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Abstract: This study investigates the strength and permeability properties of pervious concrete-
containing coal bottom ash (CBA) aggregates. Two pervious concrete mixtures were fabricated
with different aggregate size distributions. One mixture contained CBA aggregates with a single-
type distribution and the other mixture contained CBA aggregates with a hybrid-type distribution.
The test parameters of the CBA pervious concrete included the water/cement (W/C) ratio and
compaction level to investigate their effects on the properties. W/C ratios of 0.25, 0.30, and 0.35 were
considered for the mixture, and compaction levels of 0.5, 1.5, and 3.0 MPa were applied to fabricate
the pervious specimen. The increase in the W/C ratio reduced the strength by approximately 20% to
30% of the CBA pervious concrete. The increase in the compaction level reduced the permeability by
approximately four to five times but significantly increased the strength of the CBA pervious concrete.
The test results indicate that the use of single-type CBA or hybrid CBA aggregates with different size
distributions affected the properties of the pervious concrete. The strength of specimens, including
hybrid CBA aggregates, was 30% to 45% greater than that of the specimens containing single-type
CBA aggregates. Meanwhile, the use of hybrid CBA aggregates reduced the permeability of the
CBA pervious concrete by approximately 20% to 35%. Finally, relationships between the strength
properties, permeability characteristics and total void ratios of the CBA pervious concrete specimens
are suggested based on the test results.

Keywords: compressive strength; compaction level; permeability; coal bottom ash; total void ratio

1. Introduction

The demand for electricity has been increasing over time, which is motivating the
development of thermal power plants. According to a study by Abbas et al. [1], the amount
of coal bottom ash (CBA) emitted from thermal plants worldwide exceeded 700 million
tons in one year. Moreover, over 9 million tons of CBA are generated in South Korea every
year [2]. This indicates that CBA waste from thermal power plants should be utilized to
minimize the influence of CBA on the environment. Several studies have noted that CBA
can be used as a concrete component [3–7]. It is recommended that CBA should be used for
lightweight or pervious concrete [4,8] because of its porous structure.

For pervious concrete, coarse aggregates and cement paste act as the skeleton; thus,
in the usage of coarse aggregates, the type and size might directly affect the properties
of the concrete. In a study by Ćosić et al. [9], it was found that the use of small aggre-
gates improved the density, which resulted in a higher strength of the pervious concrete.
Strieder et al. [10] reviewed the use of recycled coarse aggregates with different sizes and
proportions; they fabricated pervious concrete with various replacement levels of natural
coarse aggregates by recycled coarse aggregates. According to this study, the density of
the pervious concrete decreased with increasing coarse aggregate size. In addition, the
permeability of the pervious concrete increased as the size of the coarse aggregate increased.
Park et al. [11] investigated the feasibility and strength properties of pervious concrete-
containing CBA of different sizes. Their test results showed that the permeability of the
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pervious concrete containing larger CBA aggregates was greater than that with smaller
CBA aggregates. In addition, the compressive and flexural tensile strengths of the pervious
concrete decreased with the larger size of the CBA.

Kováč and Sičáková [12] investigated the strength properties of pervious concrete
fabricated with a W/C ratio ranging from 0.25 to 0.35. It was found that an insignificant
difference in strength properties occurred when the W/C ratio increased from 0.25 to 0.35.
However, the influences of the W/C ratio on the strength properties of pervious concrete
were presented in research by Li et al. [13]. The researchers concluded that the W/C ratio
affected the paste film thickness, which played a major role in the permeability and strength
of pervious concrete. To achieve the desired porosity, Costa et al. [14] fabricated pervious
concrete with different W/C ratios. The researchers reported that the strength properties of
the pervious concrete somewhat depended on the W/C ratios, but the permeability was
highly affected by the W/C ratios. Therefore, the test results in previous studies implied
that the strength properties of pervious concrete mainly depended on the contents of the
cement paste and aggregates; accordingly, the W/C ratio affected its properties.

The workability of pervious concrete is lower than that of normal concrete due to the
concrete mixture containing coarse aggregate and cement paste. The lack of fine aggregates
reduces the workability of pervious concrete, potentially decreasing the adhesion between
the coarse aggregates and the cement paste. Therefore, precompaction is necessary when
casting pervious concrete. It has been reported that pervious concrete mixtures under
different compaction levels show different properties [15].

However, most previous studies have focused on analyzing the strength and perme-
ability of pervious concrete containing only natural aggregates. There are few studies on
the strength and permeability of pervious concrete-containing CBA aggregates.

Therefore, this study investigates the permeability and strength properties of CBA
pervious concrete, including the compressive, splitting, and flexural tensile strengths. The
effects of the size distributions of CBA aggregates, W/C ratios, and compaction levels on
the properties of CBA pervious concrete are evaluated. Finally, the relationships between
the strength, permeability, and total void ratio are presented to obtain prediction equations
for the strength and permeability of CBA pervious concrete.

2. Experimental Details

The single and hybrid CBAs used in the mixtures were provided by a thermal power
plant company in Yeongheung, Korea. According to KS F 2504 [16], density and absorption
rate tests for CBA were performed, and CBA aggregate with a weight of 150 g was tested
under saturated-surface dry (SSD) conditions. The density and absorption rate tests of
the CBA were mainly performed on three different aggregate series. First, the CBA was
divided into two groups with aggregate sizes of 1.2–2.5 mm and 2.5–5.0 mm; from there, the
density and absorption rate experiments were performed. Finally, density and absorption
rate tests were conducted on composite aggregates in which 20% of aggregates 1.2–2.5 mm
in size and 80% of aggregates 2.5–5.0 mm in size were combined by volume. The CBA
aggregates used in the mixtures are presented in Figure 1.

Table 1 shows the density and water absorption test results according to the size of
the CBA, and Figure 2 illustrates the aggregate density and absorption rate test results at
different sizes of CBA aggregates. The SSD density of the CBA aggregate ranged between
1.71 and 1.75, which was in accordance with previous studies [17–21] that satisfied the
standard bottom ash density in a range from 1.0 to 2.0. Water absorption for each size of
bottom ash ranged from 6.13 to 10.7%. As shown in Figure 2, the density increased with
decreasing CBA size, and water absorption decreased. Since CBA is a porous material with
many pores, it was indicated that the lower the density was due to the porosity, the higher
the water absorption through the pores [22].
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Figure 1. CBA used: (a) 1.2~2.5 mm; (b) 2.5~5.0 mm.

Table 1. Physical properties of the aggregates used.

Aggregate Size
Water Absorption SSD Density Oven-Dried Density

(%) (g/cm3) (g/cm3)

2.5–5.0 mm 10.7 1.71 1.54

2.5–5.0 mm (80%) +
1.2–2.5 mm (20%) 7.75 1.73 1.61

1.2~2.5 mm 6.13 1.75 1.65
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Figure 2. Relationship between absorption and density of CBA types.

Ordinary Portland cement (OPC) type I, achieving 51 MPa in compressive strength
after 28 days, was used for the mixtures. The cement was supplied by the Ssangyong C & E
Company (Seoul, Korea). The OPC had a density and specific surface area of 3.13 g/cm3

and 3670 cm2/g, respectively.
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3. Experiment
3.1. Mixing Proportions

Two series of mixtures, as shown in Table 2, were prepared in terms of CBA types with
different sizes. For the first mixture series, a single CBA aggregate with sizes of 2.5~5.0 mm
was applied. For the second mixture series, particles with sizes of 1.2~2.5 mm and particles
with sizes of 2.5~5.0 mm were combined with a proportion of 20% and 80% by volume.
The letters “S” and “H” in the mixture names denote the CBA types used in the mixtures.
In the mixture identifications in Table 2, the two numbers following “W” indicate W/C
ratios of 0.25, 0.30, and 0.35. The digit numbers following “C” indicate compaction levels
of 0.5, 1.5, and 3.0 MPa.

Table 2. Mixing proportions and compaction levels.

Mixture W/C Ratio

Mixture Proportions (kg/m3)

C.A.

Compaction Levels

Water OPC
CBA

MPa
1.2~2.5 mm 2.5~5.0 mm

S-W25-C0.5
0.25

110.0 440.0 - 1206.1 38.5 0.5
S-W25-C1.5 110.0 440.0 - 1206.1 38.5 1.5
S-W25-C3.0 110.0 440.0 - 1206.1 38.5 3.0

S-W30-C0.5
0.30

110.0 366.7 - 1245.9 38.5 0.5
S-W30-C1.5 110.0 366.7 - 1245.9 38.5 1.5
S-W30-C3.0 110.0 366.7 - 1245.9 38.5 3.0

S-W35-C0.5
0.35

110.0 314.3 - 1274.3 38.5 0.5
S-W35-C1.5 110.0 314.3 - 1274.3 38.5 1.5
S-W35-C3.0 110.0 314.3 - 1274.3 38.5 3.0

H-W25-C0.5
0.25

110.0 440.0 246.9 964.9 38.5 0.5
H-W25-C1.5 110.0 440.0 246.9 964.9 38.5 1.5
H-W25-C3.0 110.0 440.0 246.9 964.9 38.5 3.0

H-W30-C0.5
0.30

110.0 366.7 255.0 996.7 38.5 0.5
H-W30-C1.5 110.0 366.7 255.0 996.7 38.5 1.5
H-W30-C3.0 110.0 366.7 255.0 996.7 38.5 3.0

H-W35-C0.5
0.35

110.0 314.3 260.8 1019.5 38.5 0.5
H-W35-C1.5 110.0 314.3 260.8 1019.5 38.5 1.5
H-W35-C3.0 110.0 314.3 260.8 1019.5 38.5 3.0

Notes: OPC: ordinary Portland cement, CBA: coal bottom ash, and C.A.: cohesive agent.

The CBA aggregates were prepared under SSD conditions before they were mixed in
concrete because of their high-water absorption capacities. Finally, to improve the adhesion
between CBA aggregates, a cohesive agent was used in the mixtures. The cohesive agent
was a viscosity-modifying admixture, including water-soluble polymers that improved
the viscosity of the mixing water. In addition, these water-soluble polymers in cohesive
agents retain cement constituents in suspension, so the adhesion between CBA aggregates
was increased.

3.2. Compaction Method

Figure 3 illustrates the process of the compaction method in cylindrical and prismatic
steel molds after the pervious concrete was mixed and poured into the molds. The cylindri-
cal mold had dimensions of 100 mm (diameter) × 230 mm (height) × 10 mm (thickness),
while the dimensions of the prismatic mold were 100 mm (width) × 130 mm (height) ×
400 mm (length) × 10 mm (thickness). After pouring the fresh CBA concrete into the steel
mold, a steel plate was placed on the upper surface of the specimen. As shown in the figure,
the specimen was compacted by the steel plate, and a corresponding load was applied by
using a hydraulic jack.
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Since the concrete had not yet hardened in the fresh stage after mixing, the cohesive
strength between the cement paste and the aggregates was weak. This cohesive strength
could be improved by applying a precompaction load. However, excessive compaction
could result in segregated CBA aggregates in fresh concrete. Hence, the compaction
load was limited, and three levels of compaction (0.5, 1.5, and 3.0 MPa) were considered.
The compacted CBA pervious specimens are shown in Figure 4. The surfaces of the
cylindrical and prismatic specimens indicated that the CBA pervious specimen became
denser after compaction.
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3.3. Measurement of Material Properties

The material properties, including the total void ratio, permeability, and strength,
of the CBA pervious concrete were examined after the concrete specimens were cured in
water at 24 ± 2 ◦C for 28 days.

The total void ratio of the CBA pervious specimens was calculated as follows:

T(%) = 1−
(

Wd −Ww

ρw ×Vc

)
× 100 (1)

where T (%) is the total void ratio, Wd (g) is the mass of the CBA pervious concrete in the
dry state, Ww (g) is the mass of the CBA pervious concrete weighed in water, ρw (g/cm3) is
the density of water, and Vc (cm3) is the cylindrical concrete specimen volume.

Figure 5 shows the measurement of the permeability of the CBA pervious concrete. A
concrete specimen with dimensions of 100 mm (height) 100 mm (diameter) was prepared
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and fixed in a steel cylinder. The tested specimen was cut from the cylindrical specimens
with dimensions of 100 mm (height) × 200 mm (diameter). Then, the steel cylinder was
placed on a steel grid in a steel box to ensure water drained through the CBA pervious
specimen. The water was poured on top of the pervious concrete specimen for 30 s. The
water depth remained constant at 100 mm in the steel box. The water draining through the
specimen increased the amount of water in the steel box. When the water depth in the steel
box reached 100 mm, the water flowed through the side arm outlet of the steel box into
the measuring cylinder. According to the volume of water in the measuring cylinder, the
coefficient of water permeability of the CBA pervious concrete was calculated as follows:

Tcoef =
L
h
× Q

A× (t2 − t1)
(2)

where Tcoef (mm/s) is the coefficient of water permeability, L (mm) is the height of specimen,
h (mm) is the difference in water head between the steel cylinder and steel box, Q (mm3)
is the volume of water in the measuring cylinder, A (mm2) is the cross-section area of the
specimen, and t1 and t2 (s) are the initial and final times of the flowing water from the side
arm outlet of the steel box. The height of the water pressure through the sample or the
constant water head difference between the steel cylinder and steel box (h) was estimated
from the water head of the bottom of the side arm outlet in the water box to the water head
of the bottom of the side arm outlet in the water cylinder.
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The compressive strength of the CBA pervious concrete was estimated according
to the European standard EN 12390-3:2019 [23]. Moreover, the splitting tensile strength
of the CBA pervious concrete was determined according to the European standard EN
12390-6:2009 [24]. For the flexural tensile test, the experiment was performed according to
the European standard EN 12390-5:2019 [25].

4. Test Results and Discussion
4.1. Total Void Ratio

The test results of the total void ratio of CBA pervious concrete at various W/C ratios
are shown in Table 3 and illustrated in Figure 6.
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Table 3. Test results of the CBA pervious concrete.

Mixture

Total Void Ratio Coefficient of
Water Permeability

Compressive
Strength

Splitting
Tensile Strength

Flexural
Tensile Strength

(%) (mm/s) (MPa) (MPa) (MPa)

Mean S.D. Mean S.D. Mean S.D. Mean S.D. Mean S.D.

S-W25-C0.5 33.9 0.5 5.27 0.21 3.82 0.30 0.69 0.03 0.94 0.20
S-W25-C1.5 27.6 1.1 1.29 0.25 4.38 0.20 0.76 0.04 1.87 0.41
S-W25-C3.0 23.8 0.3 0.08 0.06 5.05 0.30 0.93 0.03 2.34 0.30
S-W30-C0.5 35.2 1.2 5.33 0.33 3.40 0.19 0.58 0.02 0.88 0.35
S-W30-C1.5 29.5 0.8 1.58 0.27 4.19 0.20 0.63 0.04 1.55 0.22
S-W30-C3.0 25.3 0.6 0.1 0.02 4.81 0.45 0.75 0.06 1.85 0.27
S-W35-C0.5 36.5 0.3 5.62 0.25 2.77 0.16 0.56 0.02 0.82 0.06
S-W35-C1.5 33.4 0.5 1.62 0.32 3.16 0.39 0.58 0.03 1.32 0.05
S-W35-C3.0 27.3 0.7 0.12 0.03 3.55 0.41 0.68 0.02 1.68 0.17
H-W25-C0.5 30.6 1.8 4.47 0.61 4.74 0.53 0.86 0.06 1.29 0.12
H-W25-C1.5 24.9 2.8 0.80 0.25 6.37 0.27 0.94 0.04 2.31 0.08
H-W25-C3.0 19.3 2.0 0.06 0.33 7.85 0.87 1.05 0.08 2.70 0.11
H-W30-C0.5 31.3 3.9 5.00 0.51 4.62 0.14 0.75 0.02 1.10 0.01
H-W30-C1.5 26.8 2.8 1.16 0.61 5.94 0.50 0.87 0.01 1.96 0.02
H-W30-C3.0 20.9 1.7 0.09 0.02 7.58 0.52 1.01 0.03 2.01 0.19
H-W35-C0.5 31.9 1.9 5.20 0.06 4.10 0.41 0.73 0.02 1.02 0.09
H-W35-C1.5 29.0 2.0 1.29 0.06 4.90 0.30 0.82 0.05 1.70 0.23
H-W35-C3.0 23.2 3.1 0.12 0.02 5.34 0.42 0.91 0.03 1.79 0.07
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Figure 6. Total void ratio results.

The test results reveal that the total void ratios of both the single-type and hybrid
CBA aggregate mixture series increased as the W/C ratio increased. For the mixture series
containing single-type CBA aggregates (S mixture series), an increase in the total void ratio
was observed with increasing W/C ratios. Specifically, for the S-C0.5 mixture specimens,
the total void ratio increased by 3.99% and 7.65% as the W/C ratio increased from 0.25 to
0.30 and 0.35, respectively. Similarly, the total void ratios of the S-W25-C1.5, S-W30-C1.5,
and S-W35-C1.5 specimens were 27.6%, 29.5%, and 33.4%, respectively, at each W/C ratio.
For the S-C3.0 mixture series, the total void ratio of the S-W35-C3.0 specimen reached its
greatest value of 27.3%, while those of the S-W25-C3.0 and S-W30-C3.0 specimens were
23.8% and 25.3%, respectively.
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For the mixture series containing hybrid CBA aggregates (H mixture series), the value
of the total void ratio of the H-C0.5 series specimens was slightly increased by increasing the
W/C ratio from 0.25 to 0.35. An increasing tendency in the total void ratio was observed
in the H-C1.5 series specimens. The total void ratio of the H-W25-C1.5 specimen was
25.0%, while those of the H-W30-C1.5 and H-W35-C1.5 specimens were 26.8% and 29.0%,
respectively. W/C ratios of 0.30 and 0.35 led to increases in the total void ratios of the
H-C3.0 series specimens by 8.88% and 20.62%, respectively.

According to previous studies [14,26–28], the total void ratio of the pervious concrete
increased with increasing W/C ratio. In particular, Cui et al. [28] investigated the effects of
W/C ratios ranging from 0.32 to 0.40 on the properties of pervious concrete. The test results
in their study indicated that the total void ratio slightly increased with increasing W/C
ratio. This phenomenon occurred because the higher W/C ratio in the mixture resulted in
shrinkage in the cement paste, thus creating more microscopic pores in the concrete.

This figure also presents the effects of the compaction levels on the total void ratios of
CBA pervious concrete specimens. The total void ratio of the S-W25-C3.0 specimen with a
0.25 W/C ratio was 29.79% and 13.77% lower than that of the S-W25-C0.5 and S-W25-C1.5
specimens, respectively. The S-W30-C3.0 specimen exhibited the lowest total void ratio of
25.3%, while those of the S-W30-C0.5 and S-W30-C1.5 specimens were 35.2% and 29.5%,
respectively. Similarly, the total void ratio of the S-W35 mixture series decreased from 36.5%
to 27.3% as the compaction levels increased from 0.5 to 3.0 MPa.

For the concrete specimens containing hybrid CBA aggregates, the total void ratio
of the H-W25 series was reduced by 18.28% and 37.05% at compaction levels of 1.5 and
3.0 MPa, respectively. Similarly, the H-W35-C3.0 specimen showed the lowest total void
ratio of 23.2%, while those of the H-W35-C0.5 and H-W35-C1.5 specimens were 31.9% and
29.0%, respectively.

Applying compaction to CBA pervious concrete caused the concrete to become
denser since the distances between aggregates decreased, and thus the cement paste was
thicker [29] in the horizontal direction. When applying the compaction to CBA pervious
concrete vertically, the distance between particles was reduced, and the coating cement
paste of the particles was increased horizontally. Simultaneously, the excess cement paste
filled the voids between the particles. According to a previous study, Torres et al. [30]
measured the cementitious paste thickness of uncompacted and compacted pervious con-
crete in the horizontal direction. The test results of this study showed that the horizontal
thickness of the cementitious paste of the compacted specimens was higher than that of the
uncompacted specimens. In another previous study by Wang et al. [31], the cementitious
thickness of pervious concrete was measured by high-precision CT scanner equipment. It
was reported that the bonding region of the coating cementitious paste in the horizontal
direction played an important role in the strength and permeability of the pervious concrete.
The thickness of the bonding region of the cementitious paste coating increased the strength
of the pervious concrete but reduced its permeability. Therefore, the total void ratio was
decreased due to the compaction of the pervious concrete.

Moreover, the total void ratio of the pervious concrete with single-type CBA aggregates
was higher than that of the pervious concrete with hybrid CBA aggregates. To prove this
claim, a scanning electron microscopy (SEM) analysis was conducted. Two cylindrical
specimens of each mixture with single-type and hybrid CBA aggregates were cut into
halves. Then, as presented in Figure 7, samples (dimensions of 20 mm × 20 mm × 10 mm)
were extracted from three different locations of the upper half cylinder over the depth of
the cylindrical concrete specimen. As presented in Figure 8, the distances between the
particles of the specimen with hybrid CBA aggregates (H series mixture) were smaller than
those of the specimen with single-type CBA aggregates (S series mixture) at three different
positions. This finding implied that the use of CBA types affected the microstructures of the
CBA pervious concrete specimens. Therefore, microstructure analyses of the CBA pervious
concrete specimens with SEM images corresponded to the test results showing that the



Materials 2022, 15, 7847 9 of 18

total void ratio of the pervious concrete with hybrid types of CBA aggregates was lower
than that of the pervious concrete with single-type CBA aggregates.
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In addition, the SEM results implied that the compaction had a different influence
on the voids at each position in the pervious concrete specimen. This finding shows
that the voids in CBA pervious concrete or the distances between the aggregate particles
decreased from the top to the middle position of the specimens in both series. This
phenomenon implied that the cohesive strength between the CBA aggregates was enhanced
by compacting the aggregates. Nevertheless, when the compaction energy was released,
the compacted particles expanded to obtain the initial stage. Therefore, the microstructure
at the middle position was denser than that at the top position.

4.2. Permeability

Figure 9 shows the permeability test results of CBA pervious concrete. The results
showed the influences of the W/C ratio on the permeability of the CBA pervious concrete.
Specifically, for the S mixture, the permeability coefficient of the S-C0.5 specimen increased
from 5.27 mm/s to 5.62 mm/s as the W/C ratio increased from 0.25 to 0.35. A similar ten-
dency was observed in the S-C1.5 mixture series specimens with permeability coefficients
of 1.29, 1.58, and 1.62 mm/s at W/C ratios of 0.25, 0.30, and 0.35, respectively. However,
the permeability coefficient of the S-C3.0 mixture series was almost constant at various
W/C ratios.
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Figure 9. Permeability coefficient results.

A slight increasing tendency in permeability was observed in the H mixture series.
For the H-C0.5 mixture series, the permeability coefficient increased by 11.63% and 16.33%
as the W/C ratio increased from 0.25 to 0.30 and 0.35, respectively. For the H-C1.5 mix-
ture series, the H-W25-C1.5, H-W30-C1.5, and H-W35-C1.5 specimens were 0.80, 1.16,
and 1.29 mm/s at each W/C ratio, respectively. As in the case of the S-C3.0 series, the
permeability of the H-C3.0 mixture series was constant at various W/C ratios.

The test results in this study show that the permeability of the CBA pervious concrete
slightly increased with increasing W/C ratio. In particular, when the compaction level was
3.0 MPa, the permeability of the concrete was not affected by W/C ratio. Cui et al. [28]
reported that the W/C ratio had little influence on the permeability of pervious concrete.
The researchers concluded that the permeability of pervious concrete was mainly related to
the porosity of the concrete. The amount of cement paste decreased with increasing W/C
ratio, and thus, the porosity of the pervious concrete increased. Eventually, the permeability
of pervious concrete increased with increasing W/C ratio.
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As shown in Figure 9, the compaction levels had a significant effect on the permeability
of the CBA pervious concrete. The test results show that the permeability of the S-W25
mixture series was dramatically reduced by 75.52% with increasing the compaction level
to 1.5 MPa. Similarly, the permeability coefficients of the S-W30 and S-W35 mixture series
significantly decreased by 70.36% and 71.17%, respectively. Increasing the compaction
level of CBA pervious concrete from 1.5 to 3.0 MPa reduced its permeability dramatically.
It was recognized that the permeability coefficients of the S-C1.5 mixture series were
approximately reduced by 95% at various W/C ratios.

For the H mixture series, a similar decreasing tendency in the permeability affected by
the compaction level was recognized. The permeability of the S mixture series significantly
decreased by approximately 95% at various W/C ratios with increasing compaction level.
In particular, when a compaction level of 3.0 MPa was applied to the specimens, the H
mixture series almost lost its permeability. Therefore, low permeability coefficients of nearly
0 mm/s of the H mixture series were obtained at various W/C ratios.

In addition, the test results indicate that the permeability coefficients of the S mixture
series were greater than those of the H mixture series at various W/C ratios. As shown in
Figure 6, the H mixture series microstructures were denser than the S mixture because of
the size distributions of coarse aggregates. Adding the small aggregate to the mixture could
fill the voids between the larger aggregates, preventing the flow rate of water through the
pervious concrete. Therefore, a lower permeability was shown in the H mixture series.

4.3. Compressive Strength of CBA Pervious Concrete

The compressive strength of CBA pervious concrete is shown in Figure 10. The figure
shows that the compressive strength of the CBA pervious concrete decreased as the W/C
ratio increased in both the single-type and hybrid CBA mixture series. For the hybrid CBA
mixture series, the compressive strength gradually decreased with increasing W/C ratio.
A decreasing tendency in compressive strength with the W/C ratio was observed in the
single-type CBA mixture series. Specifically, it was shown that the compressive strength of
the single-type CBA mixture under a compaction of 0.5 MPa (S-C0.5) decreased from 3.82
to 2.77 MPa as the W/C ratio increased from 0.25 to 0.35. Additionally, the compressive
strengths of the S-C1.5 and S-C3.0 mixture series decreased significantly with increasing
W/C ratio.
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The strength at the interfacial transition zone (ITZ) between CBA aggregates and
cement paste played an important role in the strength of the concrete. An increase in the
W/C ratio could generate micropores around the ITZ and finally reduce the strength of the
CBA pervious concrete. In addition, according to previous studies [14,28,32], the increase
in the W/C ratio caused the cement paste to be more liquefied; therefore, the cement pastes
easily flowed on the faces of the aggregates from the upper part to the bottom part of the
specimens. In this way, the strength of the upper part of the pervious specimen was lower
than that of the bottom part, which reduced the strength of the whole specimen.

The effect of the compaction level on the compressive strength of CBA pervious
concrete can be found in this figure. The test results show that the compaction level
improved the compressive strengths of both mixture series.

For the pervious concrete specimens with hybrid types of CBA aggregates, the influ-
ence of the compaction level on the compressive strength of the pervious concrete specimens
was considerable. As an example, the compressive strengths of concrete specimens with
compactions of 1.5 (H-W25-C1.5) and 3.0 MPa (H-W25-C3.0) were 34.39% and 65.61%
greater than those of the concrete specimens with a compaction of 0.5 MPa (H-W25-C0.5)
at a W/C ratio of 0.25.

It was assumed that the cement paste thickness of the CBA pervious concrete was
improved by increasing the compaction level. Moreover, the porosity of the CBA pervious
concrete decreased, which improved its compressive strength. Sahdeo et al. [33] recognized
that the compressive strength of pervious concrete improved with increasing compaction
energy. The test results reported in a study by Bonicelli et al. [15] indicated that the porosity
of the pervious concrete decreased as the compaction level increased.

The compressive strength of the pervious concrete with hybrid CBA aggregates was
greater than that of the pervious concrete with single-type CBA aggregates at various W/C
ratios. The denser microstructure of pervious concrete with hybrid CBA aggregates resulted
in a higher compressive strength than that of pervious concrete with a single type of CBA
aggregate. The same tendency was reported in a study by Yang et al. [34]. This study
indicated that the concrete mixture including multiple-size aggregates was more easily
compacted than the concrete mixture containing single-size aggregates. Therefore, the
strength of the pervious concrete was enhanced by combining different size distributions
of the CBA aggregate.

4.4. Splitting Tensile Strength of the CBA Pervious Concrete

The splitting tensile strength of CBA pervious concrete is shown in Figure 11. The
test results reveal that the splitting tensile strength of the CBA concrete decreased with
increasing W/C ratio. For a single type of CBA aggregate, the splitting tensile strength of
the S-C0.5 mixture series decreased from 0.69 to 0.56 MPa with increasing W/C ratio. The
splitting tensile strength of the S-C1.5 mixture series specimens gradually decreased by
17.11% and 23.68% and that of the S-C3.0 mixture series specimen decreased by 19.35% and
26.88% when the W/C ratio increased from 0.25 to 0.30 and 0.35, respectively.

The test results show that the splitting tensile strength of the CBA pervious concrete
was improved by applying compaction to pervious CBA concrete. Specifically, for con-
crete specimens with hybrid CBA aggregates at a W/C ratio of 0.25, the splitting tensile
strengths of the H-W25-C0.5, H-W25-C1.5, and H-W25-C3.0 specimens were 0.86, 0.94, and
1.05 MPa, respectively. The splitting tensile strength of concrete specimens with hybrid
CBA aggregates at a W/C ratio of 0.30 increased from 0.75 to 1.01 MPa with increasing the
compaction level from 0.5 to 3.0 MPa.

A similar tendency of splitting tensile strength in compacted pervious concrete ac-
cording to the compaction levels was observed in the study by Bonicelli et al. [15]. This
study showed that the splitting tensile strength of the pervious concrete improved with an
increasing number of blows. By increasing the compaction energy, the aggregate particles
were tightly packed, and the cement paste thickness increased. Thus, the strength of the
pervious concrete was improved at high compaction levels.
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Figure 11. Splitting tensile strength results.

4.5. Flexural Tensile Strength of the CBA Pervious Concrete

Figure 12 illustrates the flexural tensile strength characteristics of CBA pervious
concrete at various W/C ratios and compaction levels for concrete mixtures with single-
type and hybrid CBA aggregates.
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Figure 12. Flexural tensile strength results.

Overall, the flexural tensile strength of CBA pervious concrete decreased as the W/C
ratio increased. For the pervious concrete with single-type CBA aggregates at a compaction
level of 0.5 MPa (S-C0.5 series), the flexural tensile strength decreased slightly with increas-
ing W/C ratio. Specifically, the flexural tensile strength of the concrete specimen with a
single type of CBA aggregate at a compaction level of 0.5 MPa slightly decreased from
0.94 to 0.82 MPa as the W/C ratio increased from 0.25 to 0.35. Costa et al. [14] investigated
the effects of the W/C ratio and admixture on the properties of pervious concrete. Their
study indicated that the W/C ratio insignificantly affected the flexural tensile strength of
the pervious concrete.
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However, the concrete specimen with a single type of CBA aggregate at compaction
levels of 1.5 and 3.0 MPa (S-C1.5 and S-C3.0 series) represented a significant reduction
in the flexural tensile strength. Specifically, the flexural tensile strength of the concrete
specimen with a single type of CBA aggregate at a compaction level of 1.5 MPa decreased
by 20.11% and 41.53% as the W/C ratio increased from 0.25 to 0.30 and 0.35, respectively.
Therefore, the test results in this study imply that the compaction level of the CBA pervious
concrete could be considered when the extent of the effect of the W/C ratio on the flexural
tensile strength in the concrete was evaluated.

Regarding the compaction effect, the increase in compaction significantly improved
the flexural tensile strength in both mixture series. As shown in this figure, a significant
improvement in the flexural tensile strength was observed in pervious concrete with hybrid
CBA aggregates due to the compaction levels. The flexural tensile strength of the H-
W25-C3.0 specimen was 2.2 times and 1.2 times greater than that of the H-W25-C0.5 and
H-W25-C1.5 specimens, respectively. At a W/C ratio of 0.30, the H-W30-C3.0 specimen
presented the greatest flexural tensile strength of 2.01 MPa, while those of the H-W30-C0.5
and H-W30-C1.5 specimens were 1.10 and 1.96 MPa, respectively. Similarly, the flexural
tensile strengths of the H-W35-C0.5, H-W35-C1.5, and H-W35-C3.0 specimens were 1.02,
1.70, 1.79 MPa, respectively.

Finally, the test results demonstrate that the flexural tensile strength of the CBA
pervious concrete was improved by using the hybrid CBA type. This phenomenon was
reported in a study by Ćosić et al. [9]. According to this study, the addition of the small
aggregate improved the density of the pervious concrete, which resulted in higher flexural
tensile strength. A study by Nguyen et al. [35] indicated that the cement paste thickness
in different aggregate sizes varied. Because of the overall surface area, the cement paste
thickness of the large aggregates could be lower than that of the small aggregates. Therefore,
it could be assumed that the strength was improved by adding the small aggregates to the
pervious concrete.

5. Relationships between Test Results

The total void ratio of CBA pervious concrete is an important parameter used to
characterize the property of the concrete. Therefore, relationships used to predict the
compressive and splitting tensile strength and permeability coefficient of the CBA pervious
concrete based on the total void ratio were analyzed.

The relationship between the compressive strength and the total void ratio of CBA
pervious concrete is illustrated in Figure 13. The relationship revealed that the compressive
strength of the CBA pervious concrete decreased as the total void ratio increased. Based
on the exponential regression analysis, the relationship between the compressive and total
void ratio was expressed by the following equation:

f ′c = 21.7856e−0.0542v R2 = 0.79 (3)

where fc′ is the compressive strength (MPa) and ν is the total void ratio (%).
Figure 14 presents the relationship between the splitting tensile strength and total

void ratio of the CBA pervious concrete. The following equation can be used to predict the
splitting tensile strength of CBA pervious concrete based on the total void ratio:

fs = 2.0198e−0.0339v R2 = 0.76 (4)

where fs is the splitting tensile strength (MPa) and ν is the total void ratio (%).
Finally, the relationship between the permeability and total void ratio is illustrated in

Figure 15. The results show that the permeability and total void ratio had an exponential
relationship. The permeability increased with increasing total void ratio. The prediction for
the permeability based on the total void ratio was as follows:

Pcoe f = 0.0001e0.3175v R2 = 0.77 (5)

where Pcoef is the permeability coefficient (mm/s) and v is the total void ratio (%).
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Figure 14. Relationship between the spitting tensile strength and total void ratio.
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The coefficients of determination (R2) of the three equations in Equation (3) through
(5) were greater than 0.7, which implied that the equations could be used to reasonably
predict the compressive and splitting tensile strength and the permeability coefficient of
the CBA pervious concrete by using the measurement of the total void ratio.

6. Conclusions

This study investigated the strength and permeability properties in CBA pervious
concrete. In addition, the relationships between the strength properties and total void
ratio were presented. The following key findings and conclusions can be drawn from the
extensive test results and discussion:

1. By increasing the W/C ratio, the permeability of the CBA pervious concrete slightly
increased. In terms of the effect of the compaction level on the total void ratio, the com-
paction level significantly reduced the permeability of the CBA pervious concrete. At
a compaction level of 3.0 MPa, the CBA pervious concrete almost lost its permeability
properties. In addition, the use of the hybrid CBA type slightly reduced the permeability of
the CBA pervious concrete.

2. The compressive strength of CBA pervious concrete tended to decrease as the
W/C ratio increased. The test results revealed that compaction levels had a great effect on
the compressive strength of the CBA pervious concrete. In particular, the compaction of
the pervious concrete affected the compressive strength of the pervious concrete with the
hybrid type of CBA aggregate to a greater degree than that of the pervious concrete with
single-type CBA aggregate.

3. An increase in the W/C ratio reduced the splitting tensile strength of the CBA
pervious concrete. The compaction levels had a significant effect on the splitting tensile
strength of CBA pervious concrete. Specifically, the splitting tensile strength of the pervious
concrete with hybrid CBA aggregates improved by 22~33%. Finally, the use of hybrid
CBA aggregates was more favorable for improving the splitting tensile strength of CBA
pervious concrete.

4. The flexural tensile strength of the pervious concrete with hybrid CBA aggregates
decreased by 26~31% as the W/C ratio increased from 0.25 to 0.35. In addition, the flexural
tensile strength of the pervious concrete with single-type CBA aggregates increased by
2.0~2.5 times and that of the pervious concrete with hybrid CBA aggregates increased by
1.7~2.0 times as the compaction of the pervious concrete increased from 0.5 to 3.0 MPa.

5. The relationships between the strengths, permeabilities and total void ratios were
investigated by regression analyses. Equations from the regression analyses could be
reasonably used to predict the strengths and permeabilities of the CBA pervious concrete
specimens because the coefficients of determination of the equations were greater than 0.7.
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