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ABSTRACT 

Bubbled Reinforced Concrete (RC) slabs have gained popularity in recent years as a practical construction 

method that eliminates unnecessary concrete in the center, thereby reducing the dead weight of the 

structure. This study provides a systematic framework to compare the performance and capabilities of 

one-way bubbled concrete slabs reinforced with Glass Fiber Reinforced Polymer (GFRP) bars and 

embedded steel I-sections. Four one-way concrete slabs, each with a length of 2,600 mm and a rectangular 

cross-sectional area of 600 mm in width and 150 mm in depth were employed. These slabs were reinforced 

with Glass Reinforced Plastics (GRP) rebar at the same reinforcement ratio and tested by two-point 

bending to failure. Different parameters such as specimen type (solid or bubbled slabs) and internal 

reinforcement were achieved using steel I-sections in two different shapes (2 and 4 pcs of steel I-sections), 

where 4I-section shape with a cross-sectional area equivalent to 2I-section shape, channel shear connectors, 

and bent steel bars (10 mm diameter) were used to improve the shear resistance. The results showed that 

bubbled slabs experienced a higher range of deformations (including deflection, strains, and cracks) by 

about (28%-88%) and a 15% decrease in ultimate load capacity compared to solid slabs. On the other 

hand, the use of steel I-sections as internal reinforcement significantly improved the specimen performance 

compared to unreinforced slabs (Steel Slab (SS) and Bubbled Slab (BS), respectively). Deflection was 

reduced by approximately 52% and 87% at the same load level, ultimate load capacity increased by 

approximately 121% and 179%, and flexural stiffness increased by approximately 197% and 272% at the 

same load level. 

Keywords-Glass Fiber-Reinforced Polymer (GFRP) bars; embedded steel I-sections; bubbled slabs; flexural 

strength; one-way slabs; spherical voids; internal strengthening; deflection 

I. INTRODUCTION  

A slab is defined as a structural element consisting of a 
horizontal flat plate with parallel top and bottom surfaces. It is 
frequently employed as a floor or roof system in construction 
projects. A variety of structural elements may be deployed to 
support slabs, including columns, the ground, reinforced 
concrete beams, reinforced concrete walls, masonry walls, and 
structural steel members. The supporting elements provide the 
surface with stability and load-bearing capability [1-3]. A 
fundamental necessity for the construction of buildings is the 
use of blocks or slabs for the purpose of providing structural 
support. They create spaces within structures and necessitate 
the use of a considerable quantity of concrete. It is necessary to 
ensure that slabs are used and designed in an efficient manner 
in order to guarantee their stability and strength. The 
optimization of slab design has the potential to reduce the 

amount of concrete used, as the utilization of excess concrete 
may result in increased costs and the consumption of more 
resources [4, 5]. Previous research has demonstrated the 
feasibility of reducing the mass of concrete slabs without 
compromising their flexural strength. The aggregate interlock's 
shear resistance precludes the possibility of replacing the 
interior concrete in its entirety. In order to produce the 
compression block, it is necessary to reinforce the upper slab 
with concrete in order to provide the requisite flexural 
resistance. It is essential that the reinforcement be connected to 
the concrete in the slab's tension zone in order to provide the 
necessary flexural resistance. The bonding of the top and 
bottom faces ensures the transmission of stress and the 
cohesion of the slab [6-8]. BubbleDeck reduces the weight of 
the floor slab by removing the inner non-structural concrete. 
The core of the slab with void formers is 35% lighter. When 
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the dead load decreases, structural steel is used less for 
reinforcement. Lowering the dead loads in the foundation 
design reduces the construction time and usually results in cost 
savings [9-15]. The research and testing results indicate that 
slabs, including those with internal spherical spaces, exhibit 
flexural stiffness that is 87% of that observed in solid slabs. 
This suggests that a slab containing voids may exhibit greater 
flexibility or deformation at the serviceable point than a solid 
slab. Nevertheless, the ratio of stiffness to bending resistance 
determines deflection [16]. The use of steel-reinforced concrete 
in infrastructure has a history exceeding a century. However, in 
environments with hostile conditions, corrosion occurs rapidly, 
leading to structural collapse and the necessity for costly 
maintenance. Modern polymer technology has enabled the 
production of corrosion-resistant GFRP bars for use in 
structural concrete applications [17-23]. In recent years, GFRP 
bars have become an essential component in meeting the 
specifications for RC structures. This is due to their 
advantageous characteristics, including low weight, 
straightforward setup and management, corrosion resistance, 
and excellent tensile strength [24-33]. Despite its lightweight 
and cost-effective nature, the application of Fiber-Reinforced 
Plastic (FRP) remains constrained, regardless of its exceptional 
tensile stress resistance. To date, there have been few studies 
conducted on the use of FRP materials for the strengthening of 
bubbled slabs [34-37]. Authors in [37] investigated the 
effectiveness of GFRP sheets and elliptical balls in reinforcing 
bubble deck slabs under uniform stress. The application of a 
Finite Element Analysis (FEA) using the ANSYS software 
resulted in a reduction in slab deformation. The study included 
total, directional, and equivalent stresses for bubble deck slabs 
with and without GRP sheets. The numerical model employs 
1,730×1,350×230 mm bubble deck slabs and an elliptical void 
measuring 180×240 mm. The use of GFRP sheets was found to 
reduce deflection and improve load carrying compared to 
bubble deck slabs with elliptical spheres only. The seven air-
bubbled RC slabs (700×450×80 mm) were subjected to further 
analysis. 

After burning and loading the slabs to failure, Carbon Fiber 
Reinforced Polymer (CFRP) strips were applied to hold them 
in place, except for one slab that was retained as a reference. 
The recovered bubbled slabs exhibited flexural strength equal 
to that of the reference specimen. In addition, their ultimate 
load was 79%-105% of the reference slab [38]. Further 
investigation revealed that the application of many layers of 
CFRP to the slabs resulted in improved resistance to external 
forces compared to the application of a single layer. 
Furthermore, the number of layers is inversely related to the 
amount of deflection [39]. Eindhoven University measured the 
flexural stiffness of bubbled slabs at depths of 230 and 450 
mm. Experimental and theoretical research showed that 
bubbled slabs have different flexural properties than solid 
slabs. Darmstadt Technical University investigated the stiffness 
of a bubbled slab. A theoretical analysis and practical tests in 
the Netherlands confirmed the results. For the same strength, 
the bubbled slab has 87% of the flexural stiffness of a solid 
slab. The bubbles reduce the concrete volume of the solid slab 
to 66%. As expected, bubbled decks deflected slightly more 
than slabs [6, 40]. Authors in [41] evaluated the strength, 

performance, and long-term benefits of bubbled reinforced 
concrete slabs with plastic ball voids, testing fifteen 1,000 mm 
x 1,000 mm square reinforced concrete slabs and found that 
these slabs with a ball diameter to slab thickness ratio 
(B/H=0.51-0.80) have an ultimate load capacity of 90-100% of 
a similar solid slab. The use of lightweight concrete and GFRP 
composite bars to improve the durability and toughness of 
bridge deck slabs was examined, and concluded that 
lightweight concrete reduces the weight and cost of bridge 
construction over time [42]. Authors in [43] compared the use 
of GFRP reinforcement to steel reinforcement in areas prone to 
severe weather and magnetic fields. Seven slabs were analyzed 
in this study. One slab had steel reinforcement while the others 
had GRP rebar. The slabs were subjected to two-point bending. 
Reinforcement ratio and shear span to effective depth ratio 
were the main experimental parameters. The results disclosed 
that the GRP-reinforced slabs were bilinear elastic to failure, 
with higher loads confirming it. The effect of High-Strength 
Concrete (HSC) on the one-way shear efficiency of GFRP-
reinforced concrete slabs was also examined. Twelve slabs 
were tested under four-point loading and it was found that HSC 
slabs had more extensive shear cracking, while NSC slabs had 
better shear stiffness [44]. Authors in [45] conducted 
experimental research on the effect of transverse thermal 
expansion of GFRP rebar on the structural performance of 
concrete slabs, six concrete slabs were constructed and tested 
with a two-point incremental load until failure, finding that 
temperature action can affect the concrete-GFRP bar bond, 
especially for larger bar diameters and low concrete cover 
values. 

Prior research has demonstrated positive outcomes for 
conventional solid slabs and innovative bubbled slabs in 
unconventional slab systems, thereby encouraging the 
development of economical and effective systems. The 
objective of this study was to investigate the feasibility of 
combining GFRP bars as reinforcement with the voids in the 
bubbled slab system. This is due to the fact that GFRP 
materials possess a lower modulus of elasticity, lower stiffness, 
and weaker resistance to shear than steel. Similarly, the 
resistance to shear, flexural stiffness, and load-carrying 
capacity of bubbled slabs are inferior to those of traditional 
solid slabs. The primary objective was to prevent shear failure 
due to voids, enhance shear resistance, and optimize structural 
performance by reducing weight with GFRP bars, which are 
lighter and stronger than steel. The goal is to provide 
outstanding structural performance in bubbled slabs. This leads 
to a reduction in the costs associated with reinforcement and 
foundations. A review of the literature reveals a paucity of 
studies investigating the behavior of bubbled slabs reinforced 
by GFRP bars with internal strengthening by embedded steel 
sections. Accordingly, this research aims to examine the 
behavior of a one-way concrete bubbled slab reinforced by 
GFRP bars with internal strengthening by embedded steel I-
shapes. This study is guided by two main objectives: the first is 
to investigate the influence of GFRP reinforcement in bubbled 
slabs on the ultimate load, stiffness, and deformations, and the 
second is to illustrate the impact of strengthening through the 
use of a steel I-shape as internal strengthening in bubbled slabs. 
This strengthening technique can be applied to bubble slabs 
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from a variety of perspectives. Firstly, the requisite raw 
materials for implementation are readily available, with the 
option to produce strengthening I-sections based on the 
appropriate design measurements (built-up sections). Secondly, 
the installation process is straightforward and rapid, requiring 
minimal effort to be completed between the rows of balls. 
Conversely, the enhancement of bubble slab performance 
through the optimization of maximum load, deflection, 
stiffness, and shear resistance renders this technology a highly 
viable candidate for implementation. 

II. EXPERIMENTAL WORK 

The experimentation program entails the testing of three one-
way concrete bubbled slabs and one solid slab, each of which is 
reinforced by GFRP bars. The slabs were prismatic in shape, 
with a rectangular cross-section, and had the following 
dimensions: 2,600 mm in length, 2,400 mm in span center-to-
center of supports, 600 mm in width, and 150 mm in thickness. 
The tests were divided into two groups, as shown in Table I. 

The initial group consisted of two unreinforced reference slabs: 
one solid slab (devoid of bubbles) and one bubbled slab 
(denoted Solid Slab (SS2) and Bubbled Slab (BS2), 
respectively). The second group comprises internally 
strengthened bubbled slabs with steel I-shaped reinforcement. 
The first specimen in this group is (BS2-2I-SC), having two 
steel I-shapes in cross-section dimensions of (72×30×6) mm 
fixed between ball lines and with channel shear connectors 
(30×30×3) mm fixed on the top surface of the section. 
Although the other specimen is denoted by (BS2-4I-SC), it 
features four steel I-shapes with a cross-section dimension of 
(50×25) mm, the flange and web thickness is (5 mm) and (3 
mm), respectively, having an equivalent cross-sectional area of 
the steel-2-I-shapes in specimen (BS2-2I-SC) and being fixed 
in the same way. Also, channel shear connectors (30×15×3) 
mm were fixed on the top surface of the steel I-sections. In 
addition, five pcs. of steel bent-up bars (310 mm in length) 
along the width of the specimens on each side were located 
near the supports at a distance (d/2). 

TABLE I.  EXPERIMENTAL SLAB DESIGNATION 

Group Designation of a slab Characteristic Dimensions of steel I-shapes Shear reinforcement (Bent-up bar) 

Group one 
SS2 Solid slab (control) --- --- 

BS2 Bubbled slab (control) --- --- 

Group two 

BS2-2I-SC 
The bubbled slab has 2 steel I-shapes with 

channel shear connectors. 
(72×30×6) mm 

5 PCS, Ф10 on each side near support 

(310 mm in length) 

BS2-4I-SC 

The bubbled slab has 4 steel I-shapes with 

an equivalent cross-sectional area of 2I-

shapes, with channel shear connectors. 

(50×25) mm, flange thick = 5 

mm, web thick = 3 mm 

5 PCS, Ф10 on each side near support 

(310 mm in length) 

 

A. Material Properties 

1) Concrete 

Slab specimens were produced using self-compacting 
concrete with a cylinder compressive strength of 45.43 MPa. 
The mixture is composed of Type I ordinary Portland cement, 
natural sand, coarse aggregate that has been crushed and has a 
maximum particle size of 10 mm, silica fume, stone powder, 
third-generation superplasticizer, and water. A total of six test 
samples, measuring 150 mm on each side and 150 mm in 
height, were acquired in the form of standard cubes. 
Additionally, six test samples, measuring (150×300) mm, were 
acquired in the form of standard cylinders. The objective was 
to ascertain the average compressive strength of the concrete. 

2) GFRP Bars 

The reinforcement of all concrete slabs was conducted 
using 6 mm diameter GFRP deformed rods, with the objective 
of enhancing the durability of the structure. As indicated in the 
manufacturer's specifications, the mechanical properties of 
these bars are: an ultimate tensile strength of 900 MPa, a 
modulus of elasticity of 46 GPa, a weight of 97 g/m, and a 
transverse shear strength of 150 MPa. 

3) Steel I-Shapes 

The construction of the built-up steel I-shape involves the 
welding of flat bars together to provide internal strength. The 
initial configuration was a 72×30×6mm structure comprising 
two 2I-shaped sections. The second form, measuring 50 mm by 
25 mm, has a flange and web thickness of 5 mm and 3 mm, 

respectively. It is composed of four sections (4I-shapes) with a 
cross-sectional area equivalent to that of the form (2I-shapes), 
evidenced in Figure 1. The mechanical characteristics were 
determined using coupons from flat bar specimens of various 
thicknesses. The laboratory tests on these coupons 
demonstrated that their yield stress (454.8 MPa) is within the 
Grade 60 range, their ultimate strength (575.7 MPa), elongation 
(17.33%), and modulus of elasticity (259,000 MPa) are within 
the expected ranges for this material. 

 

 

Fig. 1.  Details of steel I-shapes. 

4) Channel Shear Connectors (CSC) 

In the production of channel shear connectors, the identical 
flat bars utilized in the fabrication of steel I-shapes were 
employed to create CSC, exhibiting the identical mechanical 
properties previously outlined. The CSC pieces were 
manufactured through the cutting and crooking of flat bars with 
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the use of specialized machinery. Two CSC specimens were 
manufactured with varying dimensions. The dimensions of the 
web, flange, and length for the initial specimen were 30 mm. 
The second specimen has a web height of 30 mm, a flange 
width of 15 mm, and a length of 30 mm. Both variants display 
a web thickness of 3 mm and a flange thickness of 3 mm. 

B. Details of Specimens 

The deformed GFRP reinforcing meshes were affixed to the 
upper and lower surfaces of the slab during the course of the 
testing procedure. Each mesh was composed of thirty-eight 
transverse bars, with a diameter of 6mm, and ten longitudinal 
bars, also with a diameter of 6mm. In accordance with the 

recommendations set forth in ACI 440.1R-15, a lower 
reinforcement ratio (ρf = Af /bd = 0.0037) was employed to 
fulfill the requisite reinforcement requirements. Here, Af 
represents the area of GFRP reinforcing bars, b indicates the 
width of the slab, and d is the effective depth of the slab 
section. This ratio was in contrast to the ratio of balanced 
reinforcement (ρfb), which represents the under-reinforced case 
[46]. To ascertain the influence of varying parameters on the 
behavior of the control and strengthened bubbled slabs, three 
bubbled slabs and one solid slab were cast. The longitudinal 
and transverse spacing between bubbles in each bubbled slab is 
115 mm. The details of the slab specimens are provided in 
Figure 2 and Table II. 

TABLE II.  DETAILS OF THE TESTED SPECIMENS 

G Designation  
Thickness 

(mm) 

Diameter of a 

sphere (mm) 

Number of 

spheres 
D/H 

Reduction in self-weight 

ratio (%) 

Distance between spheres 

c/c, (mm) 

Type of internal 

strengthening 

1 
SS2 

150 
--- --- --- --- --- Un-strengthening 

BS2 90 95 0.6 15.48 115 Un-strengthening 

2 
BS2-2I-SC 

150 90 95 0.6 15.48 115 
Steel 2I-shapes 

BS2-4I-SC Steel 4I-shapes 
 

 

Fig. 2.  Reinforcement and bubble distribution for bubbled slabs. 

C. Preparation of Bubbled Slabs 

The transverse GFRP bars were positioned at intervals that 
allowed for the ball diameter and center distance to be 
accommodated. For each bubbled slab specimen, 95 balls with 
a diameter of 90mm were used, resulting in a 15.48% reduction 
in self-weight. Subsequently, the balls were aligned with the 
square centers of the reinforcement mesh in the tension zone, 
thus preventing horizontal displacement. This was done with 
consideration of the ball's diameter and center distance. The 
reinforcing mesh was then transferred to the wooden mold and 
lifted to the requisite concrete cover using 22 mm plastic 
spacers. The bottom reinforcement mesh was secured to the 
wooden mold by a bolt and a series of tiny curved steel pieces. 
This configuration prevents the mesh from moving and ensures 
the desired 25mm side concrete cover is achieved. As 
previously described, a steel I-shape is formed by welding flat 
bars together. The CSC are manufactured by cutting and 
curving the flat bars to the specified dimensions using 
specialized machinery. Subsequently, the CSC pieces are 
affixed to a steel I-shape surface with a 90mm clear distance 
between them. For 2-I-shapes, a CSC with dimensions (30×30) 
mm is utilized, whereas an alternative CSC in the case of 4-I-
shapes, each comprising 21 pieces of CSC, with dimensions 
(30×15) mm was employed. This was also the case for the 2-I-
shapes. Subsequently, the steel I-shape, comprising CSC, is 
positioned and affixed between the longitudinal rows of balls 
and connected to the reinforcing mesh in the tension zone, 
thereby preventing horizontal movement. As a consequence, 
the compression zone top reinforcement mesh is installed 
above the balls, serving to prevent vertical movement. A plastic 
zip tie is utilized to connect the top and bottom reinforcement 
meshes. As shown in Figures 3 and 4, a bent steel bar (10 mm 
diameter) with a length of 310 mm is fitted between the two 
reinforcing meshes in five parts along the specimen's transverse 
direction near the supports to resist shear force. The steel bar 
has a diameter of 10 mm. In the experimental plan, all slabs 
were subjected to two-point bending until complete failure, 
with the shear span ratio (a) to an effective depth (d) ratio set at 
6.4. 
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Fig. 3.  Picture of the construction of test slabs. 

 

Fig. 4.  Longitudinal cross-section in bubbled slab including steel Bent-up 

bar. 

D. Test Instrumentation and Measurements 

1) Load Measurements 

The decision to paint the slabs white was taken in order to 
facilitate the observation of crack formation throughout the 
testing process. In this experimental setup, the slabs were 
positioned on two steel beams with a 2,400 mm spacing to 
provide lateral support. Following the 28-day casting period, 
each slab specimen underwent the requisite testing. Each slab 
was subjected to testing until failure using a hydraulic jack with 
a capacity of 500 kN. The specimens were subjected to two-
point bending tests, with a load increment of 2 KN, until 
failure. Figure 5 presents the specifics of the testing apparatus. 
The construction of each slab was carried out in accordance 
with the standards set forth in ACI 440.1R-15 [46]. During this 
period, the deflections and crack development of the slabs were 
monitored at each load level. 

2) Deflection Measurement 

To quantify deflection, two Linear Variable Differential 
Transducers (LVDTs) and one dial gauge were employed to 
detect the deflection of the specimens. The LVDTs and dial 
gauge were situated at the midpoint of the slabs. As portrayed 
in Figure 5, the LVDTs and dial gauge have been securely 
attached to a supplementary steel frame. 

 

 

Fig. 5.  Test specimen setup. 

3) GFRP Strain Measurement 

Two strain gauges with a gauge length of 5 mm were 
affixed at the center of the bottom GFRP mesh. The wires of 
the LVDTs were linked to either a data recorder or a strain 
indicator instrument, as shown in Figure 6. Specialized 
computer software was deployed to record four readings per 
second for each strain gauge and LVDT. This process was 
repeated until several readings had been acquired for every 
measurement. The resulting data were then subjected to 
statistical analysis and interpretation. 

4) Steel Strain Measurement 

To measure the strain in the steel, two strain gauges with a 
gauge length of 5mm were attached to each specimen, 
including I-shapes (2I-shapes and 4I-shapes). Each strain gauge 
was positioned in the center of the top fiber of the steel I-shape, 
as observed in Figure 6 

5) Concrete Strain Measurement 

Two strain gauges, each with a gauge length of 60 mm, 
were affixed to the concrete compression area of all slab 
specimens. These gauges were positioned at the midpoint of 
the top surface of the slabs, as exhibited in Figure 6. 

III. RESULTS AND DISCUSSION 

The study compares conventional and strengthened bubble 
slabs, employing a range of parameters, including first crack 
load (Pcr), mid-span deflection at the first crack (Δcr), deflection 
at 0.7 times the ultimate strength of SS2, the ultimate strength 
of the slab at failure (Pu), ultimate deflection at failure (Δu), and 
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the type and mode of failure. Table III presents the requisite 
parameters for the demonstration and comparison of the results. 

 

 

Fig. 6.  Strain gauges location. 

A. Load-Deflection Curve 

The flexural failure of all four slabs is illustrated in Table 
III. Figure 7 presents a comparison of mid-span load and 
deflection. No cracking was observed in the slabs at the initial 
loading stage, resulting in a linear load-deflection relationship. 

This resulted in linear elastic deformation of the concrete and 
GFRP bars. The formation of cracks leads to a reduction in 
flexural stiffness. As the load increased, cracks began to form, 
which resulted in a reduction in the slab's flexural stiffness. The 
slab exhibiting flexibility (BS2) demonstrated a greater 
deflection than the other specimens. The presence of plastic 
balls within an inadequately reinforced BS2 matrix serves to 
diminish the slab's stiffness and augment its deflection, 
particularly when compared to solid slabs subjected to an 
equivalent load. Figure 7 shows that the slab designated SS2 
exhibits greater stiffness than the slab designated BS2. The 
flexural deflection is a function of the service load. The results 
of the research indicate that the service load (Ps) accounts for 
approximately 70% of the ultimate load (SS2) of the reference 
solid slab. Therefore, it can be concluded that (Ps) = 91.21 kN. 
At this load, the control bubbled slab (BS2) exhibited a 
deflection of 75.43 mm, which was 42% greater than that of the 
solid slab. The results demonstrated that the bubble slabs with 
internal strengthening exhibited superior performance. The 
application of I-shaped strengthening steel resulted in an 
enhancement of stiffness relative to that observed in the SS2. 
The incorporation of steel I-shapes serves to augment the 
specimen's inertia. Consequently, the deflection is reduced. The 
bubbled slab specimen (BS2-2I-SC) manifested a stiffness that 
was 18% and 54% greater than that of SS2 and BS2, 
respectively. The specimen (BS2-4I-SC) showcased a stiffness 
that was 37% and 78% greater than that of SS2 and BS2, 
respectively. The statistical analysis revealed that the specimen 
(BS2-4I-SC) exhibited a 16% increase in stiffness compared to 
the specimen (BS2-2I-SC). Furthermore, the strengthened 
bubbled slabs demonstrated a lower deflection than both the 
reference SS2 and the BS2 under slab service load conditions. 
The BS2-2I-SC and BS2-4I-SC specimens exhibited 77% and 
81% less deflection, respectively, in comparison to the SS2 
specimen. The specimens displayed 84% and 87% less 
deflection than the reference specimen (BS2), respectively. 

TABLE III.  LOAD AND DEFLECTION COMPARISON FOR ALL TESTED SPECIMENS 

Designation of a slab Pcr (KN) Δcr (mm) Δ at 0.7, Pu of SS2 (mm) Pu (KN) Δu (mm) Type of failure Failure mode 

SS2 27 4.1 53.07 130.3 84.78 Flexural tension failure Brittle (GFRP-rupture) 

BS2 20 3.95 75.34 110.91 90.63 Flexural tension failure Brittle (GFRP-rupture) 

BS2-2I-SC 53 6.79 12.07 288.64 79.81 Flexural compression failure Brittle (concrete-crushing) 

BS2-4I-SC 44 4.86 9.82 309.92 68.08 Flexural compression failure Brittle (Concrete crushing) 

 

 
Fig. 7.  Load vs. mid-span deflection of all tested specimens. 

B. Crack Pattern and Mode of Failure 

1) General Behavior of Conventional Bubbled and Solid Deck 
Slab 

The SS2 and BS2 panels, when subjected to flexural 
loading, exhibited damage in the bending zone, manifesting as 
flexural cracks at the peak moment. Upon the application of a 
load of 27 KN, a fracture was observed to occur in the lower 
surface of the control SS2. A fracture was observed in the 
control bubbled slab at a loading of 20 kN. As the loads 
increased, the cracks propagated and ascended vertically. 
Additional cracks emerged in the same region. As the loading 
increased, the cracks propagated vertically and accelerated, 
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reaching the compression zone at 105 kN for the control SS2, 
and 83 kN for the control BS2. This led to a failure of the 
specimens at their maximum load capacity. When subjected to 
a stress level below that of the control slab (SS2), the bubbled 
slab samples exhibited a higher propensity for cracking. The 
presence of bubbles results in the removal of a considerable 
amount of concrete, which in turn reduces the specimen's 
stiffness and moment of inertia. The failure of GFRP-rebar led 
to flexural failure in the tension zone, as observed in the first 
group of specimens, which included the control models, 
namely SS2 and the BS2. As shown in Figure 8, the GFRP 
rebars exhibited rupture at the base of both the solid slab and 
the bubble slab, indicative of a brittle failure mode. 
Subsequently, the concrete was crushed. The failure mode and 
crack pattern of each specimen are presented in Figure 9. 

 

 
Fig. 8.  Rupture in GFRP-bars in specimens SS2 & BS2. 

 

Fig. 9.  Cracks pattern and mode of failure for each investigated specimen. 

2) General Behavior of Strengthened Bubbled Deck Slab 

The study revealed that the incorporation of internal steel I-
shapes into the construction of bubbled slabs led to a notable 
enhancement in their overall strength. The second group of 
specimens exhibited noteworthy improvements in the ultimate 
strength, stiffness, crack pattern, and deflection. The initial 
fracture occurred at a load of 53 kN and 44 kN for the (BS2-2I-
SC) and (BS2-4I-SC) specimens, respectively. The augmented 

moment of inertia in the reinforced slabs was ascribed to the 
augmented moment of inertia of the steel I-shapes. The 
increased first cracking load for strengthened bubbled slabs 
exceeds that of the BS2 specimen by 54% and the SS2 
specimen by 18%, indicating enhanced stiffness. The moment 
of inertia of these specimens is greater than that of SS2 and 
BS2 due to the combination of the moment of inertia of the 
steel I-shapes and that of the specimen. As the load increased, 
cracks began to spread. It is worth mentioning that cracks 
extended into the compression zone at loads of 200 kN and 216 
kN for the (BS2-2I-SC) and (BS2-4I-SC) specimens, 
respectively. At a load of 68 kN, cracks began to propagate on 
both sides of the specimen. The occurrence of cracks in the 
strengthened concrete slabs was observed at a higher load than 
that observed in the SS2 and BS2 specimens, due to the same 
causes previously stated. The first group's control specimens 
(SS2 and BS2) were designed under reinforcement-tension 
control; however, the incorporation of steel I-shapes for 
internal strengthening serves to reinforce the tension zone. This 
increases the load resistance of the tension zone and changes 
the failure mode to compression. In the compression zone, the 
second group of strengthened bubbled slabs failed. The failure 
was caused by concrete crushing on the upper surface of the 
specimen between loads. The GFRP rebars did not rupture, but, 
instead, a brittle failure mode was observed, as the one 
evidenced by the concrete strains at maximum strain. 

C. Ultimate Loads Capacity 

The data presented in Figure 7 and Table III pertain to the 
maximum load achieved by the slab specimens. It is 
noteworthy that the strengthened bubbled slab (BS2-4I-SC) 
demonstrated the highest failure load among the other 
specimens. The ultimate load capacity of specimens (BS2-2I-
SC) and (BS2-4I-SC) exhibited an increase of 121% and 137%, 
respectively, in comparison to specimen SS2. Furthermore, 
these specimens demonstrated an increase of 160% and 179%, 
respectively, in comparison to specimen BS2. The 
incorporation of voids, represented by an array of plastic balls 
in two directions, had the most pronounced effect on reducing 
the ultimate load capacity of the BS2 by 15% in comparison to 
the SS2. This can be attributed to the presence of voids in the 
specimen BS2, which results in a reduction of the moment of 
inertia and, consequently, a reduction in stiffness. 

D. Load-Strain Curves 

1) Concrete Strain 

Two strain gauges were positioned on the upper surface of 
the specimens to assess the concrete's compressive behavior on 
average. Prior to the onset of crushing and cracking, the strain 
gauge readings were nearly negligible. Figure 10 shows that the 
strain increased in conjunction with the elevated applied loads 
until the concrete reached its maximum tensile strength and 
failed due to the formation of fractures. The strain variations 
observed in each slab were constrained by the SS2 service load 
(91.21 kN). The unsupported BS2 demonstrated the greatest 
strain, and was 29% greater than that experienced by SS2 at the 
same load. The presence of balls and concrete in BS2 resulted 
in a reduction in specimen stiffness relative to SS2. This makes 
the specimen BS2 exhibit greater flexibility. The strain 
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observed in the strengthened bubbled slabs (BS2-2I-SC and 
BS2-4I-SC) was found to be 40% and 68% less, respectively, 
in comparison to that observed in the BS2 slab. The moment of 
inertia of the steel I-shapes results in a stiffer behavior for the 
strengthened bubbled slab specimens. The stiffer bubbled slabs 
exhibit reduced deflection and enhanced rigidity. In 
comparison to the SS2 specimen, the BS2-2I-SC and BS2-4I-
SC strengthened bubbled slabs displayed a reduction in strain 
of 23% and 59%, respectively. Table IV presents the strain 
values of all specimens at the ultimate and service stages, with 
a load of 0.7 times the ultimate SS2 capacity for concrete and 
GFRP-bar. 

TABLE IV.  ALL TESTED SPECIMENS' GFRP AND CONCRETE 
STRAIN AT SERVICE AND ULTIMATE LOADING 

Slab 

designation 

Ultimate load 

Pu (KN) 

Avg. Strain at the 

service loading stage 

(0.7 Pu of SS2) 

Avg. strain at the 

ultimate loading stage 

(µꜫ) 

GFRP-bar 
(µꜫ) 

Concrete 
(µꜫ) 

GFRP-bar 
(µꜫ) 

Concrete 
(µꜫ) 

SS2 130.3 10,735.75 1,323.9 19,411.95 2,096.09 

BS2 110.91 18,491.81 1,701.81 19,422.17 2,016.04 

BS2-2I-SC 288.64 1,195.2 1,018.61 12,479.98 4,101.77 

BS2-4I-SC 309.92 1,181.66 548.43 12,795.10 3,035.19 

 

 
Fig. 10.  Load-compressive Strain of concrete of all tested specimens. 

2) GFRP Strain 

Figure 11 illustrates the mean load-strain curve for two 
GFRP-bar longitudinal reinforcement tensile strains at the 
bottom mid-span. Similarly, the load-deflection behavior of 
GFRP reinforcement exhibits a bilinear load-strain relationship. 
A comparison was conducted between the bottom 
reinforcement strains of the first and second groups at the same 
loading stage, which was 0.7 times SS2. The analysis revealed 
that the unreinforced BS2 exhibited the highest strains. The 
strengthened bubbled slab specimens demonstrated 
significantly lower values than the non-strengthened slab 
specimens in the initial group (SS2 & BS2). The reduction in 
stiffness observed in the slab specimens can be attributed to the 
stiffening effect of the steel I-shapes. The presence of steel I-
shapes resulted in a notable reduction in the strain experienced 
by the GFRP bars. The unreinforced BS2 exhibited a strain that 
was 72% greater than that of the SS2. The strain observed in 
the solid slab (SS2) is nine times greater than that evidenced in 
the strengthened bubbled slabs (BS2-2I-SC) and (BS2-4I-SC). 

The strain observed in the bubble slab (BS2) is 15 and 16 times 
greater than that detected in the strengthened bubbled slabs 
(BS2-2I-SC) and (BS2-4I-SC), respectively. The occurrence of 
maximum deformation was indicated by the continuous loading 
of the strengthened slab until its failure. Table IV presents the 
strain values for the concrete and GFRP-bar specimens at 
ultimate and service loads (0.7 Pu of SS2). The first-group 
reference slab specimens SS2 and BS2 demonstrated 
compliance with the GFRP-bar limitations. Figure 11 shows 
the rupture of the GFRP bars' bottom longitudinal 
reinforcement at mid-span. The experimental load-strain curves 
for each GFRP bar and concrete disclosed that the maximum 
strain of the GFRP bars corresponded to the manufacturer's 
datasheet value. The abrupt and brittle GFRP bar failure 
resulted in flexural failures in the first group. 

 

 
Fig. 11.  Load-strain of bottom GFRP-bars. 

3) Steel I-Shapes Strain 

Figure 12 demonstrates the average load-strain curves as a 
function of applied loads for steel I-shapes at the mid-span of 
the top surface of the flange. Figure 6 presents the attachment 
of two strain gauges to the embedded steel I-shapes on the top 
flange at mid-span for two composite specimens (BS2-2I-SC 
and BS2-4I-SC). The mean value for each specimen was 
calculated. The ultimate tensile strain of composite specimens 
(BS2-2I-SC) and (BS2-4I-SC) was determined to be 1,843.7 at 
(288.64 kN) and 6,963 at (309.92 kN), respectively. Figure 12 
illustrates that specimen (BS2-2I-SC) exhibits 58% less strain 
than specimen (BS2-4I-SC). The specimen (BS2-4I-SC) has a 
lower top surface, which results in greater operation within the 
tension zone than the specimen (BS2-2I-SC), which is closer to 
the NA. In specimens (BS2-2I-SC) and (BS2-4I-SC), the 
strains in the top flange of steel I-shapes exhibited a linear 
growth pattern up to the load of 150 kN and 190 kN, 
respectively, before transitioning to a steady growth pattern up 
to failure. The steel I-sections of specimen (BS2-4I-SC) 
reached a strain of 6,963, yet did not reach either the yield or 
plastic stages. A comparison of this specimen strain value with 
laboratory strain values for steel I-shapes confirms this. Table 
V depicts the steel I-shape strain at ultimate loading for 
strengthened bubbled slabs. 
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E. Flexural Stiffness of Slabs 

The flexural stiffness of slabs is defined as the structural 
element's capacity to resist deformation resulting from bending 
forces. The slab's elastic modulus, moment of inertia, effective 
length, and boundary conditions all exert an influence on it. 
The flexural stiffness of slabs can be evaluated through the use 
of secant stiffness, which is determined by assessing the slab's 
load-deflection slope. The stiffness of a slab undergoes a rapid 
decline following the application of loads, due to the formation 
of cracks and inadequate bonding between the concrete and 
reinforcement bars. 

 

 

Fig. 12.  Load-strain of top flange surface of steel I-shapes. 

TABLE V.  STRAIN OF STEEL I-SHAPES AT THE ULTIMATE 
LOADING STAGE FOR STRENGTHENED BUBBLED SLABS 

Designation of a 

slab 
Ultimate load Pu (KN) 

Avg. Strain of steel I-shapes at 

ultimate loading stage (µꜫ) 

BS2-2I-SC 288.64 1,843.70 

BS2-4I-SC 309.92 6963 

 
As portrayed in Figure 13, all Ku values are less than Kcr. 

The presence of voids within the slab, along with the associated 
reduction in flexural rigidity, may contribute to a reduction in 
stiffness at both the ultimate loading and cracking stages [47]. 
In order to determine the secant stiffness, (1) and (2) were 
employed: 

��� =
���

���

     (1) 

�	 =
�


�


     (2) 

Table VI provides the estimated secant stiffness (K) at both 
the cracking and ultimate stages. The ratio of specimen 
stiffness exhibited fluctuations between the cracking and 
ultimate stages when the model characteristics were 
incorporated. The flexural stiffness of the specimen BS2 
exhibited a decrease of 24% and 20% during the cracking (Kcr) 
and ultimate (Ku) loading phases, respectively, in comparison 
to the specimen SS2. This was attributed to the presence of 
voids resulting from the reduction in concrete volume due to 
the presence of balls. This led to a reduction in the moment of 
inertia of the bubbled slabs. Furthermore, the inherent lower 
stiffness of GFRP bars in comparison to their steel counterparts 

contributes to the overall stiffness of the model. The 
incorporation of steel I-sections as internal reinforcement in 
bubbled slabs markedly enhances their stiffness, as these 
sections augment the slab's moment of inertia. The second 
group of strengthened bubbled slab models (BS2-2I-SC and 
BS2-4I-SC) demonstrated a notable enhancement in stiffness at 
the cracking loading stage, exhibiting improvements of 54% 
and 78%, respectively, in comparison to the BS2 specimen. At 
the ultimate loading stage, these models displayed even greater 
stiffness, with improvements of 196% and 272% compared to 
the BS2 specimen, respectively. The second group of models 
(BS2-2I-SC and BS2-4I-SC) showcased enhanced stiffness, 
with increases of 18% and 37% during the cracking loading 
stage and 136% and 197% during the ultimate loading stage, 
respectively, in comparison to the SS2 specimen. 

 

 
Fig. 13.  Stiffness for all tested specimens at cracking and ultimate stage. 

TABLE VI.  STIFFNESS AT CRACKING AND ULTIMATE 
PHASE FOR ALL TESTED SPECIMENS 

Designation 

of a slab 

 

Cracking stage Ultimate stage 

Pcr (kN) Δcr (mm) Kcr (kN/mm) Pu (kN) Δu (mm) Ku (kN/mm) 

SS2 27 4.1 6.58 130.3 84.78 1.53 

BS2 20 3.95 5.06 110.91 90.63 1.22 

BS2-2I-SC 53 6.79 7.8 288.64 79.81 3.61 

BS2-4I-SC 44 4.86 9.05 309.92 68.08 4.55 

 

IV. LIMITS ACCORDING TO BRITISH 

REGULATIONS FOR BUBBLED SLABS 

This section addresses the notable deficiencies associated 
with bubbled slabs, including their diminished shear strength, 
flexural stiffness, and rigidity factor when compared to solid 
slabs. The results of research and testing have demonstrated 
that the flexural stiffness of bubbled slabs is 87% that of solid 
slabs. This results in an increase in displacement during the 
Service Loading Stage (SLS). Given the elevated shear forces 
near the supports, to ensure adequate shear resistance, it is 
advisable to maintain a solid area around the columns or 
supports, as the concrete itself has a direct impact on shear 
resistance. In the design process, the shear strength of 60% of 
solid slabs is typically considered. Conversely, UK regulations 
stipulate that the stiffness factor for bubbled slabs should be set 
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at 0.88 for solid slabs. To ascertain how the findings of this 
study align with the limitations established by British 
guidelines for bubbled slabs, refer to Table VII. It is crucial to 
note that the British regulations only specify data for bubbled 
slabs that are reinforced with steel bars. 

TABLE VII.  COMPARISON BETWEEN UK LIMITATIONS FOR 
BUBBLED SLABS WITH EXPERIMENTAL 

In % of 

solid slabs 

UK standards for 

bubbled slabs 

reinforced by 

steel bars 

Experimental results 

of bubbled slabs 

reinforced by GFRP 

bars 

Notes 

Flexural 

Stiffness 
87% 80% 

The reason behind 

this disparity is that 

compared to steel, 

GFRP is not as stiff. 

Rigidity 

Factor 
0.88 0.98 --- 

Shear 

Resistance 
60% 75% --- 

 

V. VALIDATION OF EXPERIMENTAL RESULTS 

FOR DISPLACEMENT BY USING FEA 

The four slabs were subjected to two-point bending analysis 
using ABAQUS, resulting in scientifically robust findings. The 
findings of the FEA displacement were collated, classified, and 
presented for comparison with the results of the verification 
testing. The load-deflection relationship is presented in order to 
demonstrate these results. As revealed in Figures 14 to 17, the 
Finite Element Method (FEM) generates a more pronounced 
load-deflection curve for all slabs in comparison to the 
experimental results. The numerical and experimental curves of 
deflection under applied loads at the crack and service loading 
stages demonstrate that the Finite Element (FE) curves exhibit 
greater stiffness than the experimental curves. The following 
assumed elements in the FE analysis contribute to the observed 
variance in cracking and service loading: Initially, the concrete 
is devoid of shrinkage-induced air porosity and microcracks. 
However, the FEM assumes that concrete is homogeneous 
despite the presence of porosity and microcracks. In the context 
of the FEM, it is regarded that rebars are completely attached to 
concrete. Nevertheless, the bond-slip observed in real-world 
slabs would serve to diminish the composite effect between 
concrete and rebar. In the FEM, the modelling of two 
perpendicular GFRP bars at the same level leads to a stiffer 
mesh reinforcement than that achieved by joining metal wires. 
As demonstrated in the preceding section, the validation 
findings are deemed to be satisfactory. 

VI. CONCLUSION 

In this research, one-way bubbled concrete slabs reinforced 
with Glass Fiber Reinforced Polymer (GFRP) bars with 
embedded steel I-sections were tested for flexural behavior. 
Four-point static loading was applied to test the structural 
integrity of the specimens. Flexural characteristics such as 
cracking, deflection response to applied stresses, ultimate 
strength, and failure mechanism were evaluated. 

 

Fig. 14.  FEM & EXP. Load-deflection curves of specimen SS2. 

 
Fig. 15.  FEM & EXP. Load-deflection curves of specimen BS2. 

 

Fig. 16.  FEM & EXP. Load-deflection curves of specimen BS2-2I-SC. 

 
Fig. 17.  FEM & EXP. Load-deflection curves of specimen BS2-4I-SC. 
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The following conclusions can be derived from the 
experiments of this research: 

 The slabs tested and reinforced with GFRP bars exhibit 
bilinear behavior up to the point of failure. 

 In the presence of balls, the unreinforced bubbled slab had 
20% less stiffness than the solid slab once cracks formed at 
the ultimate stage due to the reduced moment of inertia. 
However, the reinforced bubbled slab specimens with two 
and four steel I-sections with the presence of Channel Shear 
Connectors (CSC) had 196% and 273% higher stiffness 
than that of the unreinforced bubbled slabs and 136% and 
197% higher stiffness than that of the solid slabs, 
respectively. 

 According to the study, unreinforced bubbled slabs had 
15% less ultimate strength than that of thesolid slabs. 
Reinforced bubble slabs with two and four steel I-sections 
with CSC increased ultimate strength by 160% and 179%, 
compared to unreinforced bubble slabs, and 121% and 
137%, compared to solid slabs, respectively. 

 The presence of plastic spherical voids and Fiber-
Reinforced Plastic (FRP) reinforcements resulted in an 
increase in the crack width and a decrease in the number of 
cracks. On the other hand, when bubbled slabs were 
strengthened, the number and width of maximum cracks 
decreased significantly. 

 Internal reinforcement with steel I-sections prevented 
service cracking in the bubbled slabs. It also increased 
stiffness, load carrying capacity, flexural strength, first 
crack load, and shear strength. 

 Compared to the solid slab specimen, the reinforced 
bubbled slab with two and four steel I-sections with CSC 
had 77% and 81% less deflection, respectively. In addition, 
the deflection was 84% and 87% less than the unreinforced 
bubbled slab specimen, respectively. 

 The unreinforced slabs failed under flexural stress in the 
tensile zone. The failure mechanism was "brittle" as the 
GRP bars suddenly broke due to the design of the models 
(under reinforced tension control). Even though reinforced 
bubble slabs failed under flexural stress in the compression 
zone and the failure mode was considered "brittle" due to 
concrete crushing in the compression zone, the presence of 
steel I-sections as internal reinforcement changed the 
failure mode from tension to compression due to its 
contribution to strengthening and resisting stresses in the 
tension zone. 

 Bubbled slab models strengthened with steel 4I shapes 
showed superior performance, reducing deflection and 
cracking, and increasing ultimate capacity, stiffness, and 
flexural strength compared to steel 2I-shapes. 

 The shear strength of an unreinforced bubbled slab is 75% 
of that of a solid slab. 

 Reinforced bubbled slabs with two or four pieces of steel I-
sections with CSC revealed a 40% and 68% reduction in 

concrete compressive strain compared to unreinforced 
bubbled slab specimens. 

 The first major achievement of the study was the reduction 
of self-weight by obtaining acceptable ultimate strength 
through the incorporation of plastic balls into slabs. Second, 
steel I-sections for internal reinforcement improved the 
deflection, stiffness, cracking, bearing capacity, flexural 
strength, and shear strength of the bubbled slab. 

This study supports the usage of steel I-shapes to internally 
strengthen bubbled slabs and other structural parts. Moment of 
inertia for the Sections enhances slab stiffness, reduces 
deflection and cracks, and increases ultimate load capacity. 
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