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Comparative Study on Externally Bonded Heat-Treated Jute and Glass 

Fiber Reinforcement for Repair of Pre-cracked High Performance 

Concrete Beams 

 

Abstract 

The adoption of natural fiber reinforced polymer (FRP) composites as an eco-friendly substitute for 

synthetic FRPs in structural strengthening applications is gaining substantial momentum. This study 

delves into the effectiveness of jute fabric reinforced epoxy composites in bolstering the flexural strength 

of impaired concrete beams. An array of variables, encompassing the number of fabric layers (ranging 

from 1 to 3), fiber heat treatment, externally bonded reinforcement (EBR) configuration (soffit vs. U-

shape), and fiber type (jute vs. glass), underwent systematic scrutiny. The comprehensive analysis of 30 

pre-cracked high-performance concrete beams yielded compelling findings. In particular, the 

application of heat-treated jute EBR, especially when employing two or three layers, resulted in 

significant increases in peak loads, translating to improvements ranging from 85% to 120% when 

compared to the control beam. This treatment significantly improves the bond between the fibers and 

the matrix, consequently enhancing the structural performance. Notably, jute composites can attain 

equivalent strengthening performance compared to glass FRP while offering substantial cost savings 

and significantly reducing carbon emissions, rendering them a more environmentally sustainable and 

economically viable choice. 
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1. Introduction 

Glass fiber reinforced polymer (GFRP), carbon fiber reinforced polymer (CFRP), and aramid fiber 

composites are the primary materials utilized for reinforcing concrete structures [1]. However, it's 

essential to recognize that these composite materials come with significant environmental implications 

[2]. In the context of the ongoing shift towards more environmentally friendly structures, the composite 

industry is increasingly exploring the integration of natural fibers reinforced polymer (NFRP) into 

composite matrices, including fibers like flax, jute, or sisal [3]. Within the realm of sustainable 

development, a promising avenue involves tapping into the potential of jute fibers reinforced polymer 

(JFRP), which already find applications in various sectors such as aerospace and wind energy  [4]. JFRP 

presents favorable mechanical properties, including notable strength and sufficient stiffness, positioning 

them as potential candidates for substituting synthetic fibers reinforced polymer (SFRP) in composite 

materials [5]. It has been introduced to the market as a promising alternative option for composite 

reinforcements, particularly glass fiber [6]. However, resins used for exterior concrete structural 

reinforcement must demonstrate optimal adhesion to both the concrete and reinforcement fibers, as well 

as proven resistance to weather conditions  [7]. 

Research has been conducted on composites made from flax fiber reinforced polymer (FFRP) to 

investigate their properties. The findings from François Duc et al. [8] and Ben Ameur et al. [9] indicate 

that FFRP-based composites exhibit superior damping behavior in flexural fatigue tests compared to 
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CFRP. According to Di Luccio et al. [10], FFRP composites demonstrate an excellent energy dissipation 

capacity surpassing CFRP, especially in applications requiring ductility. A comprehensive comparative 

study conducted by Wenjie Wang and colleagues [11] analyzed the impact behavior of flax and glass-

confined concrete composites. This study revealed that confining ordinary concrete with FFRP provides 

similar effectiveness to GFRP-confined concrete and that FFRP-reinforced material is less sensitive to 

deformation [12]. 

In addition, other researchers have explored the feasibility of FFRP and JFRP composites for external 

reinforcement of concrete structures, highlighting promising results in terms of flexural strengthening 

capacity [13]. E. Ferrier et al,. [14] conducted a comparative study on the shear behavior of reinforced 

concrete beams using FFRP and CFRP, the results showed that FFRP exhibits a mechanical capacity 

equivalent to CFRP. Similarly, Yooprasertchai et al. [15] noted that columns reinforced with two layers 

of JFRP exhibited ductility levels similar to those of CFRP-reinforced columns. 

In order to assess the feasibility of substituting SFRP with NFRP in external structural reinforcement, 

Cheng Chen and al. [16] established that the use of 8 layers of FFRP achieved reinforcement effects 

similar to those obtained with only two layers of CFRP. According to the work of A. Abdulla and al. 

[17], an improvement of 45%, 62%, and 71% was observed for beams reinforced with 2, 4, and 6 layers 

of JFRP laminates, respectively. 

However, it is important to note that the efficiency of natural composites (cellulose, hemicellulose, and 

lignin) strongly depends on the adhesion between the fibers and the matrix [18]. Additionally, the 

thermal stability of natural fiber composites plays a crucial role in their mechanical properties [19]. As 

a result, surface modification methods and physical and chemical treatments have been developed and 

used for the production of NFRP [20]. One of the most commonly used physical treatments is heat 

treatment [21]. Y. Cao and al. [22]  employed alkaline, enzymatic, and steam treatments at different 

temperatures to treat flax fibers and examined their effects on adhesive bonding. The results reveal that 

alkaline treatment and enzymatic treatment can significantly improve the thermal stability of flax fibers, 

while steam treatment does not affect the thermal stability. Research on the impact of heat treatment on 

NFRP composites has revealed improvements in thermal stability and mechanical properties, resulting 

from the removal of moisture, waxy layers, and other surface impurities [23]. As a result, heat-treated 

natural fibers develop enhanced mechanical properties and significant adhesion [24] . 

The findings from A. Azadeh and al. [25]  showed that exposing bamboo fibers (BFRP) to a temperature 

of 175°C for 24 hours increased compressive strength by nearly 30%. In a similar line of research, Cui 

et al. [26]  examined the tensile strength, modulus of elasticity, fracture modes, and micromechanical 

properties of cell walls in the fibers. The outcomes confirmed those of A. Azadeh and al. [25], 

demonstrating that the modulus of elasticity of BFRP increases with increasing temperature, and there 

is a positive correlation between the modulus of elasticity and the hardness of the bamboo fiber cell 

wall. Heat treatment's influence on the mechanical attributes of JFRP has been the focus of recent 

investigations by T. Voravutvityaruk et al [27]. Their research illuminated a significant improvement in 

the compressive strength of concrete reinforced with JFRP after subjecting it to heat treatment at 80°C. 

In concurrence with this investigation, T. Jirawattanasomkul et al. [28] determined that the optimal heat 

treatment conditions for jute fabric were achieved at 80°C for a duration of 24 hours. Additionally, 

Campana et al. [29] performed an investigation to evaluate the effects of heat treatment on the 

mechanical properties of unidirectional FFRP fabrics after post-curing at temperatures ranging from 100 

to 150°C. Their study revealed that at 80°C, flax fibers retained only 5% moisture, with this moisture 

evaporating at temperatures exceeding 86°C. This observation indicates that 80°C is approximately the 

curing temperature. However, temperatures exceeding 120°C could result in the degradation of specific 

components within the cell wall. 
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Considering its biodegradability and inherent natural qualities, the manufacturing of natural fibers often 

requires less energy and chemical treatments than that of synthetic fibers. Soil health is improved, and 

carbon dioxide levels are reduced by the natural absorption of carbon dioxide by jute throughout its 

growth, for example [30]. On the other hand, the production of glass fibers often involves operations 

that are energy-intensive, meaning they need greater temperatures and use more resources [31]. 

Consequently, they leave a relatively bigger carbon footprint and affect the environment. A comparison 

of CO2 emissions during production (Fig. 1) highlights the environmental impact difference between 

jute and glass fibers. The comparative life cycle assessment distinctly showcases that biobased jute holds 

a carbon footprint four times lower than that of glass fiber, attributed to its renewable, low-impact 

origins. 

 
Fig. 1 Comparison of carbon footprint: (a) Biobased jute [30], (b) Glass fiber [31].  

 

However, despite the growing interest in the utilization of natural fibers as reinforcement materials in 

concrete structures, limited research has ventured into exploring the impact of heat treatment on the 

mechanical properties and adhesion of JFRP as reinforcement materials for damaged reinforced concrete 

structures. This study aimed to fill this research gap by conducting comprehensive experimental 

investigations into the effectiveness of jute fabric-reinforced polymer composites applied using various 

externally bonded reinforcement (EBR) techniques on pre-cracked concrete beams. The primary focus 

of this research was to evaluate the influence of critical parameters, including the number of fabric plies, 

heat treatment, wrapping scheme, and fiber type, on the overall structural performance, failure modes, 

and fiber-matrix bonding behavior. To achieve these goals, an experimental program was conducted on 

high-performance concrete beams, which were strengthened using both untreated and heat-treated jute 

fabrics as well as glass fibers. A total of 30 specimens underwent three-point bending tests to 

characterize their flexural response, ductility, damage tolerance, and load-carrying capacity under 

various strengthening systems. Through a detailed investigation of the fundamental mechanics and 

bonding interactions, this research seeks to pave the way for the broader adoption of sustainable jute-

based composites as alternatives to synthetic FRPs for structural reinforcement and rehabilitation. The 

comprehensive experimental dataset allows for a quantitative assessment of how these critical 

parameters impact key performance metrics compared to unstrengthened and glass fiber-strengthened 

beams. The findings provide valuable technical insights into the design of durable jute reinforcement 

solutions for infrastructure engineering applications. 
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2. Materials and methods 

2.1. Materials  

2.1.1. Concrete beams 

This study involved the casting of high-performance concrete (HPC) beams, each measuring 400 x 100 

x 100 mm. The beam dimensions were taken from prior literature [32]. The HPC was formulated to 

achieve a target compressive strength of 60.4 MPa at 28 days. It was prepared using several key 

components, including Portland Cement CEM I/42.5R (with a Blaine fineness of 3400 cm2/g and a 

density of 3.2 g/cm3), fine aggregate with a maximum particle size of 5 mm, coarse aggregate with a 

maximum particle size of 15 mm, water, and silica fume at a proportion of 10% by weight of cement. 

The silica fume possessed a Blaine fineness of 8755 cm²/g and a density of 2.2 g/cm3. The adjuvant used 

is a high water-reducing superplasticizer marketed under the name, its density is 1.07 with a dry extract 

of 30%. The specific mix proportions employed are detailed in Table 1. Post-casting, the HPC beams 

were demolded after 24 hours and subsequently subjected to controlled curing at a temperature of 23 ± 

2°C for a duration of 28 days to ensure adequate strength gain and material properties. 

Table 1 HPC formulation 

 Cement 
Silica 

fume 

Sand 

(0/5) 

Coarse 

aggregate 

3/8 

Coarse 

aggregate 

8/15 

Water Superplasticizer 

Proportion 

(kg/m3) 
406.9 40.6 761.52 356.1 676.22 139.2 5.5 

 

At 28 days, a 30 mm deep x 5 mm wide notch was cut in the center of each beam using a concrete saw 

to simulate damage [33], as shown in Fig 2. The notch was cut perpendicular to the longitudinal axis 

on the tension side of the beam. Identical notches were cut in all beams to create uniform damage 

conditions prior to strengthening.  

 

           Fig 2 Notch creation procedure 

 

2.1.2.  Composite materials 

Jute fabric (230 g/m2), epoxy resin, and E-glass fibers were used to strengthen the damaged concrete 

beams. Prior to application, both treated and untreated jute fabric samples were prepared for 

experimentation. The untreated jute fabric remained in its original state without undergoing any specific 

heat treatment. Conversely, the treated jute fabric was subjected to a heating process in an oven at 80°C 

for 1 hour to enhance bonding between the fibers and the epoxy resin. The microscopic observations 

(Fig. 3) reveal an increase in surface roughness and a reduction in the thickness of jute fibers treated at 

80°C compared to untreated fibers. According to Sen et al. [34], this can be attributed to two primary 
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mechanisms. Firstly, the increase in fiber crystallinity after heat treatment induced by the partial 

degradation of certain structural components of the walls, especially the hemicelluloses, and to a lesser 

extent, the lignin. Secondly, the heat treatment causes dehydration of the cellulose walls, resulting in the 

loss of water present in the amorphous regions. The combination of these two phenomena results in an 

overall decrease in the volume of the wall, leading to noticeable thinning and increased roughness of the 

treated fibers at a macroscopic level. The increased surface roughness of the treated jute fibers alters 

their interaction with the resin matrix. It promotes better adhesion between the fiber/resin, thus 

improving stress transmission and the efficiency of the composite [35]. 

 

 
Fig. 3 Microscopic observations on the effect of heat treatment on surface characteristics of jute fibers 

 

Fig. 4 depicts the experimental setup of the tensile strength test conducted on jute fibers and JFRP. The 

test, performed in accordance with ASTM standards [36], shows the mechanical behavior of the fibers 

and the composites under tension.  

 
Fig. 4 Experimental setup of tensile strength test of jute fibers and JFRP 

 

The graph (Fig. 5) illustrates the mechanical behavior of treated and untreated jute fibers and JFRP 

under a tensile test. Initially, all configurations demonstrate a linear relationship between the load and 

displacement, indicating an elastic behavior consistent with Hooke's law. The tensile strengths obtained 

for treated jute fiber and treated JFRP are respectively 2.8 kN and 2.99 kN, approximately 3% higher 

than those of untreated jute fiber and untreated JFRP (2.7 kN and 2.92 kN). This is attributed to the 
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synergistic interaction between the polymer matrix and the plant fibers, as well as the enhanced 

crystallinity of the cellulose. This observation aligns with the findings from optical microscopy, which 

show increased roughness, facilitating resin anchorage and load transmission. 

 
Fig. 5 Mechanical behavior comparison of treated and untreated jute fibers and JFRP in tensile testing 

 

Scanning electron microscopy (SEM) analysis within Fig. 6 showcased the untreated jute fibers 

displaying smooth surfaces covered in wax, exhibiting minimal debris and impurities. These fibers 

demonstrated clean, organized cylindrical structures aligned along the fiber direction. Contrarily, the 

SEM images of heat-treated jute fibers illustrated notably rougher and more textured surfaces, 

suggesting the removal of surface wax components. The heating process induced increased micro-

porosity and deformations along the fiber length due to wax melting and vaporization. 

Regarding the untreated JFRP, the SEM analysis revealed evident gaps and limited interfacial bonding 

between the smooth jute fibers and the surrounding polymer matrix. A clear separation was observed at 

the interface, indicating insufficient integration of the jute fibers with the polymer phase. Conversely, 

the SEM image of the heat-treated JFRP composite displayed significantly improved fiber-matrix 

interfacial adhesion. The treated jute fibers exhibited a roughened, porous surface facilitating robust 

mechanical interlocking with the polymer matrix, resulting in a unified composite structure with no 

observable separation or gaps at the interface. 

 
Fig. 6 SEM analysis of untreated and heat-Treated jute fibers and their corresponding JFRP 

composites 
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The SEM imaging within Fig. 7 facilitated detailed observations of the glass fiber cross-sections, 

providing precise measurements and characterization of their diameters. Furthermore, Energy 

Dispersive X-ray Analysis (EDX) was employed to determine the elemental composition of the glass 

fibers, revealing the presence of oxygen (O) at 48.9%, silicon (Si) at 29.3%, calcium (Ca) at 15.7%, and 

aluminum (Al) at 6.1% as the major chemical elements detected within the fibers. 

 
Fig. 7 SEM characterization of glass fibers. 

 

2.2. Reinforcement procedure 

The concrete surface was prepared by wire brushing to create a roughened surface for improved bonding. 

Any dust was removed using compressed air [37]. For the EBR strengthening  [38], the fabric sheets 

were cut to the required size and bonded to the beam soffit using the hand layup process with epoxy 

resin (Fig 8). For the U-shape, the fabric was wrapped around the three sides of the beam before resin 

application. A total of 30 HPC beam specimens were tested in 5 series, the number of layers, fiber type, 

and thermal treatment were assigned to each beam specimen as specified in Table 2. All strengthened 

beams were left to cure at room temperature for 20 days prior to testing. Fig. 9 displays the summary of 

experimental procedure. 

 

Fig. 8 Fiber saturation of resin: full impregnation. 
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Table 2 Overview of beam specimens. 

Series    Designation  Fiber  Number of layers  Heat-Treatment Configuration   

Serie 0  CB  -  -  -  -  

Serie 1  

J-1L  Jute  1  -  soffit  

J-2L  Jute  2  -  soffit  

J-3L  Jute  3  -  soffit  

Serie 2  

J-1L80  Jute  1  80°C  soffit  

J-2L80  Jute  2  80°C  soffit  

J-3L80  Jute  3  80°C  soffit  

Serie 3  
G-1L  Glass  1  -  soffit  

G-2L  Glass  2  -  soffit  

Serie 4  
J-U  Jute  1  -  U-shaped  

J-U80  Jute  1  80°C  U-shaped  

 

 

 

Fig. 9 Summary of experimental procedure flowchart 

 

2.3. Test procedure 

The three-point bend test setup is illustrated in Fig. 10. This setup conforms to the ASTM standard [39] 

for determining the flexural strength of concrete. A 400 kN capacity hydraulic actuator was used to 

apply the load on the test specimens. The actuator was mounted to a stiff steel loading frame designed 

to resist flexure and deflection during testing. The HPC beams were placed on two steel rollers spaced 

200 mm apart to provide simple support conditions. The rollers had a diameter of 25 mm and were of 
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sufficient length to prevent localized crushing of the concrete. A third steel roller of identical dimensions 

was attached to the actuator for the application of a concentrated load at the midspan of the test beams. 

Vertical deflection was measured using a linear variable differential transformer (LVDT) with a 

repeatability of 0.01 mm. The LVDT had a 50 mm measurement range and was securely fastened above 

the beam at midspan using a magnetic holder. To measure applied load, a 400 kN load cell was attached 

between the actuator and the top roller. The LVDT and load cell were connected to a data acquisition 

system to record the signals. During testing, vertical load and midspan deflection were recorded. The 

acquired data was processed to generate the load-deflection curves for each beam specimen. Prior to 

testing, all instrumentation was calibrated according to manufacturer specifications to ensure accuracy 

of the measured data. 

 

 

Fig. 10 Experimental setup 

 

3. Results and discussion 

3.1. Load-deflection analysis 

3.1.1. The effect of JFRP in soffit configuration 

Fig. 11 provides a summary of the load-bearing capacity and mid-span deflection results for both control 

beams and JFRP-reinforced beams in the soffit configuration. These curves initially exhibit an elastic 

behavior phase, demonstrating the ability of the specimens to absorb a certain amount of stress while 

returning to their original shape. However, this progressive deformation is followed by a sudden rupture, 

marking the point at which the beams reach their ultimate strength. 

For the control beam (CB), a peak load of 8.57 kN and a corresponding midspan deflection of 1.012 mm 

were observed. In series 1, additional layers of fabric led to increased load capacities. J-1L showed a 

24% higher load capacity (10.68 kN) compared to CB, while J-2L and J-3L exhibited increases of 69% 

(14.51 kN) and 97% (16.91 kN), respectively. However, the midspan deflection decreased with more 

layers, reaching 1.93 mm, 1.85 mm, and 1.78 mm for J-1L, J-2L, and J-3L, respectively.  

In series 2, the heat-treated jute EBR beams displayed improved performance over the untreated jute. 

Higher load capacities were attained by the specimens J-1L80 (11.80 kN), J-2L80 (15.85 kN), and J-

3L80 (18.81 kN), representing improvements of 58%, 85%, and 120% over the control beam. 
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Meanwhile, the midspan deflections were lower than those of the untreated jute counterparts, measuring 

1.56 mm, 1.51 mm, and 1.46 mm for J-1L80, J-2L80, and J-3L80, respectively. 

These results reveal a gradual increase in ultimate flexural load as the number of layers goes from 1 to 

3. This rise can be ascribed to the constraining influence imposed by the JFRP layers on the concrete, 

thereby restricting its cracking under the load. Moreover, a homogeneous stress distribution is achieved 

with the addition of extra layers, enhancing the overall load-bearing capacity of the beam. The outcomes 

are consistent with previous studies. Yaseen A. et al. [40]  also observed an improvement in ultimate 

flexural load when incorporating JFRP layers. Additionally, A. Abdulla et al. [17] noted substantial 

strength increases with the addition of JFRP laminate layers, reporting enhancements of 45%, 62%, and 

71% for beams reinforced with 2, 4, and 6 layers of JFRP laminates, respectively. However, the 

reduction in deflection observed with the increase in reinforcement layers can be attributed to the 

confinement effect induced by the layering. This confinement phenomenon is not just a simple increase 

in mechanical strength; it also alters the dynamics of stress distribution within the structure, leading to 

a significant improvement in overall structural integrity [16]. 

 

 

Fig. 11 Load and mid-span deflection results of CB and JFRP beams in soffit configuration (a) one 

layer (b) two layers (c) three layers. 

In the other hand, shifting focus from the impact of the number of layers to the influence of heat 

treatment. It's evident that the heat treatment also plays a crucial role in enhancing the performance of 

JFRP-reinforced beams. In series 2, where heat-treated jute EBR beams were employed, improved 

performance over the untreated jute is noticeable. J1-L80 exhibit a significant 10% increase in their 

ultimate load-bearing capacity compared to J1-L. Comparable increases of 9% and 11% are also 
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observed for J2-L80 and J3-L80, respectively. The beneficial effect of heat treatment can be attributed 

to the microstructural changes induced in the jute fibers. This beneficial influence of the heat treatment 

corroborates the increase in surface roughness observed under the optical microscope and SEM, which 

promotes mechanical anchorage with the polymer matrix and improved load transfer from the fibers to 

the matrix. 

The analysis of the results regarding mid-span deflection in beams reinforced with treated jute 

composites (J-1L80, J-2L80, J-3L80) shows a higher rigidity compared to those reinforced with 

untreated fibers. This increase in rigidity could be related to an improved modulus of elasticity of the 

treated fibers. Therefore, the treatment of jute fibers appears to play a role in enhancing the structural 

performance of the beams. 

T. Jirawattanasomkul et al. [28] emphasize that JFRP reinforcement with heat treatment at 80°C for 1-

hour results in a significant increase in ultimate compressive load capacity, reaching approximately 15% 

more than untreated reference specimens. This improvement is largely attributed to the weight loss of 

the jute fabric, resulting from the evaporation of water content within the fibers. These combined 

findings underscore the substantial enhancement in load-bearing capacity achieved through heat 

treatment and its associated mechanisms in JFRP-reinforced beams. 

 

3.1.2. The effect of JFRP in U-shape configuration 

The load-deflection curves for the JFRP-reinforced beams in the U-shaped configuration, as shown in 

Fig. 12, whether treated or not, exhibit a pronounced similarity. In both cases, these curves initially 

demonstrate an elastic behavior phase followed by a sudden rupture of the beams at the maximum load. 

 
Fig. 12 Load and mid-span deflection results of JFRP beams in U-shape and soffit configuration. 

 

The reinforced beams in series 3, J-U and J-U80, demonstrate an impressive ultimate load-bearing 

capacity of 14.02 kN and 15.21 kN, respectively. These values represent a substantial increase, 

approximately 63% and 77% higher than that of CB. Moreover, when considering mid-span deflection, 

a notable difference emerges. J-U80 exhibits a deflection of 0.75 mm, which is approximately 1.56 times 

greater than the deflection observed in J-U, measuring at 1.17 mm. These findings strongly support the 

notion that utilizing jute fibers as reinforcement in the U-shaped configuration significantly enhances 
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the structure's flexural load-carrying capacity. These outcomes align seamlessly with the research of T. 

Sen . [41] and H. N. J. Reddy [42], who reported an approximate 67% increase in the ultimate load-

bearing capacity for JFRP-reinforced U-shaped beams in comparison to CB. 

When comparing the performance of J-U beams with J-1L and J-1L80, a significant improvement in 

their flexural load-carrying capacity is observed, with an average increase of about 30% compared to J-

1L and 18% compared to J-1L80. These results align with the observations of Attari et al. [43], Chen et 

al. [44], and Yuvaraj et al. [45], who reported that U-shaped reinforcement beams exhibited increased 

strength compared to soffit-reinforced beams. 

Specimens reinforced with two layers, J-2L and J-2L80, show an average increase of about 3.5% 

compared to J-U and J-U80. This demonstrates that U-shaped reinforcement is an effective means to 

improve the flexural performance of concrete beams. Similarly, the same positive effect is noted in terms 

of stiffness. J-U exhibits an average stiffness about 1.3 times higher than that of beams in series 1 and 

2, which are reinforced with one and two layers of laminate. 

Conversely, J-3L and J-3L80 exhibit better performance in terms of ultimate flexural capacity, showing 

respective improvements of 11% and 24% compared to J-U80. However, it's important to note that this 

improvement in the ultimate flexural capacity is accompanied by an inverse trend regarding deflection. 

Indeed, J-U80 exhibits an average stiffness about 2 times higher than that observed for beams J3-L and 

J3-L80. These results emphasize that beams J-3L and J-3L80 are more resistant in terms of the maximum 

load they can support, but they also experience greater deformation compared to J-U80. 

 

3.1.3. JFRP beams versus GFRP beams 

Fig. 13 presents the load-deflection curves for the GFRP-reinforced beams in the soffit configuration. 

The addition of a single layer of GFRP (G-1L) resulted in a substantial increase in peak load, reaching 

14.67 kN, which was 71% higher than CB. This improvement in load-carrying capacity was 

accompanied by stiffness enhancement, as reflected by a midspan deflection of 1.0108 mm, which 

remained comparable to that of the CB.  

With the introduction of two layers of GFRP (G-2L), the peak load experienced a further significant 

increase, reaching 19.33 kN, representing a remarkable 125% improvement over the CB. The additional 

GFRP reinforcement layer enabled greater load resistance prior to failure, agreeing with Hong et al. 

[46]. However, this also led to a more flexible response, with the midspan deflection increasing 

significantly compared to both the CB and G-1L (2.393 mm). The larger deflection suggests that the 2-

layer GFRP reinforcement may have been less effective at controlling crack propagation and 

deformations, as also indicated in research by Smith and Teng [47]. 
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Fig. 13 Load and mid-span deflection results of GFRP beams 

 

The load-deformation values for the beams, illustrated in Fig. 14 reveal that suitably designed JFRP 

composites can provide flexural strengthening on par with GFRP materials. In fact, the 3-layer heat-

treated JFRP nearly matched the 2-layer GFRP performance with only a 2% difference in maximum 

loads. This demonstrates the potential for optimized JFRP reinforcement schemes to attain equivalent 

or marginally better strength improvements versus GFRP alternatives.  

These findings align with the results of M.H. Amirhafizan et al. [48], who conducted an experimental 

study and demonstrated that reinforcement with 4 layers of thermosetting JFRP significantly improved 

mechanical properties and increased ultimate shear capacity by about 73% compared to thermosetting 

GFRP composites. However, it is important to note that despite these advantages in terms of load-

carrying capacity, the midspan deflections varied noticeably. The GFRP beams showed significantly 

lower deflections, suggesting enhanced stiffness despite the high loads attained by the JFRP 

strengthening.  

While the peak load capacities were comparable between the heat-treated JFRP and GFRP strengthening 

systems, the midspan deflection response varied noticeably between the two fiber types. With a single 

ply reinforcement layer, the GFRP beam exhibited a lower deflection of 1.0108 mm compared to 1.5864 

mm for the equivalent heat-treated JFRP beam, despite both achieving similar ultimate loads. This 

indicates that the GFRP reinforcement provided enhanced stiffness and deformation control with just 

one layer of fibers. The lower deflection suggests more effective crack propagation resistance by the 

glass fibers compared to the jute. However, with two reinforcement layers, the trend reversed - the GFRP 

beam showed a significantly higher midspan deflection of 2.393 mm versus 1.4651 mm for the heat-

treated 3-ply JFRP system. Although both fiber composites attained comparable peak loads, the jute 

fabric layers were able to provide greater stiffness with the same number of plies. The additional jute 

reinforcement likely enabled better distributed cracking control compared to the more localized 

fracturing in the GFRP beam. 

On the other hand, J-U80 achieved a peak load of 15.21 kN, surpassing the 1-layer GFRP beam G-1L 

(14.67 kN) by 3.5%. This result underscores the remarkable flexural strengthening potential of heat-

treated jute in a U-shape configuration, even in the face of potential debonding issues. The thermal 

enhancement of jute fiber strength and fiber-matrix adhesion allowed for efficient stress transfer, 

enabling J-U80 to outperform the 1-ply GFRP. However, when compared to G-2L, J-U80 exhibited a 
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19% lower peak load capacity. The enhanced performance of the 2-layer GFRP, in this case, highlights 

the limitations of the jute U-shape system, particularly concerning debonding. 

Regarding midspan deflections, J-U80 demonstrated significantly lower deflection (0.747 mm) than 

both 1 and 2-layer GFRP beams. This lower deflection indicates superior stiffness and crack control 

achieved by the J-U80 configuration, even with its lower load capacity. The ability to maintain reduced 

deflections while withstanding considerable loads suggests that J-U80's crack control and deformation 

resistance mechanisms were effective in enhancing the beam's overall performance compared to its 

GFRP counterparts. 

 
Fig. 14 Loads and mid-span deflections of all strengthened beams 

 

3.2. Failure modes  

A thorough comparison of the failure mode between untreated JFRP and treated JFRP reveals a 

significant difference, primarily in terms of crack width. The results presented in Fig. 13 indicate that 

the cracks observed in the jute fiber fabric gradually decrease in width from one layer to two layers and 

then to three layers of reinforcement. More precisely, the cracks in the three-layer configuration are 

notably finer than those in the two-layer configuration, which, in turn, are finer than those in the one-

layer configuration. This observation suggests that the application of additional layers of jute fiber fabric 

allows for better crack control, and more efficient distribution of fracture in the localized region around 

the initial defect. Furthermore, the increased number of finely spaced microcracks along the beam's 

length corroborates this finding. As the overall load-carrying capacity increases with the addition of 

these extra layers, the jute fabric manages to contain crack openings more effectively. 
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Fig. 13 Reinforced beams in soffit configuration after failure (a) untreated JFRP beams (b) Heat-

treated JFRP beams (c) GFRP beams 

However, it is essential to note that the effect of heat treatment is also evident in this comparison. Heat-

treated JFRP beams exhibit finer cracks than their untreated counterparts. This difference can be 

attributed to the beneficial effect of heat treatment on the properties of jute fibers. It promotes cross-

linking of the fibers' cellulose structure, thereby increasing their strength and enhancing their adhesion 

with the composite material. The increase in surface roughness of thermally treated jute fibers, as 

observed under the microscope and through SEM, enhances mechanical anchoring and load transfer to 

the matrix. This microstructural improvement leads to finer cracks in treated JFRP beams compared to 

untreated ones, indicating more effective control over crack propagation. Furthermore, the increased 

strength of the treated fibers, as observed in tensile tests, endows them with enhanced reinforcing 

properties and the ability to limit crack opening in the composite. 

In comparison, the glass fibers in the GFRP beams displayed remarkable crack control. Unlike JFRP, 

no cracks propagated along the GFRP length, indicating it maintained adhesion to the concrete matrix 

across cracks. The high stiffness of glass fibers enabled continuity between the concrete and glass mat, 

allowing effective transfer of stress without debonding at the interface. This demonstrates a key 

difference between the mechanical interactions of jute and glass with concrete matrices. While jute 

excels in crack bridging and controlling localized fracture, glass provides superior interface bonding.  

All major cracks originated from the initial saw cut notch in the center of the beams. Both jute and glass 

reinforcements prevented the formation of new cracks away from this high-stress region. This 

mechanism allowed the materials to enhance ductility through the controlled distribution of microcracks 

emanating from the defect location, rather than the formation of new early cracks that lead to abrupt 

brittle failure. 

The study emphasizes the vital role of fiber-concrete interaction in material behavior. Jute fibers 

effectively control crack propagation and localized fractures, seen in reduced crack width with increased 

jute layers. However, high-stress conditions revealed potential debonding issues, this slight debonding 

may be attributed to the organic nature and flexibility of jute fibers. In contrast, glass fibers displayed 

outstanding bonding strength, maintaining an unbroken interface with concrete, and preventing crack 
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propagation. These findings underscore the robust bonding of glass fibers compared to jute, highlighting 

their distinct behaviors and implications for reinforced material performance. 

 

3.3. Cost analysis 

Economic sustainability is critical for practical adoption of natural fiber reinforcements. The market 

price analysis revealed that the cost of jute fibers is estimated to be between $30 and $40 per ton [49]. 

In contrast, glass fibers exhibit a significantly higher cost, with prices varying considerably, ranging 

from $2,518 to $18,445 per ton [50]. The lower price of jute can be attributed to the higher labor costs 

associated with glass fiber production involving energy-intensive high temperature processes.  

The outcomes indicate that jute reinforcement can provide direct economic benefits in addition to the 

environmental advantages highlighted in the carbon footprint assessment. With suitable supply chain 

management, jute and other natural bast fibers are attractive low-cost alternatives to traditional glass 

fiber. This demonstrates the potential for biobased reinforcements to improve both the environmental 

and economic sustainability of composites. 

 

4. Conclusion 

The experimental study presented in this article reported the flexural response of pre-damaged HPC 

beams reinforced with heat-treated JFRP laminates in two distinct configurations. A comparison with 

GFRP-reinforced beams is also conducted. The main findings are as follows: 

 The use of heat-treated JFRP in the soffit reinforcement of pre-damaged beams with 1, 2, and 3 

layers revealed an increase in load-carrying capacity ranging from 38% to 119% compared to 

CB. The comparison between J1-L, J1-L80, and J3-L, J3-L80 showed an additional strength 

gain of approximately 59% with the addition of just two layers. 

 U-shaped reinforcement proved to be more effective, enhancing the stiffness and load-carrying 

capacity of the beams. These improvements resulted in a 63% and 77% increase in load-carrying 

capacity for untreated and heat-treated JFRP compared to CB. Although slightly less efficient 

flexural strength was observed compared to soffit reinforcement with 3 layers. J3-L and J3-L80 

displayed better performance of approximately 11% and 24% compared to J-U80. 

 Comparison with GFRP laminates showed nearly identical load-carrying capacities. With 3 

layers of heat-treated JFRP, the jute composites exhibited only a 2% difference compared to 

beams reinforced with 2 layers of glass fibers. 

 The comparison of failure modes between untreated and treated JFRP reveals that the number 

of layers significantly affects crack width, with finer cracks observed in configurations with 

more layers. Additionally, heat treatment enhances crack control by narrowing crack widths.  

 Jute reinforcement offers economic and environmental benefits, offering low-cost alternatives 

to traditional glass fiber, demonstrating the potential for biobased reinforcements to enhance 

composite sustainability. 

These experimental results highlight that external reinforcement of HPC beams using the EBR technique 

with heat-treated natural fiber composites, particularly at 80°C, holds strong potential as a promising 

alternative to GFRP. Their adoption could reduce CO2 emissions and costs while providing adequate 

mechanical properties. These findings open up new perspectives of the use of natural fibers in structural 

reinforcement, offering advantages, both technically and environmentally. 
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