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ABSTRACT 

Occasionally it is more crucial to lower the mass of a building component than to improve its rigidity, 

specifically in massive buildings like long-span structures where the self-weight of the floors is one of the 

significant challenges that engineers confront. Therefore, the main objective of this work is to explore the 

flexural performance of Lightweight Concrete Beams (LWCBs) reinforced with Glass Fiber Reinforced 

Polymer (GFRP) bars in terms of curvature, cracks and failure modes, deflection, material stress-strain 

relationship, and joint end rotation. The flexural performance of LWCBs reinforced with varied GFRP 

bars and Steel Reinforcement (SR) ratios is assessed and compared to that of Normal Concrete Beams 

(NCBs) reinforced with SR. Numerical analytical models for the tested beams were created utilizing the 

iDiana software. Both analytical and experimental test results were compared. The study revealed a high 

correlation between the findings of Finite Element Models (FEMs) and those acquired from beam testing. 

The performance of LWCBs that utilized SR was equivalent to that of NCBs. The GFRP-reinforced 

LWCBs performed mostly as elastic deformed elements, with just little deflection post-load release. The 

study emphasized the significant potential for employing LWC and GFRP bars in the construction field's 

growth. 
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I. INTRODUCTION  

The analysis of prior research indicates that there are few 
available experimental tests for the bending response of beams 
made of LWCBs reinforced with GFRP bars, particularly for 
LWC beams with a specific gravity half that of NC. Many of 
these researches [1-12] were concerned with the structural 
behavior and the mechanical characteristics affected by the 
type of Lightweight Aggregates (LWA) and the composition of 
the LWC blends as well as the kind and ratio of Fiber 
Reinforced Polymer (FRP) reinforcement. Authors in [1] 
experimentally tested lightweight and fibered lightweight 
concrete (LWC and LWCF) beams in terms of bending and 
ductility and compared the results with that of conventional 
concrete beams. They stated that the LWC beams exhibited 
significantly better performance than that of LWCF beams. A 
16% reduction was observed in the weight of LWCF beams. 
The ductility was improved by 0.4% and 0.5% for LWC and 
LWCF beams, respectively. Authors in [2] conducted a series 
of experimental tests to explore the properties of LWC blends 
using Expanded Polystyrene Beads (EPBs) instead of Coarse 
Aggregates (CA). The study concluded that adding EPB as a 
replacement of CA declined the mixes’ density to 10.9KN/m3, 
resulting in reducing the concrete compression capacity and 

modules of rupture. Authors in [3] studied the structural 
performance of a LWC beam reinforced with glass-and basalt-
reinforced polymer (GFRP and BFRP) bars. The LWC in the 
study was created by replacing 50% of the normal aggregates 
with expanded clay LWA. According to that study, increasing 
the percentage of expanded clay LWA in concrete lowered its 
compressive strength. The ultimate load capacity and mid-span 
deflection for GFRP and BFRP reinforced beams were lower 
than those of steel-reinforced beams. Authors in [4] 
investigated the deflection of six steel-fibered LWC beams 
reinforced with Carbon-FRP (CFRP) rods under two-point 
loads. The testing results demonstrated that the introduction of 
steel fibers at a ratio of 0.6% by volume enhanced the structural 
behavior of the beams in bending, resulting in a 30% reduction 
in maximum deflection when compared to LWC beams 
without steel fibers. The maximum deflection of the LWC 
beams reinforced with CFRP rods was less than the permitted 
limit specified by ACI code requirements. 

The goal of the current experimental and numerical analysis 
is to explore the performance of RC-beams made of LWC, 
which has a specific gravity half that of normal concrete and 
cylinder compressive strength of 30MPa. The LWC beams 
were reinforced with varied ratios of GFRP and SR rods. Four 
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LWC beams were assessed in terms of bending performance, 
failure mode, and serviceability, in addition to two reference 
beams built of NC with cylinder compressive strength of 
30MPa. 

II. CHARACTERISTICS OF MATERIALS UTILIZED 
IN BEAM PRODUCTION 

A. Glass Fiber Reinforced Polymer and Steel Rods 

One downside of utilizing SR in structural concrete is the 
likelihood of corrosion, particularly in settings with high 
humidity and chloride attack. One good remedy for this issue is 
to use GFRP bars in reinforcing structural elements instead of 
SR bars since they are non-corroded. The axial and lateral 
resistance of the GFRP rods is regulated by the kind, quantity, 
and configuration of the GF utilized in each rod. Throughout 
all loading phases, the GFRP rods acted as a perfectly elastic 
material. The lateral resistance of GFRP rods is substantially 
lower than that of SR bars, but it has a higher tensile capacity. 
Table I and Figure 1 provide the design parameters of the 
utilized GFRP and SR rods. Figure 2 displays the results of the 
pull-out test between the LWC utilized in the current research 
and various reinforcing bars. 

TABLE I.  CHARACTERISTICS OF GFRP AND SR RODS 

Design parameter GFRP rods STR rods 

Ultimate tension capacity (MPa) 1000 620 
Yield strength (design strength) (MPa) 420a 420 
Elastic modulus (GPa) 60×103 200×103 

a. The GFRP rods have design strength and no yielding took place 
 

 
Fig. 1.  SR and GFRP bar’s stress and strain under tension load. 

 

Fig. 2.  Relationship of bond stress between LWC and different types of 
bars. 

B. Mechanical Properties of the utilized LWC 

LWC is encouraged to be applied in the construction 
industry due to its favorable physical characteristics, including 
low heat conductivity and density. The LWC used in the 
present study was developed to have the half-density of NC 
[13]. Table II displays the design parameters of the LWC 
employed in the current research as well as the composition of 
1m3 expressed as a percentage of cement weight. Figure 3 
illustrates the splitting and flexural tensile test for the LWC 
employed in the study. 

TABLE II.  LWC BLEND COMPOSITION AND MECHANICAL 
CHARACTERISTICS 

Material/Mechanical properties Percentage of cement weight / value 

Cement type I 52.5 1 
Fine expanded clay 0/2 0.83 
Coarse expanded clay 2/9E 0.15 
Coarse expanded clay 6.5 1.06 
Water-cement ratio 0.63 
Silica fume 0.08 
Super plasticizer 0.01 
Concrete compressive strength (MPa) 34 
Direct tensile strength (MPa) 2.25 
Modulus of rupture (MPa) 2.46 
Elastic modulus (GPa) 12×103 
Fresh/dry specific weight (g/cm3) 1.43/1.25 

 

 
(a) 

 
(b) 

Fig. 3.  (a) Splitting and (b) flexural tensile strength tests of the used LWC. 

C. Beam Preparation and Test Setup 

Four simply supported beams with a reinforcement ratio of 
0.5% and 1% were manufactured using LWC, which had a 
specific gravity half that of NC. Two other beams were built 
utilizing NC with the same steel reinforcement ratios of 0.5% 
and 1.0% for comparison. All the tested beams had a 3300mm 
overall length, 150mm×300mm cross-sectional dimensions, 
and were exposed to 2-point loads at the third span. All tested 
beams were subjected to displacement control technique with a 
loading rate of 0.01mm/s. All beams' longitudinal bars were 
extended to the beam's end for a total of 3300mm. LVDT 
gauges were affixed to the ends of the bars at the end face of 
the beam to measure any slippage between the longitudinal 
bars and the surrounding concrete at the end zone of the beam. 
Figure 4 displays the beam dimensions and the test set up. 
Several methods have been employed to monitor each tested 
beam. Five different locations underneath each beam were used 
to detect the deflection using LVDTs. Four 2-gauge LVDTs at 
the ends of the beams were used to keep record of the slippage 
between the longitudinal compression of tensile reinforced bars 
and concrete. The gauges were used to quantify the 
compressive and tension strains in the horizontal and vertical 
bars. The gauges were affixed to the beam surface 20mm in the 
compression area, to determine the height of the compression 
side at the beam's mid-span. With the help of the iDiana FE 
software, the gauge locations were established. 
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Fig. 4.  Dimensions and test setup for the tested beams. 

 
Fig. 5.  FEM of the S1 tested beam. 

In order to design the examined beams in accordance with 
ACI 440.1R-15 [14], and to look into model expectations for 
the behavior of the beams, such as the moment-curvature 
relationship and the transmission of stresses and strains 
throughout the beams, the FE model depicted in Figure 5 was 
created using the iDiana software prior to the conducted 
experiments. Table III displays the beams' details. 

TABLE III.  FEATURES AND DETAILS OF THE STUDIED 
BEAMS 

Beam ID S1 S2 S3 S4 S5 S6 

Concrete type LWC LWC LWC LWC NC NC 
Concrete grade (MPa) 30/33 30/33 30/33 30/33 30/37 30/37 
Cross-section (mm) 150×300 
Bar type GFRP GFRP SR SR SR SR 
Reinforcement ratio 

(%) 
1.0 0.5 1.0 0.5 1.0 0.5 

Top reinforcement 2 φ 8 
Transverse 

reinforcement/m 
10 φ 8 

 

III. FINITE ELEMENT MODEL VALIDATION 

The moment-curvature relationships produced by the 
developed FEM were compared with those established based 
on the experimental data. By dividing the maximum 
compression strain at the topmost layer of the beam by the 
height of the compression zone, it is possible to compute the 
curvature at various bending moment values. Using 6 strain 
gauges, each 20mm in the mid-span compression zone, it was 
possible to experimentally measure both the maximum 
compression strain and the depth of the compression zone as 
depicted in Figure 4. The moment-curvature relationships 
produced by the FEM and the experimentally tested beams are 
displayed in Figure 6. Two sets of beams were considered with 
regard to reinforcing ratio. The reinforcement ratio for sets S1, 
S3, and S5 was 1% and 0.5% for S2, S4, and S6. Apart from 
B1, LWC beams reinforced with GFRP bars with 1% 
reinforcement ratio, there is generally no discernible variation 
between the numerical and the test-generated moment-
curvatures. In B1, the variation in curvature between the 
experimental and FEM curves reaches 25.2% at the 

breakdown. The response of LWC beams reinforced with SR 
rods is comparable to that of NC beams, particularly at small 
reinforcement ratios. Nevertheless, utilizing GFRP rods boosts 
the LWC beams' curvature at the same load level. It should be 
mentioned that the moment capacity of the SR beams (LWC or 
NC beams) reaches a specific level and is maintained for a 
considerable rise in curvature prior to the collapse. The GFRP-
reinforced beams can, however, reveal deformation features 
similar to those of SR-reinforced beams before failure. The 
major distinction is that they have no ability to retain maximum 
moments with extended curvature before failure. This may be 
explained by the fully elastic properties of GFRP bars and the 
elastoplastic response of SR bars. 

 

 
(a) 

 
(b) 

Fig. 6.  Moment-curvature relationship of the experimentally tested beams 
and FE models at (a) 1% and (b) 0.5% reinforcement ratio. 

IV. END-ROTATION RESPONSE OF THE STUDIED 
BEAMS 

The moment end-rotation relationships for SR- and GFRP-
reinforced LWC and NC beams are shown in Figure 7. The 
end-rotation might be computed at every load stage until the 
beam failure since the deflection readings at 0.5m from the 
support point throughout each beam's test have been recorded. 
The findings demonstrate that the moment-end rotation 
relationship for NC and LWC samples reinforced with SR bars 
are fairly similar. The geometry of the moment end-rotation 
relationship for SR-reinforced LWC and NC samples complies 
with the typical tendency of a moment-curvature relationship, 
increasing linearly till the yield of the SR bars. When the SR 
bars yielded, that caused a significant rise in end-rotation with 
a small raise in the bending moment, particularly when the 
reinforcement ratio was small, as in samples S4 and S6. This 
response indicates that the rotation-ductility of LWC and NC 
beams reinforced with SR bars is extremely similar. 

 

 
(a) 

 
(b) 

Fig. 7.  Moment end-rotation relationship of the studied beams with (a) 1% 
and (b) 0.5% reinforcement ratio. 
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It was noticed that the end-rotation of these samples 
immediately before rupture differed between 2°17' and 3°14' 
based on the ratios of reinforced bars. The moment end-rotation 
relationships for GFRP-reinforced LWC samples rise linearly 
until the rupture point. The greatest end-rotation for GFRP-
reinforced samples ranged between 2°51' and 3°31', exceeding 
the greatest end-rotation for SR-reinforced beams. Generally, 
the bar's modulus of elasticity has a substantial effect on the 
moment end-rotation relationship. 

V. LOAD-DEFLECTION RELATIONSHIP  

Figure 8 depicts the load-deflection curves for the 
investigated beam sets (S1, S3, and S5) and (S2, S4, and S6). 
The LWC samples reinforced with SR bars (S3 and S4) 
performed similarly to the NC reference samples (S5 and S6). 
As predicted, the SR-reinforced LWC and NC samples turned 
nonlinear following the yielding of SR bars, with a dramatic 
rise in deflection, but a minimal rise in load capacity. 
Nevertheless, the GF-reinforced samples functioned in a 
different way. The load increased with deflection, and the load-
deflection curve was nearly linear until rupture. 

 

 
(a) 

 
(b) 

Fig. 8.  Load-deflection curves of the studied beams reinforced with  
(a) 1% and (b) 0.5% reinforcement ratio. 

Prior to the SR yield, the maximum deflections of GF-
reinforced samples were 3 times greater than those of SR-
reinforced samples. SR-reinforced samples with a 0.5% 
reinforcement ratio (S4 and S6) exhibit better ductile responses 
than those with a 1% reinforcement ratio (S3 and S5) at the 
maximum load phase. The mid-span deflection of the GF-
reinforced sample (S1) was 1.5-times greater than those of the 
SR-reinforced samples (S3 and S5) for 1% reinforcement ratio, 
while for samples with 0.5% reinforcement ratio, the mid-span 
deflection in the GF-reinforced beam (S2) was nearly 
equivalent to those of the SR-reinforced samples (S4 and S6). 
For higher reinforcement ratios, the discrepancy in mid-span 
deflection between GF- and SR-reinforced samples is greater 
than at small reinforcement ratios. 

VI. CRACK NUMBER AND DISTANCE 

The number of cracks and the distance between them, at 
different load stages, were recorded for all tested beams. Table 
IV summarizes the crack behavior of the LWC and NC beams 
at various reinforcing ratios. The tested beams' side area was 
partitioned into 3 equal portions (2 outer areas and 1 central 
area). The number and distance between cracks were measured 
in each of these areas right before the beam's ultimate strength. 
For the reference beams made of NC and reinforced with SR 

bars, the number of cracks in the lower 3-quarters of the height 
of the central area ranged between 11 and 13, with a maximum 
spacing between cracks ranging from 91 to 111mm. The lower 
number of cracks (11:13) compared to (27:39) for GF-
reinforced beams (S1 and S2) may be due to the lower modulus 
of elasticity of GFRP bars compared to SR bars. The height of 
cracks up to 3-quarters of the height of the reference beams 
revealed a typical tension failure mode for SR-reinforced 
beams. 

When considering the GFRP reinforcement ratio, the 
frequency of cracks tended to raise with low reinforcement 
ratios. These findings may represent the impact of bar diameter 
and rib count on GFRP bars in enhancing bond and crack 
behavior, as reported in [15, 16]. The crack spacing for SR-
reinforced beams made of NC is larger than that of beams 
made of LWC. This might imply that the bond and tensile 
strengths of NC are somewhat greater than those of LWC. 
Another observation made during tests is that cracks in SR-
reinforced NC and LWC beams migrated upward with steady 
rise in point loads. But, in GFRP-reinforced beams, cracks 
grew swiftly from the bottom edge up to an altitude of three-
quarters of the entire height, after which the cracks did not 
proceed further until collapse. This allows GFR rods with high 
strains to create the needed stresses to maintain force balance 
and reveals the impact of GFR rods with low modulus of 
elasticity. 

TABLE IV.  DETECTED CRACK NUMBER AND DISTANCE 

Beam 

ID 

Ultimate 

loada 

(kN) 

Crack 

spacing 

(mm) 

Number of cracks Failure succession 

Left 

area 

Central 

area 

Right 

area 
First 

Final 

stage 

S1 64.1 36 22 27 21 GFRPb 
design 

strength 
420MPa Crushing in 

compression 
zone 

S2 44.07 31 28 39 30 

S3 61.55 61 12 21 13 
Yield of 
SR bars 

S4 35.81 66 10 17 13 
S5 60.79 91 10 13 9 
S6 36.44 111 8 11 8 

a. The ultimate load value represents the value of load at each point on the beam 
b. GFRP bars have a perfect linear-elastic response with no yielding until rupture at 1000MPa 

 

VII. CONCLUSIONS 

Based on the outcomes of the current research, the 
following conclusions can be drawn:  

 To present the LWC and NC beams reinforced with GFRP 
and SR bars, FEMs were created and verified after the 
comparison with the experimental results.   

 In terms of maximum load capacity, moment-curvature, 
deflection, end-rotation, crack behavior, and failure mode, 
LWC and NC beams reinforced with SR bars displayed to 
a great extent an equivalent flexural performance. 

 The beams reinforced with GFRP bars had a similar load 
capacity, but a larger deflection than those strengthened 
with SR bars. This might be ascribed to the lower Young's 
modulus of GFRP bars. 
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 Following load discharge, the remnant deformations in 
GFRP-reinforced beams may be ignored in comparison to 
those in SR-reinforced beams. This might allude to the 
GFRP bars' perfect linear-elastic behavior as opposed to 
the SR bars' elastoplastic behavior. 

 The progression of crack height in GFRP-reinforced 
beams is quicker in the early stages of loading until it 
reaches around three-quarters of the beam's height and 
then becomes significantly slower until failure. 

 The progression of fracture height in SR-reinforced beams 
behaved gradually as applied loads increased. 
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