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ABSTRACT 

This research presents findings from experiments conducted on the structural behavior of 

concrete beams reinforced with Glass Fiber Reinforced Polymer (GFRP) bars and conventional 

steel bars as control. The mechanical properties of the GFRP bars and steel bars (10mm and 

12mm nominal sizes) used were ascertained. A total of seven (7) RC beams measuring 120mm 

x 200mm x 2000mm mm were cast, six (6) of which were GFRP reinforced and one (1) was 

steel reinforced, and were loaded until failure. Test variables considered were the concrete 

compressive strength, tensile reinforcement ratios and loading conditions. The data gathered 

were analyzed using theoretical and experimental approach to provide an insight to structural 

characteristics of the RC beams cast. An estimation for the theoretical failure load from 

fracture of tension bars were based on a partial factor of safety (γm) of 1.52 for the tensile 

strength of GFRP. The study examined the deformational behavior including load-deflection 

response, crack propagation, flexural capacity and failure modes under a four-point monotonic 

loading test. The experimental results revealed that the GFRP RC beams exhibited typical 

bilinear elastic behavior under static loading with a reduction in stiffness after cracking. The 

GFRP RC beams failed by sudden concrete crushing due to shear-bond failure, diagonal 

tension failure in the concrete, and flexural failure in contrast to the steel-RC beam which 

failed due to yielding of the steel tension bars. The investigation further highlighted that 

increasing the concrete compressive strength and the longitudinal tensile reinforcement ratio 

of GFRP-RC beams significantly improved their structural performance, reducing crack 

widths and increasing failure loads. GFRP reinforced concrete beams demonstrated higher 

ultimate load capacities and deformations compared to steel-reinforced beams, despite their 

brittle failure modes. Further aligning with previous research, findings revealed that higher 

concrete strength leads to a greater number of cracks, but with reduced spacing and narrower 

widths.  
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1. INTRODUCTION 

The construction industry has historically been motivated by the necessity for materials that 

can improve structural performance while also addressing concerns related to sustainability 

and durability. Despite its widespread usage, traditional steel reinforcement poses various 

challenges, such as susceptibility to corrosion, and a substantial carbon footprint linked to its 

manufacturing process [1]. Glass Fiber Reinforced Polymer (GFRP) bars have emerged as a 

promising substitute in response to these challenges, offering superior properties like a high 

strength-to-weight ratio, exceptional corrosion resistance, appreciable performance against 

fatigue, non-conductivity, electromagnetic resistivity and durability [2 - 4]. 

GFRP bars consist of continuous glass fibers incorporated in a polymer matrix, typically 

epoxy or vinyl ester resin [5]. This composition provides several benefits, including non-

corrosive characteristics, which are especially advantageous in settings prone to chemical ex-

posure or moisture, like marine structures, bridges, and wastewater treatment facilities [6]. 

Moreover, the remarkable tensile strength of GFRP bars renders them an appealing choice for 

tasks necessitating lightweight yet sturdy reinforcement [4]. 

Despite the advantages mentioned, the integration of GFRP bars into construction practices 

has been gradual, mainly due to the limited comprehension of their long-term performance 

and response under diverse loading conditions. Recent research efforts have concentrated on 

clarifying the mechanical features of GFRP-reinforced concrete structures, leading to notable 

progress in understanding their tensile strength, bonding behavior, and flexural capacity [7, 

8]. According to Boateng et al. [7] and Issa et al. [9], the GFRP reinforcing bars show a rela-

tively lower modulus of elasticity, reduced ductility, and decreased stiffness when compared 

to traditional steel. This reduced stiffness, in conjunction with various factors such as altered 

bond characteristics and decreased tension stiffening, leads to deformations that exceed those 

of steel-reinforced elements at all loading stages. As a result of these significant deforma-

tions, the design of structures might be influenced by constraints related to deflection [10]. 

Nonetheless, extensive investigations on the strength and deformation properties of GFRP-

reinforced beams remain relatively scarce. 
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The strength of a reinforced concrete beam is a crucial parameter that determines its capacity 

to sustain loads without any structural failure [11]. In the instance of GFRP-reinforced 

beams, this covers not just the ultimate load-carrying capability but also the beam's response 

under various load forms. On the contrary, deformation characteristics offer valuable insights 

into how a beam reacts to applied loads concerning deflections and crack development [12, 

13]. The comprehension of these characteristics is essential in evaluating the serviceability 

and durability of GFRP-reinforced beams. Unlike steel, GFRP bars display a linear elastic 

response until failure without yielding, influencing the ductility and energy absorption poten-

tial of the reinforced concrete structures [7, 14, 15]. 

Experimental and numerical investigations have revealed that the incorporation of GFRP bars 

led to improvements in the flexural strength of concrete beams, where different reinforcement 

ratios had varying impacts on load-bearing capacity and deflection [16]. Results from the stu-

dies showcased promising outcomes for the use of GFRP bars in concrete structures, demon-

strating higher failure loads and deflections compared to traditional steel reinforcement, par-

ticularly in cases involving lower strength concrete beams [17]. The findings also highlighted 

the variation in behavior of GFRP-reinforced concrete beams based on longitudinal rein-

forcement ratios, indicating that the role of GFRP bars in the compression zone was negligi-

ble in design considerations. Adam et al. [18] concluded that increasing the concrete strength 

and the reinforcement ratio of GFRP-RC beams can lead to a substantial improvement in 

their flexural performances as they can reduce the crack widths. Zhang et al. [19] researched 

on the bonding performance between GFRP bars and reported that concrete is significantly 

affected by the deformation characteristics of the bars, where higher deformation coefficients 

can enhance bond strength but may result in a transition of failure modes from ductile to brit-

tle. Xie et al. [20] also had similar findings. 

Muhamad [21] made an experimental inquiry involving full-scale assessments of GFRP-

reinforced beams under controlled settings and furnished significant insights into their re-

sponse to load-induced deformations, failure mechanisms, and patterns of crack propagation. 

One of the crucial parameters for evaluating the structural behavior of reinforced concrete 

(RC) beams is the measurement of crack width and its progression. Numerous studies [22 - 

24] have indicated that both crack width and propagation have the potential to diminish the 

stiffness of the beam, resulting in augmented deflections and decreased structural efficiency. 

The existence of wide cracks may lead to a reduction in the load-carrying capacity of the 

beam, thereby increasing the likelihood of premature structural failure. Besides, the occur-
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rence of cracks can expose the embedded reinforcement to moisture, leading to the initiation 

of corrosion processes that jeopardize the structural integrity. In beams with low ductility, 

wide cracks can escalate the susceptibility to brittle failure. Additionally, the presence of 

cracks enables the penetration of water and aggressive substances, giving rise to durability 

concerns and possible deterioration of the structural elements [1].  

This experimental study, sought to enhance the understanding of the strength and deforma-

tional characteristics of GFRP-reinforced beams under static loading conditions, thereby faci-

litating their effective application in structural engineering  

 

2. EXPERIMENTAL PROGRAM  

2.1 Materials 

The components that were integrated included fine aggregate, coarse aggregate, ordinary 

Portland cement, GFRP reinforcing bars, reinforcing steel bars as control and potable water. 

Fine aggregate comprised natural pit sand with a maximum particle size of 4.75mm, while 

coarse aggregate consisted of crushed granite with a maximum size of 12.5mm. Both fine and 

coarse aggregates underwent a sieve analysis that adhered to BS 1377: 1990 [25] standards, 

and the cement, met the specifications of ASTM C150 [26]. The GFRP bars were ribbed and 

sand coated, with diameters ranging from 10mm to 12mm. All the materials used in this 

experimental study including the GFRP bars were locally produced in Ghana, indicating the 

feasibility of implementing GFRP technology in the construction industry within the country. 

2.2 Preparation of Test Specimens 

2.2.1 Mix design 

Two concrete mix ratios were employed comprising 1:2:3, 0.45 and 1:1:2, 0.4 (cement: fine 

aggregate: coarse aggregate, w/c) for the intended concrete grades of C25 and C30 

respectively in accordance with IS:10262 (1982) [27]. 

 

2.2.2 Mixing, casting and curing 

Initially, the fine aggregate and cement were proportioned and poured into a mechanical 

concrete mixer, followed by the addition of coarse aggregate. These materials were mixed in 
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a dry state for around two minutes, after which water was gradually introduced to the dry 

mixture. The mixing process was standardized, resulting in a consistent appearance in a 

plastic mix. To ensure thorough blending, the blending time was approximately 2 minutes per 

rotation. A slump test was performed to assess the workability of the concrete. 

2.3 Preparation of GFRP Bars  

The longitudinal tensile reinforcement ratios and transverse reinforcement ratio (stirrups) 

were parameters examined for the GFRP bars. Two longitudinal tensile reinforcement ratios 

of 0.7% (2ø12 mm GFRP bars) and 1.13% (3ø12 mm GFRP bars) together with a transverse 

shear reinforcement ratio of 0.85% (ø10mm, 200mm stirrup spacing) were adopted. The 

GFRP reinforcement ratios described above resulted in two configurations which are detailed 

in Fig. 1, in addition to the reinforcement cages fabricated.  

 

(a) Beam configuration A 

 

 

(b) Beam configuration B 
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(c) Fabricated GFRP cages 

Fig. 1. Preparation of reinforcement 

2.4 Preparation of Reinforced Concrete Beams 

Marine board was employed as the material for the concrete beams and control specimen 

formwork, configured to specified dimensions of 120mm in width, 200mm in depth, and 

2000mm in length for the beam. Lubrication was applied to the inner surface of the beam 

formwork using recycled engine oil to facilitate easy removal post-casting. After being filled 

with concrete and compacted, attention was given to achieving a consistent cover below and 

around the reinforcement, and the surface of the cast concrete was smoothened. A total of 

seven (7) beams were cast, with specific details provided inTable 1. Concrete cubes 

(150x150x150mm) and prisms (100x100x500mm) were cast as control for compressive 

strength and modulus of rupture respectively.After 24 hours, the beams and control 

specimens were extracted from their molds and subjected to a curing process under wet 

hessian cloth for 28 days. Prior to testing, they were thoroughly cleaned of any debris and 

coated with white emulsion paint on all surfaces. 

2.5 Test Procedures 

2.5.1 Concrete compressive strength test 

Compressive strength of the cured concrete cubes for both concrete mixes (1:2:3, 0.45 and 

1:1:2, 0.4) was determined at 7 days, 14 days and 28 days in accordance withBS EN 12390-3 

[29], using the Universal Testing Machine (UTM). The results of the concrete compressive 

strength are shown in Table 2. 
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2.5.2 Concrete modulus of rupture test 

The concrete prism (100mm x 100mm x 500mm) was simply supported over a span of 

400mm in a study steel framework and loaded with a central point load until failure. The 

concrete modulus of rupture results are presented in Table 3. 

2.5.3 Tensile test 

The tensile strength of the Glass Fiber Reinforced Polymer (GFRP) reinforcing bars was es-

timated by employing the Universal Testing Machine (UTM) based on the protocols specified 

in ASTM D7205 [30]. Specimens of 10mm and 12mm diameters were initially prepared by 

securing grip at each end with a 25mm steel pipe having an inner diameter of 22mm. The 

GFRP bars were inserted 150mm into the steel pipe grips at both ends, thus resulting in a 

300mm free length. An epoxy mixture (Bisphenol A) enriched with expanding additives and 

distinguished by high-strength non-shrink properties was employed to fill the void between 

the steel pipe and GFRP bar. The specimens underwent a sealing process and were permitted 

to cure for a duration of 24 hours, followed by a subsequent three-day period for hardening. 

The tensile test was carried out in a 1000 kN capacity ELE universal testing machine featur-

ing an extensometer of 50mm gauge length. Tension was applied to the bar at a constant rate 

of 3mm per minute until failure.  Various failure modes, including fiber glass fracture or 

epoxy failure were recorded, along with tensile strength, Young’s modulus of elasticity, fail-

ure strain, and automatic plotting of stress-strain curve. Additionally, tensile test was con-

ducted on the reinforcing steel bars. The results of tensile test are presented in Tables 4 and 5.  

 
2.5.4 Testing of reinforced concrete beams  

The cured beams at maturity of 28 days were cleaned and painted white in order to clarify the 

crack detection. The beams were placed in a rigid steel loading frame equipped with two 

supports positioned 100mm from the beam ends, with a clear span of 1,800mm. An actuator 

comprising a hydraulic jack and an attached load cell was employed to apply the load at 2kN 

intervals. A shift spreader steel beam was used to transfer the load to the specimen through 

two symmetrical loading points as illustrated in Fig. 2. The deflection and crack patterns were 

monitored, measured and recorded. At the failure loads, corresponding to the point of beam 

failure, the crack propagation parameters such as crack width, spacing and types of cracks 
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were recorded for analysis. The recorded data were used to establish the load-deflection 

relationship and provide insights into beam behavior under the varying loads. 

 
Fig. 2. Beam Testing set-up 
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Table 1. Details of Beam specimens 

S/N Beam ID Reinforce-
ment Type 

Cross-
section b x 

d (mm2) 

Cube 
strength 
(N/mm2) 

Modulus 
of rupture 
(N/mm2) 

Compression rein-
forcement 

Tensile rein-
forcement Stirrups 

Ø (mm) # Ø(mm) # Ø(mm) Spacing 
(mm) 

1 C25/CS1 GFRP 120x200 23.4 5.4 12 2 12 2 10 200 

2 C30/CS1 GFRP 120x200 30.4 6.3 12 2 12 2 10 200 

3 C30/CS2 GFRP 120x200 30.4 6.3 12 2 12 2 10 200 

4 C25/ρ1 GFRP 120x200 23.4 5.4 12 2 12 3 10 200 

5 C25/ρ2 GFRP 120x200 23.4 5.4 12 2 12 3 10 200 

6 C25/ρ3 GFRP 120x200 23.4 5.4 12 2 12 3 10 200 

7 C25/S/200 Steel 120x200 23.4 5.4 12 2 12 3 10 200 
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Table 2. Compressive strength of cube specimens 

Specimen Target 

Strength 

Average Compressive Strength (N/mm2) 

7 days 14 days 28 days 

C25 16.3 20.9 23.4 

C30 20.1 27.1 30.4 

 

Table 3. Modulus of rupture of concrete prism specimens 

Specimen Target strength 
Average Maximum Load 

(N) 

Average Modulus of Rup-

ture (N/mm2) 

C25 9044.3 5.4 

C30 10463 6.3 

 

 

 

3. RESULTS AND DISCUSSIONS 

3.1 Mechanical properties of reinforcement bar specimens 

The assessment was carried out to determine the mechanical characteristics of both conven-

tional steel and Glass Fiber Reinforced Polymer (GFRP) bars utilized in reinforced concrete 

beams [7]. The 10mm bars were specifically employed as stirrups, whereas the 12mm bars 

served as the longitudinal reinforcement in the beam samples. The mechanical properties for 

the traditional mild steel bars and GFRP bars are presented in Tables 4 and 5 respectively. 

The 10mm and 12mm diameter GFRP bars exhibited ultimate tensile strengths of 1193 

N/mm² and 1030 N/mm² respectively. The Young's modulus of elasticity of the GFRP bars 

were determined as 54.43 kN/mm² and 41.71 kN/mm² for the 10mm and 12mm bar sizes, re-

spectively. Furthermore, the ultimate elongation values are recorded at 2.20% and 2.48% for 

the 10mm and 12mm GFRP bars, respectively. Furthermore, the stress-strain relationships of 

the GFRP bars are illustrated in Fig. 3. 
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Table 4. Mechanical properties of traditional steel reinforcing bars 

Bar Size 

Average 

Diameter 

(mm) 

Yield 

Strength 

(N/mm2) 

Yield 

Strain 

(Ev) 

Tensile 

Strength 

(N/mm2) 

Average Ulti-

mate Elongation 

(%) 

10mm 9.24 464.20 0.0026 545.19 18.03 

12mm 11.17 457.57 0.0031 538.30 18.7 

 

Table 5.  Mechanical properties of GFRP bars 

Bar Size 

Average 

Diameter 

(mm) 

Average Ultimate 

Tensile Strength 

(N/mm²) 

Average Young’s 

Modulus of Elas-

ticity (kN/mm2) 

Average Ulti-

mate Elongation 

(%) 

10mm 9.54 1193 54.43 2.20 

12mm 11.35 1030 41.71 2.48 
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Fig. 3. Stress-strain curve for 10mm and 12mm GFRP bars
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Table 6. Deflections and crack modes 

S/N Beam ID 
Deflection at 
first crack, 

(mm) 

Final def-
lection 
(mm) 

Maximum 
crack 
width 
(mm) 

Average 
crack 

spacing 
(mm) 

Types and No. of cracks 

No. of 
pure shear 

cracks 

No. of flexural shear cracks 

Within 
loaded span 

At shear 
spans 

1 C25/CS1 0.98 28.86 1 97.5 4 5 4 

2 C30/CS1 9.04 19.53 1 55.54 6 6 3 

3 C30/CS2 2.52 20.3 1 50.52 6 8 3 

4 C25/ρ1 5.19 19.88 0.5 71.88 5 6 3 

5 C25/ρ2 7.99 18.54 1 68.9 4 4 7 

6 C25/ρ3 4.66 20.38 0.5 91.57 3 6 5 

7 C25/S/200 4.43 11.39 2 54.83 6 7 9 
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3.4 THEORETICAL FLEXURAL ANALYSIS 

3.4.1 Cracking moment 

3.4.1 Cracking moment of reinforced concrete beam (Mcr) 

Fig. 4. Schematic diagram of 4-point loading system for beams 

 

For a reinforced concrete beam, the cracking moment (Mcr) is obtained employing the 

modulus of rupture in the expression as in Eqn. 1, assuming elastic behaviour;  

(௖௥ܯ)ݐ݊݁݉݋݉	݃݊݅݇ܿܽݎܥ = ௧݂x
ܾ݀ଶ

6
… … … … … … … … … (1) 

where Mcr is the cracking moment (Nmm);ft is the modulus of rupture (N/mm2); b = width of 

beam (mm); d = depth of beam (mm).  

3.4.2 Theoretical cracking load of RC beam 

From the 4-point loading system of the RC beam in Fig. 4., the theoretical cracking load of 

the beam can be expressed as shown in Eqn. 2; 

ܲ =
ܯ2
ଵܮ

… … … … … … … … … … . (2) 

where P = Pcr; Pcr is the theoretical cracking load (kN); M = Mcr is the cracking moment 

(kNm); L1 is distance from the support to the nearest load point (=700mm). Computed values 

of theoretical cracking loads for the RC beams are shown in Table 7. 
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3.4.3 Analyses of theoretical failure load 

The analysis of the theoretical failure load is based on three main assumptions, namely; ( i ) 

GFRP bar failing first, ( ii ) concrete crushing first or ( iii ) shear failure occurring first.  

3.4.4 Theoretical failure load based on GFRP bar failing first 

For the simply supported shown in Fig. 4, the ultimate load is expressed by Eqn. 3 as follows; 

௨ܲ௟௧ =
௥௙ܯ2

ଵܮ
… … … … … … … … … … (3) 

where Mrf is the moment of resistance of GFRP bar in tension (kNm); Pult is the ultimate 

failure load for GFRP bar (kN); L1 is distance from the support to the nearest load point 

(=700mm). 

With partial factor of safety of 1.52 [7], the moment of resistance of the GFRP in tension is 

given by; 

௥௙ܯ = 0.66 ௬݂௙ܣ௙ 	x	0.775d … … … … … … … . . (4) 

where fy is the tensile strength of GFRP bar (N/mm2); Afisarea of GFRP in tension 

zone(mm2); d is the effective depth of beam (mm). 

Three (3) categories of tensile reinforcement were employed in the beam specimen; namely; 

ratios of 0.7% and 1.13% GFRP bars and 0.7% steel tensile reinforcement in control beams 

are shown in Table 7. 

 
3.4.5 Theoretical failure load based on concrete crushing first 

Theoretical failure load of a reinforced concrete beam based on concrete crushing first in 

compression is given as expressed by Eqn. 6 including compression bar; 

௨ܲ௟௧ =
௥௖ܯ2

ܮ
… … … … … … … … … (5) 

௥௖ܯ = 0.156 ௖݂௨ܾ݀ଶ + ௠ߛ ௙݂௬ܣ௙(݀ − ݀ଵ) … … … … … . (6)	 

 

where Mrc is the Moment of resistance of concrete beam (kNm); Pult is the Concrete crushing 

load (kN); fcu is the concrete compressive strength (N/mm2); γm is the partial factor of safe-

ty;d1 is the effective depth of compression GFRP bar; Af is the area of GFRP bars in com-

pression. The computed values of failure loads of the RC beams assuming concrete crushes 

first are captured in Table 7 without contribution by GFRP bars in compression [17].  
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3.4.6 Theoretical failure load based on the assumption of shear failure occuring first 
 

௙ܸ = 0.66
Asv
	Sv ௬݂ ∗ ݀ + ௖ܸܾ݀… … … … … … (6) 

where Vfthe Shear failure load; fy is the yield strength of GFRP stirrups; Vcis the design con-

crete shear strength; Asv is the area of shear reinforcement; Sv is the spacing of stirrups; b is 

the width of the beam.   

Results of the computations for shear failure occurring first for beam specimens are captured 

in Table 7.
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Table 7. Cracking and Failure loads of beams 

S/N Beam ID 

Theoretical 

cracking load, 

Pcr  (kN) 

Experimental 

cracking load, 

P’cr (kN) 

Theoretical Failure load Pult (kN) 

based on  Experimental 

failure load, 

P’ult (kN) 

P’cr/Pcr P’ult/Pult 
GFRP 

failing 

Concrete 

Crushing 

Shear 

Failure 

1 C25/CS1 12.3 12 52.3 37.0* 98.6 28 0.96 0.76 

2 C30/CS1 14.4 16 52.3 48.1* 98.6 28 1.11 0.58 

3 C30/CS2 14.4 16 52.3 48.1* 98.6 36 1.11 0.75 

4 C25/ρ1 12.3 14 78.6 37.0* 98.6 30 1.14 0.81 

5 C25/ρ2 12.3 16 78.6 37.0* 98.6 30 1.3 0.81 

6 C25/ρ3 12.3 16 78.6 37.0* 98.6 28 1.3 0.76 

7 **C25/S/200 12.3 20 30.6* 70.5 63.4 30 1.6 0.98 

** Steel reinforced beam                        *Governing failure load of beam                                                Average: 1.15 0.75 
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4.  THEORETICAL AND EXPERIMENTAL RESULTS 

4.1 Cracking moment 

The cracking loads of the tested beams are detailed in Table 7. Specifically, the experimental 

cracking load values for the GFRP RC beams ranged from 12k N to 16 kN, whiles the steel 

reinforced beam had an experimental cracking load at 20 kN. The experimental cracking 

loads (P’cr) of the beams reinforced with GFRP bars averaged 1.15 (approximately 115 per-

cent) of the theoretical cracking loads (Pcr). However, the beams reinforced with steel rein-

forcing bars achieved experimental cracking loads (P’cr) 1.6 (approximately 160 percent) of 

the theoretical cracking loads (Pcr). It is noteworthy that the cracking load is closely asso-

ciated with the tensile strength of concrete, a property dependent on compressive strength. As 

such, an increase in concrete compressive strength resulted in higher cracking moments. 

4.2 Load-Deflection Behaviour  

Fig. 5 illustrates typical bilinear load-deflection relationships forseven (7) reinforced concrete 

beams. Six (6) beams were reinforced with GFRP bars, while one (1) beam was reinforced 

with traditional mild steel bars. In general, the load-deflection curves of the GFRP RC beams 

can be categorized into two distinct phases; the initial phase is commonly known as the "pre-

crack stage," during which the behavior exhibited by all beam specimens demonstrated a 

steep and nearly linear trend. Subsequently, the succeeding phase is referred to as the "post-

cracking stage," characterized by the initiation and progression of cracks within the speci-

mens. During this latter phase, the further crack propagation into the concrete compression 

zone led to a reduction in the flexural stiffness of the beams, until failure due mainly to con-

crete crushing. 
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Fig. 5. Load - deflection response 

4.3 Crack Propagation and Crack Width  

The investigation of crack width is a vital parameter in the assessment of the performance of 

reinforced concrete structures.At failure, Beam C25/CS1developed 1mm maximum crack 

width, with average crack spacing of 97.5mm. This yielded a total of 13 number of cracks 

comprising 4 number of pure cracks, 5 number flexural cracks within the loaded span and 4 

number flexural cracks within the shear span. Further details of the crack propagation are 

given in Table 6. As such, Table 6 illustrates that increasing reinforcing ratio in GFRP-RC 

beams led to an increase in the quantity of cracks and consequently a reduction in the average 

crack spacing. Additionally, Table 6 highlights the influence of concrete strength on the for-

mation of cracks. Under identical load levels, higher concrete strength led to a greater number 

of cracks with reduced spacing and narrower crack widths compared to beams with lower 

concrete strength as confirmed by previous studies [11, 20]. 

4.4 Failure Loads 

Table 7 presents the theoretical and experimental failure loads of the beams under monotonic 

loading conditions. The average experimental failure load (P’ult) of the GFRP RC beams were 

approximately 75% of the theoretical failure load (Pult). On the other hand, the experimental 

failure load (P’ult) observed for the steel reinforced concrete beams was found to be 98% of 

the theoretical ultimate failure loads.  
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It can be observed from Table 7 that the experimental failure loads (P’ult) of the GFRP RC 

beams ranged between 28 kN and 36 kN. Beam C30/CS2, with a compressive strength of 

30.4 N/mm2, exhibited a higher experimental failure load compared to beam C25/CS1, with 

compressive strength of 23.4 N/mm2. This indicates that an increase in the concrete compres-

sive strength of GFRP RC beams caused an increase in the failure load. Adam et al. [1] and 

Yang [5] also had similar findings.As depicted in Table 7, GFRP RC beam C25/CS1, with a 

longitudinal tensile reinforcement ratio of 0.7%, experienced a lower ultimate load of 28 kN 

in contrast to beam C25/ρ1, with a longitudinal tensile reinforcement ratio of 1.13%, which 

failed at 30 kN. This pattern demonstrates that a greater longitudinal reinforced GFRP RC 

beam results in a higher failure load, and vice versa. 

4.5 Flexural Capacity and Mode of Failure 

The simply supported beam in this study that is subjected to monotonic loading has a 

maximum constant bending moment and zero shear across the central span. The remaining 

two spans, on the other hand, experience maximum shear forces and varying bending 

moment magnitudes under different loads. The central span of each beam specimen was 

found to be the location of the first crack, indicating the location of the greatest strain. The 

GFRP-RC beams failed by concrete crushing.This was due to shear-bond failure, diagonal 

tension failure in the concrete, and flexural failure brought on by concrete crushing as 

reported by Xie et al. [20] and Kim [23]. On the other hand, the steel-RC beam failed due to 

yielding of the steel tension bars. 

 

Fig. 6. Beam C25/CS1 failure mode 

For Beam C25/CS1shownin Fig. 6, the beam had longitudinal tensile reinforcement ratio of 

0.7%, a transverse reinforcement ratio of 0.65%, a 23.4 N/mm2 cube strength and a 5.4 

N/mm2 modulus of rupture. The beam failed with 4 pure shear cracks, 5 flexural cracks 
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within the constant moment span and 4 flexural cracks at the shear span area of the beam. A 

maximum crack width of 1mm was measured with an average crack spacing of 97.5mm. The 

first crack appeared at 12 kN loading with a corresponding deflection of 0.98mm. At 28 kN 

loading, the beam underwent a sudden brittle failure at a final deflection of 28.86mm. 

 

Fig. 7. Beam C30/CS1 failure mode 

The Beam C30/CS1in Fig. 7 had longitudinal tensile reinforcement ratio of 0.7%, a trans-

verse reinforcement ratio of 0.65%, a 30.4 N/mm2 cube strength and a 6.3 N/mm2 modulus of 

rupture. The beam failed with 6 pure shear cracks, 6 flexural cracks within the loaded span 

and 3 flexural cracks at the shear span area of the beam. A maximum crack width of 1mm 

was measured with an average crack spacing of 55.45mm. The first crack appeared at 16 kN 

loading with a corresponding deflection of 9.04mm. At 28 kN loading, the beam underwent a 

sudden brittle failure at a final deflection of 19.53mm. 

 

Fig. 8. Beam C30/CS2 failure mode 

ForBeam C30/CS2in Fig.8, it had a longitudinal tensile reinforcement ratio of 0.7%, a 

transverse reinforcement ratio of 0.65%, a 30.4 N/mm2 cube strength and a 6.3 N/mm2 

modulus of rupture. The beam failed with 6 pure shear cracks, 8 flexural cracks within the 
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loaded span and 3 flexural cracks at the shear span area of the beam. A maximum crack width 

of 1mm was measured with an average crack spacing of 50.52mm. The first crack occurred at 

16 kN loading with a corresponding deflection of 2.52mm. At 38 kN loading, the beam 

underwent a sudden brittle failure at a final deflection of 20.3mm. 

 

Fig. 9. Beam C25/ρ1 failure mode 

TheBeam C25/ρ1in Fig.9 had a longitudinal reinforcement ratio of 1.13% (3No12mm GFRP 

bars in the tension zone), a transverse reinforcement ratio of 0.65% (stirrup spacing of 

200mm), a 23.4 N/mm2 cube strength and a 5.4 N/mm2 modulus of rupture. The beam failed 

with 4 pure shear cracks, 4 flexural cracks within the loaded span and 7 flexural cracks at the 

shear span area of the beam. A maximum crack width of 1mm was measured with an average 

crack spacing of 71.88mm. The first crack appeared at 14 kN loading with a corresponding 

deflection of 7.99mm. At 30 kN loading, the beam experienced a sudden brittle failure at a 

final deflection of 15.54mm. 

 

Fig. 10. Beam C25/ρ2 failure mode 

The Beam C25/ρ2in Fig. 10 had longitudinal tensile reinforcement ratio of 1.13% (3No12mm 

GFRP bars in the tension zone), a transverse reinforcement ratio of 0.65% (stirrup spacing of 

200mm), a 23.4 N/mm2 cube strength and a 5.4 N/mm2 modulus of rupture. The beam failed 
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with 5 pure shear cracks, 6 flexural cracks within the loaded span and 3 flexural cracks at the 

shear span area of the beam. A maximum crack width of 0.5mm was measured with an 

average crack spacing of 68.9mm. The first crack appeared at 16 kN loading with a 

corresponding deflection of 5.19mm. At 30 kN loading, the beam underwent a sudden brittle 

failure at a final deflection of 19.88mm. 

 

Fig. 11. Beam C25/ρ3 failure mode 

The beamBeam C25/ρ3in Fig. 11 had longitudinal tensile reinforcement ratio of 1.13% 

(3No12mm GFRP bars in the tension zone), a transverse reinforcement ratio of 0.65% 

(stirrup spacing of 200mm), a 23.4 N/mm2 cube strength and a 5.4 N/mm2 modulus of 

rupture. The beam failed with 3 pure shear cracks, 6 flexural cracks within the loaded span 

and 5 flexural cracks at the shear span area of the beam. A maximum crack width of 0.5mm 

was measured with an average crack spacing of 91.57mm. The first crack occurred at 16 kN 

loading with a corresponding deflection of 4.66mm. At 28 kN loading, the beam underwent a 

sudden brittle failure at a final deflection of 20.38mm. 

 

Fig. 12. Beam C25/S/200 at failure 

Beam ID: C25/S/200shown in Fig 12 is the control beam with traditional steel as 

reinforcement with same reinforcement configuration as the GFRP reinforced beams. The 
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beam had longitudinal tensile reinforcement ratio of 0.7% (2No12mm steel bars in the 

tension zone), a transverse reinforcement ratio of 0.65% (stirrup spacing of 200mm), a 23.4 

N/mm2 cube strength and a 5.4 N/mm2 modulus of rupture. The beam failed with 6 pure shear 

cracks, 7 flexural cracks within the loaded span and 9 flexural cracks at the shear span area of 

the beam. A maximum crack width of 2mm was measured with an average crack spacing of 

54.83mm. The first crack occurred at 20 kN loading with a corresponding deflection of 

4.43mm. At 30 kN loading, the beam underwent a sudden brittle failure at a final deflection 

of 11.39mm. 

4.6 Effects of Concrete Strengthon Structural Deformation of Beams Reinforced with 

GFRP Bars 

Two strength grades of concrete were used in this experimental study, thus C25 and C30 

which yielded compressive strength values of 23.4 N/mm2 and 30.4N/mm2 respectively. 

From Table 7, 23.4 N/mm2 compressive strength of concrete achieved an estimated theoreti-

cal cracking load of 12.3 N/mm2 compared to 14.4 N/mm2 for 30.4N/mm2, indicating a 

17.1% increase in capacity of the GFRP RC beams. Similarly, beam ID C25/CS1 of 23.4 

N/mm2 compressive strength recorded 28 kN experimental load compared to beam ID 

C30/CS2 of 30.4 N/mm2 compressive strength recorded higher values of 36 kN. A noticeable 

trend seen is that an increase in concrete strength from 23.4N/mm2 to 30.4 N/mm2 saw an in-

crease in the load-carrying capacity by 28.6%. This finding is consistent with previous litera-

ture [4, 18] that found that higher concrete strength contributed to efficient utilization of 

GFRP bar and increased load-carrying capacity. 

4.7 Effects of Longitudinal Tensile Reinforcement Ratio on Structural Deformation of 

Beams Reinforced with GFRP Bars 

From Table 7, beam ID C25/CS1 with longitudinal tensile reinforcement ratio of 0.7% 

showed lower failure load compared to those with higher longitudinal tensile reinforcement 

ratio of 1.13% for GFRP bars. Similarly, GFRP reinforced beams with higher longitudinal 

ratio (C25/ρ1, C25/ρ2, C25/ρ3 = 1.13%) recorded lower final deflections of 19.88mm, 

18.54mm and 20.38mm respectively, compared to final deflections of 28.86mm, obtained 

from lower tensile reinforcement ratio of beam (C25/CS1, ρ=0.7). This could be explained in 

light of the previous studies [9, 23], which confirmed the enhanced stiffness of the beams 

with increased tensile reinforcement ratio.  
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CONCLUSIONS 

This research investigated the structural behavior of concrete beams reinforced with GFRP 

bars as a promising alternative to conventional steel bars. The effects of variables of concrete 

compressive strength and tensile reinforcement ratios tested under a four-point monotonic 

loading system on the strength and deformational characteristics of GFRP-RC beams was 

examined. Based on the theoretical analysis and discussion of the experimental results, the 

following conclusions are drawn: 

i. All GFRP reinforced concrete beams demonstrated typical bilinear elastic behavior until 

failure under static loading with evidence of reduced stiffness after cracking. 

ii. The GFRP-reinforced concrete beams experienced sudden concrete crushing due to shear-

bond failure, diagonal tension failure, and flexural failure, in contrast to the steel-

reinforced concrete beam, which failed due to yielding of the steel tension bars, as con-

firmed by the theoretical analysis. 

iii. For beam specimens reinforced with GFRP bars, an increase in concrete compressive 

strength from 23.4 kN to 30.4 resulted in a 28.6% increase in ultimate failure load. 

iv. Under identical load levels, higher concrete strength led to a greater number of cracks 

with reduced spacing and narrower crack widths compared to beams with lower concrete 

strength. 

v. For beams with similar compressive strength and tensile reinforcement ratios, GFRP-

reinforced beams were seen to exhibit higher deflections and greater number cracks in 

comparison to beams reinforced with steel. 

vi. Consistent with previous studies, increasing the longitudinal tensile reinforcement ratio 

(ρw) of GFRP from 0.7% to 1.13% greatly increased the ultimate flexural capacity of 

beam specimens. Additionally, reduced deflections were noted. 

vii. Increasing the reinforcement ratio and concrete strength resulted in a larger number of 

cracks and smaller crack widths.  

viii. When compared to conventional steel-reinforced beams, GFRP reinforced concrete 

beams showed improved flexural performance and hence a remarkable structural behavior 

under bending loads, despite their brittle behavior. 
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