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Abstract: The aim of this study was to investigate the properties of fiber-reinforced pervious concrete.
Ordinary cement, silica fume, coarse aggregate, and basalt fibers were used to produce the concrete
mix. The fibers were mixed with pervious concrete at the levels of 0 kg/ m3, 2 kg/ m3, 4 kg/ m3,
6 kg/m3, and 8 kg/m? to the investigate their influence on the mechanical and physical properties
of pervious concrete. It could be observed that the cubic compressive strength, axial compressive
strength, and flexural strength increased and then decreased as the content of basalt fiber increased,
while the permeability and porosity of the pervious concrete decreased with the increase in the
basalt fiber content. The mesostructure of pervious concrete was also studied through industrial
computed tomography (ICT); the testing phenomenon showed that the fibers had a significant
influence on the arrangement of the aggregate, cement paste, and the interfacial transition zone,
and excessive basalt fiber resulted in poor characteristics of the interfacial transition zone (ITZ) and
inferior strength properties. It was found that incorporating a basalt fiber content of 4 kg/m3 could
achieve a balance between the mechanical and physical properties of pervious concrete, which was
suitable for structural applications.

Keywords: pervious concrete; basalt fiber; strength; permeability; mesostructure

1. Introduction

Nowadays, various types of concrete gradually appear with the development of the
economy, such as pervious concrete, fiber-reinforced concrete, and self-healing concrete [1-4].
Among these new types of concrete, pervious concrete has gradually become a research
hotspot. Pervious concrete is a material consisting of cement, water, and coarse aggregates,
which could protect the environment by replenishing the groundwater and reducing storm
water runoff [1,5]. This could help to maintain ecological balance and alleviate the urban
heat island effect. Therefore, although the construction cost has increased, pervious con-
crete is widely used all over the world in road paving, sidewalks, and pathways due to its
high porosity and good thermal properties [6]. However, in order to obtain high porosity
and permeability, pervious concrete often contains little or no fine aggregate [7], which
results in an obvious reduction in strength and durability. Therefore, although pervious
concrete can better promote the protection of the environment and the management of
rainwater, its application is limited due to low strength [8]. Based on the previous research,
the parameters that influence the properties are the cement content, water-to-cement, and
the ratio of cement-to-aggregate [9-11].

In order to protect the environment, recycled aggregate is gradually being introduced
as a partial replacement for natural coarse aggregate [12-14]. The reason for this is that
a huge amount of concrete waste is produced every year, which not only requires much
space for its disposal, but also pollutes the environment [15]. Although the addition of
recycled aggregate can increase the permeability, due to its defects, excessive recycled
aggregate will adversely affect the mechanical properties [16-18]. Kachouh et al. [19]
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found that the optimum recycled aggregate replacement ratio was 30%, while the nega-
tive effect on the compressive strength could be seen when the recycled aggregate con-
tent was higher. Yap et al. [17] showed that the compressive strength of pervious con-
crete with 60-100% recycled aggregate as a partial replacement for natural aggregate was
20-40% lower than that of the pervious concrete with 100% natural aggregate. The study
of El-Hassan [20] showed that the compressive strength of samples with 100% recycled ag-
gregate was 78% lower than the control group. Given these deficiencies, recycled aggregate
was mainly used in low-to-medium strength concrete and pavement applications [21,22].
Therefore, natural aggregate is used in this paper to improve the mechanical performance
of pervious concrete.

Supplementary cementitious materials could improve the mechanical and physical
properties of concrete due to the effects of microfilling and pozzolanic reactivity [23,24].
Amongst these materials, silica fume is more commonly used because it could refine the
microstructure (pores and gaps) of the concrete matrix, and also produce additional gel due
to the fact that the reactive silica reacts with the Ca(OH), of the cement [25]. Chen et al. [26]
studied the influence of silica fume on the strength, fracture, and fatigue of pervious
concrete. The results showed that replacing the cement with silica fume could enhance
the bonding effect between the aggregate and cement paste. Adil et al. [27] found that
the mechanical properties of pervious concrete could be improved with a 5% content
of silica fume, while the silica fume was not affected by the addition of silica fume.
Amornsrivilai et al. [28] observed that the microstructure of pervious concrete could be
improved due to the pore refinement by silica fume. Therefore, silica fume is added into
the concrete mix to enhance the mechanical and physical properties of pervious concrete.

Besides the silica fume, another technique that is being widely used is fiber rein-
forcement. The reinforcing fibers could not only improve the seismic behavior of the
structure [29,30], but also enhance the mechanical performance of concrete due to the bridg-
ing action of the fibers [31-33]. Industrial fibers have been successfully added into concrete
to improve the mechanical properties, especially the tensile flexural strength. Basalt fibers
are widely used in the production of fiber-reinforced concrete due to their low cost, simple
production process, and high elastic modulus [34,35]. Mahapara et al. [36] concluded that
the mechanical strength of basalt fiber-reinforced concrete increased by 88%, 89%, and
92% at 7 days, 28 days, and 90 days, respectively. Abbass et al. [36] found that concrete
with an appropriate basalt fiber content could reduce the weight loss rate through acid
corrosion by 27.43%, and the penetration depth of chloride ions was 2 mm. Xu et al. [37]
studied basalt fiber reinforcement for geopolymer concrete. The results showed that the
compressive strength and flexural strength of geopolymer concrete increased with the
increase in the basalt fiber content, and the basalt fiber could refine the pores. Saloni
et al. [38] found that the addition of basalt fibers was beneficial to the fiber-matrix tran-
sition zone, and the appropriate content of basalt fibers led to an increase in the setting
time and mechanical strength of the concrete. Sahin et al. [39] evaluated the influence of
basalt fiber on geopolymer mortars. The results showed that the compressive strength and
flexural strength of the fiber-reinforced concrete increased by 25% and 50%, respectively,
compared to that of the control samples. Yu et al. [40] investigated the effect of basalt fiber
powder on the mechanical properties and microstructure of concrete. The results showed
that 0.20 vol% basalt fiber could improve the antiabrasion property significantly, and the
incorporation of basalt fiber would refine the pores and promote the densification of the
concrete. Wang et al. [41] used MIMICS software to reconstruct 3D CT images of pervious
concrete, and then the effect of the fiber length on the mechanical property of pervious
concrete was studied. The results showed that the numerical simulation could better reflect
the failure process of the specimens. Although many investigations have been carried out
on basalt fiber-reinforced concrete, there are few works on the effect of acidic corrosion
on the mechanical properties of pervious concrete, and SEM images cannot obtain the
distribution of cement paste and aggregate. Therefore, the influence of acidic corrosion
and the proportion of basalt fiber on the mechanical property of pervious concrete was
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studied in this paper, and ICT was used to analyze the internal structure of fiber-reinforced
pervious concrete.

In this paper, we further investigated the effect of basalt fiber with different levels
of content (2 kg/m3, 4 kg/m3, 6 kg/m?, and 8 kg/m?) on the mechanical and physical
performance of pervious concrete. This paper is an attempt to establish a balance between
the strength and permeability of pervious concrete. The cubic compressive strength, axial
compressive strength, flexural tensile strength, permeability, porosity, acidic corrosion be-
havior, and mesostructure of pervious concrete were studied. The compressive strength and
flexural tensile strength increased and then decreased with higher amounts of basalt fiber,
while the porosity and permeability decreased as the basalt fiber content increased. There-
fore, basalt fibers could achieve enhanced improvement in the physical and mechanical
performance of pervious concrete. The research methodology is given in Figure 1.

Compressive
strength M -
<:> esoscopic
analysis
Flexural tensile
strength @
The n}anufacture of |:> Permeability |:> Conclusions
pervious concrete

Porosity

Acid corrosion

Figure 1. The flow chart of methodology.

2. Materials and Methods
2.1. Materials
2.1.1. Cement

In order to ensure the mechanical property of the pervious concrete, the strength grade
of the Portland cement was established as 42.5. This study used the ordinary Portland ce-
ment purchased from Shenzhen Yuanheng Building Materials Co., Ltd. (Shenzhen, China),
and the performance index provided by this company is given in Table 1.

Table 1. The performance indexes of cement.

Flexural Strength Compressive Strength

Initial Setting Time Final Setting Time (MPa) (MPa)
(min) (min) 3d 28d 3d 28d
255 290 5.2 8.85 24.6 48.4

2.1.2. Silica Fume

Silicon fume is collected and treated from the smoke and dust escaping from the waste
gas in the process of melting industrial silicon and ferrosilicon at high temperature in
an electric furnace. Adding an appropriate amount of silica fume can improve the fluidity,
compactness, and strength of pervious concrete. The silica fume was purchased from
Henan Yuanheng Environmental Protection Engineering Co., Ltd. (Zhengzhou, China),
and the technical indexes given by the company are presented in Table 2.
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Table 2. The main technical indexes of silica fume.

Fire-Resistance Volumetric Weight Mean Diameter Specific Surface Area
Temperature (°C) (kg/m?3) (um) (m?)
1600 1650 0.2 24

2.1.3. Aggregate

The performance of pervious concrete is affected by the type, size, and porosity of the
aggregate. In this paper, limestone was selected as the aggregate. The physical properties
and grain size distribution of the aggregate were investigated, according to Chinese Code
GB/T 14685-2011 [42], as presented in Tables 3 and 4.

Table 3. Physical properties of aggregate.

Aggregate Size (mm)  Bulk Density (kg/m®)  Apparent Density (kg/m®)  Porosity (%)
5-10 1580 2750 40.2

Table 4. Sieve analysis of aggregate.

Sieve Size (mm) 2.36 4.75 9.5

Accumulated retained percentage (%) 99 95 11

2.1.4. Basalt Fiber

Basalt fiber could improve the mechanical and physical performance of concrete. The
basalt fibers used in this paper were provided by Zhejiang Jinshi Co., Ltd. (Hangzhou, China),
and the material characteristics were tested and provided by the company, as shown in
Table 5.

Table 5. The technical indexes of basalt fiber.

Density Tensile Strength  Elastic Modulus Length Diameter  Elongation
(kg/m®) (MPa) (GPa) (mm) (um) (%)
2650 4800 110 20 15 3.1

2.1.5. Other Materials

Polycarboxylate high-performance water reducer is used to reduce the water consump-
tion in the preparation of pervious concrete, so as to improve the fluidity of the concrete.
The Q8081PCA liquid equilibrium polycarboxylate acid high-performance water reducer
was used in this paper, and the dosage of the water reducer was determined by the trial
matching of the specimen. The water used in the pervious concrete was running water.

2.2. Mixture Proportion

The impact of material additives was studied by adding basalt fiber into the concrete
mix at the levels of 2 kg/m?, 4 kg/m3, 6 kg/m?3, and 8 kg/m?>. The detailed mix design for
the experiments is given in Table 6.

2.3. Test Method

The pervious concrete was designed to meet the requirements of Chinese Code CJJ/T
135-2009 [43]. The cubic compressive strength, axial compressive strength, and flexural
tensile strength of the specimens were tested, according to Chinese Code GB/T 50081-
2019 [44]. The testing of the porosity and permeability coefficient was based on Chinese
Code CJJ/T 253-2016 [45] and Chinese Code CJJ/T 135-2009 [43]. The acidic corrosion
behavior was selected to study the durability of the pervious concrete, according to Chinese
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Code GB/T 50476-2019 [46]. Three specimens were prepared to determine the individual
mechanical and physical performance by average values. All the testing was conducted
after the specimens had been cured in a concrete standard curing box for 28 days, with the
condition of 22 °C and 95% humidity.

Table 6. Mix proportion of the pervious concrete.

Material Consumption (kg/m?)

Number
Aggregate Cement Water Silica Fume Water-Reducing Agent Basalt Fiber
BE-0 1617 388 121 25 413 0
BF-2 1617 388 121 25 413 2
BF-4 1617 388 121 25 413 4
BE-6 1617 388 121 25 413 6
BF-8 1617 388 121 25 413 8

3. Experiment and Discussion
3.1. Mechanical Properties of Fiber-Reinforced Pervious Concrete

To fully investigate the compressive strength of the pervious concrete, two sizes of spec-
imens were designed: (i). 100 mm x 100 mm x 100 mm, (ii). 100 mm x 100 mm x 400 mm.
The groups (i) and (ii) were used to obtain the cubic compressive strength, axial compressive
strength, and flexural tensile strength of the pervious concrete, respectively.

3.1.1. Cubic Compressive Strength

The failure patterns of the cubic specimens are given in Figure 2. The specimens with-
out basalt fiber were completely destroyed after reaching the maximum bearing capacity,
the aggregate was dispersed, and the crushing phenomenon was obvious. Although for
the specimens with basalt fiber, some fragments fell off at the corner of the block at the end
of testing, but the integrity of the pervious concrete was maintained well.

(b)

Figure 2. The failure patterns of (a) cubic specimens without basalt fiber and (b) cubic specimens
with basalt fiber.

Figure 3 shows the effect of basalt fiber on the cubic compressive strength of the
pervious concrete. Although the cubic compressive strength increases and then decreases
as the basalt fiber content increases, the cubic compressive strength value of the pervious
concrete with basalt fiber is higher than that of the pervious concrete without basalt fiber
(control specimen). The peak value of cubic compressive strength is shown with a basalt
fiber content of 4 kg/m?3, which increases by 24% compared to the control specimen. The
red dashed line in Figure 3 indicates that the compressive strength of the pervious concrete
can meet the requirements of CJJ/T 135-2009 [43] (20 MPa, the red dashed line in Figure 3).
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Figure 3. The cubic compressive strength of the specimens with different levels of basalt fiber content.

3.1.2. Axial Compressive Strength

The compressive strength of concrete is related to the shape of the specimen. The
prism specimen can better reflect the actual compressive strength of concrete than that of
cube samples. Therefore, the axial compressive strength of the pervious concrete was tested
in this paper.

The failure patterns of concrete prisms under the action of axial load are given in
Figure 4. For the specimens without basalt fiber, a wide vertical crack appeared in the
middle of the prism. Although the prism was not completely destroyed, it had completely
lost the bearing capacity. Although for the specimen with basalt fiber, small cracks occurred
on the side of the specimen and a small amount of the aggregate fell off, the specimen as
a whole remained intact.

(@) (b)
Figure 4. The failure patterns of (a) concrete prism without basalt fiber and (b) concrete prism with
basalt fiber under axial compression.

The effect of basalt fiber on the axial compressive strength of the pervious concrete is
presented in Figure 5. It can be seen that with an increase in the basalt fiber content, there
is an increase and then a decrease in the axial compressive strength. The axial compressive
strength of the pervious concrete increases from 14.84 MPa for the control specimen (i.e.,
the basalt fiber content is 0 kg/m?) to 20.63 MPa for a basalt fiber content of 4 kg/m?,
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and then decreases to 18.00 MPa for a basalt fiber content of 8 kg/m3. The results also
indicate that the addition of basalt fiber can improve the axial compressive strength of
pervious concrete.

N
N

N
o
1

—
@
1

—_
S
1

Axial compressive strength (MPa)
—_ —_
) N

_
]
L

T

4
Basalt fiber (kg/m?)

N 4
o+

Figure 5. The axial compressive strength of specimens with different levels of basalt fiber content.

3.1.3. Flexural Tensile Strength

Pervious concrete is inevitably subjected to flexural and tensile loads in the practical
usage process. Therefore, it is essential to study the flexural tensile strength to prevent the
appearance of cracks in pervious concrete.

Figure 6 shows the failure pattern of a concrete prism under the action of a lateral
load. Whether or not the basalt fiber was added to the pervious concrete, the cracks mainly
appeared in the middle of the specimens. The difference between the specimens with
basalt fiber and control specimens is that without the connection of the fiber, once the crack
appeared at the bottom, it would develop rapidly to the top of the specimen.

(b)
Figure 6. The flexural tensile failure patterns of (a) concrete prism without basalt fiber and (b) concrete
prism with basalt fiber.

The effect of basalt fiber on the flexural tensile strength of the pervious concrete is
presented in Figure 7. The flexural tensile strength increases and then decreases with the
increasing of the basalt fiber content. The maximum strength value is 4.82 MPa when the
basalt fiber content is 2 kg/m?3, and then the strength value decreases to 2.84 MPa for the
basalt fiber content of 8 kg/ m3. In CJJ/T 135-2009 [43], it is stated that the flexural tensile
strength should not be lower than 2.5 MPa (the red dashed line in Figure 7), meaning that
all the specimens met the application requirement.
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Figure 7. The flexural tensile strength of the specimens with different levels of basalt fiber content.

Combining the results of the cubic compressive strength, axial compressive strength,
and flexural tensile strength, it could be concluded that the mechanical properties of the
fiber-reinforced pervious concrete can meet the requirements of CJJ/T 135-2009 [43], and
that the appropriate addition of basalt fiber could improve the mechanical properties.

3.2. Permeability and Porosity of Fiber-Reinforced Pervious Concrete
3.2.1. Permeability

Cylinder specimens were prepared to obtain the permeability coefficient, as given in
Figure 8. The cylinder specimen should be connected to the cylinder wall using gasket
cement, to ensure that the water can only flow through the specimen. The permeability
coefficient could be obtained from Equation (1).

_ QL

kr = 1M1 1)

in which kr is the permeability coefficient when the water temperature is T °C, Q is the
amount of water seeping out within ¢ seconds, L is the thickness of the specimen, A is the
upper surface area of the specimen, H is the water level difference, and ¢ is the time. The
results of the calculation are shown in Figure 9.

Figure 8. The testing of permeability coefficient.
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Figure 9. The permeability coefficient of pervious concrete with different levels of basalt fiber content.

As shown in Figure 9, the permeability coefficient (mm/s) decreases as the basalt fiber
content increases. Compared to the specimen without basalt fiber, the permeability coeffi-
cient decreases rapidly (0-2 kg/m?) and then slowly (2-8 kg/m3) with the increasing of the
basalt fiber content. As can be seen, the permeability coefficient is roughly 2.9-7.1 mm/s,
which is higher than the regulation of CJJ/T 135-2009 [43] (0.5 mm/s, the red dashed line
in Figure 9).

3.2.2. Porosity

As shown in Figure 10, the cubic specimens were immersed in water for one day, and
then the specimens were taken out to be dried until the surfaces were dried. The porosity
could be obtained through the quality difference before and after drying. The porosity can
be calculated by Equation (2).

p= [1 - (mz;vrmﬂ % 100% @)

Pw Vo

in which P is porosity, m; is the quality of the specimen under water, m, is the quality of
the specimen after air drying for 24 h, pyy is the density of water at normal temperature,
and Vj is the volume of the specimen.

Figure 10. The testing of porosity.
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The porosity of the specimens is given in Figure 11. The porosity of the specimens,
when compared with the control specimens, showed a percentage decrease of 28.2%, 35.5%,
40.6%, and 42.7% for the basalt fiber contents of 2 kg/ m3, 4 kg/ m3, 6 kg/ m3, and 8 kg/ m3,
respectively. However, the porosity could meet the requirements of CJJ/T 135-2009 [43]
(10%, the red dashed line in Figure 11). It is clear that the porosity has a relationship with
the permeability, and the addition of basalt fibers did not change this trend.

4
Basalt fiber (kg/m?®)

Figure 11. The porosity of the specimens with different levels of basalt fiber content.

3.2.3. The Relationship between the Permeability and Porosity

It is well known that the porosity is vital to the permeability. Therefore, this paper
presented the relationship between the permeability coefficient and porosity in Figure 12,
in which the red line (fitting curve) is the result of the regression analysis. The formula of
the fitting curve can be expressed as Equation (3).

kt = —2.04+0.39P (3)
8
“»
g //
E _
= 6 //
=
R
= P
S yd
A
244 /A/
8 A -
g s
g A
3
[a X}
2 —l T T T T T T
12 14 16 18 20 22 24
Porosity (%)

Figure 12. The relationship between permeability and porosity.

It can be seen from Figure 12 that the permeability coefficient is linearly dependent on
porosity, and the permeability coefficient increases with the increasing of porosity.

3.3. The Acidic Corrosion Behavior of Fiber-Reinforced Pervious Concrete

Due to the large number of pores, corrosive substances can easily enter the interior
of pervious concrete, which will destroy the internal structure of pervious concrete and
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reduce the performance of pervious concrete. In this paper, the specimens were put into
acid solution (hydrochloric acid solution with pH = 1), whose surface was at least 20 mm
higher than the upper surface of the specimens, as shown in Figure 13. The specimens were
soaked in the acid solution for 20 days, 40 days, and 60 days.

Figure 13. The acidic corrosion of the specimens.

The corrosion phenomenon of the specimens (with a basalt fiber content of 2 kg/m?) is
shown in Figure 14, and the specimens with the other levels of basalt fiber content exhibited
the same experimental phenomenon. It could be seen that when the corrosion time was
20 days, the aggregate did not fall off, and a white colloid appeared, almost filling the
surface gap of the specimen; when the corrosion time lasted for 40 days, the aggregate was
obviously exposed and fell off slightly, the white colloid gradually disappeared, and the
soaking solution became turbid; when the corrosion time was 60 days, the surface of the
specimens was seriously corroded and became dark brown, and the specimens showed
an uneven shape due to the aggregate falling off (at the corners of the specimens).

(b)
Figure 14. The testing phenomenon of specimens (with basalt fiber content of 4 kg/m?) for acidic
corrosion: (a) 0 day, (b) 20 days, (c) 40 days, and (d) 60 days.

(d)

Figure 15 shows the effect of the basalt fiber content and acidic corrosion time on the
cubic compressive strength of the specimens. As shown in Figure 15, for the pervious
concrete specimen, which had a different level of basalt fiber content, the cubic compressive
strength increases and then decreases as the acidic corrosion time increases. The reason for
increasing the compressive strength is the production of acidic corrosion. CaSOy4-2H,0,
CaAl;SipOg, and CazAlgO12-CaSO; are produced due to acidic corrosion. When the cor-
rosion time is short, these expansive substances could block the pores and reduce the
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corrosion speed of the pervious concrete. However, for the acidic corrosion of 40 days
and 60 days, the expansive substance gradually decomposes in the acid solution, which
can accelerate the corrosion process of the pervious concrete [47]. It can also be seen from
Figure 15 that the cubic compressive strength cannot meet the requirements of CJJ/T 135-
2009 [43] with acidic corrosion of 60 days, indicating that the acidic corrosion will seriously
affect the mechanical properties of pervious concrete.

28

< 261

(
2

ressive strength (M
= NN
® S N
1 1 1

216

_ =
N H~
1 1

Cubic com

—_
o

0 20 40 60
Corrosion time (days)

Figure 15. The cubic compressive strength of specimens with different levels of basalt fiber content
and different corrosion times.

3.4. The Mesostructure of Fiber-Reinforced Pervious Concrete

In order to obtain the mesostructure of the pervious concrete, industrial computed
tomography (ICT) was used to scan the specimen. Figures 16 and 17, which can be obtained
after processing with Avizo software, are the 3D images and 2D images of the cross section
respectively. The blue-scale in Figure 16 and the grey-scale in Figure 17 are the aggregates
and the cement paste. As shown in Figure 16, the proper addition of basalt fiber is beneficial
to uniform dispersion of aggregate and cement paste (Figure 16a—c), while too much basalt
fiber causes more cement paste to bond to the fiber, meaning that the bond between the
aggregates and the cement paste will be weakened due to the reduction in cement paste on
the aggregates (Figure 16d,e).

The same trend can be seen from Figure 17. For the control specimen (Figure 17a), the
cement paste is mainly bonding to the aggregate, and there are lots of pores in the pervious
concrete. With the increase in the basalt fiber content, more and more cement paste is
bonded to the fiber, which reduces the pores in the pervious concrete (Figure 17b—e).

3.5. Analysis of the Relation between Mechanical Properties and Physical Performance

As described in [48], pervious concrete could be divided into three parts: aggregate,
cement paste, and the interfacial transition zone (ITZ), in which the ITZ represents the
point/path at which there is debonding between the aggregates and the cement paste. The
same phenomenon can also be seen in Figures 16 and 17. Therefore, three different failure
modes could be observed—aggregate failure, cement paste failure, and ITZ failure. The
failures are given in Figure 18 with the yellow marks. In the testing of cubic compressive
strength, for the specimens without or with less basalt fiber content (0 kg/m?, 2 kg/m?3, and
4 kg/m?), three failure modes could be observed, while for the specimens with a higher
basalt fiber content (6 kg/m? and 8 kg/m?), the failure was mainly along the ITZ. The same
phenomenon could also be seen in the testing of axial compressive strength. Considering
the changes in the strength value of mechanical performance, it could be concluded that the
proper addition of basalt fiber helps to achieve the strength balance of the aggregate, cement
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paste, and the ITZ, which will ensure the strength of the specimen. Although excessive
basalt fiber results in poor characteristics of the ITZ and inferior strength properties.

It is widely accepted that porosity is vital to the mechanical performance and physical
properties of pervious concrete. As described in the testing results of permeability and
porosity, and taking the mesostructure of the fiber-reinforced pervious concrete into account,
the addition of basalt fiber causes more cement to bond to the fibers, which blocks the
pores in pervious concrete. It is also clear that porosity has a positive relationship with
permeability, and the addition of basalt fibers does not change this trend.

In order to improve the physical and mechanical properties of pervious concrete and
promote the application of pervious concrete in actual construction, the optimum basalt
fiber content should be established. Comparing the samples with a basalt fiber content
of 0 kg/m? (control samples) and 4 kg/m?3, the cubic compressive strength and axial
compressive strength increased by 24% and 39%, respectively, while the flexural tensile
strength, permeability, and porosity were reduced by 17%, 42%, and 35%, respectively, with
the 4 kg/m?3 basalt fiber content. For the specimens for acidic corrosion of 0 day, 20 days,
40 days, and 60 days, the cubic compressive strength of the samples with a basalt fiber
content of 4 kg/ m> was 21%, 12%, 14%, and 7% higher than that of the control specimens,
respectively. All the testing results meet the requirements of specification, indicating that
the optimum basalt fiber content should be determined as 4 kg/m3.

Figure 16. The 3D images of the specimens with different levels of content of basalt fiber: (a) 0 kg/m?,
(b) 2 kg/m3, (c)4 kg/m3, (d)6 kg/ma, and (e) 8 kg/ms.
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Figure 17. The 2D images of cross sections of the specimens with different levels of content of basalt
fiber: (a) 0 kg/m3, (b) 2 kg/mS, (c) 4 kg/m3, (d)6 kg/m3, and (e) 8 kg/m3.

Aggregate ;
Cement

Figure 18. The failure of the specimen: (a) sample without basalt fiber and (b) sample with basalt fiber.

4. Conclusions

This study investigated the effect of basalt fiber on the physical and mechanical
properties of pervious concrete. To achieve the aim of this paper, the pervious concrete
matrix was mixed incorporating basalt fiber at the level of 2 kg/m?, 4 kg/m?, 6 kg/m?, and
8 kg/m?>. The strength testing, porosity testing, permeability testing, and acid corrosion
testing were conducted on the testing specimen. The following conclusions were made:
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1.  The incorporation of basalt fiber enhances the cubic and axial compressive strength,
and the compressive strength increases and then decreases with the increasing of the
basalt fiber content. Compared to the matrix without basalt fiber, the cubic and axial
compressive strength of the matrix with a basalt content of 4 kg/m? increased by
24% and 39%, respectively.

2. The contribution of basalt fiber to the flexural strength of the concrete matrix reduces
with the increasing of the basalt fiber content. Compared to the control samples, the
flexural tensile strength of the matrix with a basalt fiber content of 4 kg/m3 reduces
by 17%.

3. A pervious concrete matrix incorporating basalt fiber showed a lower permeability
and porosity than that of the mix without fiber. Moreover, the permeability coefficient
and the porosity of the pervious concrete with a basalt fiber content of 4 kg/m3 were
42% and 35% lower than those of the control samples.

4. For the concrete matrix with the basalt fiber content of 4 kg/m?, the cubic compressive
strengths of the matrix with acidic corrosion of 0 day, 20 days, 40 days, and 60 days
were 21%, 12%, 14%, and 7% higher than those of the control group, respectively. The
compressive strength increased and then decreased with the increase in the corrosion
time, and the addition of basalt fibers does not change this trend.

5. The testing results of ICT scanning indicated that the basalt fiber obviously affects
the distribution of the cement paste and aggregate, hence affecting the physical and
mechanical properties of the pervious concrete. The optimum basalt fiber content can
realize the balance between the cement paste, aggregate, and the ITZ.

The physical and mechanical properties of fiber-reinforced pervious concrete could
satisfy the requirements of CJJ/T 135-2009. The obtained results indicated that it is possi-
ble to investigate whether pervious concrete is suitable for structural application by the
addition of basalt fiber, which can maximize the application of pervious concrete.

Author Contributions: Conceptualization, S.G. and J.W.; methodology, ].W.; software, Y.L.; vali-
dation, S.G. and J.W.; formal analysis, J.Z.; investigation, Q.P.; resources, Q.P,; data curation, Y.L.;
writing—original draft preparation, ].W.; writing—review and editing, S.G.; visualization, Q.P,; super-
vision, 5.G.; project administration, ]. W.; funding acquisition, J.W. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was supported by the Natural Science Foundation of Shaanxi Province
(2021JQ-876) and the Scientific Research Foundation for High-level Talents (X]J17T08).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data sharing is not applicable to this article.

Acknowledgments: The authors would like to thank the Shaanxi Key Laboratory of Safety and
Durability of Concrete Structures for the project testing.

Conflicts of Interest: The authors declare no conflict of interest.

1. Deo, O.; Neithalath, N. Compressive behavior of pervious concretes and a quantification of the influence of random pore structure
features. Mater. Sci. Eng. A 2010, 528, 402—-412. [CrossRef]

2. Aslam, F; Zaid, O.; Althoey, F.; Alyami, S.H.; Qaidi, S.M.; de Prado Gil, J.; Martinez-Garcia, R. Evaluating the influence of fly ash
and waste glass on the characteristics of coconut fibers reinforced concrete. Struct. Concr. 2022. early view. [CrossRef]

3.  Akeed, M.H,; Qaidi, S.; Ahmed, H.U.; Faraj, R.H.; Mohammed, A.S.; Emad, W.; Tayeh, B.A.; Azevedo, A.R.G. Ultra-high-
performance fiber-reinforced concrete. Part IV: Durability properties, cost assessment, applications, and challenges. Case Stud.
Constr. Mat. 2022, 17, e01271. [CrossRef]

4. Onyelowe, K.C.; Ebid, A.M.; Riofrio, A.; Baykara, H.; Soleymani, A.; Mahdi, H.A.; Jahangir, H.; Ibe, K. Multi-Objective
Prediction of the Mechanical Properties and Environmental Impact Appraisals of Self-Healing Concrete for Sustainable Structures.
Sustainability 2022, 14, 9573. [CrossRef]


http://doi.org/10.1016/j.msea.2010.09.024
http://doi.org/10.1002/suco.202200183
http://doi.org/10.1016/j.cscm.2022.e01271
http://doi.org/10.3390/su14159573

Materials 2022, 15, 6527 16 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Ho, H.-L.; Huang, R.; Hwang, L.-C.; Lin, W.-T.; Hsu, H.-M. Waste-Based Pervious Concrete for Climate-Resilient Pavements.
Materials 2018, 11, 900. [CrossRef] [PubMed]

Huang, J.; Luo, Z.; Khan, M.B.E. Impact of aggregate type and size and mineral admixtures on the properties of pervious concrete:
An experimental investigation. Constr. Build. Mater. 2020, 265, 120759. [CrossRef]

Chandrappa, A.K,; Biligiri, K.P. Pervious concrete as a sustainable pavement material—Research findings and future prospects:
A state-of-the-art review. Constr. Build. Mater. 2016, 111, 262-274. [CrossRef]

Mahalingam, R.; Mahalingam, S.V. Analysis of pervious concrete properties. J. Croat. Assoc. Civ. Eng. 2016, 68, 493-501.

Joshi, T.; Dave, U. Evaluation of strength, permeability and void ratio of pervious concrete with changing W/C ratio and
aggregate size. Int. |. Civ. Eng. Technol. 2016, 7, 276-284.

Yu, E; Sun, D.; Wang, J.; Hu, M. Influence of aggregate size on compressive strength of pervious concrete. Constr. Build. Mater.
2019, 209, 463-475. [CrossRef]

Wang, H.; Li, H,; Liang, X.; Zhou, H.; Xie, N.; Dai, Z. Investigation on the mechanical properties and environmental impacts of
pervious concrete containing fly ash based on the cement-aggregate ratio. Constr. Build. Mater. 2019, 202, 387-395. [CrossRef]
Lori, A.R.; Hassani, A.; Sedghi, R. Investigating the mechanical and hydraulic characteristics of pervious concrete containing
copper slag as coarse aggregate. Constr. Build. Mater. 2019, 197, 130-142. [CrossRef]

Lu, G;; Liu, P; Wang, Y.; Faflbender, S.; Wang, D.; Oeser, M. Development of a sustainable pervious pavement material using
recycled ceramic aggregate and bio-based polyurethane binder. J. Clean. Prod. 2019, 220, 1052-1060. [CrossRef]

Zareei, S.A.; Ameri, F.; Bahrami, N.; Shoaei, P.; Moosaei, H.R.; Salemi, N. Performance of sustainable high strength concrete with
basic oxygen steel-making (BOS) slag and nano-silica. J. Build. Eng. 2019, 25, 100791. [CrossRef]

Tam, VW.Y.; Soomro, M.; Evangelista, A.C.]. A review of recycled aggregate in concrete applications (2000-2017). Constr. Build.
Mater. 2018, 172, 272-292. [CrossRef]

Wongsa, A.; Zaetang, Y.; Sata, V.; Chindaprasirt, P. Properties of lightweight fly ash geopolymer concrete containing bottom ash
as aggregates. Constr. Build. Mater. 2016, 111, 637-643. [CrossRef]

Yap, S.P; Chen, P.Z.C.; Goh, Y.; Ibrahim, H.; Mo, K.H.; Yuen, C.W. Characterization of pervious concrete with blended natural
aggregate and recycled concrete aggregates. |. Clean. Prod. 2018, 181, 155-165. [CrossRef]

Lang, L.; Duan, H.; Chen, B. Properties of pervious concrete made from steel slag and magnesium phosphate cement. Constr.
Build. Mater. 2019, 209, 95-104. [CrossRef]

Kachouh, N.; El-Hassan, H.; El Maaddawy, T. Effect of steel fibers on the performance of concrete made with recycled concrete
aggregates and dune sand. Constr. Build. Mater. 2019, 213, 348-359. [CrossRef]

El-Hassan, H.; Kianmehr, P.; Zouaoui, S. Properties of pervious concrete incorporating recycled concrete aggregates and slag.
Constr. Build. Mater. 2019, 212, 164-175. [CrossRef]

Saberian, M.; Li, J.; Nguyen, B.; Wang, G. Permanent deformation behaviour of pavement base and subbase containing recycle
concrete aggregate, coarse and fine crumb rubber. Constr. Build. Mater. 2018, 178, 51-58. [CrossRef]

Yaowarat, T.; Horpibulsuk, S.; Arulrajah, A.; Mohammadinia, A.; Chinkulkijniwat, A. Recycled Concrete Aggregate Modified
with Polyvinyl Alcohol and Fly Ash for Concrete Pavement Applications. J. Mater. Civ. Eng. 2019, 31, 4019103. [CrossRef]

Lu, J.-X,; Yan, X,; He, P; Poon, C.S. Sustainable design of pervious concrete using waste glass and recycled concrete aggregate.
J. Clean. Prod. 2019, 234, 1102-1112. [CrossRef]

Shilar, FA.; Ganachari, S.V,; Patil, V.B.; Javed, S.; Khan, TM.Y,; Baig, R.U. Assessment of Destructive and Nondestructive Analysis
for GGBS Based Geopolymer Concrete and Its Statistical Analysis. Polymers 2022, 14, 3132. [CrossRef]

Zamanabadi, S.N.; Zareei, S.A.; Shoaei, P.; Ameri, F. Ambient-cured alkali-activated slag paste incorporating micro-silica as
repair material: Effects of alkali activator solution on physical and mechanical properties. Constr. Build. Mater. 2019, 229, 116911.
[CrossRef]

Chen, Y.; Wang, K.; Wang, X.; Zhou, W. Strength, fracture and fatigue of pervious concrete. Constr. Build. Mater. 2013, 42, 97-104.
[CrossRef]

Adil, G.; Kevern, ].T.; Mann, D. Influence of silica fume on mechanical and durability of pervious concrete. Constr. Build. Mater.
2020, 247, 118453. [CrossRef]

Amornsrivilai, P; Tia, M.; Lee, M.-G.; Su, Y.-M. Effects of Fly Ash and Silica Fume on Permeability of Concrete Made With Porous
Limestone and Non-Porous Aggregates. J. Test. Eval. 2016, 45, 335-345. [CrossRef]

Zturk, B.; Yilmaz, C. Analytical investigation of effect of retrofit application using FRP on seismic behavior of a monumental
building at historical Cappadocia region of Turkey. In Proceedings of the 9th U.S. National and 10th Canadian Conference on
Earthquake Engineering, Toronto, ON, Canada, 25-29 July 2010.

Ztuirk, B.; Yilmaz, C.; Senturk, T. Effect of FRP retrofitting application on seismic behavior of a historical building at Nigde,
Turkey. In Proceedings of the 14th European Conference on Earthquake Engineering, Ohrid, Republic of Macedonia,
30 August-3 September 2010.

Akand, L.; Yang, M.; Wang, X. Effectiveness of chemical treatment on polypropylene fibers as reinforcement in pervious concrete.
Constr. Build. Mater. 2018, 163, 32-39. [CrossRef]

Al-Hadithi, A.; Noaman, A.T.; Mosleh, W.K. Mechanical properties and impact behavior of PET fiber reinforced self-compacting
concrete (SCC). Compos. Struct. 2019, 224, 111021. [CrossRef]


http://doi.org/10.3390/ma11060900
http://www.ncbi.nlm.nih.gov/pubmed/29861478
http://doi.org/10.1016/j.conbuildmat.2020.120759
http://doi.org/10.1016/j.conbuildmat.2016.02.054
http://doi.org/10.1016/j.conbuildmat.2019.03.140
http://doi.org/10.1016/j.conbuildmat.2019.01.044
http://doi.org/10.1016/j.conbuildmat.2018.11.230
http://doi.org/10.1016/j.jclepro.2019.02.184
http://doi.org/10.1016/j.jobe.2019.100791
http://doi.org/10.1016/j.conbuildmat.2018.03.240
http://doi.org/10.1016/j.conbuildmat.2016.02.135
http://doi.org/10.1016/j.jclepro.2018.01.205
http://doi.org/10.1016/j.conbuildmat.2019.03.123
http://doi.org/10.1016/j.conbuildmat.2019.04.087
http://doi.org/10.1016/j.conbuildmat.2019.03.325
http://doi.org/10.1016/j.conbuildmat.2018.05.107
http://doi.org/10.1061/(ASCE)MT.1943-5533.0002751
http://doi.org/10.1016/j.jclepro.2019.06.260
http://doi.org/10.3390/polym14153132
http://doi.org/10.1016/j.conbuildmat.2019.116911
http://doi.org/10.1016/j.conbuildmat.2013.01.006
http://doi.org/10.1016/j.conbuildmat.2020.118453
http://doi.org/10.1520/JTE20150027
http://doi.org/10.1016/j.conbuildmat.2017.12.068
http://doi.org/10.1016/j.compstruct.2019.111021

Materials 2022, 15, 6527 17 of 17

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44.

45.

46.
47.

48.

Mastali, M.; Dalvand, A. Use of silica fume and recycled steel fibers in self-compacting concrete (SCC). Constr. Build. Mater. 2016,
125, 196-209. [CrossRef]

Fiore, V.; Scalici, T.; Di Bella, G.; Valenza, A. A review on basalt fibre and its composites. Compos. Part B Eng. 2015, 74, 74-94.
[CrossRef]

Kumutha, R.; Fathima, L.S.; Vijai, D.K. Experimental investigation on properties of basalt fiber reinforced geopolymer concrete.
J. Mech. Civil Eng. 2017, 14, 105-109. [CrossRef]

Abbass, M.; Singh, G. Impact strength of rice husk ash and basalt fibre based sustainable geopolymer concrete in rigid pavements.
Mater. Today Proc. 2021, 61, 250-257. [CrossRef]

Xu, J.; Kang, A.; Wu, Z.; Xiao, P.; Gong, Y. Effect of high-calcium basalt fiber on the workability, mechanical properties and
microstructure of slag-fly ash geopolymer grouting material. Constr. Build. Mater. 2021, 302, 124089. [CrossRef]

Saloni; Parveen; Pham, T.M. Enhanced properties of high-silica rice husk ash-based geopolymer paste by incorporating basalt
fibers. Constr. Build. Mater. 2020, 245, 118422. [CrossRef]

Sahin, F; Uysal, M.; Canpolat, O.; Aygormez, Y.; Cosgun, T.; Dehghanpour, H. Effect of basalt fiber on metakaolin-based
geopolymer mortars containing rilem, basalt and recycled waste concrete aggregates. Constr. Build. Mater. 2021, 301, 124113.
[CrossRef]

Yu, H.Y,; Meng, T.; Zhao, Y.X; Liao, J.P.,; Ying, K ]. Effects of basalt fiber powder on mechanical properties and microstructure of
concrete. Case Stud. Constr. Mater. 2022, 17, e01286. [CrossRef]

Wang, W.; Zhu, J.; Cheng, X.; Liu, S.; Jiang, D.; Wang, W. Numerical simulation of strength of basalt fiber permeable concrete
based on CT technology. Case Stud. Constr. Mater. 2022, 17, €01348. [CrossRef]

GB/T 14685-2011; Pebble and Crushed Stone for Construction. China Construction Industry Press: Beijing, China, 2011.

CJJ/T 135-2009; Technical Specification for Pervious Cement Concrete Pavement. China Construction Industry Press:
Beijing, China, 2009.

GB/T 50081-2019; Standard for Test Methods of Concrete Physical and Mechanical Properties. China Construction Industry Press:
Beijing, China, 2019.

CJJ/T 253-2016; Technical Specification for Application of Pervious Recycled Aggregate Concrete. China Construction Industry
Press: Beijing, China, 2016.

GB/T 50476-2019; Standard for Design of Concrete Structure Durability. China Construction Industry Press: Beijing, China, 2019.
Chen, M.C,; Kai, W,; Li, X. Deterioration mechanism of cementitious materials under acid rain attack. Eng. Fail Anal. 2013,
27,272-285. [CrossRef]

Oni, B.C,; Xia, J.; Liu, M. Mechanical properties of pressure moulded fibre reinforced pervious concrete pavement brick. Case
Stud. Constr. Mater. 2020, 13, e00431. [CrossRef]


http://doi.org/10.1016/j.conbuildmat.2016.08.046
http://doi.org/10.1016/j.compositesb.2014.12.034
http://doi.org/10.9790/1684-140305105109
http://doi.org/10.1016/j.matpr.2021.09.053
http://doi.org/10.1016/j.conbuildmat.2021.124089
http://doi.org/10.1016/j.conbuildmat.2020.118422
http://doi.org/10.1016/j.conbuildmat.2021.124113
http://doi.org/10.1016/j.cscm.2022.e01286
http://doi.org/10.1016/j.cscm.2022.e01348
http://doi.org/10.1016/j.engfailanal.2012.08.007
http://doi.org/10.1016/j.cscm.2020.e00431

	Introduction 
	Materials and Methods 
	Materials 
	Cement 
	Silica Fume 
	Aggregate 
	Basalt Fiber 
	Other Materials 

	Mixture Proportion 
	Test Method 

	Experiment and Discussion 
	Mechanical Properties of Fiber-Reinforced Pervious Concrete 
	Cubic Compressive Strength 
	Axial Compressive Strength 
	Flexural Tensile Strength 

	Permeability and Porosity of Fiber-Reinforced Pervious Concrete 
	Permeability 
	Porosity 
	The Relationship between the Permeability and Porosity 

	The Acidic Corrosion Behavior of Fiber-Reinforced Pervious Concrete 
	The Mesostructure of Fiber-Reinforced Pervious Concrete 
	Analysis of the Relation between Mechanical Properties and Physical Performance 

	Conclusions 
	References

