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Abstract 

 This study investigates the enhancement of flexural strength of high-

performance concrete (HPC) beams using basalt fiber reinforced polymer (BFRP) 

embedded internally at different depths. Four types of beam samples were tested: 

BFRP placed directly on the bottom (CB0), and BFRP placed at 0.75 cm (CB0.75), 

1.25 cm (CB1.25), and 2.25 cm (CB2.25) from the bottom. The concrete mixture, 

which resembled ultra-high-performance concrete, included binder, fine and coarse 

aggregates, glass powder, microsilica, and a plasticizer. The results showed that 

BFRP significantly improved the flexural strength and ductility compared to the 

control samples without BFRP reinforcement. Optimum performance was achieved 

by placing the BFRP at 1.25 cm from the bottom (CB1.25), which demonstrated an 

increase in flexural strength by 1088% (653 kN/m2) and displacement by 0.225 mm 

compared to the control samples, indicating a balanced distribution of strength and 

stress. Large distances (e.g., CB2.25) reduce the effectiveness, highlighting the 

importance of BFRP proximity to tension zones. 

Keywords: Basalt Fiber Reinforced Polymer, Flexural Strength, Ductility, High-

Performance Concrete, Reinforced Concrete Beam. 

I.     Introduction   

Various researchers are trying to improve the mechanical and physical 

properties of concrete by adding or attaching various materials to concrete. In recent 

years, basalt has become one of the contenders for fibrous reinforcement of 

composites due to its promising physical, chemical, and mechanical properties, as 
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well as good technological characteristics and cost-effectiveness of the corresponding 

production technologies [XIII], [XVII], [XIX], [XXII]. Adding fiber is a way to 

improve the mechanical properties of concrete. For example, Kharun et al. [XXI] 

found that adding 1.2% basalt fibers maximized the flexural strength of concrete, 

while 0.9% basalt fibers maximized the compressive strength. In another example, 

Hematibahar et al. [XX] also found that 1.2% basalt fibers can improve the 

mechanical properties of concrete, such as flexural and tensile strength. Some studies 

attempt to improve the mechanical properties of concrete by adding chemical powder 

[I], [VI]. For example, Beskopylny et al. [VII] added coffee grounds (CG) and peanut 

shell ash (PSA) to cementitious material to improve mechanical properties. They 

found that the addition of 0.1–0.3% CG and PSA improved the mechanical properties 

of cementitious materials. 

There are many types of concrete reinforcement, one of which is adding a 3D printed 

reinforced pattern to the concrete [IX], [XV], [XVI]. For example, Hematibahar et al. 

[XVIII] optimized honeycomb, 3D honeycomb, grid, and triangle as 3D printed 

reinforcement for concrete. They found that the best sample was the honeycomb one, 

with rates of 76% and 118% compared to the control sample. In another example, 

Hematibahar et al. [XIV] compared 3D printed reinforced truss and shell structures 

and found that patterning was a parameter for improving mechanical properties such 

as flexural strength. Another example of concrete reinforcement is fiber-reinforced 

polymer (FRP) as a coating and reinforcement to improve the mechanical properties 

of concrete [II], [V], [XI], [X]. The use of external FRP as a concrete coating and 

repair has several advantages, including cost effectiveness and high ductility [V]. 

Some research shows that two layers of FRP have a greater impact on mechanical 

properties [XI]. Some studies mention that with high dosage of FRP, the mechanical 

properties of the concrete structure are improved [X]. In general, FRP is used to 

improve the mechanical properties of concrete, such as compressive, tensile, and 

flexural strength. 

The flexural strength of a load-bearing beam is its ability to resist deformation and 

failure under bending loads. This is an important mechanical property, especially in 

structural design, which determines how much force a beam can withstand before 

failure. The ductility of a load-bearing beam is its ability to undergo significant 

inelastic deformation (bending or straining beyond the elastic limit) before failure, 

which provides a warning before failure. This is an important structural design factor, 

especially in seismic areas, as it allows a structure to absorb energy and redistribute 

forces, preventing sudden collapse. 

Chen et al. [VIII] investigated the effects of different BFRP wrapping patterns, U-

jacket anchorage, and epoxy adhesives on the flexural capacity of reinforced concrete 

beams. It was found that the use of U-jacket anchorage could increase the load-

bearing capacity by up to 37.8%. The authors concluded that the use of inclined U-

jackets is more efficient than vertical U-jackets, with the load-bearing capacity 

increasing up to 55.2%. Saribiyik et al. [XXIII] studied the effects of BFRP 

composite and wrapping methods on the shear strength of reinforced concrete beams. 

They found that the shear strength of reinforced concrete beams with BFRP 
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composites increased by 43–100%; the best results were obtained using a fully 

wrapped configuration among other configurations. 

The experimental study presented in this article was conducted to investigate and 

evaluate the flexural strength and ductility of high-performance concrete (HPC) 

beams with basalt fiber reinforced polymer (BFRP). 

II.     Material and Methods 

Material 

Experimental study was conducted with the following composition: Portland 

cement CEM I 42.5 N as a binder, sand with a fineness modulus of 2.7 as a fine 

aggregate, granite crushed stone of fraction 7–14 mm as a coarse aggregate, glass 

powder as a filler, microsilica as a organo-mineral additive, SikaPlast®Concrete in 

liquid form as a plasticizer to improve the workability of concrete, and water for 

mixing (Table 1). 

Table 1: Composition of concrete mixture. 

Cement 

(kg/m3) 

Fine 

Aggregate 

(kg/m3) 

Coarse 

Aggregate 

(kg/m3) 

Glass 

Powder 

(kg/m3) 

Microsilica 

(kg/m3) 

Plactiziter 

(l/m3) 

Water 

(l/m3) 

550 1100 350 200 100 20 230 

Sample Making and Research Method 

To minimize sample variation, a process of creating identical samples was used in all 

tests. 

The coarse aggregate (crushed stone) was pre-immersed in water for 24 hours before 

mixing, then removed from the water and placed on a sieve for 2 hours to dry out the 

water to achieve a nearly dry surface condition. All powdered materials (Portland 

cement, micro silica, and glass powder) were thoroughly mixed in a concrete mixer 

until a uniform color was obtained, after which fine and coarse aggregates (sand and 

crushed stone) were added to the resulting powder mixture. Liquid materials 

(SikaPlast®Concrete and water) were mixed in a separate container. This liquid 

substance was then added to the dry mixture and thoroughly mixed in the concrete 

mixer until a homogeneous mixture was obtained. 

Control samples measuring 100x100x100 mm3 for testing the compressive strength of 

HPC were produced. To test the beams, basalt fiber polymer fabric (Figure 1) was 

placed in the form measuring 400x100x100 mm3 in two layers, then HPC was poured 

inside the form. Control samples CB for flexural strength and ductility tests were 

produced without BFRP. Four types of HPC beams with BFRP were tested in this 

study: 

• CB0: HPC beam with BFRP placed directly on the bottom of the form; 

• CB0.75: HPC beam with BFRP placed at 0.75 cm from the bottom of the form; 

• CB1.25: HPC beam with BFRP placed at 1.25 cm from the bottom of the form; 

• CB2.25: HPC beam with BFRP placed at 2.25 cm from the bottom of the form. 
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Fig. 1. Basalt fiber polymer fabric. 

The samples were placed in water at 20–22 °C for 28 days to cure. The HPC cubes 

were tested according to ASTM C109 [III], and for the flexural test, the three-point 

bending test was carried out according to GB/T 17671 [XII]. Experimental studies 

were conducted on a hydraulic press with a force of up to 1500 kN during 

compression testing and up to 150 kN during flexural testing (Figure 2). 

 

 

Fig. 2. Beam under flexural test. 

Polynomial Prediction of Flexural Strength 

A polynomial equation is used to find the flexural load-displacement curve. Equation 

(1) illustrates the polynomial formula [XX]: 

𝑦(𝑥) = 𝑎𝑛𝑥
𝑛 + 𝑎𝑛−1𝑥

𝑛−1 + 𝑎𝑛−2𝑥
𝑛−2 +⋯+ 𝑎2𝑥

2 + 𝑎1𝑥
1 + 𝑎0 (1) 

where a is the coefficient of the polynomial function; an, an – 1, an – 2, …, a2, a1, a0 are 

the coefficients of the polynomial (constant values); x is the variable; n is a non-

negative integer, representing the highest power of x (degree of the 

polynomial); y(x) is a variable that depends on x. 

In this study, second-degree polynomial regression was used to model the 

relationship between displacement and flexural load in HPC beams with BFRP. The 

analysis was performed using the Python's scikit-learn library, where the 

displacement values were transformed into polynomial features to account for 

nonlinear behavior. The model coefficients were optimized to match the experimental 

data, resulting in a prediction curve that accurately reflects the load-displacement 
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response. This approach allowed us to quantify the increase in flexural strength in 

different BFRP configurations, providing a mathematical basis for comparing 

performance trends. 

III. Results and Discussion 

Compressive Strength Test 

The compressive strength of the HPC cube was 67 MPa (Figure 3). According 

to Figure 3, there is a sharp drop after reaching the maximum stress (67 MPa), which 

is typical for concrete. HPC samples can withstand a strain of about 0.013 before they 

fail. A curve without a clear yield zone exhibits elastic behavior up to the point of 

failure . 

 

Fig. 3. Compressive stress-strain test. 

Flexural Strength and Ductility Tests 

Figure 4 shows the load-displacement of control samples CB. In this figure, the graph 

shows an almost linear relationship between displacement and flexural strength over a 

small range of variation, indicating the elastic behavior of the material. A sharp drop 

in strength after reaching the maximum load indicates brittle behavior of the samples, 

which is usually observed in concrete. The samples undergo a displacement of 

approximately 0.009 mm and then fail, indicating little deformation before failure. 

Due to the absence of BFRP, the strength and ductility of the samples are low, and 

their behavior depends entirely on the concrete matrix. 
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Fig. 4. Load-Displacement of Control Samples (CB). 

Figure 5 shows the load-displacement of sample CB0. Adding BFRP to the bottom of 

the HPC beam significantly increased the flexural strength. The CB0 beams exhibit 

large deformation resistance (up to 0.12 mm) before failure, indicating improved 

ductility. In contrast to the control samples CB, the strength loss after reaching the 

maximum load is more gradual, indicating a more ductile behavior. The maximum 

displacement before failure is greater than that of the control samples CB, indicating 

better performance of the BFRP. The use of BFRP has simultaneously increased the 

strength and ductility of the HPC beam. 

The addition of BFRP at 0.75 cm from the bottom of the HPC beam significantly 

increased the flexural strength compared to not only the control samples CB but even 

the samples CB0 (Figure 6). Unlike the control samples CB, which showed a sharp 

drop in strength, specimens CB0 and CB0.75 exhibit a softer deformation resistance 

after reaching the maximum load, indicating that BFRP is effective in supporting 

post-cracking stresses. The maximum displacement of samples CB0.75 reached 0.15 

mm, which is an increase compared to samples CB0 (0.12 mm). The BFRP layer at a 

distance from the HPC bottom resulted in better stress distribution and prevented 

sudden rupture. The flexural strength of samples CB0.75 is at least 10–15% higher 

than samples CB0. Placing the BFRP at a distance of 0.75 from the bottom allowed 

for a better balance between strength and ductility. This is an ideal option for 

structures that must withstand dynamic loads or large deformations. 

 

Fig. 5. Load-Displacement of CB0. 
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Fig. 6. Load-Displacement of CB0.75. 

Figure 7 shows that placing BFRP at 1.25 cm from the bottom of the HPC beam 

reduces the effectiveness of the BFRP reinforcement, and the flexural strength is 

approximately 15–20% lower than that of the samples CB0.75. The maximum 

displacement increases to 0.225 mm, indicating higher flexibility. The flexural 

strength resistance in the direction of maximum load occurs more smoothly than in 

the control samples CB and even better than in the samples CB0.75. The greater 

distance of BFRP from the underlying surface reduces its ability to limit cracks and 

withstand tensile stresses. The flexural strength and deformation resistance of 

samples CB1.25 are approximately 85–90% higher than that of CB0.75. This option 

is suitable for higher loads or cases where large deformations are allowed. 

 

Fig. 7. Load-Displacement of CB1.25. 

Figure 8 shows the load-displacement of sample CB2.25. When BFRP is placed at 

2.25 cm from the bottom of the HPC beam, the flexural strength is reduced compared 

with CB0, CB0.75, and CB1.25, but deformation resistance is higher than CB0 and 

CB0.75. 
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Fig. 8. Load-Displacement of CB2.25. 

The results show that placing BFRP at a distance of 1.25 from the bottom of the HPC 

beam provides the best performance, while larger or smaller distances may result in 

reduced strength or unexpected behavior (Table 2). 

Table 2: Flexural Strength and Maximum Displacement of Samples. 

Samples 
Maximum Flexural Strength 

(kN/m2) 

Maximum 

Displacement (mm) 

Control Samples 

CB 
60 0.009 

CB0 391 0.12 

CB0.75 487 0.15 

CB1.25 653 0.225 

CB2.25 293 0.16 

The control samples CB with a flexural strength of 60 kN/m2 and a maximum 

displacement of 0.009 mm exhibit completely brittle behavior and low load-bearing 

capacity, which is typical of unreinforced concrete. In samples CB0, the flexural 

strength reached 391 kN/m2 (an increase of 650%), and the displacement reached 

0.12 mm, indicating the significant effect of BFRP in simultaneously improving the 

flexural strength and ductility. The most optimal characteristics are demonstrated by 

the samples CB1.25 with a flexural strength of 653 kN/m2 and a displacement of 

0.225 mm, since the appropriate placement of BFRP resulted in a more efficient 

distribution of stresses and increased efficiency. In samples CB2.25, the flexural 

strength decreased to 293 kN/m2, confirming the negative effect of the large distance 

of BFRP from the tensile zone. In general, a smaller distance of BFRP to the bottom 

(up to 1.25 cm) leads to an increase in flexural strength and ductility, but a larger 

distance (for example, 2.25 cm) leads to a sharp decrease in performance 

characteristics. For structures subject to heavy loads, the optimal distance from BFRP 

to the bottom is considered to be 1.25 cm, since this ensures a good balance between 

flexural strength and ductility. 
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Polynomial Strength 

The flexural strength was calculated using polynomial regression and Python 

programming. Figure 9 (a – e) shows the flexural load-displacement and flexural 

strength, respectively, and presents the polynomial regression curves for the load-

displacement behavior of HPC beams with BFRP, comparing the control samples 

with four reinforcement configurations (CB0, CB0.75, CB1.25, CB2.25). Each 

subplot illustrates experimental data points (scatter) next to the fitted quadratic curve, 

highlighting the nonlinear relationship between displacement and flexural load. The 

curves demonstrate how the placement of BFRP affects the mechanical properties, 

with sample CB1.25 demonstrating the optimum balance of flexural strength and 

ductility. 

(a) 

 

(b) 
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(c) 

 

(d) 

 

(e) 

Fig. 9. Prediction of Flexural Strength: 

(a) control samples CB, (b) CB0, (c) CB0.75, (d) CB1.25, (e) CB2.25. 
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The plots show clear behavioral shifts: the control specimen (a) shows a steep linear 

decline (brittle failure), while beams (b – e) with BFRP show a gradual decline after 

the peak (ductile failure). Subplot (c) for CB1.25 exhibits the highest peak load (653 

kN) and increased displacement (0.225 mm), as validated by the close polynomial fit 

of the curve. The annotations focus on critical points such as maximum load and 

failure displacement, which support the study’s conclusion that the proximity of the 

BFRP reinforcement to the tensile zone (1.25 cm) maximizes the design’s 

performance. 

The polynomial curves showed a clear agreement with the experimental results, 

especially for the samples with optimal BFRP placement (e.g., samples CB1.25). 

Regression analysis showed that the proximity of BFRP to the tensile zone (depth 

1.25 cm) maximizes both flexural strength (653 kN/m2) and ductility (displacement 

0.225 mm). Deviations in samples CB1.25 and samples CB2.25 revealed sensitivity 

to reinforcement placement. The robustness of the model was confirmed by its ability 

to reproduce the brittle-ductile transition, highlighting its usefulness in the design of 

BFRP-reinforced structures to achieve target mechanical properties. 

Scanning Electron Microscopy (SEM) Result 

BFRP fabrics provide good adhesion to the concrete matrix due to their uniform fiber 

structure and fabric texture. SEM images in Figure 10 show that the basalt fibers are 

arranged regularly and have a uniform surface; this arrangement increases the contact 

area and therefore improves the efficiency of the fibers in transmitting stress. The 

structure of these fibers allows stress to be distributed across different areas of the 

fibers and prevents the formation of stress concentrations that typically lead to 

cracking. 

Microscopic examination at 1 μm and 20 μm scales shows that in the contact areas 

between basalt fibers and cement paste, the matrix has penetrated well into the BFRP 

fabric. This penetration creates mechanical bonding and increases adhesion between 

the BFRP and concrete. This plays a key role in improving the flexural performance, 

since after the initial cracking of the concrete, the BFRP fabric mesh takes on the 

tensile load and prevents crack propagation. 

According to the results presented in Figure 10, basalt fibers have a relatively rough 

and uneven surface due to their fabric structure, which increases internal friction and 

improves adhesion in the cement matrix. This structure improves the post-cracking 

behavior and increases the ductility of HPC beams reinforced with BFRP. Thus, the 

fabric nature of BFRP not only affects the improvement of flexural capacity but also 

changes the behavior of the structure from brittle to semi-rigid or even viscous, which 

is also clearly visible in the results of bending tests. 
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(a) 

 
(b) 

Fig. 10. SEM Results: (a) 1 micro meter, (b) 20 micro meter. 

BFRP-HPC Interface Pull-out Test Result 

This study used ASTM D7522/D7522M [IV], a well-known standard for evaluating 

the tensile strength between FRP fabrics and concrete. 

According to the obtained results, the maximum values of the pull-out force were 

converted into equivalent stress in the joint zone using the mechanical cross-sectional 

area of the BFRP strip (width × thickness 1.4 mm). By performing this conversion, it 

was found that the pull-out stresses in the different specimens were in the 

approximate range of 300 to 800 MPa. This difference is due to the variations in the 

width of the BFRP strip and the length of the limiter. A 50 mm wide specimen with a 

breaking load of 24.5 kN experiences a stress of about 350 MPa, whereas for a 100 

mm wide specimen with a breaking load of about 46 kN, the equivalent stress is 

about 330 MPa. This apparent decrease in stress with increasing width is explained 

by the fact that the destructive force does not increase faster than the increase in the 

cross-sectional area, and, as a consequence, the nature of the failure becomes 

sensitive to the geometry of the BFRP strip. This trend suggests that increasing the 

FRP width does not necessarily result in an increase in the transfer stress, but rather 

increases the overall bandwidth of the connection. 

In addition to the mechanical test results, the article discusses in detail the three-

dimensional fracture behavior of the joint and the role of local phenomena. The 

formation of concrete bubbles observed in all tests has a significant impact on crack 

development and an increase in joint strength. These bubbles are formed by a 

combination of peeling and shear stresses and cause a mixed failure path that 

propagates in the concrete at an angle of approximately 30 degrees. Another 

important point highlighted in the article is the inadequacy of 2D models for 

predicting the actual behaviour of joints, since stresses and failures are entirely three-

dimensional in nature. 3D modeling shows that the stress distribution in concrete 

consists of a confined zone near the surface and a more diffuse zone deep in the 

concrete, both of which play a decisive role in the ultimate strength of the joint. The 

results also show that changes in the width of the BFRP strip change not only the 

magnitude of the transmitted force, but also the failure mechanism, which is very 

important in the practical design of reinforced systems. 



 

 

 

 

J. Mech. Cont. & Math. Sci., Vol.-20, No.-12, December (2025)  pp 78-92 

Mohammad Hematibahar et al 

 

 

90 
 

IV.     Conclusions 

This study investigated the effectiveness of using basalt fiber reinforced 

polymer (BFRP) as a core material to improve the flexural strength of high-

performance concrete (HPC) beams. The main findings are summarized as follows: 

1. Significant Improvement in Flexural Strength: The inclusion of BFRP in 

HPC beams resulted in a significant increase in flexural strength compared to the 

brittle behavior of samples without BFRP reinforcement. The optimal configuration 

with BFRP placed at 1.25 cm from the bottom achieved an increase in flexural 

strength by 1088% (653 kN/m2), which demonstrates the ability of the material to 

increase the load-bearing capacity. 

2. Ductility Enhancement: HPC beams with BFRP placed at 1.25 cm from the 

bottom exhibited greater ductility, with displacements up to 0.225 mm before failure, 

compared to the brittle behavior of samples without BFRP reinforcement (0.009 mm). 

This highlights the role of BFRP in improving deformation resistance and post-

cracking performance. 

3. Critical Role of BFRP Placement: The distance of BFRP in the tensile zone 

significantly affected the performance. BFRP placed at 1.25 cm from the bottom 

showed the best balance of flexural strength and ductility, while larger distances (e.g., 

BFRP placed at 2.25 cm from the bottom) reduced the effectiveness, highlighting the 

need for accurate placement in the load-bearing structure. 

4. Practical Implications: The results show that BFRP is an effective solution 

for strengthening load-bearing concrete structures, especially in conditions requiring 

high flexural strength and ductility, such as in seismic areas or under dynamic loading 

conditions. 
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