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This study investigates the impact of basalt fiber on the mechanical properties of reinforced concrete 
members, with a specific focus on their behavior under large eccentric compression. A series of large 
eccentric compression tests were conducted on basalt fiber-reinforced concrete (BFRC) members 
with varying parameters. The failure characteristics, ultimate bearing capacity, cracking load, crack 
width, and other relevant factors were thoroughly analyzed. The results indicate that the mechanical 
properties of BFRC components are significantly improved compared to traditional concrete using 
basalt fiber reinforced concrete. Specifically, the ultimate bearing capacity increased by up to 30.3%, 
while the cracking load exhibit ed a notable increase of up to 42.9%. Notably, BFRC members 
displayed enhanced loading characteristics, including delayed crack initiation, a greater number of 
cracks, and a smaller maximum crack width. A comprehensive data simulation was performed, leading 
to the development of a calculation formula for the maximum crack width of BFRC members under 
large eccentric compression.
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Basalt Fiber Reinforced Concrete (BFRC) is a composite material in which basalt fibers are incorporated into 
the concrete matrix as reinforcement. This enhances the internal structure of the concrete through physical 
and mechanical interactions, while preserving the chemical properties of the individual constituents of the 
concrete1–4. Basalt fibers are known for their high chemical stability, thermal stability, excellent dispersion, and 
outstanding mechanical properties5–7. The addition of basalt fibers significantly improves the crack resistance, 
corrosion resistance, energy dissipation capacity, and overall durability and load-bearing capacity of concrete 
structures8–10.

Most research on the mechanical properties of BFRC has focused on bending members. For instance, Sawalet 
et al.11 concluded that the incorporation of basalt fibers does not drastically alter the fundamental mechanical 
properties of reinforced concrete beams. Liu et al.12 found that adding a small quantity of short basalt fibers can 
reduce crack width, increase the number of cracks, delay crack propagation, improve the short-term stiffness of 
concrete beams, and mitigate deflection during service. Studies by Li et al.13 and Hassan et al.14 demonstrated 
that basalt fibers effectively prevent crack propagation in reinforced concrete bending members, improving the 
bending stiffness of concrete beams. During the elastic phase, basalt fibers have minimal impact on mid-span 
deflection. However, in the cracked phase, they enhance the stiffness of the beams, reducing mid-span deflection. 
At ultimate failure, BFRC beams exhibited greater deflection compared to conventional concrete beams.

Research on the compressive mechanical properties of BFRC is relatively limited. Wang et al.15 performed 
axial compression tests on short reinforced basalt fiber concrete columns and found that basalt fibers enhanced 
the ultimate bearing capacity of reinforced concrete short columns. Similarly, Xue He16 conducted eccentric 
compression tests on high-strength basalt fiber concrete columns, concluding that basalt fibers improved the 
ductility of eccentrically loaded columns.

In conclusion, basalt fibers significantly improve the mechanical properties of concrete components, providing 
robust strengthening and toughening effects. They are particularly effective in enhancing crack resistance in 
reinforced concrete bending members. However, current research predominantly focuses on pure bending or 
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axial compression components, with limited studies on the mechanical properties of BFRC under large eccentric 
compression. This study, therefore, aims to conduct experimental tests on the mechanical performance of basalt 
fiber concrete columns under large eccentric compression, investigating their bearing capacity, displacement 
characteristics, and crack development patterns.

Experimental materials and mix proportion design
Experimental materials
The cement used in this study was Ordinary Portland Cement (P.O. 42.5), conforming to the relevant standards. 
The coarse aggregates were composed of two fractions, 5–10 mm and 10–25 mm, which were blended in a ratio 
of 2:3 to achieve a continuous grading system. The aggregates had a crushing value of 10.5. The fine aggregate 
had a fineness modulus of 2.85. Potable water was used for mixing, with no water-reducing agents incorporated. 
The detailed mix proportions are presented in Table 1.

The basalt fibers utilized in this study were sourced from Zhejiang Hengdian Shijin Basalt Fiber Co., Ltd. The 
specific properties of the basalt fibers are as follows: a diameter of 17 μm, density of 26 kg·m−2, tensile strength 
of 3000 MPa, and an elastic modulus of 90 GPa. The fiber lengths selected for the experiment were 12 mm and 
24 mm.

To determine the optimal dosage of basalt fiber, two fiber lengths were studied: 12 mm and 24 mm (see 
Fig. 1). The fiber volume content in the concrete was varied across the following levels: 0%, 0.075%, 0.1%, 0.15%, 
0.2%, 0.25%, 0.3%, and 0.4%. A total of 48 specimen sets were prepared, with 3 specimens per set, yielding a total 
of 144 specimens. Compressive strength tests were performed in accordance with GB/T 50,081 − 2002, Standard 
for Testing the Mechanical Properties of Ordinary Concrete. The test results are shown in Fig. 2.

From the results, it was observed that the optimal fiber volume content for basalt fibers in concrete is 0.15%. 
Accordingly, for the small eccentric compression column tests, the basalt fiber volume content was fixed at 0.15% 
throughout the study.

Specimen design
The experimental program involves 9 large eccentric compression columns, consisting of 3 Reinforced Concrete 
(RC) columns and 6 Basalt Fiber Reinforced Concrete (BFRC) columns. For the BFRC columns, 3 specimens 
each were tested for two different fiber lengths: 12 mm and 24 mm. The basalt fiber volume content in all BFRC 
eccentric compression columns was uniformly set to 0.15%. The cross-sectional dimensions of all experimental 
columns were kept constant. Detailed dimensions of the experimental columns are presented in Fig. 3.

The loading process was carried out using a step-by-step incremental method. Initially, before the eccentric 
compression column developed cracks, a load increment of 10 kN was applied at each step. Once cracking was 
observed, the load increment was reduced to 5 kN per step. Each loading stage was maintained for 1 min until 
failure occurred. The large eccentric compression columns were subjected to an eccentric distance of 60 mm. A 
backside view of the failure of the experimental column is presented in Fig. 4.

Failure modes
Experimental phenomena
BF-0-0-1 Test Column: The first transverse crack appeared in the tensile zone when the load reached 45 kN, 
located near the lower side of the column’s midsection. As the load increased, multiple cracks formed, with a 

Fig. 1.  Two lengths of basalt fiber: (a) L = 12 mm; (b) L = 24 mm.

 

Target strength Water−cement ratio Sand content (%) Cement (kg/m3) Water (kg/m3) Sand (kg/m3) Coarse aggregate (kg/m3)

C30 0.55 34 355 195 703 1147

Table 1.  The mix proportion data.
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maximum of 9 cracks spaced 7–8 cm apart. When the load reached 125 kN, the reinforcement in the tensile 
zone yielded, and the concrete in the compression zone was crushed, leading to the failure of the test column.
BF-0-0-2 Test Column: The first transverse crack appeared in the tensile zone when the load reached 40 kN. As 
the load increased, multiple cracks formed, with a maximum of 7 cracks spaced 7–8 cm apart. When the load 
reached 115 kN, the reinforcement in the tensile zone yielded, and the concrete in the compression zone was 
crushed, leading to the failure of the test column.BF-0-0-3 Test Column: The first transverse crack appeared in 
the tensile zone when the load reached 40 kN, with a maximum of 7 cracks. The test column failed when the 
load reached 125 kN.

BF-12-0.15-1 Test Column: The first transverse crack appeared in the tensile zone when the load reached 
55 kN. As the load increased, a maximum of 8 cracks formed, with a crack spacing of 6–7 cm. When the load 
reached 135 kN, the reinforcement in the tensile zone yielded, and the concrete in the compression zone was 
crushed, leading to the failure of the test column.BF-12-0.15-2 Test Column: The first transverse crack appeared 
in the tensile zone when the load reached 60 kN. As the load increased, a maximum of 9 cracks formed, with 
a crack spacing of 6–7 cm. When the load reached 130 kN, the reinforcement in the tensile zone yielded, and 
the concrete in the compression zone was crushed, leading to the failure of the test column.BF-12-0.15-3 Test 
Column: The first transverse crack appeared in the tensile zone when the load reached 60 kN. As the load 
increased, a maximum of 9 cracks formed, with a crack spacing of 6–7 cm. When the load reached 130 kN, the 
reinforcement in the tensile zone yielded, and the concrete in the compression zone was crushed, leading to the 
failure of the test column.

BF-24-0.15-1 Test Column: The first transverse crack appeared in the tensile zone when the load reached 
60 kN. As the load increased, a maximum of 9 cracks formed, with a crack spacing of 5–6 cm. When the load 
reached 160 kN, the reinforcement in the tensile zone yielded, and the concrete in the compression zone was 
crushed, leading to the failure of the test column.BF-24-0.15-2 Test Column: The first transverse crack appeared 
in the tensile zone when the load reached 70 kN. As the load increased, a maximum of 10 cracks formed, with 
a crack spacing of 5–6 cm. When the load reached 160 kN, the reinforcement in the tensile zone yielded, and 
the concrete in the compression zone was crushed, leading to the failure of the test column.BF-24-0.15-3 Test 
Column: The first transverse crack appeared in the tensile zone when the load reached 60 kN. As the load 
increased, a maximum of 8 cracks formed, with a crack spacing of 5–6 cm. When the load reached 165 kN, the 
reinforcement in the tensile zone yielded, and the concrete in the compression zone was crushed, leading to the 
failure of the test column.

Typical failure modes
For all three test columns, the first transverse crack appeared in the tensile zone near the lower side of the 
column’s mid-section as the applied load reached the cracking point. As loading continued, multiple cracks 

Fig. 2.  Concrete strength at different fiber dosages.

 

Scientific Reports |        (2025) 15:10845 3| https://doi.org/10.1038/s41598-025-94964-5

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


developed sequentially. In the case of RC (Reinforced Concrete) columns under large eccentric compression, 
once horizontal cracks appeared in the tensile zone, they rapidly propagated and widened. This progression 
caused the concrete in the tensile zone to no longer participate in the load-bearing process effectively. The strain 
in the compressed zone of the concrete quickly reached its ultimate compressive strain, leading to the crushing 
and peeling off of the protective layer. After failure, the overall integrity of the RC specimen was compromised, 
and the column’s load-bearing capacity was severely diminished.

In contrast, the BFRC (Basalt Fiber Reinforced Concrete) columns demonstrated notable improvements in 
failure behavior. The incorporation of basalt fibers provided enhanced crack control through their toughening 
and crack-bridging properties. In the BFRC eccentric compression columns, the crack spacing in the tensile 
zone was smaller, crack propagation was significantly slower compared to the RC columns, and the crack width 
was notably reduced. These characteristics indicate that the basalt fibers played a crucial role in improving the 
overall structural performance, enhancing durability, and delaying the onset of complete failure.

Experimental results and analysis
Ultimate load capacity
The measured cracking load and ultimate load values for each test column are summarized in Table 2. The results 
clearly indicate that the ultimate load capacity of BFRC (Basalt Fiber Reinforced Concrete) columns subjected to 
large eccentric compression is significantly higher than that of RC (Reinforced Concrete) columns. Specifically, 

Fig. 3.  Detailed structural dimensions of the experimental columns (unit: mm).
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the load capacity of columns with 12  mm basalt fiber increased by an average of 8.0%, while columns with 
24 mm basalt fiber demonstrated a more substantial increase of 24.8%.

This improvement in load-bearing capacity underscores the positive contribution of basalt fibers in enhancing 
the structural performance of large eccentric compression columns. Furthermore, the influence of fiber length 
is also evident, with the 24 mm fibers yielding a more pronounced enhancement. This effect highlights the role 
of basalt fiber’s random distribution within the concrete matrix, which improves crack resistance and overall 
durability. The enhanced crack resistance is particularly evident in both bending and compression members, 
where the fibers help to control crack propagation and improve the material’s energy dissipation capacity.

Load-displacement curve
Figure 5 illustrates the variation in horizontal displacement at the midpoint of the large eccentric compression 
test columns as the load increases. The graph reveals that during the elastic working phase, the lateral deflection 
of the Basalt Fiber Reinforced Concrete (BFRC) columns is smaller than that of the ordinary Reinforced 
Concrete (RC) columns. As the load progresses, the deflection of the BFRC columns gradually increases, with 
the deflection of the BFRC columns at the ultimate load being slightly larger than that of the RC columns. 
Notably, under the ultimate load, the horizontal displacement of the BFRC columns with 24 mm basalt fibers 
is greater than that of the columns with 12 mm basalt fibers, suggesting that longer fiber lengths contribute to 
improved toughness in larger columns.During the elastic stage, the basalt fibers enhance the crack resistance 
and bending stiffness of the concrete, leading to reduced deflection. However, as cracks develop, the fibers’ crack 
resistance effect diminishes, and the displacement increases gradually. This behavior is primarily attributed to 

Large eccentric compression column ID Cracking load (kN) Ultimate load (kN) Peak lateral displacement Maximum crack width

BF-0-0-1 45 125 4.78 0.252

BF-0-0-2 40 115 4.81 0.248

BF-0-0-3 40 125 4.82 0.243

BF-12-0.15-1 55 135 5.61 0.222

BF-12-0.15-2 60 130 5.32 0.220

BF-12-0.15-3 65 130 5.21 0.216

BF-24-0.15-1 60 160 5.75 0.204

BF-24-0.15-2 70 160 5.14 0.206

BF-24-0.15-3 60 165 5.81 0.198

Table 2.  Experimental results of reinforced basalt fiber large eccentric compression members.

 

Fig. 4.  Backside view of the failure of the large eccentric compression reinforced concrete column.
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the basalt fibers’ role in bearing a portion of the tensile stress in the concrete’s tensile zone. By inhibiting the 
propagation of cracks and limiting crack width and extension, the fibers help preserve the load-bearing capacity 
of the concrete. This enables certain concrete portions, which would otherwise have lost their load-carrying 
ability, to maintain their stressed state, thereby improving the overall bending stiffness of the BFRC specimens.

According to references17,18, when a rod is subjected to eccentric pressure P and bends, the deflection at any 
section x is v, and the bending moment at this section is: 

	 M (x) = P (e + v)� (1)

The approximate differential equation for the deflection curve of the rod is:

	 EIzv
′′

= −M (x) = −P (e + v)� (2)

Divide both sides of Eq. (2) by EIz , and let 

	
Divide both sides of equation (2) by EIz, and let

P

EIz
= k2� (3)

Equation (2) can be rewritten as:

	 Equation (2) can be rewritten as : v′′ + k2v = −k2e� (4)

The general solution of this differential equation is:

Fig. 5.  Load vs. lateral displacement curve of large eccentric compression long column.
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	 The general solution of this differential equation is : v = A sin kx + B cos kx − e� (5)

According to the boundary conditions of the deflection curve: x = 0, v = 0 and x = 1, v = 0, From Eq. (5), the 
constants A and B can be determined as:

	
B = e, A = e (1 − cos kl)

sin kl
= etg

kl

2
� (6)

Thus, the deflection curve equation of the rod under the action of eccentric load P can be written as:

	
v = e

(
tg

kl

2 sin kx + cos kx − 1
)

� (7)

Given that the maximum deflection δ​ occurs at the midpoint of the rod, i.e., at point x = l/2.
By substituting x = l/2 into (7), the expression for the maximum deflection δ can be obtained:

	
δ = v

∣∣
x=l/2 = e

(
sec kl

2 − 1
)

� (8)

The displacement allows for the determination of value k, which can then be substituted into Eq. (3) to obtain 
value EIz. The stiffness of each test column is shown in Fig. 6.

Figure 6 illustrates the variation in bending stiffness of both RC (Reinforced Concrete) and BFRC (Basalt 
Fiber Reinforced Concrete) columns as the load increases. Before reaching the cracking load, the RC columns 
exhibit higher bending stiffness, characterized by relatively small maximum deflections. This results in RC 
columns displaying significantly higher bending stiffness compared to BFRC columns in the initial loading 

Fig. 6.  Calculation of the equivalent stiffness value for eccentrically compressed columns with large 
eccentricities.
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stages. As the load continues to increase, the bending stiffness of the RC columns decreases sharply. After the 
cracking load is reached, the bending stiffness of RC columns becomes lower than that of BFRC columns. In 
the subsequent crack-propagation phase, the bending stiffness of the RC columns continues to decrease without 
interruption, and the decline is reflected in an increasingly steeper curve.

In contrast, the bending stiffness of the BFRC columns decreases more gradually, with a gentler slope. This 
indicates that basalt fibers play a role in enhancing the column’s resistance to bending throughout the loading 
process. Ultimately, at the ultimate load, the equivalent flexural stiffness of the BFRC columns is higher than 
that of the RC columns. Notably, BFRC columns with 12 mm basalt fibers exhibit greater equivalent flexural 
stiffness compared to those with 24 mm fibers, suggesting that the shorter fibers contribute more effectively to 
maintaining bending stiffness under large eccentric compression.

Load-concrete strain curve
Figure 7 shows the curve of the average strain at the concrete edge in the compression zone (near the eccentric 
side) of the midsection of 9 large eccentricity test columns, as the load varies. From Fig. 7, it can be observed 
that the strain variation trends for both BFRC and RC large eccentricity compressed columns are generally 
consistent. Under the same load level, the compressive strain in the BFRC large eccentricity compressed columns 
is smaller than that in the RC large eccentricity compressed columns. However, at the ultimate load, the absolute 
value of the compressive strain in the BFRC large eccentricity compressed columns is greater than that in the RC 
large eccentricity compressed columns at their respective ultimate loads.

Crack analysis of large eccentrically compressed columns
Figure 8 illustrates the crack patterns of the tensile face and the two lateral faces of the large eccentricity test 
columns after unfolding, with the numerical values representing the cracking loads (in kN). It can be observed 

Fig. 7.  Load-strain curve of test columns.
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that, compared to the RC large eccentricity compressed columns, the BFRC large eccentricity compressed 
columns exhibit higher cracking loads, more cracks, and a larger distribution area of the cracks.

Before cracking, the tensile stress in the BFRC specimens is shared by both the concrete at the tensile edge and 
the fibers, which delays the initiation of the first crack. After the bending cracks appear, compared to ordinary 
concrete specimens, the vertical crack extension height in the BFRC specimens is reduced to varying degrees 
under the same load. This indicates that the tensile stress is jointly borne by the reinforcement, basalt fibers (BF), 
and a portion of the uncracked concrete, reflecting the strengthening effect of the BF on the specimens. Once 

Fig. 8.  Crack pattern of reinforced basalt fiber large eccentricity compressed members.
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the bond stress between the BF and the matrix reaches the bond strength, debonding occurs, causing some 
fibers to be pulled out, which weakens the strengthening effect of the fibers progressively as the load increases. 
When the loading reaches the yielding and ultimate states, crack propagation becomes more pronounced, and 
the strengthening effect of the BF essentially disappears. Ultimately, the specimen fails due to the yielding of the 
longitudinal reinforcement and concrete crushing. At the ultimate peak load, the influence of concrete’s tensile 
strength on crack width becomes negligible, with the crack width mainly determined by the reinforcement ratio 
of the reinforced concrete column.

According to the standards19,20, the maximum crack width calculation formula for large eccentrically 
compressed columns is:

	
Wmax = C1C2C3

σss

Es

(
30 + d

0.28 + 10ρ

)
� (9)

	
ρ = AS

bh0
� (10)

For plain round steel bars,C1 = 1.4, for ribbed steel bars, C2 = 1.0, C3 = 0.9
σss Rebar Stress ρ Longitudinal Tensile Reinforcement Ratio, ρ If greater than 0.02, take 0.02; if less than 

0.006, take 0.006.
The measured and calculated crack values for the large eccentricity test columns are shown in Table 3. It can 

be observed that the cracks in the BFRC large eccentricity compressed columns are smaller than those in the RC 
large eccentricity compressed columns.

This paper uses the calculation model from reference21 and, through linear regression of the coefficient, 
provides the formula for calculating the maximum crack width of basalt fiber reinforced concrete large 
eccentricity compressed square columns, as follows:

	 ωf max = ωmax(1 − βbcwλf )� (11)

In the formula, ωfmax represents the maximum crack width of the basalt fiber reinforced concrete beam; βbcw  
is the coefficient that accounts for the influence of basalt fiber incorporation on the crack width of the member. 
Linear regression of the data yields βbcw = 0.0975, which is simplified to 0.1 for calculation purposes. λf  
(aspect ratio) is a characteristic parameter of the basalt fiber. Using formula (11), the maximum crack width of 
the test column cross-section is verified, and the comparison results are shown in Table 3. As seen in Table 3, the 
measured maximum crack width of the test column cross-section closely matches the calculated values.

Conclusion
This paper presents the results of an eccentric compression test on reinforced basalt fiber concrete (BFRC) square 
columns, utilizing two different fiber lengths. Through the analysis of experimental phenomena and results, the 
following conclusions can be drawn:

•	 The incorporation of basalt fiber significantly enhances the mechanical performance of large eccentricity 
compressed concrete columns. The crack-arresting and toughening effects of basalt fibers lead to a notable 
increase in the cracking load of BFRC columns compared to RC columns. Specifically, the cracking load of 
BFRC columns with 12 mm fiber length increases by an average of 30.6%, while the cracking load of BFRC 
columns with 24 mm fiber length increases by an average of 34.2%, with the maximum observed increase 
reaching 42.9%;

•	 The ultimate load capacity of concrete columns also increases with the incorporation of basalt fibers. On av-
erage, BFRC columns exhibit a 30.3% increase in ultimate load compared to RC columns. Additionally, as the 
fiber length increases, the ultimate load capacity improves further, with 12 mm fibers contributing to a 5.2% 
increase, and 24 mm fibers resulting in a 24.7% increase in ultimate load.

Large eccentricity compressed 
column number Eccentric (mm)

Measured maximum crack 
width w1 (mm)

Maximum crack width 
calculated by code w2 (mm)

Calculated value using 
formula (11) (mm)

Relative 
error

BF-0-0-1 60 0.252 0.252 0.252 0.00%

BF-0-0-2 60 0.248 0.248 0.248 0.00%

BF-0-0-3 60 0.243 0.243 0.243 0.00%

BF-12-0.15-1 60 0.222 0.236 0.229 3.06%

BF-12-0.15-2 60 0.220 0.232 0.225 2.22%

BF-12-0.15-3 60 0.216 0.23 0.223 3.14%

BF-24-0.15-1 60 0.204 0.224 0.210 2.86%

BF-24-0.15-2 60 0.206 0.226 0.212 2.83%

BF-24-0.15-3 60 0.198 0.222 0.208 4.81%

Table 3.  Maximum crack width values.
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•	 Upon reaching the cracking load, BFRC columns exhibit smaller crack widths compared to RC columns. 
During subsequent loading, the toughening and crack-arresting properties of the basalt fibers enable better 
crack control in BFRC columns. These columns show more cracks, but with smaller widths, compared to RC 
columns, which develop fewer, wider cracks and are more prone to failure.

•	 A comparison of the maximum crack widths predicted by the code formula, the modified formula introduced 
in this study, and the measured experimental values shows a high degree of consistency. This suggests that the 
code formula is effective to some extent, while the modified formula provides a more accurate reflection of 
actual conditions. This validates the modified formula as a reliable tool for structural design and evaluation 
of concrete columns.

Data availability
All data generated or analysed during this study are included in this published article.
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