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ABSTRACT: The ultimate load is known as the ultimate strength of a structure. It is the maximum load a 

structure can withstand before collapsing. Structural reinforcement is needed for structures experiencing low 

strength due to dead load, live load, fatigue load, and earthquakes. In this research, Glass Fiber Reinforced 

Polymer (GFRP) shows a highly viable solution because of its benefits, encompassing exceptional corrosion 

resistance, lightweight properties, high strength, ease of installation, and commendable durability. This 

research aimed to compare the three sample groups to evaluate the effect of GFRP on reinforced concrete 

beams. The collected data included assessments of maximum load and deflection. Test specimens were 

constructed in three sets of distinct variations. The first set comprised concrete beams reinforced without 

GFRP, designated as control beams (BN), totaling three pieces. The second set entailed concrete beams 

reinforced with GFRP, labeled as BG. The third variation consisted of reinforced concrete beams subjected to 

collapse or post-ultimate load conditions and subsequently strengthened with GFRP, labeled as BGPU. The 

purpose is to observe the influence of GFRP-S reinforcement on reinforcing three beams. The analysis showed 

that direct GFRP-reinforced beams exhibited load increases ranging from 13.59% to 29.76% compared to 

control beams. In the case of post-ultimate load GFRP reinforcement, load enhancements of 6.80% to 16.78% 

were observed. These results showed the potential of GFRP reinforcement in repairing damaged beams, 

providing a viable solution for structural enhancement. 
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1. INTRODUCTION 

 

The concept of structural ultimate load, also 

known as ultimate strength, is the maximum load a 

structure can withstand before collapsing. Building 

structures are frequently susceptible to damage, 

particularly the ones caused by seismic events. 

Certain structures encountered excessive loading 

conditions induced by dynamic forces such as 

fatigue or seismic activities  [1, 2]. In addition to the 

challenges posed by aging and variations in load, 

earthquake-induced damage can manifest as 

cracking, spalling, delamination, and, in the worst-

case scenario, building collapse. Addressing these 

issues becomes imperative to prevent structural 

failures and ensure the safety of standing 

constructions. In engineering, significant 

advancements have led to the emergence of fiber-

reinforced polymer (FRP) as a viable material 

solution for structural reinforcement and repair. The 

overarching goal of the reinforcement is to restore 

or enhance the strength of elements to withstand 

anticipated loads. Several studies, such as 

encasement with concrete [3, 4], encasement with 

steel [5, 6], and encasement with lightweight 

composite materials, particularly FRP, were used 

for the achievement of structural reinforcement [7, 

8, 9]. FRP constitutes a composite material 

characterized by a polymer resin matrix reinforced 

with glass or carbon fibers. The use of FRP 

materials for reinforcing concrete is gaining 

significant favor due to a list of advantages, 

including its lightweight material [10], remarkable 

tensile strength [11, 12], corrosion resistance [13], 

commendable durability [14], ease of installation, 

dimensional stability [15], and straightforward 

maintenance [16]. 

Several studies explored the application of Glass 

Fiber Reinforced Polymer (GFRP) in beams. For 

instance, an investigation showed that externally 

bonded GFRP sheets offered an effective means to 

augment the strength of reinforced concrete beams 

and enhance their load-carrying capacity [17, 18]. 

Beams reinforced with FRP exhibit heightened 

stiffness and yield ultimate strength. In another 

study centered on rehabilitating corroded 

reinforcement in beams, GFRP was used for 

flexural reinforcement in concrete beams, yielding 

load increases of 75.15% and substantial 

improvements in maximum deflection [19]. 

Additionally, finite element simulations focusing 

on using GFRP-S as external reinforcement have 

indicated that the sheets can significantly enhance 

the flexural capacity of reinforced concrete beams 

compared to those lacking GFRP-S reinforcement 

[20, 21]. FRP has been developed in various forms, 

such as grids, rods, sheets, and plates. It is most 

commonly used due to its relatively lower cost than 
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the other FRP materials. A visual appearance of 

FRP in the form of a Glass Fiber Reinforced 

Polymer - Sheet is depicted in Figure 1. 

 

Fig. 1 Glass Fiber Reinforced Polymer - Sheet 

 

This study aims to comprehensively explore the 

behavior of reinforced concrete structures that 

experience collapse and subsequently undergo 

reinforcement using GFRP. The overarching goal is 

to achieve an analysis of the effects of GFRP 

reinforcement on concrete following this 

catastrophic event. Glass Fiber Reinforced Polymer 

(GFRP) shows a highly viable solution because of 

its benefits, encompassing exceptional corrosion 

resistance, lightweight properties, high strength, 

ease of installation, and commendable durability. 

 

2. RESEARCH SIGNIFICANCE 

 

Numerous studies have examined the 

reinforcement of beam elements in building 

structures, which significantly differed from post-

ultimate load reinforcement investigations. Certain 

structures encountered excessive loading conditions 

induced by dynamic forces such as fatigue or 

seismic activity. These events could lead to 

structural collapses, necessitating costly demolition 

and the subsequent construction of new buildings, 

resulting in significant economic expenses and 

environmental pollution. However, some buildings 

held the potential for repair and strengthening to 

continue serving their intended purposes. This study 

aimed to evaluate the impact of applied 

reinforcement on cracked beam structures that had 

gone through ultimate load conditions but still 

exhibited the potential goal of restoring their 

functionality. In North Maluku, a powerful 

earthquake measuring 7.20 on the Richter scale 

caused extensive damage to several office and 

commercial buildings. Before embarking on repair 

efforts for these structures, it was crucial to conduct 

a comprehensive study to ascertain the potential 

strength improvements achievable using GFRP-S 

reinforcement. In this particular case, GFRP-S 

material had been selected for its affordability and 

accessibility. 

 

3. STUDY METHODOLOGY  

 

The experimental tests were conducted within 

the Structure and Materials Laboratory of the 

Engineering Program, Faculty of Engineering, 

Khairun University. This study has involved the 

examination of 3 (three) normal concrete beams, 3 

(three) concrete beams reinforced with GFRP, and 

3 (three) cracked concrete beams reinforced with 

GFRP.  

 

Table 1 Reinforcing steel tensile test results. 

 

Diameter 

of bar 

Yield 

of bar 

(MPa) 

Maximum 

stress 

(MPa) 

Tensile/elastic 

modulus 

(GPa) 

ø 8 240.50 417.20 15.00 

 

The reinforcement process encompassed the 

application of epoxy resin as an adhesive between 

the beams and layers of GFRP sheets, serving as 

flexural reinforcement. Detailed information 

regarding the materials used for each test specimen 

can be seen in Tables 1 and 2. 

 

Table 2 Specifications for GFRP-S type SHE51 

(Fyfe. Co LLC) 

 

Properties of fiber materials 

Properties Test value 

Tensile stress (GPa)  3.24 

Tensile modulus (GPa)  72.40 

Maximum Strain (%) 4.50 

Weight per area (gr/cm2) 915.00 

Fiber sheet thickness (mm) 0.36 

 

In this study, the installation of GFRP-S was 

conducted by using the wet lay-up method, which 

involves a manual application of FRP by hand. The 

process began with the preparation of an epoxy 

resin mixture, applied to the concrete surface. After 

the epoxy had reached the appropriate consistency, 

it was evenly distributed across the concrete using a 

brush or roller. Subsequently, GFRP was positioned 

on the concrete surface. A critical consideration 

during this process was the prevention of air 

entrapment between the glass fibbers and the beams. 

To ensure that no air was trapped, pressure should 

be applied using hands or a roller on the GFRP layer. 

This step was essential to guarantee the thorough 

saturation of resin, preventing any air from 

becoming trapped.  
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(a) Non-GFRP-S reinforced beams (BN)  

 

      
 

 

(b) GFRP-S Reinforced Beams (BG)  

 

Fig. 2 GFRP-Reinforced Beams (a) BN; and (b) BG  

3.1 Test Stages 

 

The setup for the beam's flexural strength test is 

shown in Figure 2. A total of 10 samples were 

manufactured, including three reinforced concrete 

beams, three concrete beams reinforced with GFRP, 

three cracked concrete beams reinforced with 

GFRP, and one non-reinforced concrete beam. Each 

beam possessed dimensions of 10 x 15 x 60 cm. 

The test was conducted through a flexural strength 

test apparatus employing a Point Load 

configuration until the beams reached the ultimate 

load. Cracked beams were grouted and filled with 

cement paste before being reinforced with GFRP-S 

on the tensile side. Subsequently, the beams 

reinforced with GFRP-S were subjected to test until 

collapse occurred. Flexural reinforcement with 

FRP, design calculations referred to ACI committee 

440.2R-08 [22] is shown in Figures 3. 

 

 
 

 

 

Fig. 3 Elastic strain and stress distribution. 

These calculations are presented in the following 

formulas. The moment capacity (𝑀𝑛) on the beam 

is obtained from the coupling action between the 

concrete compressive force (C) and the tensile force 

GFRP-S (𝑡𝑓). The moment arm (𝑐) is the moment 

arm connecting the two forces is the value 

determined first. 

 

∅𝑀𝑛 ≥ 𝑀𝑢          (1) 

 

𝑘𝑚 =  
1

60  𝜀𝑓𝑢
    (1 −  

𝑛 𝐸𝑓 𝑡𝑓

360.000
)  ≤ 0,90        (2) 

𝜀𝑓𝑒 = 𝜀 𝑐𝑢
(

ℎ−𝑐

𝑐
) − 𝜀𝑏𝑖 ≤ 𝑘𝑚𝜀𝑓𝑢       (3) 

 

𝑓𝑓𝑒 = 𝐸𝑓𝜀𝑓𝑒            (4) 

𝜀𝑠 = 𝜀𝑓𝑒  + 𝜀𝑏𝑖 (
𝑑−𝑐

ℎ−𝑐
)         (5) 

𝑓𝑠 = 𝐸𝑠𝜀𝑠 ≤  𝑓𝑦              (6) 

 

𝐶 =
𝐴𝑠 𝑓𝑠+𝐴𝑓𝑓𝑓𝑒

𝛾 𝑓′𝑐 𝛽1 𝑏
           (7) 

 

𝑴𝒏 = 𝑨𝒔𝒇𝒔  (𝒅 −
𝜷𝟏 𝒄

𝟐
) + 𝝍𝒇𝑨𝒇𝒇𝒇𝒆 (𝒉 −

𝜷𝟏𝒄

𝟐
)   (8) 

 

4. RESULT AND DISCUSSION 

 

4.1 Fine Aggregate Test Results  

 

Fine aggregates used in this study were sourced 

from Togafo Village, Ternate City, and consists of 

beach sand. A recapitulation of the fine aggregate 

test results is shown in Table 3. Aggregate 
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gradations are shown in Figure 4. The graph shows 

that the material used meets the terms and 

conditions for concrete materials. Fine aggregate 

material is included in zone 2 with a maximum 

aggregate size of sieve number between 0.15-10 

mm. Coarse aggregate material falls into zone 1 

with a sieve number between 4.8-40 mm. 

Recapitulation of fine aggregate and coarse 

aggregate test results shows results under Standard 

Nasional Indonesia (SNI) specifications. 

 

4.2 Coarse Aggregate Test Results  

Coarse aggregates used in this study were 

obtained from Kali Oba Sofifi, Tidore City. Various 

characteristics of this aggregate were evaluated, 

including mud content, water content, aggregate 

water absorption, oven-dry specific gravity, water-

saturated surface dry specific gravity, apparent 

specific gravity, aggregate fineness modulus, and 

wear or abrasion. The gradations of coarse and fine 

aggregates are shown in Figures 4a and 4b. The 

results of the Kalumata coarse aggregate 

characteristic test are also summarized in Table 3.  

 

 

Table 3 Recapitulation of fine aggregate and coarse aggregate test results 

 

Test Type 

Fine 

aggregate 

test results 

SNI 

Specifications 

Coarse 

aggregate 

test 

results 

SNI 

Specifications 
Remarks 

Water content (%) 1.03  0.2 – 5.0  0.67  0.2 – 1.0  Fulfill 

Aggregate water content (%) 3.15  3.0 – 5.0  1.00  0.5 – 2.0  Fulfill 

Aggregate water absorption (%) 1.53  0.2 – 2.0  1.35  0.2 – 4.0  Fulfill 

Oven-dry specific gravity (gr/cm3) 2.54 1.6 – 3.2 2.56 1.6 – 3.2 Fulfill 

Water-saturated surface dry 

specific gravity (gr/cm3) 
2.58 1.6 – 3.2 2.60 1.6 – 3.2 Fulfill 

Apparent specific gravity (gr/cm3) 2.64 1.6 – 3.2 2.65 1.6 – 3.2 Fulfill 

Fineness modulus (%) 2.51  1.5 – 3.8  6.71  5.0 – 8.0  Fulfill 

Wear/abrasion (%) - - 1.00  < 40  Fulfill 
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Fig. 4 Gradations of fine and coarse aggregates (a) fine aggregate; and (b) Coarse aggregate 
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4.3 Concrete Job Mix Design  

 

The laboratory conducted aggregate tests to 

determine the concrete mix proportions for cement, 

coarse aggregate, fine aggregate, and water in the 

concrete mix design in achieving 25 MPa concrete 

strength. In this study, the mix design adhered to 

SNI 03-2834-2000. The calculated composition of 

the concrete constituents required for one m³ of 

mortar at a concrete quality of 25 MPa is shown in 

Table 4. The composition of this mixture is a 

reference in determining the mixing of reinforced 

concrete beams. 

Table 4 Composition of the quality mix is 25 MPa 

 

Material 

Requirements 

Weight 

(Kg/m3) 

Ratio to 

Cement 

Cement 512.50 1.00 

Sand 563.14 1.10 

Crushed Stone 1044.36 2.04 

Water 205.00 0.04 

Total 2325.00  

 

4.4 Compressive Strength Results 

 

The compressive strength of concrete after 28 

days of curing was evaluated through cylinder 

compressive strength assessments. These 

assessments involved three cylindrical specimens 

examined using the Compression Strength Test. 
The results indicated an average compressive 

strength of 25.52 MPa for the concrete. A summary 

of the compressive strength test results is shown in 

Table 5. 

Table 5 Summary of compressive strength test 

results 

 

Sample 

Concrete 

Weight 

(Kg) 

 

Compressive 

Strength 

(MPa) 

 

Average 

(MPa) 

BN 1 12.280 24.25  

BN 2 12.660 26.12 25.52 

BN 3 12.380 25.95  

 

4.5 Flexural Strength Test Result 

 

Flexural strength is a significant property of 

concrete to be sought out in the research. The 

flexural strength of concrete beams without 

reinforcement is shown in Table 6. The formula 

employed for calculating the strength is written in 

Eq. (9): 

𝑓𝑟 =
𝑃𝑙

𝑏ℎ2                          (9) 

Where 𝑓𝑟  is the Modulus of rupture; P = load 

(Force) at the fracture point; l = Length of the 

support (outer) span; b = width beams; and h = 

height beams. 

Table 6 Modulus of rupture calculation results 

 

Width 

(b) 

(mm) 

Height 

(h) 

(mm) 

Length 

(L) 

(mm) 

Load 

(P) 

(N) 

Modulus 

of 

rupture 

(MPa) 

100 150 450 15000 3 

 

 
4.6 Load-Deflection Relationship of BN, BG, and 

BGPU Concrete Beams 

 

The load-deflection relationship derived from 

the test results is shown in Figure 6. According to 

Figure 6, BN 1, BN 2, and BN 3 exhibited 

maximum load values of 40.46 kN, 42.25 kN, and 

42.75 kN, along with deflections of 2.05 mm, 2.10 

mm, and 2.12 mm, respectively. 

The initial crack became visible at a load of 4.0 

kN in the sample test results, suggesting the 

concrete had reached the cracked stage. This 

signified that the concrete had surpassed its tensile 

strain capacity, leading to the development of 

hairline cracks in the flexural region of the beams.  

BG 1, BG 2, and BG 3 exhibited maximum load 

became apparent at loads of 52.50 kN, 47.75 kN, 

and 50.00 kN, along with deflections of 2.56 mm, 

2.52 mm, and 2.54 mm, respectively. For BG 1, BG 

2, and BG 3, the initial crack became apparent at 

loads of 5.0 kN, 4.5 kN, and 4.7 kN, respectively 

These results indicated that the concrete had 

exceeded its tensile strain limit, signifying the 

activation of reinforcement and GFRP-S in bearing 

tensile forces.  

 

Fig. 6 Load vs Deflection Relationship of the BN, 

BG, and BGPU.  
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BGPU 1, BGPU 2, and BGPU 3 exhibited 

maximum load became apparent at loads of 47.25, 

45,00 kN, and 47.75 kN, along with deflections of 

2.12 mm, 2.04 mm, and 2.09 mm, respectively. 

These results indicated that the concrete had 

exceeded its tensile strain limit, signifying the 

activation of reinforcement and GFRP-S in bearing 

tensile forces.  

Based on Figure 6, in testing the BGPU 1 beam, 

there was an increase in the peak load on the BN 1 

beam to 16.78 %. At first, the BN 1 beam reached a 

peak load of 40.46 tons; after that, grouting was 

carried out by cement paste on the cracked parts and 

then reinforced with GFRP-S and called the BGPU 

1 beam a peak load of 47.25 tons. Likewise, the 

BGPU 2 beam had the same thing happen to the 

BN2 beam. The load increased from 42.25 tons 

initially; after strengthening GFRP-S, the load 

increased to 45.00 tons. BGPU 3 also experienced 

an increase in load, initially 42.75 tons. After being 

strengthened by GFRP-S, the load increased to 

47.75 tons. The three test objects showed similar 

behavior. So, it can be concluded that certain 

cracked beams can still be utilized by grouting and 

then strengthening with GFRP, as in this study. 

 
Fig. 7 Load-Deflection Relationship of the BN-BG-

BGPU. 

Fig. 7 provides a clear comparison of beam 

strength under different loading conditions. GFRP-

reinforced beams showed a significant 29.75% 

increase in strength compared to the non-GFRP-

reinforced counterparts. Meanwhile, cracked beams 

reinforced with GFRP experienced a 6.80% 

strength improvement compared to the non-GFRP 

reinforced part. These results emphasized GFRP 

reinforcement's effectiveness for beams that have 

experienced cracking. 

4.7 Analysis Results of Maximum Load and 

Nominal Moment 

 

Calculation and analysis were employed to 

determine the beam specimens' maximum load and 

nominal moment values. A summary of the 

assessment for maximum load and nominal moment 

in both GFRP-reinforced and non-GFRP-reinforced 

sections is presented in Table 7. 

 

Table 7 Recapitulation of nominal moment 

analysis 

 

Specimen 

Pmax 

Experimental 

(kN) 

Pmax  

Finite 

Element 

(kN) 

Nominal 

Moment 

(kN.m) 

BN  40.46 40.91 3.54 

BG 52.50 53.11 4.81 

BGPU 47.25 46.20 4.16 

 

4.8 Collapse Pattern in Beams 

 

The crack patterns observed during the test 

indicated a flexural crack pattern. These flexural 

cracks originated from the bottom of the beam 

cross-section, typically at its mid-span, and 

propagated upwards in response to increased load 

or elevated stress caused by bending moments. The 

crack pattern observed in the beams is depicted in 

the figure below. 

The result of the experimental study and analysis 

of failure modes are shown in Fig. 8a, 8b, and 8c. 

The analysis showed that the initial crack in the 

non-GFRP reinforced section occurred at a load of 

40 kN, whereas in the GFRP-reinforced area, it 

occurred at a pack of 45 kN. This initial crack was 

characterized by hairline cracks, indicating that the 

tensile strain capacity of the concrete had been 

exceeded.  

The strain had a small value (0.003 mm) that 

could not be directly observed. Therefore, the 

occurrence of the initial crack was based on the 

analysis of the concrete cracking behavior. The 

calculation for the non-GFRP reinforced beams 

showed that the initial crack occurred at a load of 39 

kN.  

The results of the numerical study and analysis 

of damaget models in finite element are shown in 

Fig. 8a, 8b, and 8c [23]. Models are created for BN-

FE, BG-FE, and BGPU-FE having different 

maximum loads of 40.91 kN, 53.11 kN, and 46.20 

kN. along with deflections of 2.00 mm, 2.15 mm, 

and 2.11 mm, respectively. Performed for based on 

the model analysis results, finite elements for 

control beams (BN-FE), concrete beams reinforced 

with GFRP (BG-FE), and concrete beams 

reinforced with GFRP after ultimate load (BGPU-
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FE) show cracks similar to valid experimental 

results. 

 

 
 

      
a. Control beams (BN). 

 

 

 

 

 
 

       
b. Concrete beams reinforced 

with GFRP (BG). 

 

 

 

 

 
 

     
c. BGPU Concrete beams 

reinforced with GFRP after 

ultimate load. 

 

 

 

Fig. 8 Failure mode and contours of average strain 

in the transverse direction for specimens BN, BG, 

and BGPU beams. 

 

5. CONCLUSIONS 

 

In conclusion, the direct reinforcement of beams 

with GFRP showed a substantial increase in flexural 

strength of up to 17.64%. Additionally, GFRP 

reinforcement applied to cracked beams resulted in 

an 8.43% increase in flexural strength. This 

indicated that beams with cracks could still be 

effectively reinforced, with direct reinforcement 

proving to be more effective in enhancing the 

strength. 
The load-deflection relationship in beams 

reinforced with GFRP provided valuable insights. 

Direct GFRP reinforcement substantially elevated 

the load-carrying capacity by 13.59% to 29.75% 

and deflection augmentations of 27.85% to 34.21%. 

Post-ultimate load GFRP reinforcement, on the 

other hand, led to load increases of 6.80% to16.78% 

and deflection increases of 11.18% to 18.62%. 

Although the load-deflection values of post-

ultimate load GFRP-reinforced beams were lower 

than those directly reinforced with GFRP, they still 

significantly outperformed the control beams. 
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