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This study experimentally investigates the structural behavior of steel–concrete composite slabs 
under monotonic loading, with a focus on evaluating the influence of fiber content, fiber types, layer 
arrangement, and screw density on their performance. Twelve composite slabs, consisting of two 
layers of lightweight aggregate concrete (LWAC) and fiber-reinforced concrete (FRC) cast on steel 
decking, were fabricated and subjected to four-point bending tests. Experimental variables included 
fiber volumes (0.1%, 0.3%, 0.5%), fiber types (steel, polypropylene, or hybrid steel‒polypropylene), 
shear connector types (screws, end shear studs), screw spacings (200 mm, 300 mm), and layer 
arrangement. The results showed that increasing the fiber content significantly enhanced load 
resistance, reduced end slip, and improved strain capacity. Specifically, slabs with 0.5% fiber content 
achieved a 155% higher load capacity compared to those with 0.1%. Placing fiber-reinforced concrete 
(FRC) in the bottom layer and lightweight aggregate concrete (LWAC) on top provided better 
composite action, optimizing the performance of all components. Screw connectors greatly improved 
shear bond resistance and flexural strength, with slabs using 200 mm screw spacing showing 2.6 times 
higher strength than those without screws. Compared to traditional steel–concrete composite slabs, 
screw reinforcement increased flexural strength by up to 164%. The combination of FRC and screws led 
to favorable failure modes, such as distributed flexural and shear cracking with slip, which effectively 
utilized the full material capacity.

Keywords  Composite slabs, Fiber-reinforced concrete, Lightweight aggregate concrete, Shear connectors

Composite slabs combining structural concrete with innovative materials are widely used in modern 
construction, offering advantages like reduced self-weight and streamlined construction processes1–3. Renowned 
for their economic and structural efficiency, these composite decking slabs have become a preferred choice in 
various projects. The profiled steel sheeting functions as both permanent formwork and tensile reinforcement, 
providing critical support throughout the slab’s service life. These systems address critical failure modes at the 
concrete‒steel interface, where shear bond resistance is crucial to maintaining structural integrity. Failure at 
this interface often dominates the overall system’s performance, with mechanical failure and excessive end slip 
lengths being the primary failure mechanisms.

Shear bond failure—commonly seen as end slip or delamination—remains a major concern in composite 
slabs. Several studies4–6 investigated various configurations of steel profiled sheeting to enhance the shear 
resistance between the concrete and steel decking. Other studies7,8 addressed this issue by developing mechanical 
interlocks to improve interfacial friction between the two materials. Screw-type shear connectors, in particular, 
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enhance mechanical interlocking, suppress crack propagation, and significantly improve ductility and shear 
bond resistance9–14.

According to reference7the optimal placement of screws significantly enhances shear bond resistance, reduces 
end slip, and improves ductility in composite slabs. This approach is more economical and practical compared 
to the heavier and more complex system proposed in15which, while effective, is less feasible for widespread 
application. The study emphasizes the importance of carefully controlling screw density and placement to 
maximize load transfer and minimize crack propagation.

The integration of lightweight aggregate concrete (LWAC) and fiber-reinforced concrete (FRC) has enhanced 
composite systems by reducing weight while improving load-bearing capacity and durability16,17. Advances in 
laminated designs, which combine LWAC and FRC layers, have demonstrated superior mechanical performance 
and load distribution6,13,18. In addition to innovations in connector technology, improvements in concrete 
materials have significantly boosted the performance of composite slabs.

LWAC is valued for its lightness but is inherently brittle and prone to cracking. To address these limitations, 
lightweight aggregate concrete reinforced with steel and polypropylene fibers has been developed, offering 
improved tensile strength, ductility, and resistance to fire and cracking19,20,35. Youssf et al.36 studied the cyclic 
performance of steel–concrete–steel sandwich beams with rubber concrete and lightweight expanded clay 
aggregate as the lightweight core to highlight the role of shear connectors in ductility and bond performance. 
Tahwia et al.37 further identified that chopped basalt fiber will ameliorate compressive strength, impact resistance, 
and microstructural arrangement of high-performance concrete. Building on this, researchers have introduced 
laminated composite slabs featuring two layers: an upper LWAC layer and an underlying FRC layer. Their 
findings demonstrated that this laminated configuration improves structural performance and load distribution 
compared to monolithic slabs.

A comparative study of existing design methods, including the m-k method and partial shear connection 
theory, revealed that these approaches fail to accurately predict the load capacity of laminated slabs. However, 
the proposed modifications, which account for the unique mechanical properties of the two layers, yielded 
significantly more accurate predictions. These results underscore the need for tailored design strategies for 
composite systems incorporating advanced materials like FRC.

The addition of fibers to concrete matrices has significantly enhanced crack resistance and tensile strength 
21–23. Polypropylene fibers improve ductility and effectively control plastic shrinkage cracks but offer limited 
load-bearing capacity compared to steel fibers24,25. Steel fibers, on the other hand, excel in enhancing flexural 
and shear resistance, making them suitable for high-stress applications26.

Hybrid fiber systems combine the strengths of polypropylene and steel fibers, achieving synergistic 
improvements in ductility, crack distribution, and post-crack performance, particularly under high-loading 
conditions27–33. The combined effect of these fibers enhances crack control and flexural strength, suggesting that 
hybrid fiber-reinforced laminated slabs can outperform conventional systems.

LWAC is increasingly used due to its lightness and cost-effectiveness. However, its inherent brittleness and 
susceptibility to cracking have limited its structural applications, prompting the development of FRC, which 
incorporates steel and polypropylene fibers to enhance tensile strength and crack resistance33,34. Additionally, 
two-layer pouring techniques, where a reinforced bottom layer supports a standard LWAC top layer, have shown 
potential for improving load transfer and shear resistance20,29.

While the structural performance of composite slabs using laminated pouring processes has been studied, 
prior research has primarily focused on either material innovations or connector enhancements. The combined 
effects of advanced screw connectors and hybrid fiber-reinforced concrete layers on shear bond strength, end 
slip reduction, and crack propagation control remain underexplored. Therefore, this study addresses these 
gaps by investigating composite slabs featuring various laminated LWAC and FRC layer configurations, as 
well as shear connector types and densities. This study is a new comprehensive experimental work, evaluating 
mixed FRC and LWAC in 12 steel‒concrete composite slabs under monotonic loading tests, with key variables 
including fiber content (0.1%, 0.3%, 0.5%), fiber type (steel, polypropylene, hybrid steel‒polypropylene), and 
shear connector spacing (200 mm, 300 mm). The key expected finding of this study is to develop an efficient 
lightweight composite slab system.

Experimental program
In this study, twelve steel‒concrete composite slabs are fabricated. The slab parameters involving the combined 
fiber-reinforced concrete (FRC) and lightweight aggregate concrete (LWAC), the fiber types and amount, and the 
configurations and details of shear connectors are analyzed.

Design of specimen and material properties
The overall geometries of all the slab specimens are with width (b) × length (L) × height (h) = 720 × 3800 × 150  mm3. 
The profiled steel sheet used in this study is illustrated in Fig. 1 a and b, with its geometric and material properties 
summarized in Table 1. Figure 1c and d illustrate the steel decking with screws and shear studs at each end, 
respectively. Figure 1e demonstrates the concrete layers arranged in the composite slabs. The steel decking had 
a thickness of 0.95 mm, a yield strength of 395 MPa, and an elastic modulus of 200 GPa. Lightweight aggregate 
concrete (LWAC) was prepared using Karemzit aggregates with grain sizes ranging from 10 mm to 20 mm, shown 
in Fig. 2a. Polypropylene fibers and steel fibers were added to produce fiber-reinforced concrete (FRC) (Fig. 2b 
and c) with mixed proportions in a 3:7 ratio. Table 2 shows the concrete mix design. The fiber content in the 
concrete mix was categorized into three levels 0.1%, 0.3%, and 0.5%. Figure 2d illustrates the screw dimension.

Designations for each slab are identified as follows: RC represents reinforced concrete with steel bars with a 
diameter of 8 mm, a percentage of steel reinforcement of 0.175%, FH refers to hybrid fiber-reinforced concrete, 
FHS denotes fiber-reinforced concrete with shear keys, FPS indicates polypropylene fiber-reinforced concrete 
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only, FSS refers to fiber steel concrete with screws, FHST refers to hybrid fiber-reinforced concrete with end shear 
studs. Configurations with “I”, “II”, and “III” represent fiber content levels of 0.1%, 0.3%, and 0.5%, respectively, 
while “O” indicates reversed layers of concrete.

The slabs included 250 mm of development length from each support. Shear span lengths were kept constant 
at Ls​ = L’/4, in which L’ is the length of the slabs between two supports. Screw spacings were generally 200 mm, 
except for slabs 11 and 12, which featured 300 mm spacings. Table 3 summarizes all the slab configurations. 
Figure 3a, b present the elevation view of the slab details. The testing setup included a 500 kN capacity load cell, 
a 50 mm capacity displacement transducer, and a data logger for monitoring test data. Strain gauges were used 
to measure the strain in the concrete and profiled steel sheeting, as illustrated in Fig. 3b.

To cast the composite slabs, the FRC was first poured to a specified thickness, followed by the immediate 
pouring of LWAC before the initial setting of the lower layer for at least 30 min, as shown in Fig. 1e. Shear 
connectors, including screws and studs, were installed according to the specific design configurations. The 
concrete layer thickness for each layer was followed by the experimental studies of Li et al.20with the most 
effectiveness of the first layer about 90–100 mm from the bottom of the steel decking. The slabs underwent 30 
days of curing, employing a wet curing method.

Thickness (mm) Moment of inertia (cm4)
Section modulus
(cm3/cm) Yield strength (MPa) Elastic modulus (GPa)

0.95 73.565 22.287 395 200

Table 1.  Geometric and material of profile steel sheeting.

 

Fig. 1.  Configuration of steel decking: a geometry and dimension; b real steel decking; c steel decking with 
screws; d steel decking with shear studs; e concrete layers. Dimensions in mm.
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Test setup
The experimental setup with four-point bending tests consisted of simply supported slabs with a pin and roller at 
each end. A 500 kN electrohydraulic system applied a concentrated load at L’/4 using a loading control method at 
0.2 kN/second. The test setup is illustrated in Fig. 3a and b. Displacements at the middle and applied load points 
were measured using the linear variable displacement transducers (LVDTs). Strains in the steel decking and 
concrete at the mid-span were recorded using the strain gauges. The slipping between concrete and steel decking 
was determined by monitoring longitudinal displacements in the concrete and the steel sheet.

Results and analysis
Load versus deflection
The load‒deflection curves in Fig. 4a‒d depict the behavior of composite slabs under monotonic loading. Table 4 
presents the peak loads and corresponding deflections observed during the experiments for all tested specimens. 

Slab ID
f ’c (FRC) 
(MPa)

f ’c (LWAC) 
(MPa)

Dimensions b × L × 
h (mm3) tp (mm)

Screw 
spacing 
(mm)

End 
shear 
studs

Percentage of 
polypropylene 
fibers

Percentage of 
steel fibers Ls (mm)

Ap 
(mm²)

1-FH-I – 30.4 720 × 3800 × 138 0.95 – – 0.03% 0.07% 825 1146

2–FH-II 35.3 30.4 720 × 3800 × 153 0.95 – – 0.09% 0.21% 825 1146

3-FH-III – 30.4 720 × 3800 × 156 0.95 – – 0.15% 0.35% 825 1146

4-FHS-II 35.3 30.4 720 × 3800 × 164 0.95 200 – 0.09% 0.21% 825 1146

5-FHS-O-II 35.3 30.4 720 × 3800 × 163 0.95 200 – 0.09% 0.21% 825 1146

6-FSS-II 30.3 30.4 720 × 3800 × 154 0.95 200 – – 0.30% 825 1146

7-FHST-II 35.3 30.4 720 × 3800 × 157 0.95 – 4 0.09% 0.21% 825 1146

8-FHST-O-II 35.3 30.4 720 × 3800 × 150 0.95 – 4 0.09% 0.21% 825 1146

9-FPS-II 33.3 30.4 720 × 3800 × 152 0.95 – – 0.30% – 825 1146

10- RC 30.4 30.4 720 × 3800 × 146 0.95 – – – – 825 1146

11-FHS-II-300 35.3 30.4 720 × 3800 × 154 0.95 300 – 0.09% 0.21% 825 1146

12-FSS-II-300 35.3 30.4 720 × 3800 × 156 0.95 300 – – 0.30% 825 1146

Table 3.  Dimensions and geometrical properties of specimens. f ’c = concrete compressive strength (MPa); 
b = slab width (mm); L = slab length (mm); h = slab height (mm); tp = decking thickness (mm); Ls = shear span 
length (mm); Ap = area of steel profile decking (mm2).

 

Components Details
Mix proportion for 1 m3 of 
LWAC

Aggregate Karemzit (lightweight aggregate) with the grain size of 10–20 mm
cement: 420 kg/m³, sand: 
720 kg/m³, Karemzit: 400 kg/
m³, water: 200 kg/m³, fiber: 1, 3, 
or 5 kg/m³

Fibers 30% polypropylene fibers and 70% steel fibers

Total fiber content in 1 m3 of LWAC 0.1 – 0.5% depending on specimens

Table 2.  Mix proportion of concrete.

 

Fig. 2.  Lightweight concrete with the proportion of mixed fiber materials: a shape of karemzit lightweight 
aggregate; b polypropylene fiber; c steel fiber; d screw with a diameter of 5.5 mm.
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Initially, all experimental curves display a linear phase, reflecting elastic behavior until the onset of cracking. 
Following crack initiation, the responses deviate, signaling a redistribution of internal stress and a reduced 
stiffness within the composite slabs. These variations are attributed to the influences of the type and content of 
fibers as well as the screw spacing, which are analyzed in the following sections.

Effect of fiber content
To investigate the fiber content, Fig.  4a compares the performance of five specimens, 1-FH-I (0.1% mixed 
steel‒polypropylene fibers), 2-FH-II (0.3% mixed steel‒polypropylene fibers), 3-FH-III (0.5% mixed 
steel‒polypropylene fibers), 9-FPS-II (0.3% polypropylene fibers only), and 10-RC (concrete with lightweight 

Fig. 3.  Experimental details: a specimen dimensions and positions of measured devices; b real experiment 
setup. Dimensions in mm.
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aggregate and conventional steel reinforcement). Note that those slabs were without any screw shear connectors. 
Regarding the slabs containing fibers, slab 9-FPS-II achieves the highest load capacity (44.3 kN), followed by slab 
3-FH-III (41.9 kN). While both slabs exhibit similar stiffness, slab 3-FH-III shows a more significant displacement 
at peak load (11 mm) compared to 10.5 mm for slab 9-FPS-II. Specimen 2-FH-II (28 kN) outperforms slab 
1-FH-I (27 kN) in terms of load capacity but displays lower deflection (6.6 mm versus 7.3 mm). Specimen 10-
RC achieves a load capacity of 43.7 kN with a deflection of 10.9 mm, slightly lower than the capacity of 9-FPS-II 
but comparable in overall performance. However, compared to slab 3-FH-III, specimen 10-RC exhibits reduced 
ductility, emphasizing that higher fiber content in slabs significantly improves stiffness, load-carrying capacity, 
and overall ductility. The primary reason for the aforementioned observations is that a higher fiber content 
creates stronger and more uniformly distributed bridge connections. This improvement enhances the continuity 
and integrity of the concrete matrix, thereby increasing its resistance to applied forces.

Effect of layer arrangement
Figure  4b compares the performance of four specimens: 7-FHST-II (0.3% mixed steel‒polypropylene fibers 
with end shear studs), 8-FHST-O-II (0.3% mixed steel‒polypropylene fibers with end shear studs but reversed 
concrete layers), 4-FHS-II (0.3% mixed steel fibers with 200 mm screw spacing), and 5-FHS-O-II (0.3% mixed 
steel fibers with 200 mm screw spacing but reversed concrete layers). The comparison focuses on analyzing the 
impact of the arrangement of the two concrete layers. As a result, slab 4-FHS-II has the highest load capacity 
(71.8 kN) and a large deflection (24.8 mm) because the fiber-reinforced concrete was laid at the slab bottom, 

Fig. 4.  The load‒deflection curves under different effects of: a fiber content; b concrete layer arrangement; c 
fiber types; d screw density.
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contributing to the tension capacity alongside the steel sheet. In comparison to 4-FHS-II, although utilizing the 
lightweight aggregate concrete in the slab bottom, specimen 5-FHS-O-II achieves a slightly smaller peak load 
(66.6 kN) and lower displacement (23.9 mm). The possible reason is that the use of distributed anchored screws 
in both slabs provides effective tension resistance, resulting in a similar failure mechanism. Conversely, slab 
8-FHST-O-II with lightweight aggregate concrete for the bottom layer displays higher load capacity than slab 
7-FHST-II (50.7 kN compared to 42.3 kN). This is attributed to the weak welding of the end shear studs in these 
slabs, leading to a different failure mechanism when the end shear studs interact with the soffit layer. Indeed, as 
observed during the experimental process, the end shear studs in slab 7-FHST-II sustained premature damage, 
leading to the early failure of the slab.

Effect of fiber types
To examine the effect of fiber types, Fig.  4c compares the load‒deflection responses of four slabs, 4-FHS-II 
(0.3% mixed polypropylene‒steel fibers), 9-FPS-II (0.3% polypropylene fibers only), 6-FH-II (0.3% steel fibers 
only), and 10-RC (conventional steel reinforcement and lightweight aggregate concrete). The experimental 
results indicate that specimen 4-FHS-II, using combined two types of fibers, offered the highest load capacity 
at 71.8 kN, increasing by 64% approximately compared to the reference slab (10-RC). Then, slab 6-FH-II with 
individual steel fibers reaches the maximum load-carrying capacity of 63.6 kN. In contrast, specimen 9-FPS-
II, with only polypropylene fibers, achieves a lower load capacity of 44.3 kN, which is close to the peak load 
obtained from specimen 10-RC. These results indicate that using steel fibers and mixed polypropylene and 
steel fibers is an effective solution in significantly improving the strength of the composite slabs. Furthermore, 
replacing conventional steel reinforcement in the composite slab with microfibers is also an effective solution.

Effect of screw density
The effect of screw density is presented in Fig. 4d by evaluating the performance of five slabs, 4-FHS-II (0.3% 
mixed fibers and 200 mm screw spacing), 6-FSS-II (0.3% steel fibers and 200 mm screw spacing), 11-FHS-II-300 
(0.3% mixed fibers and 300 mm screw spacing), and 12-FSS-II-300 (0.3% steel fibers and 300 mm screw spacing). 
Clearly, the narrower the screw spacing, the higher the slab strength and stiffness. Indeed, the specimen 4-FHS-
II (200 mm screw distance) achieves a maximum load of 71.8 kN with a deflection of 24.8 mm, outperforming 
the specimen 11-FHS-II-300 (300 mm screw distance) at 47.5 kN and 32.5 mm in load capacity of 51.2% and 
less deflection of 23.8%. Meanwhile, the 6-FSS-II (200 mm screw distance) achieves 63.6 kN with a deflection 
of 29.1 mm, outperforms the specimen 12-FSS-II-300 (300 mm screw spacing) at 52.9 kN and 38 mm in load 
capacity of 20.2% and less deflection than 23.4%. The possible reason for those observations is explained by 
the addition of screws furnishing the improved stress transfer between concrete and steel decking. This finding 
agrees well with that obtained in the literature for conventional and other steel‒concrete composite slabs7,8,13,14.

End slip between concrete and steel decking
The load‒end slip graphs in Fig. 5a and b are provided to investigate the interfacial interaction between concrete 
and steel decking considering the effects of the slab parameters. The end slip between concrete and steel decking 
is defined by the difference between longitudinal displacements measured in the concrete and the steel sheet.

Effect of fiber content
Figure 5a compares the load‒end slip curves of five specimens: 1-FH-I (0.1% mixed steel‒polypropylene fibers), 
2-FH-II (0.3% mixed steel‒polypropylene fibers), 3-FH-III (0.5% mixed steel‒polypropylene fibers), 9-FPS-II 
(0.3% polypropylene fibers), and 10-RC (conventional composite slab with lightweight aggregate concrete). 
Initially, the end slip responses of those specimens are similar due to their elastic phases. The end slips of all 
specimens increased as the load increased, and the slip became significant when the cracks formed, leading 
to the loss of local bonding between steel decking and concrete. The end slip recorded in slab 9-FPS-II (with 

Slab designation Pmax (kN) δmax (mm) End slip (mm) εcmax (µm/m)
εsmax
(µm/m) Failure mode

1-FH-I 27 7.3 0.62 279 613 FC-S

2-FH-II 28 6.6 0.69 338 743 FC-S

3-FH-III 41.9 11 2.09 460 800 DFC-S

4-FHS-II 71.8 24.8 3.13 760 1177 DFC-SC-S

5-FHS-O-II 66.6 23.9 2.15 474 1228 DFC-SC-S

6-FSS-II 63.6 29.1 – 830 1377 DFC-SC-S

7-FHST-II 42.3 12.9 0.91 248 915 DFC

8-FHST-O-II 50.7 12.8 1.11 514 961 DFC-SC-S

9-FPS-II 44.3 10.5 0.08 339 681 DFC-S

10- RC 43.7 10.9 0.67 604 894 DFC-S

11-FHS-II-300 47. 5 32.5 – 1370 802 FC-S

12-FSS-II-300 52.9 38 – 949 1014 DFC-S

Table 4.  Experiment results. FC-S Flexural cracking-slipping; DFC-S Distributed flexural cracking-slipping; 
DFC-SC-S Distributed flexural cracking-shear crack-slipping.
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polypropylene fibers only) is the smallest. This result might be caused by the distribution and orientation of 
fibers in the composite slab. Meanwhile, the remaining specimens in Fig. 5a provided similar slip responses in 
the pre-peak regime but larger end slip than slab 9-FPS-II. Further, as observed from the results of specimens 
with hybrid fibers, the higher the fiber content, the larger the slip at peak load. Indeed, the end slips at maximum 
loads by 2.09 mm, 0.69 mm, and 0.62 mm for slabs 3-FH-III, 2-FH-II, and 1-FH-I, respectively. This is possibly 
explained by the fact that the addition of fibers led to the improvement of interlocking friction between the 
concrete matrix and steel sheet. The conventional slab 10-RC provided smaller end slip than that in the composite 
slabs with FRC. However, the ductility of the composite slabs with FRC based on end slip endurance is more 
excellent than that of the conventional composite slab.

Effect of concrete layer arrangement and fiber types
Figure 5b compares the load‒end slip curves of four specimens: 7-FHST-II (0.3% mixed steel‒polypropylene 
fibers with end shear studs), 8-FHST-O-II (0.3% mixed steel‒polypropylene fibers with end shear studs and 
reversed concrete layers—FRC layer is above LWAC layer), 4-FHS-II (0.3% mixed steel fibers with 200  mm 
screw spacing), 5-FHS-O-II (0.3% mixed steel fibers with screws and reversed concrete layers—FRC layer is 
above LWAC layer). It is transparent that the slabs with the FRC layer located in the bottom provided smaller end 
slip responses, particularly at the low load level stage. This is because the bond strength between FRC and steel 
decking is higher than that between LWAC and steel decking. At high load levels, the end slips of the specimens 
are dependent on other parameters, for example, cracking configurations and anchored studs. Slab 4-FHS-II 
with FRC in the bottom layer and with screws spaced at 200 mm performs a superior end slip resistance and 
ductility. This result is consistent with the slab deflection behavior analyzed in the above section. Therefore, 
the configuration details of specimen 4-FHS-II can be considered a good design for the composite slab in the 
practical application.

Figure 5b examines the results obtained from the specimens 4-FHS-II (0.3% mixed steel fibers) and 9-FPS-II 
(0.3% polypropylene fibers) to evaluate the effect of fiber types on the composite slabs’ end slip responses. The 
end slip development of those specimens is similar. However, the slab with hybrid fibers in FRC offered high 
flexural strength and slip ductility (i.e., the increase in slip did not result in a sudden drop in load).

Strain in concrete
The relations between load and concrete strain at the top fiber of the slabs are shown in Fig. 6a‒d. The strain 
values at the maximum loads for the tested slabs are depicted in Table 4. Overall, the concrete in the compression 
zone of all specimens did not fail as the maximum strain is less than 2500 (µm/m) as observed during the 
bending test.

Effect of fiber content
The effect of fiber content is assessed through the strain responses recorded from five specimens: 1-FH-I (0.1% 
mixed steel‒polypropylene fibers), 2-FH-II (0.3% mixed steel‒polypropylene fibers), 3-FH-III (0.5% mixed 
steel‒polypropylene fibers), 9-FPS-II (0.3% polypropylene fibers), and 10-RC (conventional steel reinforcement 
and LWAC), as shown in Fig. 6a. Note that the slabs 1-FH-I, 2-FH-II, 3-FH-III, and 9-FPS-II were configured 
with two layers of concrete: the bottom layer was FRC and the top layer was LWAC. Among them, slab 3-FH-III 
achieves the highest strain value (460 μm/m) at the peak load capacity due to its higher fiber amount (0.5%), 
triggering the compression strain in LWAC to equilibrate with the high tension strain provided by the steel 
decking and FRC. Slab 9-FPS-II, with 0.3% polypropylene fibers, shows lower strain (339  μm/m) because 
polypropylene fibers provide limited tensile contribution compared to steel fibers. At the same load level, 

Fig. 5.  End slip versus load curves under different influences of: a fiber content; b concrete layer arrangement 
and fiber types.

 

Scientific Reports |        (2025) 15:23786 8| https://doi.org/10.1038/s41598-025-08955-7

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


specimens 2-FH-II and 1-FH-I exhibit similar strain values to those monitored in slab 3-FH-III; however, they 
provide smaller strains corresponding to their peak loads due to their lower fiber content. In contrast, reference 
slab 10-RC achieves a larger 604 μm/m strain than others at its maximum load.

Effect of concrete layer arrangement
The change of positions of FRC and LWAC in the composite slabs is investigated through Fig. 6b, which includes 
the load‒strain curves of 7-FHST-II (0.3% mixed fibers with end shear studs), 8-FHST-O-II (0.3% mixed fibers 
with end shear studs and reversed concrete layers), 4-FHS-II (0.3% steel fibers with 200 mm screw spacing), and 
5-FHS-O-II (0.3% steel fibers with 200 mm screw spacing and reversed concrete layers). Generally, swapping the 
FRC and LWAC layers significantly affects the strain in the top fiber of the composite slabs. Specimen 8-FHST-O-
II with end shear studs and FRC in the top layer provides more significant deformation at the extreme top fiber 
of the slab than that of specimen 7-FHST-II with end shear studs and LWAC in the top layer. In contrast, when 
using screws, the slab 4-FHS-II with LWAC in the top layer results in larger strain than that in the specimen 
5-FHS-O-II with FRC in the upper layer. To activate the strain in the compression zone of the composite slab, 
the configuration of slab 4-FHS-II is a suitable designation.

Fig. 6.  Concrete compressive strain versus load curves under different influences of: a the fiber content; b 
concrete layer arrangement and screws; c fiber types; d screw density.
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Effect of fiber types
Figure 6c evaluates the strain development of compressive concrete in three slabs 4-FHS-II (0.3% mixed steel 
and polypropylene fibers), 6-FSS-II (0.3% steel fibers only), and 9-FPS-II (0.3% polypropylene fibers only). The 
difference in the fiber types in the FRC layer laid at the slab bottom leads to the difference in strain in the extreme 
top fiber of LWAC located at the upper part of the slab. Using mixed and steel fibers triggers the strain in the 
concrete compressive zone, enhancing the slab bending capacity. Slab 4-FHS-II achieves a maximum strain of 
760 μm/m and a load capacity of 71.8 kN. Specimen 6-FSS-II achieves a maximum strain of 830 μm/m and a 
load capacity of 63.6 kN, which is substantially larger than that recorded in specimen 9-FPS-II (339 μm/m for 
maximum concrete compressive strain and load capacity 44.3 kN for load-carrying capacity).

Effect of screw density
The effect of screw density on the strain development in the concrete compressive zone of the composite slabs is 
presented in Fig. 6d. The following specimens are considered for this purpose: 4-FHS-II (0.3% mixed fibers with 
200 mm screw spacing), 6-FSS-II (0.3% steel fibers with 200 mm screw spacing), 11-FHS-II-300 (0.3% mixed 
fibers with 300 mm screw spacing), and 12-FSS-II-300 (0.3% steel fibers with 300 mm screw spacing).

The narrower the screws, the smaller the strain in the compressive zone. Slabs 11-FHS-II-300 and 12-FSS-
II-300 achieve the large strains by 1370  and 949 μm/m, respectively, due to their wider screw spacing, which 
reduces load transfer efficiency but enhances deformation capacity. Slabs 4-FHS-II and 6-FSS-II, both with 
200 mm screw spacing, achieve significant load capacities (71.8 kN and 63.6 kN) but show lower maximum 
strains (760  μm/m and 830  μm/m), confirming that tighter screw spacing improves load resistance while 
controlling strain.

Strain in steel decking
The relations between load and steel decking strain at the bottom fiber of the slabs are shown in Fig. 7a‒d. The 
strain values recorded at the maximum loads for the tested slabs are depicted in Table 4. Overall, the steel strain 
values for all tested specimens remained below the yielding strain limit of the steel decking (εys = 1975 μm/m). 
Most of the specimens exhibit the distinct three phases in the strain development of the steel decking.

Effect of fiber content
Figure 7a compares the load‒steel strain behavior of four specimens, 1-FH-I, 2-FH-II, 3-FH-III, and 9-FPS-II, 
to examine the effect of fiber content. The different fiber contents affect the tensile capacity of the composite 
slabs along with the steel decking. Therefore, the strain in the steel decking differed among the specimens. Slab 
3-FH-III achieves the highest steel strain (800 μm/m) due to its higher fiber content (0.5%), enhancing tensile 
resistance.

Effect of concrete layer arrangement
Figure 7b compares the load‒steel strain behavior of four specimens: 4-FHS-II, 5-FHS-O-II, 7-FHST-II, and 
8-FHST-O-II. Slab 4-FHS-II achieves the maximum steel sheet strain by 1177.4 μm/m with the highest load 
capacity. When swapping the FRC and LWAC layers, specimen 5-FHS-O-II exhibits a lower maximum steel 
strain of 474 μm/m. However, using the end shear studs, slabs 7-FHST-II and 8-FHST-O-II record moderate 
steel strains by 915.1 μm/m and 961.3 μm/m, respectively. This means that the specimens with swapping of the 
FRC and LWAC layers provided the inconsistent result to the slabs with different shear connectors.

Effect of fiber types
To examine the strain in steel decking of the slab considering the design variable of fiber types, Fig. 7c evaluates 
the load‒steel strain responses of three slabs: 4-FHS-II (0.3% mixed fibers), 6-FSS-II (0.3% steel fibers only), 
and 9-FPS-II (0.3% polypropylene fibers only). Using steel fibers in slab 6-FSS-II is beneficial in activating the 
maximum steel sheet strain by 1377 μm/m. Slab 4-FHS-II, with 0.3% mixed fibers, shows a slightly lower strain 
in steel decking by 1177 μm/m but the highest load capacity by 71.8 kN. In contrast, slab 9-FPS-II with only 
polypropylene fibers records the lowest steel strain in the steel sheet by 681 μm/m and reduced load capacity by 
44.3 kN.

Effect of screw density
The effect of screw density on the strain development in steel decking of the composite slabs is investigated 
through Fig. 7d, which compares the load‒steel strain curves of four slabs: 4-FHS-II (0.3% mixed fibers, 200 mm 
screw spacing), 6-FSS-II (0.3% steel fibers, 200 mm screw spacing), 11-FHS-II-300 (0.3% mixed fibers, 300 mm 
screw spacing), 12-FSS-II-300 (0.3% steel fibers, 300 mm screw spacing). It is clear that the larger the gap of 
the screws, the greater the strain in steel decking. Slab 11-FHS-II-300 achieves the highest steel decking strain 
(1370 μm/m) but a moderate load capacity (47.5 kN).

Specimen 12-FSS-II-300, using steel fibers, achieves a steel strain of 1014 μm/m and a load capacity of 52.9 
kN, reflecting the combined benefits of steel fibers and 300 mm screw spacing. Slabs 4-FHS-II and 6-FSS-II, 
with narrower 200 mm screw spacing, exhibit superior load capacities (71.8 kN and 63.6 kN) but lower strains 
(1177 μm/m and 1377 μm/m).

Analysis of failure modes and observed crack patterns
The observed crack patterns in the tested slabs reveal several critical failure mechanisms, including flexural 
cracking, distributed flexural cracking, shear cracks, and slipping, as categorized in Table 4; Figs. 8a‒c, and  9. 
This demonstrates the various levels of material utilization and structural responses. Due to bending action, 
all specimens occurred flexural cracks in the loading region of the slabs, which are commonly featured by the 
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flexural members. The failure mode with flexural cracking coupled with slipping of steel decking from concrete 
(FC-S), as presented in Fig. 8a, was observed for slabs 1-FH-I, 2-FH-II, and 11-FHS-II-300, which occurs due 
to insufficient tensile strength. Cracks are localized in the tension zone beneath the load points, propagating 
vertically through the slab thickness. Meanwhile, the slip phenomenon observed in the slabs after testing is 
depicted in Fig.  9. Conversely, the distributed flexural cracking with slipping (DFC-S), observed in Fig.  8c, 
occurs in the slabs 3-FH-III, 9-FPS-II, 10-RC, and 12-FSS-II-300.

The failure mode of distributed flexural cracking combined with shear cracks and decking slipping (DFC-
SC-S), shown in Fig.  8b, was found in the slabs 4-FHS-II, 5-FHS-O-II, 6-FSS-II, and 8-FHST-O-II. This is 
attributed to the contribution of the micro-fibers forming the distributed flexural cracks. Additionally, the 
installation of the screws triggered the high flexural capacity, consequently activating the significant shear 
mechanism to appear the inclined cracks. Overall, the crack observations highlight the transition from localized 
flexural cracks in under-reinforced slabs to distributed flexural and shear cracks in slabs with enhanced 
reinforcement and shear connectors.

Notably, slabs like 6-FSS-II achieve optimal performance by fully utilizing tensile, shear, and ductility 
capacities, emphasizing the importance of reinforcement strategies, fiber types, and shear connector spacing in 
improving load resistance and deformation performance. The conventional slab 10-RC exhibits a failure mode 
characterized by distributed flexural cracking with slight slipping (DFC-S). Cracks initiate early at the tension 
face due to the lower tensile strength of lightweight aggregate concrete. As the load increases, cracks propagate 

Fig. 7.  Steel decking strain versus load curves under different influences of: a the fiber content; b concrete 
layer arrangement and screws; c fiber types; d screw density.

 

Scientific Reports |        (2025) 15:23786 11| https://doi.org/10.1038/s41598-025-08955-7

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


rapidly and localize, resulting in wider cracks than fiber-reinforced slabs. The absence of crack-bridging fibers 
accelerates crack growth, leading to brittle failure with minimal post-peak ductility.

Conclusions
In this study, the structural performance of the steel‒concrete composite slabs subjected to monotonic loading 
was investigated. The effects of fiber content, fiber types, concrete layer arrangement, and screw density on load 

Fig. 8.  Cracks observed underneath the applied load lines. a Flexural cracking. b Distributed flexural 
cracking-shear crack. c Distributed flexural cracking.
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capacity, deflection, strain behavior, and failure mechanisms were explored. The main conclusions of the present 
study are:

•	 Increasing fiber content and adding screw stiffeners significantly improved load resistance, strain capacity, 
and stiffness. Indeed, a 155% increase in load capacity was observed at 0.5% fiber content compared to 0.1% in 
the tests. The slabs with FRC containing individual steel fibers and mixed steel‒polypropylene fibers outper-
formed those containing single polypropylene fibers and those with LWAC in flexural strength. Furthermore, 
the arrangement of FRC for the bottom layer exhibited the great load-carrying capacity of the composite slabs 
compared to the insertion of LWAC in the lower part. Inserting screw connectors with spacing of 200 mm 
in the slab significantly improved shear bond resistance and flexural strength by 2.6 times compared to slabs 
without screws. The use of the anchored screws was in better slip resistance than the use of the end shear studs 
for the shear connectors.

•	 The concrete in the compression region of all slabs did not reach its crushing state (i.e., the maximum strain in 
concrete was smaller than 2500 µm/m), while the steel decking did not yield during the loading process. Three 
failure modes, including flexural cracking-slipping (FC-S), distributed flexural cracking-slipping (DFC-S), 
and distributed flexural cracking-shear cracking-slipping (DFC-SC-S), were identified in the tested slabs. The 
failure mode by DFC-SC-S occurred in the specimens with FRC and inserting narrow shear connectors by 
screws, which is deemed an effective failure mechanism of the composite slabs.

•	 Future studies are recommended to examine the long-term behavior of the composite slabs under cyclic 
loading and fatigue conditions. Furthermore, exploring the advanced fiber types (i.e., hybrid fibers with vol-
ume differences) and optimized shear connector configurations is needed to provide a better understanding 
of enhancing crack control and structural efficiency. Furthermore, numerical and analytical studies on the 
composite slabs under various design variables are necessary to verify the experimental results in the present 
study, as well as to serve the practitioners in the design practice.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on 
reasonable request.
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