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Abstract: Adding basalt fiber to concrete can improve the mechanical properties of concrete, and
it is also one of the best ways to enhance the ultimate bearing capacity of concrete structure. In
this paper, the construction performance and the compressive strength of basalt-fiber-reinforced
concrete (BFRC) with five kinds of fiber lengths and eight kinds of fiber volume content subjected to
an axial load are systematically investigated. The optimum fiber length and fiber volume content are
obtained by comprehensively considering the construction performance and compressive strength.
Moreover, the prediction model and finite element analysis method of the ultimate bearing capacity
of basalt-fiber-reinforced concrete are developed. The results show that the optimum fiber length is
about 12–24 mm and the fiber volume content is 0.15%. Adding an appropriate amount of basalt fiber
can effectively improve the ultimate bearing capacity of concrete short columns, with maximum and
average increases of 28% and 24%, respectively. In addition, the comparison with the experimental
results shows that both the proposed prediction method and the finite element modeling method
have good applicability, and they can be used to predict the ultimate bearing capacity of the BRFC
short columns in practical engineering.

Keywords: basalt-fiber-reinforced concrete; concrete compressive strength; construction performance;
ultimate bearing capacity; finite element analysis

1. Introduction

Reinforced concrete (RC) short columns are some of the most basic components in
structural engineering and are widely used in bridge piers, building frames, workshop
columns, and other concrete structures. Their bearing capacity and durability are crucial to
the safety, applicability, and economy of the entire structure. At present, they are effective
at improving the mechanical properties of concrete by adding chopped fibers, such as steel
fibers [1], glass fibers [2], synthetic fibers [3,4], basalt fibers [5], carbon fibers [6,7], etc. This
is mainly because the appropriate fiber length and fiber volume contents can effectively
combine with the weak matrix in concrete, so as to better control the development of
internal cracks in concrete and finally improve the mechanical properties of concrete [8].
However, different types of fiber-reinforced concrete have different mechanical properties
or application characteristics. For example, adding steel fiber to concrete can improve the
toughness and tensile strength of concrete, but the processability and corrosion resistance
of steel fiber are not good. Adding glass fiber into concrete can enhance the toughness
of concrete, but its long-term strength will be reduced. Although carbon fiber has the
characteristics of hardness and high strength, its use cost is high [9]. In view of the
above problems, basalt fiber, which has the advantages of high tensile strength, high
elastic modulus, corrosion resistance, good chemical stability, environmental protection,
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no pollution, and low cost, is gradually being studied [10–13]. Therefore, it is urgent
to study the mechanical properties of the basalt-fiber-reinforced concret (BRFC) and its
corresponding concrete members.

To date, researchers have mainly studied the reinforcement effect of basalt fiber and
the mechanical properties of corresponding concrete. For example, both Ayub et al. [14]
and Wang et al. [15] found that adding basalt fiber to concrete can improve its strength, and
the maximum increase in compressive strength of basalt fiber concrete is 47.5%. According
to previous research by Monaldo et al. [16], the tensile strength of concrete can be increased
by 22.9% after 28 d by using 0.6% basalt fiber. A few scholars have determined the optimum
content of basalt fiber based on the mechanical properties of concrete after adding basalt
fiber. Based on the strength test of concrete with two kinds of fiber lengths and five kinds
of fiber volume contents, Sun et al. [17] found that BFRC with 2% fiber volume content
and 6 mm fiber length achieve the maximum strength. Tumadhir [18] believed that the
optimum fiber volume content is about 0.3%, from the perspective of obtaining maximum
compressive strength. However, most of the above studies obtain the optimal fiber length
or fiber volume content based on the mechanical properties of specimens corresponding to
a few fiber lengths and do not consider the construction performance of concrete. Therefore,
it is urgent to carry out the mechanical property test of concrete under various fiber lengths
and fiber volume contents and comprehensively determine the reasonable fiber parameters
in combination with the construction performance.

Other than BFRC specimens, some scholars have studied the mechanical properties of
basalt fiber concrete members, but most of them have focused on basalt fiber concrete beams.
Based on the experimental research on BFRC beams, both Zhang [19] and Wang et al. [20]
found the addition of basalt fiber can effectively prevent the development of cracks in
reinforced concrete flexural members. Alnahhal and Aljidda [21] studied the flexural
behavior and ultimate capacity of the BFRC beams experimentally and analytically based
on the test results of 16 BFRC beams. At present, although a few scholars have conducted
preliminary research on the performance of the BRFC short columns, such as Zhu [22], the
research results on the ultimate bearing capacity of the BRFC short columns are highly
deficient, and the relevant bearing capacity prediction methods have not been proposed.
Therefore, it is necessary to further study the variation law of the bearing capacity of the
BRFC short columns and propose corresponding prediction methods.

The objective of this study is to analyze the bearing capacity of the BRFC short columns
under axial compression. First, the optimum fiber length and fiber volume content are
obtained based on the construction performance and the concrete compressive strength.
Then, the results of the axial compression test of the BRFC short columns are analyzed in
depth. Finally, the theoretical and finite element calculation method of the ultimate bearing
capacity of the BFRC short column are proposed, and their effectiveness is verified based
on the test results. Among them, determining the optimum characteristic parameters of
basalt fiber by comprehensively considering the construction and mechanical properties
of concrete and proposing the assessment method of the ultimate bearing capacity of the
BRFC short columns are the novelties of this paper.

2. Materials

The ordinary portland cement with the type of P.O 42.5 was selected. The crushed
stone adopted two kinds of crushed stone of 5–10 mm and 10–25 mm, at a ratio of 2:3, to
form a continuous secondary distribution. The corresponding crush value was 10.5, the
sand fineness modulus was 2.85, and tap water was used. No water reducer was used
during construction. The mix proportion data are shown in Table 1. The short cut basalt
fiber produced by Zhejiang Hengdian Shijin Basalt Fiber Co., Ltd. Jinhua, China is adopted.
Five lengths of basalt fibers are shown in Figure 1. The physical and mechanical properties
of basalt fiber include the fiber diameter of 17 µm; the fiber density of 2650 kg/m3; the
tensile strength of 3000 MPa; the elastic modulus of 90 GPa; and fiber lengths of 12 mm,
18 mm, 24 mm, 30 mm, and 36 mm, respectively, as shown in Table 2.
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Table 1. The mixed proportion of the concrete.

Target
Intensity

Water
Cement

Ratio

Sand
Ratio/%

Cement
(kg/m3)

Water
(kg/m3)

Sand
(kg/m3)

Crushed
Stone

(kg/m3)

C30 0.55 34 355 195 703 1147
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Table 2. The physical and mechanical properties of the basalt fiber.

Index Diameter (µm) Length (mm) Density (kg/m3) Tensile Strength (MPa) Modulus of
Elasticity (GPa)

Parameter 0.55 12/18/24/30/36 2650 3000 703

3. Construction Performance and Optimal Parameters of the BRFC
3.1. Construction Performance Test of the BRFC

The slump and expansion are selected here to analyze the construction performance
of the BRFC, and the detailed test methods and procedures can be found in the Chinese
specification of GB/T 50080-2016 [23]. A total of 13 groups of cube concrete specimens
numbered ST1–ST13 are designed, and each group contains three parallel specimens. The
STI, without adding fiber, is used as the reference specimen. Specimens ST2–ST6 are
constructed using five kinds of basalt fibers with a fiber volume content of 0.15% and fiber
lengths of 12 mm, 18 mm, 24 mm, 30 mm, and 36 mm. Five groups of the BRFC specimens
with different fiber lengths are obtained to test the slump and expansion, and the average
test results of each group of specimens are shown in Table 3. Specimens ST7–ST13 are
constructed using seven kinds of basalt fibers with a fiber length of 12 mm and fiber volume
contents of 0.075%, 0.10%, 0.15%, 0.20%, 0.25%, 0.30%, and 0.40%. The average test results
of slump and expansion of ST7–ST13 are shown in Table 4. In order to better compare the
difference between the slump and expansion of the BRFC and the ordinary concrete, the
relative values of slump and relative expansion are calculated.
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Table 3. The slump test results of the BRFC with different fiber lengths.

Group of
Specimen

Fiber Length
(mm) Slump (mm) Expansion

(mm)

Relative
Value of

Slump (%)

Relative Value
of Expansion

(%)

ST1 0 30.4 61.5 100.0 100.0
ST2 12 27.8 53.4 91.4 86.8
ST3 18 25.7 48.6 84.5 79.0
ST4 24 23.2 43.2 76.3 70.2
ST5 30 24.7 47.1 81.2 76.6
ST6 36 26.8 49.4 85.1 80.3

Note: the relative value is the ratio of the measured value of the BRFC to that of the ordinary concrete.

Table 4. The slump test results of the BRFC with different fiber volume contents.

Group of
Specimen

Fiber
Volume

Content (%)
Slump (mm) Expansion

(mm)

Relative
Value of

Slump (%)

Relative Value
of Expansion

(%)

ST1 0 30.4 61.5 100.0 100.0
ST7 0.075 28.2 56.3 92.8 91.5
ST8 0.10 27.8 54.2 91.4 88.1
ST9 0.15 25.4 52.1 83.6 84.7

ST10 0.20 23.1 43.4 76.0 70.6
ST11 0.25 20.2 38.3 66.4 62.3
ST12 0.30 18.3 32.4 60.2 52.7
ST13 0.40 15.8 30.1 52.0 48.9

As shown in Tables 3 and 4, the slump of the BRFC is lower than that of ordinary
concrete. As the length of the added basalt fiber increases, the slump and expansion of
the concrete first decreases and then increases. The slump and expansion of the BRFC is
inversely correlated with the volume content of basalt fiber. This is due to the chaotic effect
of basalt fibers, where a greater confinement effect on the concrete occurs with longer fiber
and larger dosage and thus reduces the flow performance of the concrete. When the dosage
is constant, the longer the fiber, the fewer the number of fibers, and thus the less restrictive
the effect on the concrete.

3.2. Optimal Fiber Length and Fiber Volume Content

To further study the effect of fiber volume content on concrete compressive strength
under different fiber lengths, we added BFRC specimens with a fiber length of 24 and fiber
volume contents of 0, 0.075%, 0.10%, 0.15%, 0.20%, 0.25%, 0.30%, and 0.40% on the basis of
ST1–ST13. Each case also contains three specimens. Then, based on the standard for the
test methods of the mechanical properties of ordinary concrete (GB/T 50081-2002) [24], the
28 d compressive strength test is carried out on the cube concrete specimens with different
fiber lengths and fiber volume contents, respectively. From the compressive failure modes
of all specimens, the concrete specimens made an obvious cracking sound when they were
damaged. The integrity of the BRFC specimen shows good resistance to damage regarding
the rare cracking phenomenon. For the BFRC specimen that fails, the failure mode is brittle
failure, although the characteristics of ductility are seen. The failure morphology of the
BFRC specimens does not vary significantly with different fiber volume contents.

The compressive strength test results are presented in Figures 2 and 3. As indicated,
with the increase of fiber length and fiber volume content, the concrete compressive strength
basically conforms to the law of first increasing and then decreasing. This is mainly because
under the action of short fiber length and small fiber volume content, the fiber distribution
is more uniform, which can effectively prevent the generation of micro cracks in concrete,
so as to improve the concrete compressive strength. For longer fiber length and larger fiber
volume content, when they exceed a certain value, the fiber is easy to wind or agglomerate,
which leads to the weakening of the connection effect between the fiber and the concrete
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matrix, thus leading to a failure to exert its reinforcing effect. It is worth noting that the
average test strength of this group of concrete specimens with a fiber length of 36 mm does
not comply with the above law, which may be caused by the good dispersion of fibers in the
concrete. In addition, it can also be seen from Figures 2 and 3 that the concrete compressive
strength is relatively high when the fiber length is about 12–24 mm and the fiber volume
content is 0.15%. It is worth noting that although the construction performance cannot reach
the optimal state under the effect of the above fiber length and content, it is sufficient to
meet the normal construction needs. Thus, this paper focuses on the performance index of
concrete compressive strength, and then obtains the optimal fiber length and fiber volume
based on the analysis results.
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4. Axial Compression Test of the BRFC Short Columns
4.1. Specimen Design

The analysis results of optimal design parameters in the previous section show that
the optimal fiber length is 12–24 mm and the fiber volume content is 0.15%. As a re-
sult, in the subsequent experiments, only two fiber lengths of 12 mm and 18 mm, as
well as fiber volume of 0.15%, are selected for the short column design. Here, a total
of nine reinforced concrete short columns numbered S1–S9 are designed. Among them,
the samples numbered S1–S3 are ordinary reinforced concrete short columns, and the
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samples numbered S4–S6 and S7–S9 are the BRFC short columns with fiber length of
12 mm and 18 mm, respectively. For all the BRFC short columns, the fiber volume con-
tent is selected as 0.15%, as previously described. The short column is featured with
a cross-section size of width × height = 150 mm × 150 mm, and a slenderness ratio of
3.67 (length/width = 550/150 = 3.67), which is less than 8. The concrete cover is 10 mm.
All short columns are arranged with four HRB400 threaded bars with a diameter of 12 mm
as longitudinal reinforcement, and the stirrups are made of HRB335 plain round bars with a
diameter of 6 mm and a spacing of 110 mm. The reinforcement configuration is provided in
Figures 4 and 5. As required by GT/B 288.1-2010 [25], the yield and tensile strength of the
two kinds of reinforcement are 486 MPa versus 360.1 MPa, and 590 MPa versus 570.4 MPa,
respectively. Preloading is required before formal loading. Each short column is preloaded
with 100 kN for 5 min to observe the reliability of the loading system and each measuring
point. The formal loading is performed by the grading loading system. The loading of each
stage is 50 kN, which is maintained for 2 min. When cracks or bulges appear, the loading is
increased to 10 kN until the short column is damaged.
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4.2. Experimental Phenomenon

During the loading process of all test short columns, no transverse cracks are found,
while vertical cracks occur before failure. With the increase of load, the cracks develop grad-
ually, the steel bars yield gradually, and the concrete is crushed and damaged. However,
the stirrups remain intact when the short columns are damaged. The results reveal that
the cracking of the BRFC short columns is significantly later than the ordinary RC short
columns, which is also true for the failure load. The failure modes of the test specimens are
shown in Figure 6.
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4.3. Results and Discussion
4.3.1. Ultimate Bearing Capacity

It can be seen in Table 5 that the ultimate bearing capacity (Nu) of the BRFCthe BRFC
short columns is significantly higher than ordinary RC short columns. In particular, the
maximum increase rate of axial compression ultimate bearing capacity is 28% for the BRFC
short columns with fiber length of 12 mm and is 20% for the BRFC short columns with a
fiber length of 18 mm. The average increase is 24%. The results highlight that basalt fiber is
beneficial to the ultimate bearing capacity of reinforced concrete short columns. In addition,
the average value of the ultimate bearing capacity of the BRFC short columns with a fiber
length of 12 mm is 636.7 kN, which is 6.7% higher than the corresponding value (596.7 kN)
with a fiber length of 18 mm. This conclusion matches the conclusion in Section 3.2 and
other types of fibers reported in [26,27]. That is, when the fiber length exceeds a certain
value, the reinforcement effect of the fibers will weaken.

Table 5. The axial compression test results of the BRFC short columns.

Specimen Number Fiber Volume Content (%) Fiber Length (mm) Nu (kN)

S1 0 / 500
S2 0 / 500
S3 0 / 490
S4 0.15 12 640
S5 0.15 12 640
S6 0.15 12 630
S7 0.15 18 600
S8 0.15 18 590
S9 0.15 18 600

4.3.2. Load Strain Curve

The average value of the measured strain of the concrete and steel bar at the midpoint
of each column is plotted in Figures 7 and 8. As indicated, the short columns are basically
in the elastic stage at the beginning of loading and then enter the elastic–plastic stage
with the increase of load. The concrete strain of the S1–S3 short columns reaches its peak
around 0.0019, compared to a peak of around 0.0021 for the S4–S6 short columns. For the
S7–S9 short columns, the peak value is about 0.0023. In addition to a slightly larger steel
strain at peak value, the slope of the N-ε curve of the BRFC short columns in the elastic
stage is also greater than that of the reinforced concrete short column.
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Figure 8. The average strain curve of the concrete.

Figure 9 shows the variation law of the vertical displacement at the top of each test
short column. As indicated, the vertical displacement of the short column exhibits an
obvious plastic stage with the increase of the load. The vertical displacement of the BRFC
short columns is significantly greater than that of the ordinary RC short columns. More
specifically, the vertical displacement of S4–S6 is the largest, followed by S7–S9, and is
the smallest in S1–S3. Due to the restraint of fiber, the BFRC short column has greater
displacement when the load reaches the peak value. From the elastic stage to elastic–plastic
stage, the load displacement curve of the BRFC short columns is smoother and the plastic
characteristics are obvious.

4.3.3. Influence Mechanism of Basalt Fiber

The chopped continuous basalt fiber is a hydrophilic material, which can be well
combined with the cement-based material and form a spatial network structure between
the concrete coarse aggregates. The structure encases the coarse aggregate and acts as a
hindrance to aggregate movement during compression. Due to its high tensile strength,
basalt fiber can provide circumferential restraint to resist transverse expansion when
the specimen is compressed. As a result, its existence hinders the generation of a large
number of microcracks or crosses countless microcracks. This makes the generation and
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development of cracks in the compression process require more energy. Thus, compared
with the RC short columns, the ultimate bearing capacity of the BRFC short columns is
significantly improved, and the initial crack time is also delayed. At the same time, when
the basalt fiber concrete is equipped with an appropriate amount of stirrup and protective
layer thickness, the anchorage ductility of the BRFC can be significantly increased. For the
above reasons, the BFRC short column has higher ultimate bearing capacity and stronger
deformation capacity.
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5. Calculation Method of Ultimate Bearing Capacity of BRFC Short Column

(1) Calculation method based on Standard approximate formula
In the specifications for the design of highway reinforced concrete and prestressed

concrete bridges and culverts [28], the effect of the slenderness ratio is considered by
solving the given calculation formula based on the sum of the maximum bearing capacity
of concrete and steel bar. For the short columns with a rectangular cross-section, the
calculation formula is as follows [28]:

Nu = 0.9ϕ( fcd A + f ′sd A′s) (1)

where f cd is the design value of the compressive strength of concrete, f ′sd is the design value
of the yield strength of longitudinal reinforcement, A is the gross area of the cross section
of a column, and A′s is the area of longitudinal reinforcement. ϕ is the stability coefficient.
The values or calculation methods of previous variables can be found in [28].

For the calculation of ultimate bearing capacity of the BRFC short column, the design
value of concrete axial compressive strength in Equation (1) is replaced by the measured
value of the compressive strength of the BRFC, and the other parameters remain unchanged.
The calculation results are listed in Table 6.
(2) Finite element analysis method

The concrete constitutive model provided in [29] is adopted to calculate the ultimate
bearing capacity of the BRFC short column, in which the peak strain, rising, and falling
curves are modified by the measured strength of the BRFC. Moreover, considering the
structural damage under the concrete stress, the elastic stiffness matrix is reduced and the
correlation hardening is introduced into the constitutive model for the damage model of the
ABAQUS software (version: 6.14.2), so as to better simulate the elastic–plastic behavior of
the concrete in the loading. The C3D8R solid element and the T3D2 truss element are used
for model concrete and reinforcement, respectively. The reference points are connected
with the upper and lower surfaces by coupling. One end reference point is utilized to apply
loads (with only one translational degree of freedom in the longitudinal direction of the
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column reserved), and another end reference point is used for boundary conditions (rigid
junction). The reinforced concrete is connected by an embedded region and subject to load
by a reference point according to the displacement. The point set is arranged at the loading
point to facilitate reading the load in post-processing. A set of points is arranged at the core
concrete to observe the relationship between the stress, the strain, and the load of the core
concrete. The finite element model of the short column is illustrated in Figure 10, and the
calculation results based on the finite element method are also shown in Table 6.

Table 6. The calculation value of the ultimate bearing capacity of the BRFC short column.

Specimen
Number Test Value (kN)

Calculation Value
Based on

Equation (1) (kN)

Calculation Value Based on Finite
Element Analysis Method (kN) η1 η2

S1 500 502 497 1.00 1.01
S2 500 502 497 1.00 1.01
S3 490 502 497 0.98 0.99
S4 640 630 637 1.02 1.00
S5 640 630 637 1.02 1.00
S6 630 630 637 1.00 0.99
S7 600 598 597 1.00 1.01
S8 590 598 597 0.99 0.99
S9 600 598 597 1.00 1.01

Note: η1 = the ratio of the test value to the calculation value based on Equation (1); η2 = the ratio of the test value
to calculation value by the finite element analysis method.
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As shown in Table 6, no matter which of the theoretical calculation methods based on
the specification (i.e., Equation (1)) and the finite element simulation method is adopted,
its calculation results are very consistent with the test results. More specifically, for the
theoretical calculation method based on the specification, the calculated results of bearing
capacity of the BRFC short columns are slightly lower than the measured values, while the
corresponding results of the ordinary concrete short columns are slightly higher than the



Coatings 2022, 12, 654 12 of 13

measured values. For the finite element simulation method, the calculation results of the
BRFC and ordinary concrete short columns are mostly lower than the measured values.
Although there is a certain deviation between the calculated results and the measured
values, the maximum deviation is no more than 5%. This also verifies the feasibility of
the bearing capacity prediction method of the BRFC short columns obtained by bringing
the stress–strain relationship obtained from the test into the specification formula and
the proposed finite element method. It is worth noting that due to the loading method of
increasing 10 kN each time during the bearing capacity test of the concrete short columns (as
described in Section 4.1), there is a certain deviation between the measured bearing capacity
from the test and the actual bearing capacity of the concrete short columns. However, the
deviation caused by this loading method is estimated to be between 1.5% and 2%. Therefore,
it will not have a substantial impact on the effectiveness of the previous prediction methods.

6. Conclusions

In this paper, we obtained the optimum fiber length and fiber volume content based
on the construction performance and the concrete compressive strength. The experimental
phenomenon, the ultimate bearing capacity, the load strain curve, and the influence mecha-
nism of basalt fiber are analyzed based on the results of the axial compression test of the
BRFC short columns. In addition, the theoretical and finite element calculation method of
the ultimate bearing capacity of the BRFC short column is proposed. The conclusions are
summarized as follows:

(1) The optimum fiber length is about 12–24 mm, and the fiber volume content is 0.15%.
In this case, the concrete has better slump and expansion properties and higher
compressive strength.

(2) Adding appropriate basalt fiber can effectively improve the ultimate bearing capacity
of the concrete short columns, and the maximum and average increases are 28% and
24%, respectively.

(3) No matter which of the theoretical calculation methods and the finite element sim-
ulation methods is adopted, its calculation results are very consistent with the test
results. Even considering the deviation caused by the loading mode, the maximum
deviation between the calculated results and the measured values is no more than 5%.

The limitation of this study is that only one diameter of basalt fiber is considered.
In future research, the effect of the fiber diameter on the construction and mechanical
properties of concrete needs to be further studied. Moreover, obtaining more measured
data on the ultimate bearing capacity of the BRFC short columns to verify the effectiveness
of the prediction method is also the focus of future research.
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