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Abstract: It is important to balance the characteristics of pervious concrete, such as mechanical,
physical, and durability properties. To obtain a better performance, adding fibers is very effective.
In this study, samples with different polypropylene fiber content (0 kg/m3, 3 kg/m3, 6 kg/m?,
and 9 kg/m3) were designed to test the strength, porosity, permeability, acid corrosion behavior,
and low-temperature performance of pervious concrete. It can be found from the experimental
results that, compared to the control samples (without the addition of fibers), when the mixing
amount of fiber is 6 kg/m?3, the cubic compressive strength, axial compressive strength, and flexural
tensile strength increase by 35.32%, 37.16%, and 13.04%, respectively; the porosity and permeability
coefficient decrease by 36.32 % and 49.30%, respectively; the strength of samples with acidic corrosion
times of 0 d, 20 d, 40 d, and 60 d increased by 30.96%, 17.41%, 15.47%, and 20.87%, respectively;
and the strength of samples at temperatures of —20 °C, —10 °C, 0 °C, and 25 °C decrease by 14.17%,
15.45%, 22.97%, and 30.96%, respectively. The meso-structure of pervious concrete is studied using
industrial computed tomography (ICT) to investigate the relationships between the characteristics. It
could be seen that the optimal dosage of polypropylene fiber is 6 kg/ m?3, which is more suitable for
application in engineering.
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1. Introduction

Pervious concrete, which can be identified as lightweight concrete and whose surface
is honeycombed, is a sustainable composite mix with a density of 1600-2000 kg/ m3 [1].
Pervious concrete can be used as a floor decoration in the community and pavement of
landscape garden to reduce the runoff of the stormwater and recharge the groundwater [2].
In order to permit the water to run through rather than run off, it is necessary to ensure
that pervious concrete has sufficient porosity and permeability [3,4]; thus, the pervious
concrete usually has lower mechanical strength [5]. The coarse aggregate type and particle
size, cement-aggregate ratio, method of manufacture, and mix proportion are the main
factors affecting the performance of the pervious concrete [6-11].

Some of the works in the literature have studied the performance of pervious mixes
with different aggregate types and particle sizes for decades. However, single-size ag-
gregates are usually used in engineering applications due to their ability to simplify the
production process [12]. Liu et al. [13] investigated the characteristics of pervious concrete
with different particle aggregate sizes, and the conclusion was that the void distribution
was mainly affected by the aggregate size. Meng et al. [14] presented the idea that aggregate
with a particle diameter of 5-10 mm could obtain a better post-cracking performance. Other
studies showed that the optimum size of the aggregate was 9.5 mm for pervious concrete,
using Portland cement [15]. Besides the particle size, it is also found that the porosity and
compressive strength were affected by the aggregate size [16]. Dolerite, granite, limestone,
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quartzite, and river gravel were the most common aggregates [17], and taking into account
the stability of performance and the universality of distribution, limestone is chosen was
the aggregate in this study.

Meanwhile, the water—-cement ratio (w/c ratio) also affects the performance of pervious
concrete. When the w/c ratio is relatively small, the aggregate could not be completely
covered by cement slurry, while a higher w/c ratio means that the liquidity of cement is
too strong to cover the aggregate effectively [17]. Due to the fluidity of cement slurry, the
decreasing of the w/c ratio usually leads to an increase in permeability and porosity [18,19].
The porosity must be considered in the design of pervious concrete, and some of the
literature indicated that the compressive strength and porosity are negatively correlated
due to the weak connection effect of aggregate and cement slurry [2,20]. Rangelov et al. [21]
investigated the influence of the w/c ratio on the performance of pervious concrete. It
could be concluded that the best mechanical properties could be obtained when the w/c
ratio was 0.25~0.35. Therefore, the w/c ratio was established to be 0.3 in this study.

Furthermore, supplementary cementitious materials are widely adopted to obtain a
better performance of pervious concrete through the effect of pore size refinement and ma-
trix densification [22]. Seeni et al. [23] partly replaced the cement with silica to manufacture
a new type of pervious concrete, so as to obtain better characteristics for the pervious mix.
Supit et al. [24] used metakaolin as an addition to a pervious mix to analyze its effect. The
results presented that the best early stage strength would be obtained when the metakaolin
content was 10%. Among these materials, silica fume, which is a powder generated during
the high-temperature melting of industrial silicon and ferrosilicon in industrial electric
furnaces, is often used to enhance the interfacial transition zone [25,26]. Thus, the silica
fume was used as an additive to replace the cement in this study.

Fiber reinforcement is another effective method that has gradually been widely used
to improve the characteristics of pervious mixes for decades [27]. Due to the bonding of
cement slurry and aggregate through the bridging action of fibers, the strength will increase
significantly [28-30]. In the commonly used fibers, polypropylene fiber has gradually
become a research hotspot due to its properties of high strength, small specific gravity,
and corrosion resistance [31,32]. Akand et al. [28] treated the surface roughness of short
polypropylene fibers, using a chemical method, and investigated its reinforcement effect on
the pervious mix. The results indicated that the bonding effect between fibers and cement
paste was obviously affected by the surface roughness and, thus, could effectively improve
the strength of pervious mix. Oni et al. [3] analyzed the strength of a pervious mix with
different polyethylene fiber proportions. It could be concluded that, with the increase
in fiber proportion, the compressive and splitting tensile strength decreased, while the
change in the flexural strength was relatively small, indicating that the influence of fiber
content on the flexural strength was not significant. Ozel et al. [33] studied the strength
and physical properties of pervious concrete with different fiber proportions. It could be
seen that the fibers were helpful to achieve superior strength and permeability. Ozturk
et al. [34] discussed the characteristics of the pervious mix with different polypropylene
fiber proportions. According to the research findings, the inclusion of fibers had a minimal
impact on the strength, deformability, and physical characteristics of the pervious mixture.
However, the durability of the mixture was ensured as a result of the bridging effect of
the fibers. Based on the analysis of the aforementioned literature, it could be concluded
that the fibers do have an effect on the characteristics of pervious concrete. Therefore,
a different content of polypropylene fiber is added to the pervious mix to promote its
engineering application.

Based on the above description, it can be seen that the current research on pervious
concrete mainly focuses on mechanical and physical properties, and little work has been
performed on durability. There is still much work to be performed, particularly in the areas
of acid corrosion and temperature effects. Therefore, the focus of this paper is to examine
how the addition of polypropylene fibers affects the characteristics of pervious concrete.
According to the preliminary tests, the fiber content was determined to be 0 kg/ m3,3 kg/ m3,
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6 kg/m?, and 9 kg/m3. The porosity, permeability coefficient, compressive strength,
flexural tensile strength, acidic corrosion behavior, and low-temperature properties were
subsequently subjected to the testing. Additionally, the mesostructure of the pervious
mix was obtained using ICT to investigate the mechanism of fiber action. Finally, based
on the results and analysis from these tests, an optimal polypropylene fiber content was
determined to enhance the practical application of pervious concrete.

2. Materials and Testing Parameters
2.1. Materials

The cement type used in this study was P O 42.5, whose 28-day compressive strength
was not less than 42.5 MPa, and other parameters are given in Table 1. Table 2 shows the
performance parameters of silica fume used as a supplementary cementitious material.
A polycarboxylate high-performance water reducer was chosen as an additive to reduce
the quantity of water. According to the Chinese Code CJJ/T 135-2009, tap water at room
temperature (25 & 4 °C) was used when mixing the pervious concrete [35]. The length
of the polypropylene fibers used in the cement paste was 20 mm, and Table 3 shows
other characteristics of the fiber. The parameters of the materials listed in Tables 1-3 were
provided by the manufacturer.

Table 1. Characteristics 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 24.6 484
Table 2. Performance parameter of silica fume.
Fire-Resistance Temperature Volumetric Weight Mean Diameter Specific Surface Area

O (kg/m®) (um) (m)
1600 1650 0.2 24

Table 3. The technical indexes of polypropylene fibers.

Density Tensile Strength Elastic Modulus Length Elongation
(kg/m®3) (MPa) (GPa) (mm) (%)
910 280 290 20 17

2.2. Mix Ratio and Curing Method

Based on the regulation of specification, the compressive strength was essential to
determine the mix proportion of the mixture [35]. Table 4 gives the mixture ratio through
preliminary tests. The weight of fiber was measured, and the test sample was made using
an electronic scale and concrete mixer, respectively. The internal surface of the mixer was
wetted before the mixing of the pervious concrete, and then we added half of the weighted
water and aggregate to the mixer and stirred for 60 s. Subsequently, we added the cement
and silica fume to the machine and stirred for 60 s, until the materials were mixed evenly.
When the mixer reached the set time and stopped, we put the remaining materials into
the machine and stirred for 120 s to ensure the uniform distribution of the raw materials.
The testing samples were compacted by a shaking table, whose rotational frequency and
amplitude were 2850 rpm and 2 mm, respectively. A large number of vibration tests with
vibrating times of 155, 20 s, 25 s, and 30 s were carried out, and it was determined that
the best compaction effect was obtained when the vibration time was 25 s. After that, the
previous concrete samples were kept in a curing box at a temperature of 22 °C and 95%
humidity for a duration of 28 days. In order to fully investigate the characteristics of the
pervious mix, different types of samples were produced. The dimensions of specimens
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for testing the axial compressive strength, flexural tensile strength, and permeability were
100 mm x 100 mm x 300 mm, 100 mm x 100 mm x 400 mm, and ®100 mm x 50 mm,
respectively. The side length of the cube samples for testing other parameters of the
pervious concrete was 100 mm, as shown in Figure 1.

Table 4. Mixture ratio of pervious concrete.

Aggregate Cement Water Silica Fume Water Reducer Fiber Content
(kg/m®) (kg/m®) (kg/m3) (kg/m3) (kg/m3) (kg/m3)
1617 388 121 25 413 -
1617 388 121 25 413 3
1617 388 121 25 4.13 6
1617 388 121 25 4.13 9

(b)

Figure 1. Dimensions of the specimens: (a) cube and prism specimens and (b) cylinder specimens.

2.3. Experiment Methods

In this paper, 52 groups of samples (each group included 3 samples) were designed to
obtain the corresponding performance parameters of pervious concrete. The parameters
and testing methods are given as follows.

2.3.1. Compressive Strength

To establish the strength grade of pervious mixture, a cubic compressive strength test
was carried out according to [36]. The strength referred to in this paper is the strength after
28 days of curing. The loading rate is 0.3 MPa/s, and the result is calculated according to
Equation (1).

F
fee = a )
where F is the bearing capacity (N), and A is the loading area calculated by the average
width and length of the sample (mm?).

The axial compressive strength is another important parameter that reflects mechanical
properties. The axial compressive strength, relative to the cube sample’s strength, serves as
a crucial indicator for assessing the material’s robustness at construction sites. Therefore,
axial compressive strength was tested according to [36] in this paper. The strength of the
prism sample could also be calculated by Equation (1).

2.3.2. Flexural Tensile Strength

The flexural tensile strength, which is mainly used to obtain the strength of brittle
materials, refers to the ability of materials to resist bending without breaking. According
to [36], the four-point bending test method was chosen for this study. Figure 2 shows the
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setup of the flexural test, in which the specimen is divided into three equal parts by rigid
bearers and a loading device, and the distance between the bearer and the two ends of
the specimen is 50 mm. The flexural strength tests were conducted with a loading rate of
0.03 MPa/s, as specified in [36]. The flexural strength can be calculated by Equation (2).

fr=pm (2)

where fr is the strength value (MPa); F represents the maximum loadings during the test
(N); I represents the distance between the two bearers (mm); and b and & represent the
width and height at the cross-section of the specimen (mm), respectively.

Load distribution device
\ v |

O O
100 S
Bearers— ~
SOL 300 }50
400

Figure 2. Experimental setup of flexural test.

2.3.3. Porosity

The pores of pervious concrete are continuous and interconnected. When water comes
into contact with the surface of pervious concrete, it permeates through these pores under
the force of gravity, reaching the lower part of the material. Before the testing of the
porosity, the specimens had to be oven-dried until the measured mass did not change.
Then, the specimens were immersed in the running water for 24 h, through which the
immersed weight could be obtained, as shown in Figure 3. Finally, the weight of the
specimens after completely drying was tested (dry weight). The porosity was calculated

using Equation (3) [37].
mp —m
P=|1-(——— || x100% 3
[ ( Pw Vo )} ®

where my and m; represent the immersed and dry weight (g) respectively, pw represents
the water density (g/cm?), V represents the volume of sample (cm?).

Electronic weigher

. Specimen| |

- __Water . _ _|

Figure 3. Experimental setup of immersed weight.

2.3.4. Permeability

The permeability coefficient is a parameter that characterizes the permeability of
concrete, referring to the water flowing through the permeable cement concrete per unit of
time. The constant head permeability is often used to obtain the permeability coefficient
due to its shorter test time and small deviations [38,39]. Figure 4 shows the experimental
setup used in this study, which is consistent with the requirements of the specification [35].
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Figure 4. Experimental setup of permeability.

Firstly, the samples were connected to the cylinder, using a sealant. Secondly, the
faucet, overflow outlet of the cylinder, and overflow water tank were used to obtain the
steady water head. Finally, the volume of water in the graduated cylinder was measured to
represent the water drained from the specimens. After that, Equation (4) could be used to
calculate the permeability.

D Q
=— X

ho Ag X t
where D represents the height of the sample (mm), Q represents the volume of water in a

graduated cylinder (mm?), hi represents the water head (mm), f represents the time interval
(s), and A represents the cross-section area of the sample (mm?).

Kt

(4)

2.3.5. Acid Corrosion

Acid rain is the most direct form of acid corrosion on pervious concrete, and it can
cause surface erosion, the dissolution of hydration products, and the exposure of aggregates.
Therefore, this study investigated the changes of strength of specimens under the action
of acid corrosion. During the testing process, the pH value was maintained at 1, and the
specimen was fully immersed in an acidic solution, as given in Figure 5. In order to prevent
the consumption of hydrochloric acid solution during the test, which leads to the increase
in pH value, the hydrochloric acid solution was measured every two days to ensure the
stability of the pH value. When the acidity decreased, hydrochloric acid needed to be
added to the liquid until the pH value reached the testing requirement.

According to the regulations of the specification [40], the acid corrosion time was
established as 20 days, 40 days, and 60 days.

Figure 5. The acid corrosion of specimen.
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2.3.6. Frost Resistance

In cold regions, lower temperatures will affect the strength of pervious concrete.
Referring to the relevant regulations of the ordinary concrete specification [40], this paper
studies the effect of low temperatures (—20 °C, —10 °C, 0 °C, and 25 °C) on the strength
of pervious concrete. The samples were soaked in running water for 24 h, removed
and replaced until there was no more water dripping, and then cooled to the specified
temperature in a refrigerator for 24 h. The samples were wrapped with a foam plate after
taking them out to ensure the stability of temperature during the testing process, as shown
in Figure 6.

Figure 6. The loading of a specimen at different temperatures.

2.3.7. Industrial CT Scanning

The mechanism of industrial CT (ICT) is ray detection, and ICT is considered the best
non-destructive technology in the detection of engineering and materials. In this study, the
samples were put into the instrument and scanned by the rotation of the probe. After that,
a thin layer of the cross-section of the workpiece without image overlap could be obtained,
and a 3D image was built by thin layers. The parameters of ICT used in this study are given
in Table 5.

Table 5. The parameters of ICT.

Sectional Dimension of Samples Height of Samples Pixel Size Effective Imaging Area
(mm) (mm) (um) (mm)
<300 <500 52 427 mm x 427 mm

3. Experiment Results and Discussion
3.1. Physical Properties
3.1.1. Porosity

Figure 7 shows the changes of porosity in accordance with the changes in the amount
of fiber doping. With the increase in the mixing amount of fiber, the porosity of the pervious
mixture decreased rapidly, and then the speed of decrease slowed down: compared to the
control specimen (i.e., 0 kg/m? fiber content), the growth rate of porosity changes from
—26.7% to —36.32% and —38.89% when the mixing amounts of fiber are 3 kg/m?3, 6 kg/m?,
and 9 kg/m?, respectively. The minimum porosity of pervious concrete specified in [35] is
also shown in Figure 7 (10%, red dashed line). It is clear that the porosity of all the samples
with or without the addition of fibers can meet the requirement of specification.
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Figure 7. Porosity of fiber-reinforced pervious mixture.

3.1.2. Permeability Coefficient

Figure 8 shows the relationship between the fiber content and permeability coefficient.
The changes of this value are the same as for the porosity: the value of the permeability
coefficient decreases as the mixing amount of fiber increases. Compared with the control
specimen, the lowest permeability coefficient (3.4 mm/s) is obtained with a fiber content of
9 kg/m3. The growth rate decreases rapidly from 0.00% for control samples to 49.30% for
mixing the amount of fiber of 6 kg/m?, and then it slowly decreases to 52.11% when the
fiber content is 9 kg/ m3. Therefore, it could be obtained that the permeability coefficient
and porosity are positively correlated. Based on the regulation of [35], the pervious concrete
must have a certain permeability coefficient (0.5 mm/s) to ensure its normal use. In Figure §,
the red dashed line represents the minimum value specified in the specification.

10 040 0

91 -10

z i k 33.80 2

g i G E
E ¢ [N . 38 S
40 &
£ o5t =~ 5211 o %
T 4T 4.7 . o T
E 3¢ 3.6 34 | E
&2 70 O

1 F -80

0 90

0 3 6 9
Fiber content (kg/m?)
Permeability = =Limit of Code =— Growth rate

Figure 8. Permeability coefficient of mixture.

3.2. Mechanical Properties
3.2.1. Compressive Strength

Figure 9 presents the relationship between the fiber content and cubic compressive
strength. The strength increases and then decreases when the mixing amount of fiber
increases. Compared to the control samples (20.1 MPa), the strength increases to 27.2 MPa
when the fiber content is 6 kg/m? (with a growth rate of 35.32%), and the increase is
basically linear. When the mixing amount of fiber is higher than 6 kg/ m?, the strength
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decreases rapidly. According to the regulation of [35], this strength value should be higher
than 20.0 MPa, which is represented by the red dashed line in Figure 9. All the testing
results of the cubic samples are higher than 20.0 MPa, indicating that the strength of
pervious concrete meets the requirements regardless of whether the fiber is added.

60 35.32 40
§ 50 30
5 40| 12.44 20 £
; :
% 30 r = 547 | 10 €
0] o =

0.00

é 20 + ‘__,____2.2.5____22'2,.___... 0 E
2 20.1 . 21.2 3
E 10 | -10
)

0 20

0 3 6 9

Fiber content (kg/m?)
Compressive strength = =Limit of Code u— Growth rate

Figure 9. Cubic compressive strength of fiber-reinforced pervious concrete.

Moreover, Figure 10 presents the failure modes during the cube strength test. When
the mixing amount of fiber is 3 or 6 kg/m?3, the failure modes are not much different.
Therefore, only the failure phenomenon of the fiber content of 3 kg/m? is given in the
figure, and the same expression is used in other strength tests. For the control samples, the
block is almost completely destroyed once the load reaches the maximum bearing capacity
of the specimens. Although some fragments fall off from the corner of the samples when
using fiber as reinforcement, the integrity of the samples is maintained well due to the
effect of the fibers.

Failure mode changes of cubic samples
with the increasing of fiber content

Figure 10. Failure mode of cubic samples with different fiber contents.

The relationship between the fiber content and axial compressive strength is given
in Figure 11. The variation of the strength curve is similar to those of cubic samples: The
strength value increases slowly, followed by rapidly, while the strength curve decreases
rapidly if the mixing amount of fiber is higher than 6 kg/m3. The maximum strength value
of fiber-reinforced pervious concrete is 20.3 MPa for the fiber content of 6 kg/ m?3, which is
37.16% higher than that of the control specimen.
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Figure 11. Compressive strength of prism samples.

Figure 12 gives the failure modes of prism samples with different mixing amounts of
fiber. Based on the data, regardless of whether polypropylene fibers are present or not, there
will be primary cracks running through the specimen upon failure. The key distinction lies
in the fact that, without the bridging effect of polypropylene fibers, a significant amount
of aggregate detachment occurs from samples, whereas specimens with fiber additions
exhibit superior integrity.

Failure mode changes of prism samples i
with the increasing of fiber content "

sanssttt
sttt msssesssnnse s e seeeeesssssses s sssssssssssssssisss s

Figure 12. Failure mode of prism samples with different fiber contents.

3.2.2. Flexural Tensile Strength

Figure 13 shows the changes in flexural tensile strength with the variation of the
mixing amount of fiber. The strength value of the control sample is 4.6 MPa; the strength
curve increases rapidly and decreases slowly with an increase in the mixing amount of
fiber. The strengths of fiber-reinforced samples are 5.6 MPa, 5.2 MPa, and 4.8 MPa for the
fiber contents of 3 kg/m?, 6 kg/m3, and 9 kg/m?, respectively. The flexural tensile strength
of the specimen with a mixing amount of fiber of 3 kg/m3 increases by 21.74%, and then
the growth rate of strength values decreases slowly from 13.04% to 4.35%. To promote the
application in engineering, the minimum strength value is determined to be 2.5 MPa [35].
In Figure 13, this value is represented by the red dashed line, thus, it can be seen that all
the samples could satisfy the regulation of the specification.
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Figure 13. Flexural tensile strength of pervious mixture.

Figure 14 displays the flexural failure modes of prisms with different mixing amounts
of fiber. The control sample is completely disconnected at the pure bending section, while
the upper surface of the fiber-reinforced sample is not completely cracked when the ultimate
bearing capacity is reached.

Failure mode changes of samples for flexural ..
test with the increasing of fiber content

Figure 14. Failure mode of prism samples for flexural test with different fiber contents.

3.3. Durability
3.3.1. Influence of Acidic Corrosion on the Cubic Compressive Strength

Figure 15 shows the relationship between the compressive strength and fiber con-
tent/corrosion time. When the mixing amount of fiber is constant, the strength increases
(020 d) and then decreases (20-60 d) with the increase in the corrosion time. In Figure 15, it
should be noted that the strength of samples immersed in an acidic solution increases first
if the immersion time is short, which may be due to the reason that the hardening speed
of concrete is faster than that of the corrosion. Whereas long-term corrosion will reduce
the compressive strength due to the continuous consumption of hydrochloric acid on
concrete components, for the samples with the same corrosion time, the strength increases
(0~6kg/ m?3) and decreases (6~9 kg/ m?3) with the increase in the mixing amount of fiber.
Considering the influence of corrosion time and fiber content, the optimum mixing amount
of polypropylene fiber is 6 kg/m3.
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Figure 15. Cubic compressive strength of samples with different fiber contents and corrosion times.

Figure 16 shows the damage of samples (mixing amount of fiber is 3 kg/m?®) with
different corrosion times. The coarse aggregate of the specimen is not exposed obviously,
as the corrosion lasts for 20 d, and there is little white colloid appearing on the surface of
the specimen. With an increase in immersion time, the surface of the samples undergoes
significant erosion, resulting in a clear exposure of coarse aggregates and exacerbating
aggregate shedding.

Damage of cubic samples with the increasing
of corrosion time —

Figure 16. Apparent damage of cubic samples with different corrosion time.

3.3.2. Influence of Low Temperature on the Cubic Compressive Strength

Figure 17 shows the relationship between the compressive strength and fiber con-
tent/temperature. Similar to the experimental results of ordinary concrete [41,42], the
testing results of strength increase with the decrease in temperature. The enhancement of
the concrete strength at low temperatures is attributed to two factors: firstly, the freezing of
water fills the voids in concrete, thereby increasing the bearing area of samples; secondly,
the strength of ice at low temperatures also increases. Meanwhile, for the samples with the
same temperature, the strength increases (0~6 kg/m?) and decreases (6~9 kg/m?) with the
increase in the mixing amount of fiber. Considering the influence of low temperature and
fiber content, the optimum mixing amount of polypropylene fiber is 6 kg/m?.
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Figure 17. Cubic compressive strength of samples with different fiber content and temperatures.

Figure 18 shows the damage of samples (the mixing amount of fiber is 3 kg/m3) at
different temperatures. Under the action of low temperatures, the brittleness of various
raw materials is enhanced, and the aggregate will fall off when the specimen is destroyed.
With the increase in temperature, the main crack will appear when the ultimate bearing
capacity is reached, and there is basically no aggregate falling off.

Failure mode changes of cubic samples

with the increasing of temperature
------ “MM‘-‘.&..

Figure 18. Failure mode of cubic samples at different temperatures.

3.4. The Mesostructure of Pervious Mix

The mesostructure of cubic samples with or without polypropylene fibers is obtained
through the scanning of ICT technology, as shown in Figures 19 and 20, which represent the
3D images and 2D tomographic images of the cross-section processed by Avizo software
2019.1, respectively.
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Figure 20. The 2D images of the cross-section of the samples: (a) 0 kg/m?3, (b) 3 kg/m?3, (c) 6 kg/m?3,
and (d) 9 kg/m?’.
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In Figure 19, the blue parts represent the aggregate and cement paste. Without the
constraint effect of fibers, cement paste is easier to bond to the aggregate (Figure 19a). With
an increase in the mixing amount of fiber (3~6 kg/m?), although the dispersion of aggregate
and cement paste is almost uniform, the fibers affected the thickness of the cement paste
due to their bridge-bonding effect (Figure 19b,c). When the fiber content was 9 kg/m?, a
large amount of cement paste bonded to the fibers, thus reducing the sizes of the voids
(Figure 19d).

The same trend of changes could also be obtained in Figure 20, in which the white and
grey parts represent the aggregate and cement paste, respectively. Due to the bonding of
cement paste to the fibers, the voids are blocked by cement paste, which will reduce the
number and volume of the voids (Figure 20a—d).

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

It is widely accepted that pervious concrete consists of three important components:
coarse aggregate, cement paste, and interfacial transition zone (ITZ). ITZ is a thin area
around the aggregate particles with a typical thickness of 20~40 um [3]. Based on the
location where yielding occurs, the failure modes usually include the following types:
aggregate failure, cement-paste failure, and failure along the ITZ. The changes in the failure
mode are given in Figure 21 (cubic samples for the compressive strength test), in which
the shape and characteristics of the cracks are marked. For the control specimens, all the
failure types could be seen. With the increase in the mixing amount of polypropylene fiber
(3~6 kg/m?), the aggregate and cement paste failure are the main reason why specimens
are destroyed. When the mixing amount of fiber reached 9 kg/m?, no aggregate or cement-
paste failure could be observed, and the cracks only developed along the ITZ. Considering
the distribution of components, which can be seen in Figures 19 and 20, it could be seen
that fibers have a significant influence on the compressive strength: the incorporation
of fibers will increase the volume of cement paste; it will also reduce the cement-paste
content attached to the aggregate and weaken the bonding strength between the cement
paste and aggregates. Thus, the failure modes of the samples changed from the failure
of three components (control samples) to cement-paste failure and failure along the ITZ
(3~6 kg/m3). Meanwhile, the failure modes of samples with a mixing amount of fiber of
9 kg/m? are mainly failure along the ITZ. The same phenomenon is also observed in other
tests of strength, thus indicating a trend of initial increase followed by subsequent decrease
in the strength exhibited by samples.

0 kg/m3 3 kg/m3 9 kg/m3

Tre
Aggregate,

Cracks”™ ~

Failure mode changes of cubic samples
with the increasing of fiber content

Figure 21. Failure modes of the samples.

The mechanical properties of pervious concrete are inversely related to its porosity
and permeability coefficient. When considering the bridge-bonding effect of fibers, an
increase in the volume of cement paste leads to a decrease in the number of voids, resulting
in a reduction in both porosity and permeability coefficient values. Porosity has a positive
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correlation with the permeability coefficient, which is consistent with the distribution of
the three components within pervious concrete.

Based on the above analysis, the research findings of this study and other works from
the literature are compared. It can be seen that the decrease in porosity is consistent with
that of Ozturk et al. [34]; the change trend of compressive strength is the same as that of
Al-Hadithi et al. [29], Ozel et al. [33], and Ozturk et al. [34]; and the variation of the flexural
tensile strength is in agreement with that of Al-Hadithi et al. [29]. However, compared with
the results of this study, the research findings of Oni et al. [3] exhibit different characteristics
in terms of the compressive strength, permeability coefficient, and porosity, which may be
due to the fact that the length of the fiber used is too short to give full play to the bridging
effect of the fiber. In summary, these comparisons indicate that the research results of this
study are reliable.

The optimal dosage of polypropylene fiber content should be determined to promote
the application of pervious concrete in practical engineering. Compared to the control
samples, the cubic compressive strength, axial compressive strength, and flexural tensile
strength of the samples with a fiber content of 6 kg/m? increased by 35.32%, 37.16%, and
13.45%, respectively, while the porosity and permeability coefficient decreased by 36.32%
and 49.30%, respectively. Considering the effect of acid corrosion, the cubic compressive
strength of the specimens with a mixing amount of fiber of 6 kg/m? is 30.96%, 17.41%,
15.47%, and 20.87% higher tha21n those of control samples when the corrosion time is 0 d,
20d, 40 d, and 60 d, respectively. When the mixing amount of fiber is 6 kg/ m3, the strength
values of specimens at temperatures of —20 °C, —10 °C, 0 °C, and 25 °C increase by 14.17%,
15.45%, 22.97%, and 30.96% compared to the control samples, respectively.

For pervious concrete, the primary concern is to meet the compressive-strength re-
quirements that ensure its suitability for use in engineering applications. In addition to
satisfying these strength criteria, other parameters must also conform to the relevant specifi-
cations and regulations. Through the analysis of the results of the physical and mechanical
performance of pervious concrete, it can be observed that the optimum mixing amount of
polypropylene fiber is 6 kg/m?.

4. Conclusions

Aiming to investigate the characteristics of the polypropylene-fiber-reinforced pervi-
ous mix, the testing of the mechanical properties, physical performance, and durability was
carried out in this study. The parameters of strength, porosity, permeability, acid corrosion
behavior, and low-temperature performance were obtained to ensure the optimum fiber
proportion. The conclusions are given as follows:

1. The addition of polypropylene fiber improved the strength performance of the mix-
tures. Compared to the specimens without polypropylene fiber, the three strength
values of samples with a mixing amount of polypropylene of 6 kg/m? increased by
35.32%, 37.16%, and 13.04%, respectively, indicating that the improvement of strength
by fiber is within a certain range.

2. The porosity and permeability coefficient decreased with the increase in the mixing
amount of polypropylene fiber. These two physical values with a mixing amount of
polypropylene of 6 kg/m> decreased by 36.32 % and 49.30%, respectively. Hence, the
physical performance had an inverse relation with the mechanical properties.

3. When the acidic corrosion times were 0 d, 20 d, 40 d, and 60 d, the cubic compressive
strength with the mixing amount of polypropylene fiber of 6 kg/m? increased by
30.96%, 17.41%, 15.47%, and 20.87% compared to the control samples, respectively.
The change trend of the strength was not related to the addition of fiber.

4. For the mixing amount of fiber of 6 kg/m?, the cubic compressive strength specimens
at temperatures of —20 °C, —10 °C, 0 °C, and 25 °C decreased by 14.17%, 15.45%,
22.97%, and 30.96% compared to the control specimens, respectively. The strength
values decreased with the increase in temperature, and the added polypropylene fiber
had no effect on the change in trend of strength.



Buildings 2023, 13, 1966 17 of 18

5. The mesostructure obtained through the scanning of ICT showed that the polypropy-
lene fiber obviously affected the internal structure of the pervious concrete, thus
reducing the porosity and, hence, affecting the characteristics of the pervious mix.

The research findings of this study regarding the strength properties and physical
performance are consistent with those of the other literature works, thus helping to verify
the results of this study. At present, durability tests are not very common; thus, the acid-
corrosion behavior and low-temperature performance were investigated in this study,
which is helpful to the development of pervious concrete in engineering. However, this
study analyzed only the effect of fiber content, without considering parameters such as the
fiber length, aggregate types, and supplementary cementitious materials. These parameters
can serve as variables for further research and provide a more comprehensive analysis of
the mechanism of polypropylene fiber.
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