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Abstract: This study investigates the effects of basalt–polypropylene fibers on the compressive
strength and splitting tensile strength of concrete and calculates the fractal dimension of the pore
structure of concrete by using a fractal model based on the optical method. Test results reveal
that hybrid fibers can improve the compressive strength and splitting tensile strength of concrete,
and the synergistic effect of the hybrid fibers is strongest when the contents of basalt fiber (BF)
and polypropylene fiber (PF) are 0.05% each, and that the maximum increments in compressive
strength and splitting tensile strength are 5.06% and 9.56%, respectively. The effect of hybrid fibers
on splitting tensile strength is greater than on compressive strength. However, hybrid fibers have
adverse effects on mechanical properties when the fiber content is too high. The pore structure of
basalt–polypropylene fiber-reinforced concrete (BPFRC) exhibits obvious fractal characteristics, and
the fractal dimension is calculated to be in the range of 2.297–2.482. The fractal dimension has a strong
correlation with the air content and spacing factor: the air content decreases significantly whereas the
spacing factor increases with increasing fractal dimension. In addition, the fractal dimension also
has a strong positive correlation with compressive strength and splitting tensile strength. Therefore,
the fractal dimension of the pore structure can be used to evaluate the microscopic pore structure of
concrete and can also reflect the influence of the complexity of the pore structure on the macroscopic
mechanical properties of concrete.

Keywords: basalt fiber; polypropylene fiber; hybrid fiber-reinforced concrete; mechanical properties;
pore structure; fractal dimension

1. Introduction

Concrete is widely used in engineering structures because of its low cost, simplicity of preparation,
and excellent strength [1]. However, concrete also has disadvantages such as a low tensile strength,
poor toughness, and high brittleness, which adversely affect the safety, applicability, and durability of
the concrete structure [2]. Many studies have shown that the mechanical properties and durability of
concrete can be effectively improved by incorporating fibers into it, thus obtaining fiber-reinforced
concrete for high strength, toughness, and durability [3,4].

Fibers can be incorporated into concrete in two ways: incorporation of a single type of fiber, and
incorporation of fibers of different types or sizes. Incorporation of a single type of fiber provides limited
improvement in concrete performance. When hybrid fibers obtained by mixing fibers of different types
or sizes are incorporated into concrete, the hybrid fibers can induce their respective reinforcing effects
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in different layers and stress stages of concrete, and consequently, the improvement in the concrete
performance is more remarkable [5]. Steel–polypropylene fiber-reinforced concrete is currently the
most widely used hybrid fiber-reinforced concrete. The elastic modulus and strength of steel fiber
(SF) are high, because of which its incorporation into concrete can effectively reduce the brittleness of
concrete, and improve its mechanical properties and load-bearing capacity. Polypropylene fiber (PF)
has a low elastic modulus and good ductility; as a result, its incorporation into concrete can effectively
improve the splitting tensile strength and flexural strength of concrete [6,7]. Badogiannis et al. reported
that SF and PF could significantly improve the mechanical properties of pumice concrete and that the
maximum increments in the compressive strength and splitting tensile strength were 76% and 110%,
respectively [8]. Pajak et al. studied the flexural properties of steel–polypropylene fiber-reinforced
concrete and found that the hybrid fibers could effectively improve the mechanical properties and
toughness of concrete [9]. Aslani et al. demonstrated that the compressive strength and elasticity
modulus of steel–polypropylene fiber-reinforced concrete were higher than those of SF-reinforced
concrete and PF-reinforced concrete [10]. However, the chemical composition of SF is the same as
that of reinforcing bars; because of this, SF rusts easily in a corrosive environment, which limits the
application scope of steel–polypropylene fiber-reinforced concrete [11].

Basalt fiber (BF) is made from basalt as raw material via melting and drawing at high temperatures.
BF has advantages such as a high tensile strength, high-temperature resistance, corrosion resistance,
and a high elastic modulus. Moreover, it is a type of a green, environmentally-friendly fiber and a good
substitute for SF [12,13]. Therefore, basalt–polypropylene fiber-reinforced concrete (BPFRC)—prepared
by mixing BF instead of SF with PF—has a wider application range. The mechanical properties of
BPFRC have been preliminarily studied by some researchers. Ghazy et al. reported that compressive
strength improved significantly when it was incorporated with BPFRC composed of 0.1% BF and
0.1% PF [4]. Wang et al. demonstrated that when the BF and PF contents were 0.15% and 0.033%,
respectively, the compressive strength and splitting tensile strength of concrete increased by 14.1% and
48.6%, respectively [14]. Kong et al. investigated the mechanical properties of basalt–polypropylene
hybrid fiber-reinforced recycled concrete under high-temperature conditions [15]. They showed that
the compressive strength and splitting tensile strength of concrete reinforced with hybrid fibers were
higher than those of plain concrete. However, several other studies showed that incorporation of
hybrid fibers composed of BF and PF improved the splitting tensile strength of concrete, but lowered
its compressive strength [16,17].

3D printing techniques have developed rapidly and been introduced to the field of civil engineering
structures. Rapid development of the technique in the construction field depends on the development
of high-performance cementitious materials compatible with 3D printers [18]. Some studies have
shown that the addition of fibers in the preparation of 3D printing cementitious materials can improve
structural performance [19]. Hambach et al. found that when fibers were aligned along the printing
path, the flexural strength of the printed structure in the designated direction increases significantly [20].
Panda et al. reported that when the glass fiber content was 1%, the flexural and tensile strength of
the printed specimens improved significantly and in an obvious directional dependency, but there
was little effect on compressive strength [21]. Ma et al. demonstrated that a cementitious composite
containing 0.5% basalt fibers had favorable printability and mechanical properties, and the 3D-printed
samples performed obviously mechanical anisotropy [22]. The research on the anisotropic mechanics
of 3D-printed fiber-reinforced materials is not adequately comprehensive. Therefore, more experiments
should be carried out to promote the practical application of 3D printing techniques in the field
of construction.

The structure of composites includes two characteristic scales: macroscopic and microscopic.
The macroscopic mechanical behavior of composites is affected by the volume fraction, shape and
distribution of the components. Researchers have proposed many mathematical techniques to solve
this interaction problem. The common methods include the Self-Consistent Method [23], Generalized
Self-Consistent Method [24], Mori–Tanaka Method [25], Asymptotic Homogenization Method [26],
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and so on. The Asymptotic Homogenization Theory has developed into the main method to solve the
equivalent mechanical properties of composite materials in recent years. By establishing the asymptotic
displacement field that depends on the change of two-scale coordinate variables, the governing equation
reflecting the microstructure is derived, and the average material properties are obtained [27]. The pore
structure of concrete is an important aspect of its microstructure, which directly affects mechanical
properties, frost resistance, and other macroscopic properties of concrete. Because of the increasing
complexity of high-performance concrete, conventional parameters cannot effectively describe the
complexity of the pore structure quantitatively, which hinders the study of the relationship between
the pore structure and the macroscopic properties of concrete [28]. Fractal theory, as a new approach
for describing the complexity and irregularity of matter, has been introduced and gradually applied
to the study of pore structure, wherein it quantifies the complexity of the micropore structure as a
fractal dimension. The relationship between the microstructure and macroscopic properties of concrete
can be studied by utilizing the fractal dimension. In recent years, with advances in research, fractal
models of multiple pore structures based on various pore structure characterization methods have
been established, and the relationship between fractal dimension and macroscopic performance has
been discussed [29–31]. Jin et al. established a model of the relationship between the fractal dimension
and compressive strength. Their results revealed that the fractal dimension could well-characterize
the relationship between the micropore structure and the macroscopic mechanical properties [30].
Cui et al. revealed that the fractal dimension obtained by a thermodynamics method could describe the
pore size distribution of concrete better than that obtained using the Menger sponge model, and that
there was a strong positive correlation between the mechanical properties of concrete and the fractal
dimension [31]. Zhao et al. calculated the fractal dimension of BF-reinforced concrete by using a fractal
model based on an optical method; their results revealed that with an increasing fractal dimension,
compressive strength increased and air content decreased [32]. Yu et al. tested the pore structure and
mechanical properties of perlite cement stone, but their results revealed that with an increasing fractal
dimension, compressive strength decreased and porosity increased [33]. This finding is consistent with
the results reported in other literature [34].

From a review of the aforementioned studies, it is clear that research conducted on the mechanical
properties of BPFRC is not comprehensive enough and that the research conclusions are insufficiently
unified, which hinders the application and development of BPFRC to a certain extent. Because of the
different testing methods of the pore structure and different interpretations of the physical meaning of
the fractal dimension, there is a large gap in existing research results. Research on the pore structure of
concrete and its mechanical properties needs to be improved. Therefore, it is necessary to further study
the fractal characteristics of the pore structure. The main objective of this work is to investigate the
mechanical properties of concrete reinforced with basalt–polypropylene hybrid fibers and to determine
the optimal contents of BF and PF in order to significantly improve the compressive strength and
splitting tensile strength of concrete. The fractal dimension of the pore structure is calculated using a
fractal model based on an optical method. In addition, the relationship of the fractal dimension with
the mechanical properties of concrete and other parameters of the pore structure is also investigated.

2. Materials and Test Methods

2.1. Materials

P.O 42.5R Portland cement (OPC), granulated blast furnace slag powder (BFS), silica fume (SF) and
fly ash (FA) were used to prepare test specimens. The physical properties and chemical composition of
the cementitious material are listed in Table 1. BF and PF are shown in Figure 1a,b, respectively, and
their physical and mechanical properties are listed in Table 2. The coarse aggregate (CA), with 5–20 mm
continuous gradation, consisted of gravel sourced from the Shaanxi Jingyang mountain. The fine
aggregate (S) used was medium sand with a fineness modulus of 2.8. Tap water (W) was used for
mixing. A polycarboxylate superplasticizer (PBS) was used to achieve a water-reducing rate of 30%.
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Table 1. Chemical composition and physical properties of cementitious materials.

Item OPC BFS SF FA

SiO2 (%) 21.18 34.65 85.04 35.71
Al2O3 (%) 5.02 14.21 0.97 16.57
Fe2O3 (%) 3.14 0.49 1.04 8.92
CaO (%) 63.42 34.11 1.63 21.14
MgO (%) 3.12 11.15 0.32 1.41
SO3 (%) 2.30 1.00 - 1.94
Other 1.82 3.74 10 12.49

Loss of ignition (%) 2.79 0.3 5.48 2.85
Density (g/cm3) 3.10 2.86 2.1 2.35

Table 2. Physical and mechanical properties of fibers.

Item Length
(mm)

Diameter
(µm)

Density
(g/cm3)

Elastic
Modulus

(GPa)

Tensile
Strength

(GPa)

Elongation
(%)

BF 18 15 2.56 75 4.5 3.15
PF 19 30 0.91 3 0.27 40

2.2. Mix Proportions

The details of all eight mixtures used in this study are presented in Table 3. The eight mixtures
had the following fiber contents: 0%, 0.10% (0.05% BF + 0.05% PF), 0.15% (0.05% BF + 0.10% PF),
0.15% (0.10% BF + 0.05% PF), 0.20% (0.05% BF + 0.15% PF), 0.20% (0. 15% BF + 0. 05% PF), 0.20%
(0.10% BF+0.10% PF), and 0.30% (0.15% BF + 0.15% PF) (all contents by volume of concrete). These
mixtures were termed BF0PF0, BF5PF5, BF5PF10, BF10PF5, BF5PF15, BF15PF5, BF10PF10, and
BF15PF15, respectively. For all the mixtures, the water–binder ratio was 0.38 and the concrete
constituents excluding the fibers were the same.

Table 3. Mix proportions of concrete (kg/m3).

Specimen OPC SF FA BFS PBS Water Sand CA
BF PF

Volume Fraction (%)

BF0PF0 241.6 15.8 79.2 59.4 3.96 150.5 683.4 1163.6 0.0 0.0
BF5PF5 241.6 15.8 79.2 59.4 3.96 150.5 683.4 1163.6 0.05 0.05
BF5PF10 241.6 15.8 79.2 59.4 3.96 150.5 683.4 1163.6 0.05 0.10
BF5PF15 241.6 15.8 79.2 59.4 3.96 150.5 683.4 1163.6 0.05 0.15
BF10PF5 241.6 15.8 79.2 59.4 3.96 150.5 683.4 1163.6 0.10 0.05
BF15PF5 241.6 15.8 79.2 59.4 3.96 150.5 683.4 1163.6 0.15 0.05
BF10PF10 241.6 15.8 79.2 59.4 3.96 150.5 683.4 1163.6 0.10 0.10
BF15PF15 241.6 15.8 79.2 59.4 3.96 150.5 683.4 1163.6 0.15 0.15
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2.3. Test Method

2.3.1. Mechanical Properties

The compressive strength and splitting tensile strength of all specimens (100 mm × 100 mm × 100 mm)
were tested according to GB/T 50081-2002 [35]. The specimens were tested after 28 days of curing
under standard curing conditions with a constant temperature of 20 ± 2 ◦C and a relative humidity
greater than 95%. Three specimens of each mixture were tested, and their average value was taken as
the final value of the strength.

2.3.2. Pore Structure

The linear traverse method was used to determine the pore characteristic parameters of concrete
according to ASTM C 457-9. The pore size distribution of the specimen was measured with a RapidAir
457 air void analyzer (as shown in Figure 2a). Through image recognition, this instrument can measure
pore characteristics in hardened concrete by itself, reducing the manual error in testing, and improving
measurement speed and accuracy.
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Figure 2. (a) Test instrument. (b) Test specimen.

The specimens were prepared according to the following procedure. First, all the original
specimens were cut after 28 days of standard curing to obtain a specimen with dimensions of 100 mm
× 100 mm × 20 mm, without any obvious saw marks on the specimen surface. Second, the specimen
was ground with silicon carbide grinding fluid on a lapping machine. Three different grit sizes were
used (in the listed order): 320 grit, 600 grit, and 800 grit. Third, the surface of the ground specimen was
smeared with carbon black and then zinc paste, and the specimen was heated to 80 ◦C. When the zinc
paste had enough fluidity, it was evenly smeared on the surface of the specimen. Finally, the zinc paste
was removed from the specimen surface after cooling. The resultant specimen is shown in Figure 2b.

The test steps are as follows: (1) place the specimen on the sample holder of RapidAir 457 air
void analyzer; (2) start the test software, input the basic information of the sample, and make sure that
the size of the air voids on the “Analysis Image” have the same size as on the live “Raw Image” by
adjusting the focus, lighting and threshold; (3) set the test area of the sample to 80 mm × 80 mm, and
then start the test.

3. Fractal Model Based on Optical Method

The contour of the pore section of concrete is complicated and has obvious fractal features.
Previous studies have shown that a fractal model based on an optical method is constructed mainly
around the solution of the fractal dimension of the pore section contour, e.g., by the perimeter-area
method [36]. The fractal model of the concrete pore section is established according to the principle of
the perimeter-area method, and the calculation formula is given as follows:

lgP = 0.5DplgA + C (1)
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where P is the perimeter, A is the area, Dp is the fractal dimension of pore section contour, C is a constant.
Hu and Tang used the above-described model to study the fractal dimension of concrete [37,38].

Their results demonstrated that the fractal dimension obtained by this model could effectively describe
the roughness of concrete, but the correlation between the fractal dimension and the macro-performance
of concrete was very low. Therefore, W. Hu improved the model and proposed a new fractal dimension
for calculating the pore size distribution [26]; the calculation formula is given as follows:

lgn = Ddlgd + C (2)

where d is the diameter of a pore, n is the number of pores with diameter larger than or equal to d,
Dd is the fractal dimension of the pore size distribution, and C is a constant.

The fractal dimension can effectively describe the pore size distribution of concrete by analyzing
the experimental data, and it has a good linear relationship with the compressive strength of concrete.
According to the test method and the characteristics of the test data, Zhang et al. introduced the
box dimension into the previous model. The box dimension is determined by the covering of the
same shape set, and it is relatively simple to calculate [39]. The mathematical expression of the box
dimension is given as follows: F is an arbitrary nonempty subset of Rn and Nδ(F) is the minimum
number of sets that have a maximum diameter of δ and that can cover set F; then, the box dimension of
F can be calculated by formula (3):

DimBF = lim
δ→0

lgNδ(F)
lg(1/δ)

(3)

The pore structure analyzer for hardened concrete measures the number of circular pores at a
given circular degree under the assumption that the tested pore in concrete is a regular circular air-hole,
and n circular box are selected for measurement according to the definition of the box dimensions.
These boxes are used to cover pores whose diameter is greater than or equal to di. According to the
principle of equal area, the pore with a diameter greater than di. is transformed into that with the
diameter of di., and the number of converted pores, Nci, with diameter di is obtained. As a result, the
data set (d1, Nc1), (d2, Nc2), (d3, Nc3), . . . , (di, Nci) is obtained. Finally, data on the pore diameter and
the number of converted pores plotted on the double-logarithmic axis are subjected to linear regression
analysis, and the slope of the regression line is the box dimension. The corresponding mathematical
expression is given in Equation (4):

lgNc = −Dd · lgd + C (4)

where Nc is the number of converted pores, Dd is the fractal dimension of the pore size distribution, d
is the pore diameter, and C is a constant.

4. Experimental Results and Discussion

4.1. Mechanical Properties

The measurement results of the compressive strength and splitting tensile strength of concrete
incorporated with mixtures of different fiber contents are shown in Figure 3a,b, respectively. Figure 3a
shows that compressive strength can be improved by the incorporation of an appropriate amount
of hybrid fibers. The compressive strength of BF5PF5 is the highest, 44.43 MPa, which is 5.06%
higher than that of the reference concrete (BF0PF0). However, with an increase in the fiber content,
compressive strength becomes lower than that of the reference concrete; BF5PF15 shows the lowest
compressive strength, which is 22.63% lower than that of the reference concrete. These findings are
in agreement with the results reported by other researchers [40,41]. Sadrinejad et al. demonstrated
that the compressive strength and splitting tensile strength of concrete are improved when the content
of hybrid fibers was lower than 0.1%, but degraded when the content of hybrid fibers was higher
than 0.1% [40]. The incorporation of BF and PF into concrete can reduce microcracks and prevent
the expansion of macrocracks, which consequently improves the internal structure of the concrete.
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The transverse deformation of concrete under compression is restrained, and the fibers can bond
strongly to the matrix. When stress is transferred from the matrix to the fibers, the fibers consume
energy because of the deformation, which consequently delays the destruction process of the concrete;
as a result, the compressive strength of the concrete improves. However, when the fiber content is too
high, the fibers are not uniformly dispersed, and they overlap and agglomerate in the matrix, as shown
in Figure 4a; this consequently worsens the bonding effect between the fibers and the matrix [42].
As a result, zones with poor cohesion and weak structures are formed that ultimately nullify the
reinforcing effect of the fibers on compressive strength, and this leads to a reduction in compressive
strength. Therefore, accurate control of the fiber content of concrete is necessary.
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As observed in Figure 3b, the improvement in splitting tensile strength shows a trend similar
to that of compressive strength. The test results show that hybrid fibers can effectively improve the
splitting tensile strength. The splitting tensile strength of BF5PF5 is the highest, 4.01 MPa, which is
9.56% higher than that of the reference concrete. When the BF content is fixed at 0.05%, splitting tensile
strength decreases rapidly with an increasing PF content. BF5PF15 has the lowest splitting tensile
strength, which is 23.22% lower than that of the reference concrete. When the content ratio of BF to PF
is 1:1, and the total fiber content is higher than 0.2%, the splitting tensile strength is lower than that
of the reference concrete. This result is in agreement with previously reported results [4,43]. BF and
PF are evenly dispersed or intertwined in the concrete matrix to form a three-dimensional support
network, as shown in Figure 4b. When concrete is subjected to loading, the fibers intersect the cracks
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transfer the load to the upper and lower surfaces of the cracks, and therefore, the cracks can continue
to bear the load. In addition, the fibers can also share part of the tensile force on the section, reduce
the stress concentration factor at the micro-cracks in concrete, increase the ultimate tensile strain of
concrete, and prevent the formation and propagation of cracks, all of which lead to an improvement in
splitting tensile strength. However, when the fiber content is too high, the total surface area of the
fibers increases, and a larger amount of cement paste needs to be applied, which adversely affects not
only the bonding between the cement paste and the aggregate, but also the splitting tensile strength.
The splitting tensile strengths of BF15PF5 and BF10PF10 were higher than that of BF5PF15 when the
total fiber content is 0.2%. In general, the results illustrate that the effect of BF on the splitting tensile
strength is greater than that of PF [12,14]. This is may be because the elastic modulus and tensile
strength of BF are much higher than those of PF. When the microcracks expand further, PFs are pulled
out or broken, and then, the tensile stress is borne mainly by the BFs. Therefore, BF plays a major role
in the intermediate and later stages of fracture development.

Results of the analysis of variance are presented in Table 4, which indicate whether or not there
are significant differences in the compressive strength and splitting tensile strength between the BPFRC
and reference concrete. According to the significance level of 0.05, when the significance coefficient of
BPFRC is less than or equal to 0.05, there is a significant difference in the strength between BPFRC and
the reference concrete. Otherwise, there is no significant difference. Therefore, when the BF and PF
contents are 0.05% each, the compressive strength and splitting tensile strength are not significantly
improved. However, when the fiber contents are (0.05% BF + 0.15% PF) and (0.10% BF + 0.05% PF),
the compressive strength and splitting tensile strength are significantly reduced and there is a significant
difference between BPFRC and the reference concrete.

Table 4. Compressive strength and splitting tension strength results of different mixtures.

Specimen
Compressive Strength (MPa) Splitting Tensile Strength (MPa)

Mean SD. Sig. Mean SD. Sig.

BF0PF0 42.29 0.88 - 3.66 0.16 -
BF5PF5 44.43 1.02 0.066 4.01 0.28 0.199
BF5PF10 38.31 0.77 0.022 3.77 0.19 0.561
BF5PF15 32.72 1.37 0.003 2.81 0.08 0.002
BF10PF5 34.51 0.99 0.009 3.05 0.25 0.045
BF15PF5 38.21 1.57 0.021 3.65 0.24 1.000

BF10PF10 40.81 1.35 0.447 3.85 0.11 0.237
BF15PF15 39.07 0.93 0.113 3.49 0.23 0.441

Mean: the strength of concrete specimen (MPa); SD.: the standard deviations of the measured values; Sig.: the mean
difference is significant at the 0.05 level.

4.2. Fractal Dimension of Hardened Concrete

The fractal dimension of the pore structure of BPFRC was calculated using the fractal dimension
models of Hu [37] and Zhang [39]; the calculation results are shown in Figures 5 and 6, respectively.
Figure 5 reveals a good correlation between the logarithmic values of the pore diameter and the
number of pores, and the values of the correlation coefficient R2 of BF5PF10 and BF5PF15 are 0.866 and
0.890, respectively. However, the graph shows an obvious curvilinear relationship, indicating that
the model cannot accurately reflect the fractal characteristics of the pore size distribution of BPFRC.
Figure 6 shows a double-logarithmic scatter plot of the number of converted pores versus the pore
diameter; the figure reveals that the correlation between lgNc and lgd is very high, and the values of
the correlation coefficient R2 of BF5PF10 and BF5PF15 are 0.990 and 0.984, respectively. The graph
obtained using Zhang’s fractal dimension model shows a more obvious linear relationship than that
obtained using Hu’s fractal dimension model, which indicates that the fractal features are more obvious
when Zhang’s model is used and that this model is more reliable. The advantage of Zhang’s fractal
model is that the definition of the box dimension is used, and the concept of “number of converted
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pores” is introduced in the process of constructing the fractal model. Therefore, the fractal dimension
calculated using this model is more accurate and reliable, and it can more accurately reflect the fractal
characteristics of the pore size distribution. Therefore, in this study, the fractal dimension of BPFRC
was calculated using Zhang’s fractal model.

The pore structure of concrete can be improved by incorporating fibers into concrete, which affects
the fractal dimension of the pore structure [31]. The fractal dimensions of the BPFRC mixtures are
listed in Table 5. It can be seen from this table that when the BF content is fixed, the fractal dimension
decreases with an increasing PF content; the fractal dimension of BF5PF5 is the largest, 2.482. The fractal
dimension of BF5PF15 is the smallest; 7.69% smaller than that of BF5PF5. When the PF content is
fixed, the fractal dimension first decreases and then increases with an increasing BF content; the fractal
dimension of BF10PF5 is the smallest, 6.16% smaller than that of BF5PF5. The variation in the fractal
dimension is very small when the total fiber content is higher than 0.2%.
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4.3. Relationship Between Fractal Dimension and Mechanical Properties

The strength of concrete is one of its most important macroscopic performance indexes.
The strength is closely related to pore structure parameters such as the air content, porosity and spacing
factor [31]. The fractal dimension can synthetically characterize the micropore structure of concrete
under certain conditions; therefore, the fractal dimension may have a certain relationship with the
strength of concrete [30]. Figure 7 show results of the correlation analysis of the fractal dimension with
compressive strength and splitting tensile strength. It can be seen that the fractal dimension has a
good correlation with both compressive strength and splitting tensile strength, and the corresponding
correlation coefficients are 0.883 and 0.777, respectively. This demonstrates that the fractal dimension
as a pore size distribution parameter can well-describe the relationship between pore structure and the
mechanical properties of BPFRC. The compressive strength and splitting tensile strength of BPFRC
show the same changing trend with an increase in the fractal dimension. That is, compressive strength
and splitting tensile strength show an obvious increasing trend with increasing fractal dimension.
According to fractal theory, the larger the fractal dimension, the more complex the spatial distribution
of pores in concrete and the stronger is the pores’ ability to occupy space [44]. Therefore, when the
specimens are subjected to stress, the internal stress is distributed evenly, which prevents concentration
of premature stress and improves compressive strength and splitting tensile strength; this indicates
that the complexity of the pore structure is an important factor affecting the macroscopic performance
of concrete. The equation in Figure 7 expresses the relationship between the macroscopic mechanical
properties and the micropore structure index and the mode of interaction. This finding is consistent
with results reported in the literature [30,31,44].
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4.4. Relationship Between Fractal Dimension and Pore Structure Parameters

The variations in the air content and spacing factor of BPFRC with the fractal dimension are
shown in Figures 8 and 9, respectively. Air content refers to the ratio of the pore volume in mortar
to the total volume of concrete. As can be seen from Figure 8, a good correlation exists between
air content and the fractal dimension, and the correlation coefficient is 0.775; air content shows a
decreasing trend with increasing fractal dimension. Therefore, under certain conditions, the relative
air content can be deduced by a comparison of the fractal dimensions of concrete incorporated with
different mixtures. Spacing factor refers to the maximum distance between any point in concrete and
any adjacent pore sphere. Figure 9 illustrates the relationship between the fractal dimension and the
spacing factor. It can be seen that the spacing factor and fractal dimension also have a good correlation
(R2 = 0.635); however, the spacing factor shows an increasing trend with increasing fractal dimension.
These results are in agreement with those reported by Liu et al. [45]. It can be noted from our results
that a hybrid mixture of BF and PF can improve the pore structure of concrete. When the fractal
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dimension increases, the air content decreases whereas the spacing factor increases, which means
that both the pore size and the number of pores decrease; that is, the pore structure is refined and
optimized. Results of previous works have shown that the air content and spacing factor are the main
factors affecting the frost resistance of concrete [46]. Powers also estimated the relationship between
the air content and the spacing factor and proposed the critical values of the air content and spacing
factor to ensure the frost resistance of concrete [47]. In order to meet the requirement of high frost
resistance of concrete, many countries have proposed a recommended value of the air content, which
is generally 3–6%; furthermore, studies have recommended that the spacing factor be no larger than
0.25 mm [2]. From the above analysis, it can be seen that the fractal dimension has a strong correlation
with the air content and spacing factor, and therefore, the fractal dimension can be used to evaluate
pore structure characteristics comprehensively. Therefore, the fractal dimension can be used to predict
frost resistance of concrete more effectively.
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5. Conclusions

In this study, the mechanical properties and pore structure of BPFRC are evaluated. The following
conclusions can be drawn from the study.

1. Incorporation of a hybrid mixture of BF and PF into concrete has both positive and adverse effects
on the mechanical properties of concrete. The synergistic effect of the hybrid fibers is greatest
when the BF and PF contents are 0.05% each; the corresponding increments in the compressive
strength and splitting tensile strength 5.06% and 9.56%, respectively. The effect of the hybrid fibers
on the splitting tensile strength is greater than that on compressive strength. However, when
the fiber content is too high, the hybrid fibers have adverse effects on the mechanical properties.
Therefore, accurate control of the fiber content of concrete is necessary.
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2. The pore structure of BPFRC exhibits fractal characteristics. The fractal dimension of the pore
structure calculated using a fractal model based on an optical method is in the range of 2.297–2.482,
with a high correlation coefficient (R2 > 0.977); this indicates that the fractal dimension calculated
using this model can well-characterize the pore size distribution characteristics of concrete.

3. The fractal dimension of BPFRC is closely related to the air content and spacing factor. As the fractal
dimension increases, the air content decreases and the spacing factor increases. Therefore, the pore
structure characteristics of BPFRC can be evaluated comprehensively using the fractal dimension.
In addition, the fractal dimension has a strong positive correlation with the compressive strength
and splitting tensile strength of concrete. That is, the larger the fractal dimension, the higher the
compressive strength and splitting tensile strength. This indicates that the complexity of the pore
structure is an important factor affecting the macroscopic mechanical properties of concrete.
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