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Abstract 

Wide concrete–cellular steel composite beams have emerged as an 

efficient structural solution for achieving enhanced the flexural 

behaviour, reducing self-weight, and improving the long-term 

behaviour in modern construction. This paper aims to investigate the 

flexural behaviour of composite wide concrete/cellular beams using 

nonlinear finite element compactional package ABAQUS 6.19. An 

experimental date from Victoire et al. (2024) was employed to build 

the numerical model. Load-deflection, load-slip and the modes of 

failure were the main parameters that investigated to check the 

accuracy of the numerical model. Extensive parametric studies using 

the validated model were conducted to understand the effects of 

varying opening shape, opening number, and connector configuration 

on flexural behaviour. The numerical results indicate that optimizing 

opening shapes, numbers and connector configuration leads to a 

desirable balance between stiffness, strength, and ductility.  Based on 

the numerical work conducted, it was found that circular and octagonal 

openings exhibited superior load-carrying capacity and ductility 

performance compared to those with rectangular or square openings, 

which suffered from high stress concentrations.  

1. Introduction 

The dominated use of steel/concrete composite systems as modern infrastructure is owing to their 

capability to merge the tensile resistance of steel with the compressive strength of concrete into a single 
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high-performance unit. Additionally, this connection allows composite structures such as bridges and 

multi-story buildings to satisfy the required strength and stiffness for any desired application [1-

3].Although composite structures, in terms of fundamental understanding and characterization 

composite action behaviour, has reached an advanced stage, the use of mechanical shear connectors are 

still requiring further research, in particular understanding the nonlinear composite behaviour (i.e. 

reduced deflections, enhanced ductility, and delayed collapse modes) of the different connecter 

configuration. This is vital for appropriate design of Concrete-Cellular Steel (CCS) composite beams 

[4-7]. The nonlinear composite behaviour is influenced by several parameters such as configuration and 

mechanical properties of shear connectors, furthermore, steel web geometry and the concrete part 

thickness. Headed stud connectors are usually preferred in connection between the steel beam and 

concrete slab due to their strong mechanical interlock; However, the connectors remain embedded 

within the concrete part, sophisticating the structural reconstruction process and making their 

dismantling impossible [8-13]. 

Several studies were proposed different such as blind-bolted connectors, locking-nut systems, and long 

tubular connectors that distribute stresses over greater concrete areas to reduce localized crushing and 

enhance workability during different loading conditions. It was previously showed that, bolted 

connectors offered better slip capacity than welded connectors which in turns improve durability [14-

16]. Despite this progress, the practical application of some alternative connector techniques still needs 

specialized tools, resulting in reduced construction efficiency and limited adoption.  

Also, numerical and theoretical research proved that, concentrating shear studs near supports improve 

the overall behaviour due to the high shear forces in those areas. However, poor interaction leads to 

increased deformation and premature failures caused by relative slip. Illustrating that, partially 

connected composite beams remain the weakest structural member if not designed carefully [17-22]. 

In recent years, steel design was proposed toward more complex composite sections, aiming to reduce 

self-weight together with enhancing structural capacity. Wide CCS beams represent one such innovative 

type, where openings are created to the steel webs to reduce material usage and facilitate service 

integration. Concurrently, opening introduces stress redistribution effects. This phenomenon must be 

carefully evaluated to ensure safe design performance [23-25]. 

Finite Element Analysis (FEA) has considered as an essential computational tool to understand the 

structural behaviour of these composite beams type i.e. CCS. ABAQUS is widely used for its ability to 

simulate the nonlinear behaviour for both steel and concrete. In particular, concrete cracking and 

crushing, steel plasticity, and contact interaction at the interface making it ideal for evaluating composite 

beam flexural behaviour under different loading conditions.  

Despite extensive research on composite beams and shear connectors. A significant research gap still 

existed regarding the flexural behaviour and interaction of wide CCS beams. The unique geometry of 

cellular steel sections presents a complex behaviour, necessitating a systematic understanding of stress 

transfer across the cellular steel web section and the concrete section, as well as the role of shear stud 

configuration in maintaining the composite mechanisms while resisting slip at the interface. 

Furthermore, the presence of opening and the reduced web area influence the initiation of plastic hinges 

and the web susceptibility to local instability including web post buckling, during bending.  

Therefore, this research aims to investigate the flexural behaviour of wide CCS beams using nonlinear 

FE software. Particularly focusing on evaluating the load and deflection characteristics, failure 
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mechanisms, internal stress distribution and the efficiency of shear force transmission across the 

steel/concrete interface.  

2. Summary of the Experimental Study Used for Validation 

Victoria et al. (2024) [26] conducted an experimental study to examine the bending behaviour and 

composite interaction between RC slabs and steel beams. The test specimens consisted of steel beams 

covered with RC slabs and mechanically connected via shear studs to provide partial or complete 

interaction. The properties of both the steel and RC were assessed prior to testing to ensure their accurate 

representation in the structural analysis. 

The composite beams were simply supported and subjected to monotonous loading using a four-point 

loads (see Figure 1). This experimental setup allowed monitoring flexural cracking and crushing in the 

RC slab. Linear variable displacement transducers (LVDTs) were attached at the mid-span and supports 

to monitor vertical deflection throughout the loading sequence.  

These instrumentations, conducted by Victoire, 2024 [26], were used as a reference database to validate 

the FE models developed in this study. By comparing the observed structural responses, such as load 

deflection behaviour, and failure patterns, with the corresponding numerical findings, the reliability of 

the numerical modeling were confirmed. 

2.1 FE Model Geometry and Material Properties 

To accurately investigate numerically the flexural behaviour of composite beams observed in the 

experimental reference study (Victoire et al., 2024) [26], a detailed three-dimensional FE model was 

developed (see Figure 1) using ABAQUS version 6.19. The composite beams span length was 2500mm 

and subjected to a four-point loading configuration applied symmetrically about the mid-span.  

The RC slab measured 405 mm in width and 90 mm in thickness as illustrated in Figure (1). The slab 

was reinforced with 8 mm diameter steel bars arranged in both longitudinal and transverse directions at 

115 mm spacing, in line with conventional reinforcement detailing practices for composite slabs. The 

steel beam section had chosen an IPE AA 140 profile. The mechanical shear connectors were 

numerically created as headed studs with 13 mm diameter and 60 mm height positioned in a single row 

along the top flange. In the fully composite beam configuration (CBFS), a total of twenty-eight headed 

studs were arranged at 90 mm intervals (see Figure 2 (a)). A partially composite configuration (CBPS) 

was also numerically represented by reducing the number of studs to fourteen (See Figure 2(b, c, and 

d)), an approximate 50% degree of shear connection. 

In the FE simulation, the steel beam was modeled using 8-node linear brick elements with reduced 

integration (C3D8R), and exhibited as elastic- plastic material with strain hardening.  The RC slab part 

was also modeled using same above solid elements (C3D8R), enabling to capture three-dimensional 

elastic and plastic stresses, within cracking and crushing concrete regions (adopting Concrete Damage 

Plasticity (CDP) material model). Reinforcement steel bars were represented as 2-node truss elements 

(T3D2) inserted within the RC slab part using the “embedded region”. Steel reinforcement materiel was 

also modeled using same above steel beam material representation. The mechanical shear connectors 

were simulated using solid elements (C3D8R). For improve accuracy of the numerical model in 

evaluating partial interaction effects, cohesive surface approach was also introduced in present 

numerical analyses. Applied line uniform loading and boundary conditions were simulated using solid 

elements (C3D8R) as steel bearing plates to uniformly distribute applied loads and reactions. 

https://doi.org/10.59675/E412
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The material properties used in the FE model were adopted from the experimental study conducted by 

Victoire et al. (2024) [26]. The average compressive strength (fcu) was varied from 25.3 to 27.0 MPa 

the splitting tensile strength was ranged between 2.5 and 2.7 MPa. Reinforcement in the RC slab 

consisted of D8 high-yield deformed bars with a yield strength of 437.7 MPa, an ultimate tensile strength 

of 561.9 MPa. 

The steel beam was fabricated using an IPE AA 140 section of S355 grade structural steel. The material 

exhibited a yield strength of 387.1 MPa, an ultimate tensile strength of 538.8 MPa. The shear connection 

between the steel beam and the RC slab was achieved through headed shear studs made of mild steel. 

The yield strength of the studs was 339 MPa, whereas the ultimate strength was 456 MPa. 

https://doi.org/10.59675/E412
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Figure 1. Composite Beam Test Setup (a) Experimental (b) Numerical model 
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(a) Beam with Full Shear 

Connection (Uniform 

Distribution of 

Connectors) 

I- Experimental 

II- Numerical 

I- Experimental  

II- Numerical 

(b) Beam with Partial Shear Connection 

(Uniform Distribution of 

Connectors) 

I- Experimental  

II- Numerical 

I- Experimental  

II- Numerical 

Figure 2. Different layout of The Shear Stud Connectors 
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3. Validation Results 

The accuracy of the developed FE model was assessed by comparing experimental findings reported by 

Victoire et al. (2024) [26] with that predicted by the FE model. Four samples were used to validate the 

numerical model. This validation was focused on key parameters i.e. load–deflection, ultimate load 

capacity, stiffness, and failure modes. The close agreement between numerical and experimental 

outcomes confirmed the validity of the adopted FE model. 

3.1. Load–Deflection Relationships 

The comparison of load–deflection curves between experimental and numerical results (Figure 3) 

demonstrates excellent correlation across all beam configurations. Both datasets exhibit an initial linear 

response corresponding to the elastic phase, followed by a nonlinear region governed by the onset of 

cracking in the RC slab and yielding in the steel beam. 

For the fully composite beam (CBFS), the FE model accurately reproduced the stiffness and post-yield 

ductility observed experimentally. The predicted ultimate load was within 5% of the test results, 

validating the constitutive material models and load-application approach.  

In the partially connected beam (CBPS) and stepped configurations, the FE results also followed the 

same nonlinear trend as the experimental curves. Slight overestimation of mid-span deflection at high 

load levels was observed (within percentage error 8 %), likely due to the simplified representation of 

concrete cracking and localized crushing near the loading zones. Nonetheless, the general agreement 

across all stages of loading demonstrates the model’s robustness in predicting the flexural response and 

the degradation of stiffness leading up to failure. 

  

Figure 3. Validations Load-Deflection Curves of Composite Beams. 
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3.2 Failure Modes 

The experimental and numerical failure patterns of all beam configurations are illustrated in Figures (4–

7). Overall, the FE (FE) analysis successfully reproduced the sequence, distribution, and type of failures 

observed in the laboratory tests. 

In case of CBFS, both experimental and numerical results exhibited a typical flexural failure mode 

governed by the interaction of tensile cracking in the RC slab, compressive crushing at the loading 

points, and yielding of the steel section in mid-span zone. In the FE results, both stress and strain 

contours (as shown in Figure 4b), showed high compressive stresses concentrated at the upper concrete 

surface beneath the loading points accompanied by maximum tensile stresses along the slab. At ultimate 

load, localized RC crushing developed in the compression zone. Whereas steel beam exhibited plastic 

deformation in the bottom flange, forming plastic hinge. This failure pattern agrees closely with the 

experimental observations.  

In the second case i.e. CBPS, the FE model revealed a more complex failure process characterized by 

progressive interfacial slip and earlier crack initiation compared to the fully composite specimen. Due 

to the reduced number of shear connectors, shear transfer across the interface was partially 

compromised. This led to a localized stress concentration around the connectors and along the steel 

flange (see Figure 5). The good agreement between the experimental and numerical findings verification 

that the FE model effectively captured the influence of reduced shear connection on the overall load 

transfer mechanism and flexural behaviour. 

For the 2-stepped and 3-stepped connector (Figure 6 and Figure 7) configurations, both the experimental 

and numerical finding demonstrated significantly enhanced behaviour compared to the uniformly 

distributed partial connection. The FE model showed that, the stepped connector layout promoted a more 

uniform shear stress distribution along the beam/slab interface. As a result, failure occurred in more 

distributed and ductile manner. Cracks in the RC slab were finer and more evenly spread along the span 

which, in turn resulted in less localized RC crushing.  

 

 

Figure 4. Validations Failure Modes of Composite Beam CBFS (a) Experimental (b) Numerical 

(a) (b) 
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Figure 5. Validations Failure Modes of Composite Beams CBPS (a) Experimental (b) Numerical  

(a) (b) 

Figure 6. Validations Failure Modes of Composite Beam CBPS-2-stepped (a) Experimental (b) Numerical 

(a) (b) 

Figure 7. Validations Failure Modes of Composite Beams CBPS-3-stepped (a) Experimental (b) Numerical 

(b) (a) 

https://doi.org/10.59675/E412


33 
Aca. Intl. J. E. Sci. 2026;4(1) 24-42. DOI: https://doi.org/10.59675/E412  

4. Key Parameters Discussion 

The FE simulations of wide CCS composite beams revealed systematic trends in flexural performance, 

stiffness, ductility, and failure mechanisms. All of which were significantly influenced by the geometry 

of the web openings, the number of openings, and the degree of shear connection (η) between the steel 

beam and the RC wide beam.  

Table 1 showed the ultimate load capacity (Fu) from the FE analysis. It can be seen that Fu was clearly 

dependent on both opening geometry and composite interaction level. In Case 1, i.e. CBFS, ultimate 

loads ranging from 125 kN to 166 kN were exhibited by the fully composite beams. Whereas in Case 2 

(CBPS), loads of 105 kN to 159 kN were achieved by the stepped partially composite configurations. It 

was demonstrated that much of the capacity lost due to reduced shear interaction was effectively 

recovered by the stepped connector system. Among the fully composite beams, the CBFS model with 

six circle openings achieved the highest ultimate and yield loads (Fu = 166 kN, Fy = 122 kN). Whereas 

the six-rectangular-openings CBFS beam displayed the lowest performance (Fu = 125 kN, Fy = 88 kN), 

reflecting an approximation of 24% reduction attributable to sharp-corner stress concentration and 

impaired web stability.  

Also, Table 1 showed that the trends observed in ultimate moment capacities (Mu) aligned closely with 

the load results, confirming the reliability of the FE predictions. For CBFS beams, i.e., fully composite 

configurations, Mu values ranging from 78.1 to 103.8 kN·m were recorded. Whereas values ranging 

from 65.6 to 99.4 kN·m were exhibited by partially composite models. The highest moment capacity 

was recorded for the CBFS beam with six circular openings (Mu = 103.8 kN·m), followed by the CBPS-

3-stepped beam of the same configuration (Mu = 99.4 kN·m). It can be seen in this Table also that the 

combined effects of shear connection and opening geometry were reflected by deflection behaviour and 

ductility ratios. For fully composite CBFS beams, deflections at yield (δy) and ultimate deflections (δu) 

ranging from 10.8 to 15.2 mm and from 27.2 to 42.5 mm were recorded, respectively, yielding ductility 

ratios (δu/δy) of 2.52–2.80. Increased ductility was exhibited by stepped CBPS configurations, 

particularly in the CBPS-3 series, i.e., the 3-Stepped partially composite arrangement, where ratios of 

3.44 and 3.27 were reached for the twelve-octagonal-opening beam and the six-square-opening beam, 

respectively. This represented a 23–36% improvement over fully composite specimens. This 

enhancement was attributed to the distributed shear transfer facilitated by the stepped connectors. 

Consequently, controlled yielding of both steel and RC components was allowed, and higher energy 

absorption prior to failure was achieved. Higher ductility was achieved in steel beams with circular, 

octagonal, and hexagonal openings compared to those with rectangular openings.  The interface slip 

analysis further confirmed the role of shear connection detailing in composite action efficiency. CBFS 

beams exhibited end slips of 0.63–0.85 mm (as shown Table 1). This suggested a strong interfacial 

bonding and effective shear transfer. Moreover, reducing the degree of connection to η = 0.5 in CBPS 

beams the slip was increased to 1.78–2.45 mm. Beams with rectangular and square openings exhibited 

higher slip due to localized deformations and reduced cross-sectional stiffness, consistent with their 

lower ductility and strength. 
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Table 1: Parameters Investigated 

Beam ID 
CBFS 

(η =1.0) 

CBPS 

(η =0.5) 

Opening Shape Circle Octagon Hexagon Square Rectangle Circle Octagon Hexagon Square Rectangle 

Opening 

Number 
12 6 12 6 12 6 12 6 6 3 12 6 12 6 12 6 12 6 6 3 

Failure Mode 
W-P 

B 
F 

W-P 

B 
F F F 

V-H & W-

P 
F V-H F 

W-P 

B 

W-P 

B 

W-P 

B 

W-P 

B 
W-P B F 

V-H & W-

P 
V-H V-H F 

Fu (kN) 151 166 142 162 138 158 135 155 125 145 131 145 124 142 120 138 118 135 105 126 

Fy (kN) 112 122 104 122 100 118 98 116 88 108 91 99 82 98 79 96 78 94 65 88 

Mu (kN.m) 94.4 103.8 88.8 101.3 86.3 98.8 84.4 96.9 78.1 90.6 81.9 90.6 77.5 88.8 75 86.3 73.8 84.4 65.6 78.8 

δy (mm) 12.1 10.8 13.8 11.2 14.2 11.5 14.5 11.8 15.2 12.8 13 11.2 14.5 11.8 15.2 12.2 15.8 12.6 18.5 13.5 

δu (mm) 31.8 27.2 36.2 28.5 37.8 29.2 38.2 30.2 42.5 32.5 35.2 29.4 40.8 30.9 42.5 31.8 42.5 33.5 48.2 35.8 

Ductility Ratio 2.63 2.52 2.62 2.54 2.66 2.54 2.63 2.56 2.8 2.54 2.71 2.63 2.81 2.62 2.8 2.61 2.69 2.66 2.61 2.65 

Slip (mm) 0.73 0.63 0.75 0.66 0.78 0.68 0.78 0.69 0.85 0.72 2.08 1.78 2.18 1.86 2.25 1.92 2.28 1.98 2.45 2.15 

BEAM 

ID 

CBPS-2-stepped 

(η = 0.5) 

CBPS-3-stepped 

(η = 0.5) 

Opening Shape Circle Octagon Hexagon Square Rectangle Circle Octagon Hexagon Square Rectangle 

Opening 

Number 
12 6 12 6 12 6 12 6 6 3 12 6 12 6 12 6 12 6 6 3 

Failure Mode 
W-P 

B 
F 

W-P 

B 
F 

W-P 

B 
F 

V-H & W-

P 

W-P 

B 
V-H F 

W-P 

B 
F 

W-P 

B 
F 

V-H & 

W-P B 
F 

V-H & W-

P 
V-H 

V-H & W-

P B 
F 

Fu (kN) 137 151 130 148 126 144 124 141 112 132 145 159 137 156 133 152 131 149 118 140 

Fy (kN) 101 109 92 108 89 106 88 104 78 98 105 113 96 113 93 110 92 108 82 102 

Mu (kN.m) 85.6 94.4 81.3 92.5 78.8 90 77.5 88.1 70 82.6 90.6 99.4 85.6 97.5 83.1 95 81.9 93.1 73.8 87.5 

δy (mm) 12.6 10.9 14 11.4 14.8 11.8 15.2 12.2 17.8 12.9 12.3 10.6 13.6 11 14.4 11.4 14.8 11.9 16.9 12.4 

δu (mm) 37.6 31.5 43.5 33.1 45.2 34.2 45.8 35.8 52.1 38.2 40.8 34.2 46.8 36.2 48.6 37.5 49.2 38.9 56.3 41.8 

Ductility Ratio 2.98 2.89 3.11 2.9 3.05 2.9 3.01 2.93 2.93 2.96 3.32 3.23 3.44 3.29 3.38 3.29 3.32 3.27 3.33 3.37 

Slip (mm) 1.59 1.38 1.68 1.44 1.73 1.48 1.75 1.52 1.88 1.65 1.42 1.24 1.52 1.28 1.58 1.32 1.58 1.36 1.65 1.48 
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4.1- Failure Modes and Stress Mechanisms 

The FE simulations provided a detailed understanding of the progressive deformation and ultimate 

failure behaviour for the wide CCS composite beams. The analysis demonstrated that the overall 

structural response was governed by three primary mechanisms as the following stages: 

• Stage I: Web-Post Buckling (W-P B) in which buckling was initiated at the opening locations. 

• Stage II: Vierendeel Hinging (V-H) in which hinges were developed at the corners of the 

openings. 

• Stage III: Flexural failure of the RC slab (F) in which the final failure mode was observed. 

 

The dominance of these mechanisms was strongly dependent on the geometry and number of the web 

openings. It also depends on the degree of shear connection (η) between the steel beam and RC slab.  At 

the early stage of loading, a uniformly stress distribution was observed in the steel web contours. This 

was attributed to the effective composite interaction between the steel and RC components. As the 

applied load was increased, stress concentrations was developed around the edges of the cellular 

openings. These concentrations were particularly pronounced at the narrow web-post regions separating 

adjacent holes. In the case of beams with circular and octagonal openings, the load-transfer paths around 

the opening boundaries were smooth and continuous, producing uniform stress diffusion and delaying 

the onset of instability. At higher load levels, localized compressive stresses formed at the mid-height 

of the web-posts, leading to out-of-plane deformations and eventually web-post buckling, as illustrated 

in Figure (8) and Figure (9) (The 6-octagonal-opening beam (CBFS) and 12-circular-opening beam are 

representative examples of this behaviour). The numerical simulations revealed that this buckling 

typically initiated near the line loads and propagated symmetrically toward the flanges.  

Figure 8. Web-Post Buckling (W-P B) Failure Mode of Octagon Opening –NO. 6 

 

 

Figure 9. Web-Post Buckling (W-P B) Failure Mode of Circle Opening NO. 12 
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In contrast, a different stress distribution pattern dominated by Vierendeel hinging was exhibited by 

beams containing rectangular and hexagonal openings, often accompanied by secondary web-post 

buckling. Specifically, high stress concentrations were created around the sharp corners of the 

rectangular openings. As illustrated in Figure 10, Vierendeel hinge was formed in this region under 

increasing load. Consequently, visible distortion of the opening boundaries and the formation of 

diamond-shaped openings were observed. 

 

The hexagonal openings showed a somewhat improved response due to the inclined sides that 

distributed shear stresses more evenly; nevertheless, with an increased number of openings (twelve) as 

shown in Figure (11), the effective web depth was reduced, intensifying shear demands and accelerating 

hinge formation. The interaction between Vierendeel action and web-post buckling produced a gradual 

degradation of stiffness in the load–deflection curves, consistent with the progressive yielding of the 

web observed in the FE strain plot. 

 

 

 

  

Figure 10. Vierendeel Hing & Web-Post Buckling (V-H& W-P B) Failure Mode of 

Rectangular Opening NO. 6 

 

  

Figure 11. Vierendeel Hinge & Web-Post Buckling (V-H& W-P B) Failure Mode of Hexagon Opening NO.12 
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The flexural failure of the RC slab occurred predominantly in beams with high stiffness and strong steel 

webs, such as the fully composite CBFS specimens with six circular openings. In this beam, the steel 

section remained mostly elastic while the RC slab reached its tensile capacity at mid-span. The FE crack-

pattern outputs (see Figure (12)) indicated the initiation of flexural cracks at the slab soffit, which 

propagated upward toward the compression zone as loading increased.  

 

The degree of shear connection significantly influenced the propagation of these failure mechanisms. 

Beams with full shear connection i.e. η=1.0 exhibited greater stiffness, improved strain compatibility, 

and delayed local instabilities. Conversely, partially composite beams i.e. η=0.5 developed web-post 

buckling at much lower loads, accompanied by wider plastic hinge zones within the web. From Figures 

13, 14, and 15, it can be seen that partial connection reduced the interfacial shear transfer, allowing the 

steel section to deform more freely. Consequently, localized overstressing around the openings was 

caused.  

However, when stepped shear connector configurations were introduced in the CBPS-2 and CBPS-3 

models, the progression of these local instabilities was substantially delayed. The stepped arrangement 

improved the distribution of shear forces along the beam–slab interface, as reflected by the smoother 

stress gradients and smaller plastic regions in the von Mises plots (Figure (13) (14) (15)). Consequently, 

a more uniform strain distribution across the beam depth was achieved. Moreover, the failure mode was 

changed to controlled local buckling rather than unstable web collapse.  

 

 

Figure 12. Flexural Failure Mode the Reinforced Concrete Slab of Circular 

Opening NO.6 

  

 Figure 13. Vierendeel Hing (V-H) Failure Mode of Rectangular Opening NO. 6 
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4.2- Influence of Key Parameters on Flexural Behaviour 

The flexural behaviour of wide CCS composite beams is highly influenced by several design parameters, 

particularly the shape of the web openings, number of openings, degree of shear connection (η), and the 

configuration of the shear connectors. Each parameter governs the flexural load capacity, and ductility. 

The following discussion provides a comprehensive understanding of these parameters influence the 

structural response of the proposed composite beams under flexural loading. 

4.2.1 Influence of Key Parameters on Flexural Load Capacity 

Figure (16) showed an analysis of ultimate flexural capacity (Fu) across steel beams with various web 

opening shapes and different shear connector configurations of wide CCS composite beams. 

Plastic Hinge 

Figure 14. Vierendeel Hinge (V-H) Failure Mode of Square Opening NO.6 

 

Figure 15. Web-Post Buckling (W-P B) Failure Mode of Octagon Opening NO.12 

https://doi.org/10.59675/E412


39 
Aca. Intl. J. E. Sci. 2026;4(1) 24-42. DOI: https://doi.org/10.59675/E412  

 

 

The results show that composite beams with circular openings illustrate magnificence sensitivity to both 

openings number and shear connector configurations. The CBFS beam capacity with six opening is 166 

kN, which representing the highest capacity obtained. However, this capacity reduced to 151 kN when 

the number of openings increases to twelve under the same full shear connection condition. 

Figure 16 showed that, steel beams with hexagonal openings exhibited moderate behaviour 

characteristics across the range of shear connection configurations examined. An ultimate load of 158 

kN was yielded by the full shear connection arrangement with six openings. 

A consistent behaviour across different opening numbers was illustrated in the case square openings, 

with noticeably lower flexural capacities compared to circular and octagonal geometries. An ultimate 

load of 155 kN was achieved by the CBFS composite beam with six openings (see Figure (16)). Whereas 

135 kN was reached by the CBFS composite beam with twelve openings. 

In case of beams with rectangular openings, the lowest load-carrying capacity among all opening shapes 

were displayed, with values ranged from 105 to 145 kN. Substantial variation based on opening quantity 

was shown by the results, as evidenced by the difference between beams with six openings under CBPS 

conditions and with those having three openings under CBFS conditions, which yielded 105 kN and 145 

kN, respectively. More severe stress concentrations were potentially produced by rectangular openings 

than other shapes.  

  

Figure 16. Flexural Load Capacity of Wide Concrete–Cellular Steel Composite Beams with Various Opening Shapes and 

Shear Connection Configurations 
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4.2.2. Influence of Key Parameters on Ductility Ratios   

Figure (17) illustrates the ductility ratio across steel beams with various web opening shapes (circular, 

octagonal, hexagonal, square, and rectangular) distributed in 3, 6, or 12 openings along the steel beam 

span and different shear connector configurations (CBFS, CBPS, 2-Stepped and 3-Stepped CBPS) of 

wide CCS composite beams. 

In general, the results show that composite beams with partial shear connecters consistently exhibit more 

ductile compared to their fully connected counterparts. For example, The 3-Stepped CBPS configuration 

showed the highest ductility ratios, with data ranging from 3.23 to 3.44. This is due to that shear 

connector configuration facilitate more plastic deformation before failure, by promoting a more 

distributed yielding mechanism and postponing early connection failure. 

The ductility ratios of circular opening ranging from 2.52 and 3.32 depend on shear connector 

configurations and opening number. For the case of steel beams with twelve circular openings, a ductility 

ratio of 3.32 was reached by the 3-Stepped CBPS, representing 26% improvement over the CBFS which 

achieved 2.63. 

For the case of hexagonal openings, ductility ratios ranging from 2.54 to 3.38 were observed through 

the investigated key parameters.  

Ductility trends for both square and rectangular opening were relatively comparable. Ductility ratios of 

beams with six square openings spanning from 2.56 (CBFS) to 3.27 (3-Stepped CBPS). The opening 

number and ductility ratio showed accurate patterns that change with connection condition. For CBFS, 

increasing the number of openings from three to twelve generally produces modest effects on ductility 

ratio, with variations within 5-10% for any given geometry. However, under partial connection 

condition, particularly the stepped configurations, the effects of opening number becomes more obvious  

  

Figure 17. Ductility Ratios of Wide Concrete–Cellular Steel Composite Beams with Various Opening Shapes and 

Shear Connection Configurations 
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5. Conclusions  

This research numerically investigated the effect of web opening shapes, the number of openings, and 

the degree and configuration of the shear connections on the performance of wide composite cellular 

RC beams. The following key conclusions can be drawn: 

1. The bending behaviour and shear force transition of the composite beams studied in the experimental 

reference study (Victoire et al., 2024) were accurately predicted by a detailed numerical model.  

2. Higher load-bearing capacity and ductility were exhibited by beams with circular and octagonal 

openings compared to those with rectangular or square openings.  

3. A crucial role in governing the composite interaction, enhanced distribution of shear forces along the 

steel beam-RC slabs interface, and overall flexural behaviour of wide CCS beams was played by the 

degree of shear connection (η) between the steel beam and the RC wide beam.  

4. Reduced shear transmission efficiency was resulted from partial shear bonding of the cellular steel 

beams, which led to premature web bending and early onset of both web post buckling and Vierendeel 

hinge failure.  

5. It was demonstrated by the results that a desirable balance between stiffness, strength, and ductility was 

achieved through optimizing the shape and number of openings and the configuration of shear studs, 

ensuring stable and ductile performance under static loads.  
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