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Numerical study of steel–concrete composite cellular beam using 
demountable shear connectors 
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A B S T R A C T   

Steel concrete composite beams have been increasingly used in practice due to their advantages with respect to 
their structural features and constructability. However, in conventional composite beam systems composite 
action is applied via shear connectors welded at the top flange of the down-stand steel beam and embedded in the 
concrete slabs, making it less favourable for the beam system to be disassembled and reused. This paper presents 
a numerical study of a new composite beam system consisting of a cellular steel beam, metal deck flooring and 
demountable shear connectors. According to the experimental study, this composite beam system made the 
demounting, reassembly, and member reuse possible, and did not compromise the loading capacity. In the nu
merical study presented in the paper, a finite element model was developed and validated against the results 
obtained from the previous experimental study. The parametric study further examined the effects of concrete 
strength, shear connector arrangements and asymmetry ratios of steel beam section to the load capacity of the 
composite beam system. The analysis and comparison provided a deeper insight into the behaviour of this type of 
shear connector. Through this numerical study, the structural merits of the composite beam system using 
demountable shear connectors were highlighted. Finally, the mid-span plastic moment of the composite beam 
was predicted using the direction method provided in SCI publications and compared with the 
moment–deflection relationship obtained from FE modelling.   

1. Introduction 

The building and construction sector is responsible for 39% of global 
carbon emissions in 2018, 11% of which is from the manufacturing of 
building materials and products such as steel, cement, and glass [1]. The 
increasing rate of carbon emission into the environment has highlighted 
the issue of sustainability and advocated the reuse of materials and 
intact structural elements. This has led to research on the deconstruction 
of building structures and reuse of structural members. The steel
–concrete composite beam is a cost-effective construction system with 
competitive behaviour for multi-storey buildings owing to the composite 
action between the steel beam and composite slab. However, in current 
construction practice, composite action is mainly achieved through 
shear studs welded through the profiled sheeting to the steel beam 
flange and embedded in the concrete slab. When the composite structure 
reaches the end of its design life, these welded shear connectors make 
dismantling, adaptation (alteration) and deconstruction almost impos
sible. Consequently, neither components can be reused straightaway; 
the concrete slabs have to be crushed, down-cycled or sent to landfill and 

steel beam has to go through a recycling process. To facilitate reuse, a 
new form of demountable shear connector is to be used as an alternative 
to welded connectors in composite beam systems. Unlike welded 
counterparts, demountable connectors are easy to dismantle, enabling 
steel beam and concrete slab to be reused with minimum reprocessing 
and avoiding recycling or crushing processes. In addition, a demount
able shear connector can be easily installed into the predrilled holes in 
beam flange and steel profiled decking on site. Currently this type of 
demountable shear connector has not been widely adopted in composite 
beams in practice, and no explicit design guidance is available in addi
tion to the SCI publication P428 [2]. 

Research on shear connections has been carried out by many re
searchers [3–21], but only a few investigated the performance of 
demountable shear connectors. The authors and their research group 
[22–35] performed a series of push tests, composite beam tests using 
demountable shear connectors and corresponding numerical modelling 
and analysis to investigate the structural behaviour and failure modes of 
demountable shear connectors embedded in concrete slabs and com
posite beams using demountable shear connectors. The research work 
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clearly indicated that the demountable shear connector had very 
competitive resistance and ductility, the composite beams were easily 
dismantled and reassembled, therefore previous research studies sup
port the demountable shear connectors to be used as an alternative to 
welded shear connectors in composite beam systems. 

Following an 11.2 m composite cellular beam test carried out at the 
University of Bradford, an FE model, adopting ABAQUS software and 
using the concrete damaged plasticity (CDP) material constitutive 
model, was developed and validated against the experimental results. 
After the validation of the modelling method, a parametric study, 
covering different demountable shear connector arrangements, different 
slab concrete strengths and different asymmetry ratios of steel beam 
section, was conducted. This paper presents the structural behaviour of 
the concrete steel cellular beam systems using demountable shear 

connectors obtained from numerical simulation. The parametric study 
further highlighted the effects of concrete strength, shear connector 
arrangement and beam section asymmetry ratio. 

2. FE model development and validation 

2.1. Test specimen briefing 

Before the FE model development, a composite beam consisting of a 
cellular beam, a concrete slab and demountable shear connection was 
tested at the University of Bradford. The 11.2 m cellular beam was 
manufactured from two universal sections. The top T-section was 
manufactured from Universal Beam 305 × 165 × 46 kg/m S355JR and 
the bottom T-section came from Universal Column 305 × 305 × 97 kg/ 
m S355J0. The shear connector arrangement (as shown in Fig. 11, CA-0) 
was a pseudo-elastic distribution with shear connectors in pairs at 300 
mm spacing in the outer part, then singly in a staggered pattern at 300 
mm spacing (600 mm on each side of the central edge trims) and then at 
600 mm in a staggered pattern near the centreline of the beam. Gr. 8.8 
M20 bolts were used as the demountable shear connectors as shown in 
Fig. 1, one nut above the top flange embedded in concrete and another 
nut tightened/untightened from below. The embedment height of the 
bolts in concrete was 120 mm (6 times of the diameter) and bolts were 
tightened to a torque of 120 N⋅m. Pairs of cast-in edge trims (120 mm in 
depth) were set in the 150 mm deep composite slab along the beam 
centreline in the longitudinal axis to facilitate deconstruction. 80 mm 
deep composite decking (CF80 × 0.9 mm thick) was used. The slab 
width was 2.8 m (=span/4) for the 11.2 m span. One layer of A193 
reinforcing mesh (7 mm wires; 200 mm × 200 mm grid), plus T10 U-bars 
were placed on top of the metal decking. The use of steel outriggers 
(‘wing’ system) was adopted to support the decking so that self-weight 
and construction loads were applied to the steel beam during casting 

Fig. 1. Test set-up for cellular composite beam.  

Fig. 2. FE model and assembly of tested composite beam.  
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to simulate an unpropped construction. C30/37 concrete was used with 
an average test-date cube compressive strength of 39.9 N/mm2. Fig. 1 
shows the composite beam and test set-up at the University of Bradford. 
The details of the test programme and results are given in reference [34]. 

The test objectives were to demonstrate long-span cellular composite 
beams could be designed plastically for a low degree of shear connection 
using demountable shear connector and also to examine that local 
composite action could be achieved at the openings to resist Vierendeel 
bending. The plastic neutral axis of this composite beam was designed to 
be within the web to a depth of 9 mm. The degree of shear connection 
was 0.38. The composite beam was designed to fail under bending, with 
a failure load of 20.7 kN/m2 plus the self-weight of the beam and slab. 
The test confirmed this flexural failure mode, with a failure load of 24.1 
kN/m2 and confirmed the design results. 

2.2. Description of the FE model 

The ABAQUS software was employed to develop the FE model and to 
conduct the numerical simulation. The FE model comprised the cellular 
steel beam, concrete slab, reinforcement mesh, shear connectors, pro
filed metal decking and mid edge trims, etc. Considering the symmet
rical conditions of the tested specimen across the centre lines of the 
whole composite beam system, only a half of the specimen was analysed 
in the simulation to save computational time. The main components of 
the FE model included the concrete slab, steel decking/trim profiles, 
cellular steel beam, and reinforced steel mesh. Due to the complication 
of the shear connection, the shear connectors were modelled by 
connector elements provided in the ABAQUS software, no substantial 
solid elements were adopted for shear connector (bolt and nuts). All 
components were created separately and then assembled to form the 
composite cellular beam system as the tested composite beam system. 
Fig. 2 shows the full structural model by mirroring the mid-span plane. 

Fig. 3. FE model boundary conditions and loading positions (half of the tested specimen).  

Fig. 4. Concrete compressive and tensile behaviour used for FE model validation.  
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Three dimensional eight-node solid brick elements with reduced 
integration (C3D8R) were adopted to mesh the concrete slab, cellular 
steel beam and load spreader beams. Shell elements (S4R) were used for 
the metal decking/mid edge trim profiles. Two-node truss/beam ele
ments (T3D2) were used for the reinforced steel mesh. For the main 
components, a sensitivity study showed that an element size of 75 mm 
gave the best agreement comparing the prediction with the experi
mental results and the least computation time required, therefore this 
mesh size was adopted for this study. 

Appropriate contact interactions were defined between different 
components. Steel mesh reinforcement was embedded into concrete slab 
to simplify the modelling. The concrete slab and the metal decking 
profile/mid edge trims were tied. For contact between the decking 
profile and the steel beam top flange and contact between concrete slab 
and the mid-edge trim profiles, “hard contact” was assumed for normal 
behaviour and “penalty” was assumed for the tangential slip behaviour 
with a friction coefficient of 0.2 adopted. The boundary conditions were 
defined according to the experimental test set-up. The steel beam at the 
support points (roller support at bottom flange 100 mm from end) was 
restrained in the vertical and transverse directions and free in the beam 
axial direction. To save time, in the FE model, a symmetric boundary 
condition at the mid-span section was employed: horizontal axial 

movement and corresponding rotations were restrained. The loads were 
applied to the load spreader beams in the same manner as for the tested 
specimen. Fig. 3 shows the FE model boundary conditions and loading 
positions. 

2.3. Steel and concrete material properties 

The steel grade of the cellular beam was S355. According to the 
manufacturer’s specification, the top Tee and bottom Tee had yield 
strengths of 394 N/mm2 and 410 N/mm2, respectively. A Young’s 
modulus value of 210GPa and a Poisson’s ratio value of 0.3 were used 
for both Tee sections. For the reinforced steel mesh, yield strength of 
500 N/mm2 with Young’s modulus of 210 GPa and Poisson’s ratio of 0.3 
were assumed. The yield strength and the ultimate strength of 450 N/ 
mm2 were used for metal decking/edge trim profiles according to the 
manufacturer’s specification. Yield strength of 355 N/mm2, Young’s 
modulus of 210GPa and Poisson’s ratio of 0.3 were assumed for the load 
spreader beams in the modelling. 

The specified grade of concrete slab was C30/37. The average 
compressive cube strength at the test day was 40 N/mm2 and therefore 
in the FE modelling, the average concrete cube strength (40 N/mm2) 
obtained on the test date was used. The cylinder strength of the concrete 

Fig. 5. Characteristic load-slip behaviour of shear connector obtained from experimental study and used for modelling validation.  

Fig. 6. Comparison between FE model prediction and experimental observation.  
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was taken as 80% of the cube strength, therefore the concrete cylinder 
strength was 32 N/mm2. The maximum tensile strength was assumed to 
be 10% of the maximum compressive strength. 

The stress–strain relationships for concrete at high strains were 
determined according to Eurocode 2 [36] and Eurocode 4 [37]. The 
maximum design compression strength was taken as the cylinder 
strength multiplied by a factor of 0.85. Fig. 4 shows the compressive 
stress–strain relationship, tensile strength-crack width relationship and 
concrete damage mechanisms under compression and tension, which 
were adopted in the ABAQUS FE models for the validation. 

2.4. Demountable shear connector 

Considering the complication of the demountable shear connections, 
nonlinear fastener/connector element provided in the ABAQUS software 
was adopted for shear connectors, therefore the shear bolt/nut was not 
directly modelled in the FE model. The behaviour of the demountable 
shear connector in the composite cellular beam was determined ac
cording to the average load-slip relationship curve obtained from pre
vious push tests at the University of Bradford. As shown in Fig. 5 (a), 
Curve-A reflected the initial slip and Curve-B started from the second 
cycle, or the specimen was fully set-up. Fig. 5 (b) compared Curve-A and 
Curve-B but the initial slip of 0.9 mm in Curve-B was removed. Obvi
ously, the initial slip affects the demountable shear connection stiffness 
but not the maximum resistance. Ignoring the initial slip for the 
nonlinear fastener/connector elements in Abaqus may result in a higher 
stiffness at the initial stage, as shown in Fig. 6(b). The maximum shear 
capacity was 75.0 kN per shear connector with slippages from 6 mm to 

8.5 mm if the initial lip was included. 

2.5. FE model validation and comparison/analysis 

Fig. 6 compares the predicted behaviours of mid-span deflection vs 
total imposed load, end slip vs total imposed load and strain at the 
bottom flange around the mid-span vs total imposed load, against the 
experimental observations. 

Fig. 6 shows the FE predictions successfully captured the main 
load–deflection, load-end slip behaviour and strain development of the 
composite cellular steel beam. Using shear connector “Curve-B”, the 
prediction and experimental observation had satisfactory agreement. 
This might be explained by the fact that “Curves-B” reflected the shear 
connector behaviour in the un-propped composite beam system (as the 
tested specimen) when the initial slip of the shear connector was 
reduced or eliminated. “Curve-A” might be used for propped composite 
beam systems or conservative design and calculation of un-propped 
composite beam systems. Fig. 7 shows the stress distribution of the 
steel beam and the failure mode. It clearly demonstrates that the steel 
beam yielded at the bottom of the mid-span. The comparison clearly 
indicated that the FE model with developed shear connector load-slip 
behaviour can be used for the simulation of similar composite beam 
systems and parametric studies. 

Fig. 7. Composite beam failure mode and stress distribution by FE model (at mid-span deflection 135 mm).  
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3. Parametric study 

3.1. Effect of slab concrete strength 

To investigate the effect of concrete strength on the composite beam 
behaviour, a parametric study, considering the change of the concrete 
strength, was performed. The FE models were based on the tested 
specimens but different concrete strengths were used. Concrete strength 
not only affects the slab resistance but also directly affects the shear 
connector load-slip behaviour, therefore the shear connector behaviours 
corresponding to different concrete strengths are different. Fig. 8 shows 
the load to slip relationships of demountable shear connectors using 
different concretes adopted in this concrete strength parameter study. 
These relationships are characteristic curves based on shape “Curve-B” 
in Fig. 5, a benchmark case, with a concrete cylinder strength of 32 N/ 
mm2 and a maximum shear connector resistance of 75 kN/connector at 
slippages from 6 mm to 8.5 mm before the initial slip of 0.9 mm was 
removed, based on the demountable shear connector push off tests 
carried out at the University of Bradford previously, was used to validate 

a previous FE modelling. The load-slip curves/behaviours for other 
concrete cylinder strengths (20 N/mm2 to 60 N/mm2) were obtained 
from the validated FE modelling by changing the strengths of concrete. 
Fig. 9 shows the stress and strain behaviour for the five different con
cretes adopted in the parametric study, in which the maximum 
compressive strength in the FE model was the cylinder strength multi
plied by a factor of 0.85. Fig. 10 compares the predicted mid-span 
deflection, end slip and strain at bottom flange vs load relationships of 
the composite beam systems with different slab concrete strengths. The 
higher the concrete strength, the higher the load capacity. All five 
models showed good composite beam performance except the beam 
with concrete strength C20/25. Due to the lower concrete strength and 
thus lower shear connector resistance, the shear connection failed when 
the mid-span deflection reached 132 mm and no steel yielding occurred 
at the bottom flange (axial strain less than 2000 µε). 

3.2. Effect of shear connector arrangement 

For composite beams, the shear connector plays an important role. It 
has been recognized that shear connectors close to the end of the com
posite beam system develop higher shear forces and shear connectors 
close to the mid-span of the beam system develop lower shear forces. In 
this parametric study, five different shear connector arrangements, 
including the arrangement for the tested specimen, along the axial di
rection of the composite beam system were modelled to examine this 
effect. Fig. 11 shows the five different shear connector arrangements. 
Compared with the tested specimen CA-0, in Case CA-a one connector 
was moved from close to the end to the mid-span, and in Case CA-b a 
connector was added close to the mid-span. For Case CA-c connectors 
were fully installed along the beam with 300 mm central spacing in two 
rows in each trough. For Case CA-d shear connectors were installed with 
600 mm central spacing in every second other trough except the first two 
troughs at the beam ends. Fig. 12 compares the effect of different 
connector arrangements to the composite beam behaviours. As ex
pected, among these five cases, case CA-c provided the highest overall 
shear resistance and thus the composite beam system processed the 
highest load bearing capacity. Although the differences among the cases 
CA-a, b, c, d are not very evident as the number of connectors adopted 
are close, it is clear that if the load capacity of the above five composite 

Fig. 8. Assumed characteristic load-slip behaviour of shear connectors with 
different concrete strength for the parametric study. 

Fig. 9. Five concrete strengths used in the parametric study.  
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beam systems were to be ranked, CA-c would come first followed by CA- 
b, CA-0 (test specimen), CA-a and CA-d with more shear connector 
reduction at the composite beam ends. Obviously shear connectors close 
to the ends play an important role in the composite beam system. For 
flexible shear connector arrangements, pairs of connectors are strongly 
recommended at high shear regions of the beam that are close to the 
ends. 

3.3. Effect of ratio of sectional asymmetry 

In order to examine the effect of the ratio of the bottom to top flange 

areas on the beam system behaviour, based on the tested specimen with 
the ratio of 2.4 and total cross-sectional area, five other asymmetry ra
tios from 1.0 to 3.5, by only changing the top flange and bottom flange 
thickness as shown in Fig. 13, were adopted and all 6 cross sections have 
same sectional area. The asymmetry ratio is defined as the ratio of the 
area of bottom flange to the area of the top flange. Fig. 14 compares the 
effect of different asymmetry ratios on the load capacity, end slip and 
strain development. The load vs mid-span deflection and end-slip re
lationships clearly indicated that as the asymmetry ratio increased the 
neutral axis moved towards the bottom flange and the load capacity 
increased. However, when the asymmetry ratio reached 3.5, it appears 

Fig. 10. Effect of slab concrete strengths.  

Fig. 11. Five different shear connector arrangements adopted in parametric study.  
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that the bearing capacity decreased slightly compared with the ratio of 
3.0. This is due to the failures of the top flange and connection as the 
thickness is less than 9 mm. For an asymmetry ratio of 3.5, It can be seen 
that when the mid-span deflection exceeded 120 mm, the end slip 
reached 9.5 mm, this exceeds the maximum shear connector capacity 
slip range 6–8.5 mm. The ABAQUS simulation automatically terminated 

with no yielding observed at the steel beam bottom flange but the strain 
developed quickly as shown in Fig. 14 (c, d) load vs strain relationships. 
These figures also clearly show that increasing the bottom flange area 
increased the load capacity of the composite beam system if the top 
flange meets the section classification requirement. 

Fig. 12. Effect of different shear connector arrangements.  

Fig. 13. Six different steel beam sectional asymmetry ratios adopted in the parametric study.  

X. Dai et al.                                                                                                                                                                                                                                      



Structures 51 (2023) 1328–1340

1336

4. Simple prediction methods for plastic moment 

4.1. Simple calculation methods by SCI 

For a composite beam with unstiffened web opening, direction 
calculation method for plastic bending moment resistance at the 

centreline of the opening, Mo,Rd, can be found in the Chapter 3 in SCI 
publication P355 [38], in which two situations, (1) the compression 
resistance of the full depth of the effective width of slab is greater than 
the tension resistance of the bottom Tee and (2) the compression resis
tance of the full depth of the effective width of slab is less than the 
tension resistance of the bottom Tee, may be considered. Detailed in
formation is documented in Section 3.2.2 in SCI publication P355 and 
omitted here for clarity. 

For the first situation, it is considered that the plastic neutral axis is 
within the slab at a height such that all the concrete above it develops a 
stress of 0.85fcd (where fcd is the concrete design strength, is as defined in 
BS EN 1994-1-1). The plastic bending resistance at the centreline of the 
opening is then given by: 

Mo,Rd = NbT ,Rd
(
heff + zt + hs − 0.5zc

)
(1) 

Where,heff is the effective depth of the beam between the centroids of 
the top Tee and bottom Tee,zt is the depth of the centroid of the top Tee 
from the outer edge of the flange,hs is the slab depth,zc is the depth of 
concrete in compression, which is calculated by: 

zc =
Nc,Rd

0.85fcdbeff ,o
≤ hc (2)  

Nc,Rd = min
{

0.85fcdbeff ,ohc; nscPRd
}

(3) 

Where,fcd is the design strength of the concrete (= fck
γc

, with fck and γc 

as defined in BS EN 1992-1-1 [36] and its National Annex),beff ,o is the 
effective slab width at the opening,hc is the depth of the concrete topping 
(hc = hs − hd).hd is the overall depth of the decking profile,nsc is the 
number of the shear connectors placed over the distance from the nearer 
support to the centerline of the opening (here, is the number of shear 
connectors from support to the mid-span),PRd is the design resistance of 
the shear connectors used with profiled sheeting,NbT,Rd is the tensile 

Fig. 14. Effect of beam sectional asymmetry ratios.  

Table 1 
Summary of main composite cellular beam design features.  

Beam overall length 11.600 m Beam span (support 
span) length 

11.200 m 

Overall depth 427.2 mm Design beam spacing 2.800 m 
Cells (openings) data 
Centre diameter 300 mm Centre spacing 450 mm 
Number of cells in beam 25 Number of cells with 

infill 
6 

Top Tee Bottom Tee 
Tee depth 211.7 mm Tee depth 215.3 mm 
Tee depth at centreline 

of opening 
61.7 mm Tee depth at centreline 

of opening 
65.3 mm 

Web thickness 6.7 mm Web thickness 9.9 mm 
Flange width 165.7 mm Flange width 306.3 mm 
Flange thickness 11.8 mm Flange thickness 15.4 mm 
Root radius 8.9 mm Root radius 15.2 mm 
Steel yield strength (by 

test) 
394.0 N/ 
mm2 

Steel yield strength (by 
test) 

410.0 N/ 
mm2 

Decking data: ComFlor 80 
Sheet thickness 0.9 mm Design strength 450 N/ 

mm2 
Slab data 
Overall depth 150 mm Concrete strength (cubic, 

by test) 
40 N/mm2 

Reinforcement mesh 
Type A193 Design strength 500 N/ 

mm2  
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resistance of the bottom Tee, which is given by, 

NbT ,Rd =
AbT fy

γM0
(4) 

Where,AbT is the cross sectional area of the bottom Tee,fy is the 
design value of the yield strength of steel,γM0 is the partial factor for 
resistance of steel cross sections, 

For the situation where the compression resistance of the full depth 
of the effective width of slab is less than the tension resistance of the 
bottom Tee, it is conservative to assume that that top Tee is uniformly 
stressed and subjected to a force equal to the difference between the 
tension resistance of the bottom Tee and the compression resistance of 
the slab, i.e. it provides a resistance of NbT,Rd − Nc,Rd. The plastic bending 

resistance is then given by: 

Mo,Rd = NbT ,Rdheff +Nc,Rd(zt + hs − 0.5hc) (5) 

All variables in the equation (5) are defined as previous. It is sug
gested to verify that for highly asymmetric sections, the compression 
resistance of the top Tee is adequate, as follows: 

AtT fy

γM0
≥ NbT ,Rd − Nc,Rd (6)  

AtT is the cross-sectional area of top Tee. 
The above direction method is adopted for composite beam with 

unstiffened web opening and welded shear connectors. For a composite 
beam with bolted shear connectors (demountable shear connectors), SCI 
publication P428 [2] suggests a reduction factor, kflex, which is intro
duced to consider the “equivalent” idealised plastic behaviour for bolted 
shear connectors, or kflex = 0.8 for uniform spacing bolted shear 

Fig. 15. Steel beam cross sectional dimensions.  

Table 2 
Moment resistance of composite beams with different concrete strengths.  

Concrete grades C20 C30 C32 
(test) 

C40 C50 C60 

Concrete cylinder strength 
fck (N/mm2) 

20 30 32 40 50 60 

Mid-span plastic moment 
(PM) resistance by SCI 
method: Mo,Rd_SCI (kNm) 

1024 1056 1061 1077 1096 1119 

Mid-span deflection 
corresponding PM by FE 
modelling (mm) 

– 112.5 111.5 104.8 99.0 95.0 

End slip corresponding PM 
by FE modelling (mm) 

– 7.1 7.0 5.9 4.9 4.0 

Note: “–” In the modelling, the maximum mid-span moment couldn’t reach the 
mid-span plastic moment predicted by SCI method due to the failure of concrete 
and shear connection, so no mid-span deflection and end slip corresponding to 
the predicted plastic moment. 

Fig. 16. Moment resistance of composite beams with different concrete grades.  

Table 3 
Moment resistance of composite beams with different shear connector 
arrangements.  

Connector arrangement CA- 
0 (test) 

CA-a CA-b CA-c CA-d 

Number of connectors to mid- 
span (nsc)

20 20 22 38 21 

Mid-span plastic moment (PM) 
resistance by SCI method: Mo, 

Rd_SCI (kNm) 

1061 1061 1076 1192 1068 

Mid-span deflection 
corresponding PM by FE 
modelling (mm) 

111.5 118.5 111.7 147.0 134.5 

End slip corresponding PM by FE 
modelling (mm) 

7.0 8.1 7.0 4.6 10.6  
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connector arrangement, kflex = 0.85 for pseudo-elastic distribution bol
ted shear connector arrangement. For welded studs, kflex = 1.00 , if 
this factor is to be considered. Therefore, with the introduction of the 
reduction factor, the design resistance of shear connector PRd for com
posite beams using bolted shear connectors is PRd,eff = kflexPRd. 

The above direction method is employed to predict the plastic 
bending moment resistance at the mid-span opening of the tested 
composite beam and composite beams adopted in the parametric study. 
Table 1 and Fig. 15 summarises the main features of the tested com
posite beam. Composite beams used in the parametric study are similar 
to the tested beam, but slab concrete strengths, shear connector ar
rangements and ratios of bottom tee to top tee flange areas are param
eters considered in order to explore their effects on the structural 
behaviour. 

4.2. Composite beams with different slab concrete strengths 

The SCI direction method was adopted to predict the plastic bending 
moment at the mid-span for 5 composite beams with different concrete 
strengths used in the parameter study. For different concrete grades, the 
maximum connector resistance PRmax are taken from Fig. 8. The design 
resistance of shear connector PRd = 0.9PRmax. The equivalent connector 
resistance PRd,eff = kflexPRd, kflex = 0.85 as the shear connector distri
bution is not uniform. Table 2 and Fig. 16 show the mid-span plastic 
moment resistance predicted by the SCI method and moment-mid-span 
relationship predicted by FE modelling for composite beams with 
different concrete strengths, respectively. It can be seen that, for 

concrete strength of 30 N/mm2 or over, the predicted plastic moment 
resistance is close to (just slightly lower than) the moment from the FE 
model results, but for slab concrete strength of 20 N/mm2, the predicted 
plastic moment resistance is higher than the maximum moment ob
tained from FE model prediction due to the failure of concrete and shear 
connection. The comparison indicated that the SCI direction method 
may be conservative for composite beams with higher strength concrete 
but may overestimate the capacity of composite beams with low con
crete grades. 

4.3. Composite beams with different shear connector arrangements 

As shown in the parameter study of composite beams with different 
shear connector arrangements, when using the SCI direction method to 
predict the mid-span plastic moment resistance, the composite beams 
adopted are the same as the tested composite beam (CA-0) but the shear 
connector arrangements are different as shown in Fig. 11 to consider the 
effect. The concrete cylinder strength 32 N/mm2 was taken for all cases, 
therefore the maximum connector resistance is PRmax = 75 kN as shown 
in Fig. 5. The design resistance of shear connector PRd = 0.9PRmax. The 
equivalent connector resistance PRd,eff = kflexPRd, kflex = 0.80or0.85 for 
uniform spacing and pseudo-elastic distribution respectively. It must be 
noted that the number of shear connectors (nsc) from the end support to 
the mid-span for each specimen are different from that of tested spec
imen CA-0 except for CA-a, whose shear connector number is the same. 
Table 3 and Fig. 17 show the mid-span plastic moment resistance pre
dicted by the SCI method and the mid-span moment to mid-span 
deflection relationship predicted by FE modelling for composite beams 
with different shear connector arrangements. It can be seen that the mid- 
span plastic moment predicted by the SCI method clearly reflected the 
effect of using different numbers of shear connectors. But for specimens 
with arrangement patterns such as those of CA-0 and CA-a, their plastic 
moments are almost the same, but the FE modelling reflected the effect 
of the shear connector arrangements and the shear connector number. 
CA-0 possesses a higher resistance due to more connectors being ar
ranged close to the end support (comparison of CA-0 and CA-a). The 
predicted plastic moment resistance by the SCI method is very close to 
moments from the tests and modelling. For shear connector spacing with 
pseudo-elastic distribution, generally the predicted plastic moment 
resistance is close to (slightly low than) the moment from the FE model 
results, the SCI method appears conservative for cases with more shear 
connectors adopted close to the end of the beam. For shear connector 
spacing with uniform spacing distribution (CA-c), the predicted plastic 
moment resistance appears to be overestimated by the FE model. 

4.4. Composite beams with different flange asymmetry ratios 

In the parametric study for composite beams with different asym
metry ratios, as shown in Fig. 13 and Table 4, the thicknesses of the top 
flange and bottom flange changed, but the breadths of the top and 
bottom flanges are the same as the tested specimen, 165.7 mm and 

Fig. 17. Moment resistance of composite beams with different shear connector arrangements.  

Table 4 
Moment resistance of composite beams with different beam flange asymmetry 
ratios.  

Steel beam flange 
asymmetry ratios 

1.0 
(SA- 
a) 

1.5 
(SA- 
b) 

2.0 
(SA- 
c) 

2.4 
(test) 

3.0 
(SA- 
d) 

3.5 
(SA- 
e) 

Top Tee flange thickness 
(mm) 

20.06 16.05 13.38 11.80 10.03 8.92 

Bottom Tee flange 
thickness (mm) 

10.91 13.09 14.54 15.40 16.36 16.97 

Mid-span plastic moment 
(PM) resistance by SCI 
method: Mo,Rd_SCI 

(kNm) 

833 944 1017 1061 1109 1139 

Mid-span deflection 
corresponding PM by 
FE modelling (mm) 

103.7 95.5 102.8 111.5 112.0 – 

End slip corresponding 
PM by FE modelling 
(mm) 

3.5 4.4 5.7 7.0 7.5 – 

Note: “–” In the modelling, the maximum mid-span moment did not reach the 
mid-span plastic moment predicted by the SCI method due to the failure of the 
top flange. Therefore, the mid-span deflection and end slip corresponding to the 
predicted plastic moment were not obtained. 
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304.8 mm respectively. In addition, no change has been introduced to 
the web thicknesses and depths, therefore all beams have the same cross- 
sectional areas. The concrete cylinder strength is 32 N/mm2, the same as 
the tested composite beam, therefore the maximum connector resistance 
PRmax = 75 kN as shown in Fig. 5. The design resistance of shear 
connector PRd = 0.9PRmax. The equivalent connector resistance PRd,eff =

kflexPRd. Taking kflex = 0.85 to consider connectors are bolted shear 
connectors with non-uniform spacing. Table 4 and Fig. 18 show the mid- 
span plastic moment resistances predicted by SCI method and mid-span 
moment and mid-span deflection relationships predicted by FE model
ling. Due to poor convergence, the model with AR = 3.5_FE aborted 
earlier. But this did not impact significantly in terms of interpreting the 
results. It can be seen, for an asymmetry ratio not exceeding 3.0, that the 
mid-span plastic moments predicted by SCI method are close to the mid- 
span moments predicted by the FE models where the composite beams 
experienced decreasing stiffness afterwards or just before (asymmetry 
ratio 1.0). For an asymmetry ratio greater than 3.0, such as 3.5, the mid- 
span plastic moment predicted by the SCI method is higher than the 
maximum mid-span moment from the FE modelling result due to the top 
flange thickness being too small and not meeting the section classifica
tion requirement, so the SCI direction method can’t be used. 

5. Conclusions 

Following the experimental study of a cellular steel concrete com
posite beam, a FE model was developed using ABAQUS software and 
validated against the experimental observation. Satisfactory agreement 
was obtained. The comparison and analysis indicated that the FE model 
developed using ABAQUS software could be used to capture the struc
tural behaviour of this kind of composite beam including load bearing 
capacity, deflection, slip behaviour, stress/strain development and 
failure mode. Following the validation of the modelling method, a 
parametric study, covering different slab concrete strengths, different 
demountable shear connector arrangements and different asymmetry 
ratios of the steel beam section, was conducted. The parametric study 
further highlighted the structural behaviour and performance of the 
composite cellular beam system. Finally, the SCI direction method was 
adopted to predict the mid-span plastic moment resistance of composite 
beams with different concrete strengths, shear connector arrangements 
and section asymmetry ratios and compared with mid-span moments 
obtained from FE modelling, good agreement can be seen. The following 
conclusions can be drawn according to the numerical analysis:  

(a) the higher the concrete strength, the higher the composite beam 
stiffness and load capacity. However, for lower slab concrete 
strength, such as C20/25, the steel section might not develop its 
full loading capacity due to the shear connector failure, thus for 
the chosen steel section, it is recommended that the slab concrete 
grade shall not be lower than C30/37;  

(b) the arrangement of the shear connectors affected the behaviour of 
composite beam. The shear connectors close to the beam end 

contribute more shear resistance to the composite beam system 
due to the occurrence of higher slip close to ends and thus pairs of 
connectors are recommended;  

(c) the increase of the asymmetry ratio resulted in the neutral axis 
moving downwards and an increase in the composite beam 
stiffness or loading capacity. However, when the asymmetry ratio 
was 3.5, due to the small thickness of top flange, it appears that 
earlier shear connector failure reduced the loading capacity of the 
composite beam system. It is recommended, for the chosen beam 
section and adopted concrete grade, that an asymmetry ratio of 
2.0 – 3.0 be adopted.  

(d) the SCI direction method may be used to predict the plastic 
bending moment resistance of cellular composite beams using 
bolted/demountable shear connectors. 
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