant weight in these models. Results indicate that there should be a reconsideration for 
this coefficient depending on the connection type (screw, bolt, stud, etc.) or the implementation of a 
variable that more accurately reflects experimental results. Viest's equation, although the most 
accurate in this instance, is outdated and extremely limited in its use cases as it has multiple 
coefficients based on limited testing at the time [7]. However, the theoretical results obtained through 
current standards, AS 2327, show that screw connectors under analysis acted within reasonable 
bounds (within 10%) of that of a traditional shear connection (such as stud or bolt) [13]. Investigation 
into load-displacement curves shows critical properties, and the three stages, elastic, yielding, and 
post-yielding stages, indicate traditional shear connections under axial compression.  

5. Conclusions and Recommendations for Future Research 

This study investigated the shear strength and failure mechanisms of screw connectors in four-
steel sigma section composite columns using axial compression push-out testing. The experimental 
results were analysed and compared to theoretical models outlined in AS 2327 [12], providing 
insights into the structural behaviour of screw connections. The following key conclusions were 
drawn: 

 The screw connectors exhibited an average shear strength of 9.041 kN per screw, as 
determined through axial compression push-out tests. Observations of the tests and specimen 
deconstruction revealed that the dominant failure mode was concrete crushing at the 
connection points. 

 Experimental and theoretical comparisons showed that screw connectors performed within 
10% of traditional shear connections, such as studs or bolts, as defined by AS 2327 [12]. 
However, the assumption of homogeneous concrete and uniform load distribution may have 
influenced the per-screw shear resistance values. 

 Only three specimens were tested due to the scope of the study, and while all results fell 
within 10% of the mean, a larger sample size would provide a more accurate mean shear 
strength. The assumption of concrete homogeneity across the specimens could have affected 
the failure mode assessment, potentially exaggerating the concrete crushing failure mode. 

 The study highlights the potential of self-tapping screw connections as a viable alternative to 
traditional shear connections in composite columns. Multi-sectional steel sections, such as the 
four-steel sigma section, can improve transport, construction, maintenance, and deconstruction 
phases. This innovative design presents a cost-effective, time-efficient, safe, and sustainable 
alternative to traditional composite columns. 

Further research is necessary to refine the understanding of screw connectors in composite 
columns. Single connection testing should be conducted to address the influence of load distribution 
assumptions. Additionally, larger sample sizes should be tested to enhance statistical reliability. 
Advanced concrete compaction techniques like vibration should be considered to mitigate the effects 
of voids on failure modes. The development of a more precise mathematical model for screw 
connection shear strength beyond AS 2327 is essential. Future studies should incorporate Finite 
Element Modelling (FEM) and statistical analysis to examine the effects of different concrete 
properties, connection parameters (such as screw penetration depth and steel strength), and external 
loading conditions (including seismic and fatigue loading). 
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