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Abstract: The granulometric distribution of the aggregates used in pervious concrete can significantly
impact its mechanical and hydraulic properties by modifying granular skeleton and pore distribution.
The unit weight increases when single-sized aggregates are combined, which results in improved
mechanical properties. In this study, the maximum density methodology was applied to enhance
pervious concrete’s mechanical strength by using three narrow-sized basaltic aggregates and their
combination. The experimental results showed that the mechanical performance of the samples
created with packed aggregates improved compressive strength by up to 81.2% and the energy
support impact was higher than 225 J (50% higher than the reference sample) after curing for 28 days.
Although the densification of packing aggregates increased, the greatest reduction in porosity was
24.3%. The lowest infiltration rate was 0.43 cm/s, a satisfactory value according to the literature.
These findings suggest that the aggregates packing methodology is effective in producing optimized
and sustainable pervious concretes.

Keywords: compressive strength; impact resistance; infiltration rate; physical properties;
pore characterization

1. Introduction

As the world’s population and urbanization rates grow, more materials are used for
building construction purposes, which has reduced permeable areas and consequent soil
sealing [1–3]. This phenomenon can cause social, economic and environmental problems,
including flooding caused by stormwater [1,4–6]. To address this issue, environmental
protection agencies worldwide have proposed various alternative solutions. One promis-
ing solution is to use pervious concrete (PC) in pavements, which can help to mitigate
the negative impacts of heat islands and flooding in urban areas. Infiltrating rainwater
facilitates groundwater recharge while minimizing the pollution of water bodies [3,5–9].

PC is a type of concrete made up of cementitious materials (i.e., Portland cement),
water, open-graded coarse aggregates, and sometimes small amounts of fine aggregates [10].
Its mechanical and hydraulic properties are strongly influenced by the presence of inter-
connected pores, which typically range from 15% to 35% [4,5,10,11]. PC has an infiltration
rate that normally ranges from 0.2 to 2.64 cm/s [7,12,13] and its compressive strength falls
within the 2–30 MPa range [7,9,14,15].

PC’s mechanical and hydraulic properties are affected by various factors, such as the
amount of Portland cement, the water-to-binder ratio (w/b), the use of supplementary ce-
mentitious materials, the compaction process, and the type and grading of
aggregates [5,10,16,17]. Aggregate size can impact PC’s mechanical properties because
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it influences both pore formation and the thickness of the paste that interconnects aggre-
gates [18–21].

Granulometric aggregates distribution also plays a crucial role in determining the bal-
ance between porosity and the solid phase, which directly affect PC’s physical, mechanical,
and hydraulic properties [7,15]. The effect of combining different aggregates in PC can
depend on aggregates’ characteristics, such as their type, size, granulometric range and an-
gularity. Most studies have found that blended coarse aggregates can reduce porosity and
improve mechanical properties in PC [21]. Table 1 summarizes various mixtures designed
in the literature using combined aggregates. The results have shown that depending on
the employed aggregates, PC’s mechanical properties can be improved by up to 150.8%,
porosity can be reduced by 48% and the infiltration rate can be lowered by up to 94%.

Table 1. Summary of the influence of aggregate combinations on the properties of pervious concrete.

Author/Year Aggregate Size Use of Aggregates Main Findings

Yahia & Kabagire,
2014 [22]

2.5–10 mm
5–14 mm

10–20 mm

Three mixtures with single-sized aggregates and
three mixtures composed of 50/50% 2.5–10 mm
with 5–14 mm; 75/25% 5–14 mm with 10–20 mm

and 25/75% 5–14 mm with 10–20 mm.

The combination of aggregates improved
mechanical properties due to increased

packing density.

Meddah et al.,
2017 [23]

20 mm
10 mm

Four combinations of 10 mm and 20 mm
limestone aggregate mixtures: 50/50%, 25/75%,

75/25%, 60/40%.

Granular combinations of aggregates are one of
the main factors that affect strength

development and porosity.

Huang et al.,
2020 [24]

5–10 mm
10–15 mm

Two mixtures with single-sized granite
aggregates and one mixture made with 50% of

each single-sized aggregate.

The combination of aggregates resulted in up to
98% improved compressive strength and up to a

53% lower infiltration rate.

Hung et al.,
2021 [2]

2–5 mm
5–10 mm

Three mixtures. Mix 1: 100% aggregate 5–10 mm;
Mix 2: 80% (5–10 mm) + 15% (2–5 mm) + 5%
sand; Mix 3: 50% aggregate (5–10 mm) + 45%

aggregate (2–5 mm) + 5% sand.

The combination of aggregates resulted in up to
67% improved compressive strength, and

reductions of up to 48% and 94% in porosity and
the infiltration rate, respectively.

Wu F., Yu. Q.,
Brouwers, H.J.H.,

2022 [25]

1–2 mm
2–5 mm

Control mix made with 2–5 mm basalt and four
combinations by replacing the aggregate with

1–2 mm steel slag of 0% to 50% ratio replacement
with an increment of 12.5%.

The combination of aggregates resulted in up to
150.8% improved compressive strength, and

reductions of up to 35.7% and 63.4% in porosity
and the infiltration rate, respectively.

Neithalath, Sumanasooriya and Deo (2010) [26] report an increase in PC porosity when
employing blended single-sized aggregates. This increase is attributed to loss of larger
aggregates packing, caused by a different size particle being incorporated.

All of the above-mentioned studies were performed using empirical approaches to
combine aggregates, and not all the aggregate combinations resulted in improvements in
PC’s granular skeleton, as demonstrated.

This study aims to improve PC’s efficiency and sustainability by utilizing O’Reilly’s
maximum density methodology for aggregate packing [27]. This approach is preferred
to the empirical method for combining aggregates because it is more efficient. This study
specifically, compares the physical (density, porosity), mechanical (compressive strength,
drop-weight impact resistance) and hydraulic (infiltration rate) properties of PC prepared
using packed aggregates to those employing narrow-sized aggregates. In addition, a digital
image analysis was applied to characterize the pore structure, and a multiple regression
statistical model was used to establish correlations between mechanical and physical
properties. These findings can provide valuable insights to develop high-performance PC
that is both efficient and sustainable.

2. Materials and Methods
2.1. Materials

PC was prepared using the Brazilian Portland cement classified by ABNT NBR
16697 [28] as type V (equivalent to type III in Standard ASTM C150 [29]). This cement has a
density of 3.0 g/cm3 and its composition can present up to 10 wt.% of calcareous filler [28].
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Table 2 shows the chemical Portland cement composition, determined thorugh X-ray fluo-
rescence (XRF-7000 from Shimadzu, Kyoto, Japan). Local available natural basaltic coarse
aggregates (supplied by Mineração Grandes Lagos, Itapura, Brazil) were used to produce
PC. Three narrow-sized aggregates (A, B, and C) were combined in this study.

Table 2. Chemical Portland cement composition determined by X-ray fluorescence (wt.%).

SiO2 Al2O3 Fe2O3 CaO Na2O K2O SO3 MgO Others LOI

19.9 4.4 4.6 62.8 0.1 1.0 1.6 1.1 0.2 4.3

2.2. Experimental Procedure
2.2.1. Aggregates Characterization and Packing Procedure

The physical characterization of each basaltic aggregate (named A, B and C) was
performed following the instructions of ASTM C127 [30] and ASTM C29 [31]. To determine
both the unit weight and % of voids, the same compaction procedure used during the
production of PC samples was followed: compaction was carried out on a vibration table
in two layers (10 s per layer); simultaneously, 10 blows (approx. 1 per second) were made
with a steel rod to accommodate aggregates in the cylindrical mold (100 mm × 200 mm).
Finally, five more seconds were spent on the vibration table. The procedure was repeated
three times. This modification in relation to ASTM C29 [31] in the compaction procedure
was performed to guarantee the same conditions to accommodate aggregate particles while
producing PC.

The packing procedure, which applied the maximum density methodology proposed
by O’Reilly [27], was performed by combining two near narrow-sized aggregates (A and B
or B and C). The maximum density methodology is based on the refinement of pores and,
consequently, the increase in unit weight from optimizing the packing of the employed
aggregates (see Figure 1).
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Figure 1. Schematic diagram of the effect of packing aggregates in pervious concrete.

According to O’Reilly, the unit weight (kg/m3) of the largest aggregate should be
first determined. Then, a small amount of the larger aggregate (usually around 10% per
weight) is replaced with a smaller aggregate, and the unit weight is measured again. The
replacement percentage should be incrementally increased to observe its effect on unit
weight. The unit weight was obtained using the compaction procedure described above and
calculated according to ASTM C29 [31]. By graphing the replacement percentage versus
unit weight, a maximum value can be determined to indicate the optimal arrangement
of aggregates.
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This procedure was run by combining narrow-sized aggregates A–B and B–C. The
A–B–C combination was performed using the previous results obtained via the above-
mentioned combinations (A–B and B–C).

2.2.2. Pervious Concrete Production

A cement:aggregate mass ratio of 1:5 and an effective water/cement ratio of 0.26 were
set for all the PC mixtures. Six PC mixtures were assessed, as previously mentioned, with
three selected different narrow-sized aggregates (named A, B, and C), and three combi-
nations of packed aggregates (named AB, BC, and ABC) designed using the maximum
density methodology for aggregates packing. The nomenclature adopted for the different
PC is related to the employed aggregate: PC-Z, where “Z” is the used aggregate size (A,
B, C, AB, BC, or ABC). For all the mixtures, aggregates were utilized by considering the
saturated surface dry (SSD) condition. The PC mix proportions are presented in Table 3.

Table 3. Mix proportions of the prepared PC.

Mixture ID
Aggregate (kg/m3) Cement

(kg/m3)
Water

(kg/m3) Water/Cement Cement/Aggregate
A B C

PC-A 1581.25 - - 316.25 82.23

0.26 1:5

PC-B - 1530.79 - 306.16 79.60
PC-C - - 1523.96 304.79 79.25

PC-AB 841.78 841.78 - 336.71 87.54
PC-BC - 633.10 949.65 316.55 82.30

PC-ABC 333.73 333.73 1001.20 333.73 86.77

The PC mixtures were prepared in a mechanical drum mixer following these steps:
first, the aggregate was added to the mixer along with 50% of the water, and the mixture
was stirred for 30 s. Next, 100% Portland cement was added, and the mixture was stirred
for another 30-s period. Finally, the remaining water was added, and the mixture was
stirred for 60 s. Cylindrical specimens (100 × 200 mm) were then molded for compressive
strength tests (five specimens), and also for density, porosity, infiltration rate and pore
characterization by an image analysis (three specimens). Specimens were molded in two
layers by following the same compaction process to measure the unit weight for aggregates
(see Section 2.2.1).

To conduct the drop-weight impact resistance test, hexagonal samples were molded
with a side length of 145 mm and a height of 60 mm (5 samples for each mixture). The
molding process of the hexagonal specimens involved the following steps: first, the mold
was filled to the top and placed on a vibrating table for 15 s, while 20 blows were applied
simultaneously with a steel rod to accommodate concrete. Next, 5 s on the vibrating table
were applied to finish compaction.

All the specimens were demolded after 24 h and transferred to a curing room with a
relative humidity of approximately 95% for 28 days until the age test. After this period,
physical, hydraulic and mechanical tests were run.

2.2.3. Porosity and Density of Pervious Concrete

The PC samples’ porosity and density were tested in accordance with ISO 17785-2 [32].
Three samples from each mixture were tested. Samples were dried in an oven until their
mass was constant. The samples’ dry mass (kg), denoted as “md”, was then recorded. Next,
the samples were immersed in water at a temperature of 20 ◦C ± 2 ◦C and left for 30 min.
To eliminate entrapped air in voids, samples were tapped 10 times around the specimen’s
circumference with a rubber mallet. Finally, the immersed mass (kg) of samples, denoted
as “ms”, was recorded.
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Porosity was calculated using Equation (1), where “ρw” is the density of water at
the water bath temperature and “Vd” is the specimen’s volume. Density (kg/m3) can be
calculated using Equation (2).

Porosity (%) =

{
1 − (md − ms)/ρw

Vd

}
× 100% (1)

Density (%) =
md
Vd

(2)

2.2.4. Infiltration Rate

The infiltration rate test was conducted in the laboratory following the recommenda-
tions proposed by ISO 17785-1 [33] (see Figure 2). Three samples of each mix proportion
were analyzed, and infiltration rate “k” was determined via Equation (3).
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Figure 2. Schematic representation of the infiltration rate test.

Specimens were wrapped along their length with three layers of plastic film, and a
50 mm lip was left above the top surface. To prevent water percolation on the sides and to
adjust shrink wrap to sample surfaces, shrink wrap was heated with a heat gun. Specimens
were then placed in a funnel to leave the bottom face free.

Infiltration rate “k” was calculated based on the time “t” required for the percolation
of 2000 mL of water “V”, poured while maintaining a head of water of approximately
20 mm at the top of the specimen with a known cross-sectional area “A”.

k =
V

A × t
(3)
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2.2.5. Compressive Strength

Compressive strength was evaluated by testing five samples for each mix proportion
using a universal testing machine (EMIC) with a maximum capacity of 200 tons at a load
rate of 0.45 MPa/s, as described in NBR 5739 [34].

2.2.6. Drop-Weight Impact Resistance Test

The drop-weight impact resistance test is quantified by the number of blows required
to cause a certain level of damage. This test provides an estimate of the energy absorbed
by a sample at various load levels. To perform the test, a hexagonal sample is supported
by a bed of sand, and a steel ball (63 mm diameter, 1.06 kg mass) is dropped onto the
sample from a height of 1.0 m (see Figure 3). The test is repeated several times until the
sample fractures. The energy of each impact is calculated using Equation (4), which takes
into account the height of the drop, the steel ball’s mass and the gravitational constant.
This test was used to evaluate the drop-weight impact resistance of the samples in this
study. According to the literature [35,36], the energy absorbed by each sample during the
drop-weight impact resistance test can be calculated using Equation (4), where “IE” is the
impact energy (J), “h” is the drop height (m), “m” is the steel ball’s mass (kg) and “g” is the
gravity constant (9.81 m/s2).

IE = h × m × g (4)
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2.2.7. Pore Structure Characterization

A digital image analysis is a powerful tool for obtaining detailed information about
materials’ internal pore structure. The procedure described in Figure 4 involves half-
sectioning specimens and painting each PC face to improve contrast. High-quality two-
dimensional optical images are captured and then analyzed with the ImageJ software to
determine parameters such as total porosity, total number of pores, average pore diameter
and average pore area. This approach provides a more detailed understanding of the pore
structure than traditional methods such as method ISO 17785-2 [32].
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2.2.8. Correlations among Pervious Concrete Properties

Multiple regression is a statistical method used to explore the relation between a
dependent variable and two independent variables or more by determining the coefficients
that best fit the data [37]. In this study, a multiple regression analysis with a 95% confi-
dence level was performed to investigate the relation between the compressive strength
and impact resistance of PC and its physical properties, including density, porosity and
aggregate size.

The model is expressed by Equation (5), where y represents the predicted values
(compressive strength or impact resistance), x1, x2, x3, and xn denote the independent
variables (density, porosity, aggregate size), and a1, a2, a3 refer to the regression coefficients.
The model’s accuracy can be assessed by calculating the coefficient of determination (R-
squared value), which measures the proportion of total variation in the dependent variable
that can be explained by the independent variables. A higher R-squared value indicates
the model’s better data fit.

y(x1, x2, x3, xn) = β0 + a1 × x1 + a2 × x2 + a3 × x3 + . . . + an × xn (5)

3. Results and Discussions
3.1. Aggregates Characterization and Packing Results

Three different narrow-sized aggregates, as well as their combination, were utilized
in the study. Figure 5a,b depicts the morphological characteristics and the single-sized
particle distributions, respectively. Table 4 outlines their physical properties. According
to previous studies [38,39], a coefficient of uniformity below 2.0 is desirable for achieving
higher porosity in PC. Of the tested aggregates, “B” and “C”, respectively, demonstrated
coefficients of uniformity of 1.5 and 1.4, which indicate a narrow particles range. However,
aggregate “A” displayed a coefficient of 2.4, which suggests a slightly wider particle
size range.

The results obtained from the maximum density methodology for the evaluated
aggregates are presented in Figure 5c. The maximum unit weight was achieved when 50%
of aggregate “A” was substituted for “B”, which resulted in a 10.7% increase in unit weight
compared to employing aggregate “B” alone. This outcome can be explained by the smaller
particle size and higher coefficient of uniformity exhibited by aggregate “A”, which can
significantly broaden particle size distribution when combined with “B”.
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Table 4. Physical properties of basaltic aggregates.

Properties A B C AB BC ABC Standard

Water absorption (%) 4.45 2.31 1.97 3.38 2.11 2.53 ASTM C127 [30]
Specific gravity 2.97 3.04 3.03 3.01 3.03 3.02 ASTM C127 [30]

Specific gravity OD * 2.62 2.84 2.86 2.73 2.85 2.81 ASTM C127 [30]
Specific gravity SSD ** 2.74 2.91 2.92 2.83 2.92 2.88 ASTM C127 [30]
Unit weight (g/cm3) 1.75 1.68 1.69 1.86 1.76 1.84 ASTM C29 [31]

% Voids 40.96 44.63 44.11 38.22 41.72 39.09 ASTM C29 [31]
* OD—oven-dry; ** SSD—saturated-surface-dry.

With the packed aggregate “BC”, optimal replacement was determined as 40% of
aggregate “B”. This resulted in a density of 1762.2 kg/m3, which corresponds to a 4.1%
increase in unit weight compared to using aggregate “C” alone. To produce the packed
aggregate “ABC”, 60% of aggregate “C”, 20% of “B”, and 20% of “A” were mixed in line
with the results previously obtained for “BC” and “AB”. This combination gave a density
of 1835.8 kg/m3, which represents an 8.9% increase in the unit weight compared to using
aggregate “C” alone. Table 4 presents the physical parameters for the packed aggregates.

3.2. Pervious Concrete Properties
3.2.1. Porosity and Density

Figure 6a,b displays the porosity and density of all the produced PCs. An increase in
porosity and a decrease in density took place in the PCs containing only a narrow-sized
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aggregate (A, B, or C) when aggregate size was increased. In contrast, PC-A, which was
prepared with aggregate “A”, had lower porosity and higher density, likely because its
unit weight and coefficient of uniformity values were, respectively, higher. Additionally,
previous research has indicated that smaller coarse aggregates generally lead to denser and
less porous PCs [21].
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Despite having different size range distributions, PC-B and PC-C obtained similar
porosity and density values (roughly 34% and 1830 kg/m3, respectively). This result can be
attributed to the presence of the comparable voids content and unit weight of aggregates,
which are the predominant factors that influence PCs’ porosity and density [40].

The maximum density methodology was applied to combine aggregates, and resulted
in PC’s decreased total porosity and increased density. The incorporation of aggregate
A with aggregate B (PC-AB) reduced total porosity by 24.3% and increased density by
9.0% compared to the mixture created solely with aggregate B. Similarly, the combination
of aggregate B with C (PC-BC) reduced porosity by 9.2% and increased density by 3.9%
compared to the concretes created only with aggregate C. The inclusion of aggregate A
(PC-ABC) further enhanced the particles packing of aggregate C, reduced porosity by 20.5%
and increased density by 8.3% compared to PC-C. These findings are consistent with the
literature, which reports porosity ranging from 25.6% to 31.9% and density falling within
the 1903.2 kg/m3 to 1998.0 kg/m3 range [7,12,35]. Wu [25] obtained similar results, with
a reduction in porosity from 13.9% to 35.7% by combining basalt aggregates (2–5 mm)
with steel slag aggregates (1–2 mm). Figure 7 presents the correlation between density and
porosity, where a good correlation was obtained (R2 = 0.78).
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3.2.2. Infiltration Rate

The results of the hydraulic conductivity tests for the infiltration rate are presented in
Figure 8. Standard NBR 16416 [41] states that the minimum infiltration rate for PC should
be 0.1 cm/s if used for paving. The infiltration rate for the PC created with narrow-sized
aggregates (PC-A, PC-B, and PC-C) ranged from 0.46 to 2.62 cm/s. Coarser narrow-sized
aggregates led to higher infiltration rates due to the presence of larger interconnected
pores [9,42]. Conversely, smaller coarse aggregates tend to decrease PC’s drainage capacity
by creating smaller pores, which impede water flow [20,43]. Yu et al. [43] found that the
number of seepage flow paths lowered and became thinner in a PC created with smaller
aggregates, which led to reduced hydraulic efficiency.
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As expected, the narrow-sized aggregates combination resulted in a lower infiltration
rate. PC-AB had the lowest infiltration rate (0.43 cm/s) of all the assessed PCs, which is
a reduction of 67.6% compared to PC-B. The reduction of PC-BC was 36.3% compared to
PC-C. It is interesting to note that the PCs created with two packed aggregates had a similar
infiltration rate to those prepared with smaller sized aggregates. Only PC-ABC had a
higher infiltration rate compared to the PC created with the smallest aggregate (PC-A). The
decrease observed in the infiltration rate was similar to that reported by other authors, who
combined smaller sized aggregates (10–94%) [2,26,28]. In all cases, however, the observed
reduction in the infiltration rate did not block the seepage flow. Samples met the minimum
requirements set out by the standard and the data found in the literature [14,44].

3.2.3. Compressive Strength and Drop-Weight Impact Resistance

The results of the 28-day compressive strength tests of the PC made with different
aggregate sizes are presented in Figure 9a. Of the mixtures prepared with narrow-sized
aggregates, PC-A exhibited the highest compressive strength. In contrast, PC-B and PC-C
mixtures obtained a reduction of 23.8% and 32.6%, respectively, compared to PC-A. The
heavier unit weight and the lower aggregate A porosity likely contributed to better com-
pressive strength. It is noteworthy that using a coarser aggregate led to lower compressive
strength, as reported by previous studies [9,15]. This trend could be attributed to smaller
aggregates’ larger surface area, which creates more binder bonds in the internal structure,
thus improving compressive strength [20].
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Employing combined aggregates in PC resulted in a significantly improved com-
pressive strength compared to the PCs made solely with narrow-sized coarse aggregates.
Specifically, a 74.4% increase was observed for the PC-AB mix compared to PC-B. A slight
increase of 16.4% was also recorded for the PC-BC mix compared to PC-C. When the small-
est particle size aggregate was combined in the PC-ABC mix, the increase in compressive
strength was 81.2%, and the resulting compressive strength was 16.76 MPa, which came
very close to that of the PC-AB mix. Increased compressive strength can be attributed to
greater aggregates packing, which densifies concrete. Although the literature reports that
combinations of aggregates can either reduce or increase compressive strength depending
on the amount of each aggregate to be incorporated, the increase herein observed is consis-
tent with other reported values that range from 14.3 to 18.4 MPa (yielding increments up to
150%) [2,24,25]. It is important to note that no harmful reduction in the infiltration rate took
place, which suggests that enhanced PC could be produced by combining narrow-sized
aggregates with the maximum density methodology.

Figure 9b illustrates the influence of aggregate size on PC’s impact energy for hexagonal-
shaped samples. For narrow-sized aggregates, an increase in aggregate size is associated
with a slight decrease in impact energy: PC-A, PC-B and PC-C required 144.7 J, 141.2 J, and
117.1 J, respectively. However, the combination of two narrow-sized aggregates significantly
increased impact resistance. The PC-AB mix required 227.3 J for rupture, which represents
a 61.0% increase compared to PC-B. Similarly the PC-BC mix required 141.2 J, a 20.6%
increase compared to the PC-C mix. The incorporation of the finer narrow-sized aggregate
“A” resulted in a more significant increment in impact resistance with energy rising to
189.4 J in the PC-ABC mixture, which is the equivalent to a 61.8% increase compared to the
PC-C mix. This may be due to the presence of finer aggregates, which promote enhanced
bridging connections and support greater impact energy. Although there is a gap in the
literature about applying impact resistance tests in PC, the results of this study came close
to those obtained by Mastali and Dalvad [45] in self-compacting concrete reinforced with
1.25% recycled carbon fiber-reinforced polymer, with maximum absorbed energy to the
first and ultimate crack impact resistance of 223 J and 293 J, respectively.

The combination of aggregates in PC leads to a significant increase in both compressive
strength and impact resistance. The smallest aggregate’s packing ability is more efficient in
improving mechanical properties by being more effective in filling pores [25]. Therefore, the
packaging methodology can be a useful tool for optimizing aggregate mixtures to obtain
more resistant PC mixes without having to resort to trial-and-error testing.

3.2.4. Pore Structure Characterization by Digital Image Analyses

In addition to total porosity, analyzing the pore structure can provide valuable in-
sights into the behavior of the materials used in mixtures and how they influence PC
properties [17,46]. In this study, two-dimensional optical images were used to determine
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the total porosity, average diameter and pore area for the various evaluated mix proportions.
The digitized and thresholded images of samples appear in Figure 10.
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Figure 10. Scanned and binary (threshold) images of different PC sample surfaces and their respective
total porosity.

The total porosity obtained through the digital image analysis can be compared to the
value calculated according to ISO 17785-2 [32]. Both results are presented in Figure 11, and a
similar trend and a linear fit with an R2 of 0.85 were obtained. These findings are consistent
with previous research by Chandrappa and Biligiri [11], who reported similar results.

Sustainability 2023, 15, x FOR PEER REVIEW 13 of 19 
 

 

 
Figure 10. Scanned and binary (threshold) images of different PC sample surfaces and their 
respective total porosity. 

 
Figure 11. Comparative analysis of porosity using digital image analyses (ImageJ) and ISO 17785-2. 

Table 5 presents the pore structure analysis results obtained with image analysis 
software. Employing coarser aggregates in PC resulted in a small number of total pores 
in a slice section compared to the finer aggregate, which ranged from 61 to 263 pores. This 
trend is consistent with the findings of Sumanasooriya and Neithalath [47] for recycled 
aggregates. Furthermore, the average pore diameter and pore area also reduced when 
finer aggregates were used, and PC-A obtained values of 2.52 mm and 7.39 mm2, 
respectively, which represent 61.7% and 18.4% of the values for PC-C. The smaller pore 
diameters in PC-A and their lesser connectivity were responsible for the lower infiltration 
rate compared to PC-C [20,47]. 

The packing methodology had a notable impact on the PC pore structure. PC-AB 
showed an increased number of pores compared to PC-B, which ranged from 89 to 144. 
However, the average pore diameter and pore area decreased from 3.45 to 3.03 mm and 
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Table 5 presents the pore structure analysis results obtained with image analysis
software. Employing coarser aggregates in PC resulted in a small number of total pores in
a slice section compared to the finer aggregate, which ranged from 61 to 263 pores. This
trend is consistent with the findings of Sumanasooriya and Neithalath [47] for recycled
aggregates. Furthermore, the average pore diameter and pore area also reduced when finer
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aggregates were used, and PC-A obtained values of 2.52 mm and 7.39 mm2, respectively,
which represent 61.7% and 18.4% of the values for PC-C. The smaller pore diameters in
PC-A and their lesser connectivity were responsible for the lower infiltration rate compared
to PC-C [20,47].

Table 5. No. of pores, average pore diameter and average pore area for all the mixtures.

Mixture ID Number of Pores Average Pore
Diameter (mm)

Average Pore Area
(mm2)

PC-A 263 2.52 7.39
PC-B 89 3.45 25.79
PC-C 61 4.08 40.22

PC-AB 144 3.03 13.45
PC-BC 61 4.09 33.56

PC-ABC 77 3.61 26.56

The packing methodology had a notable impact on the PC pore structure. PC-AB
showed an increased number of pores compared to PC-B, which ranged from 89 to 144.
However, the average pore diameter and pore area decreased from 3.45 to 3.03 mm and
from 25.79 to 13.45 mm2, respectively. These results represent a reduction of 12.2% and
47.8% in the average pore diameter and average pore area, respectively.

When comparing PC-BC to PC-C, no difference in the total number of pores and
average pore diameter was seen. However, the average pore area showed a reduction of
16.6% due to the fine aggregates filling the voids of coarser aggregates during the packing
process. This reduction in pore area is supported by the lower total porosity obtained for
PC-BC vs. PC-C using ISO 17785-2 (see Figure 11) [32].

PC-ABC had a larger total number of pores than PC-C (77 vs. 61). However, the
reductions in the average pore diameter and average pore area were 11.5% and 34.0%,
respectively, which indicate pore structure refinement. This result explains the lower
infiltration rate and the increase in the mechanical properties of the PCs with a combination
of aggregates. The packing process provided by the finer aggregate combined with the
larger particles reduced pores, as herein observed and by other authors [20,43].

3.3. Correlations among Pervious Concrete Properties

The relation among PCs’ density, porosity, infiltration rate and mechanical properties
is generally linear or exponential [16,18,22]. Figure 12 illustrates the relation among com-
pressive strength, impact energy and infiltration rate concerning the density and porosity
of the PC mixtures for which different sized aggregates were used.

The compressive strength showed a linear increase with rising density and a de-
crease with increasing porosity (R2 = 0.66 and R2 = 0.93, respectively). The impact energy
for rupture exhibited similar behavior when related to density (R2 = 0.82) and porosity
(R2 = 0.78). Conversely for the infiltration rate, an increase in density and a decrease in
porosity gave a lower infiltration rate (R2 = 0.53 and R2 = 0.89, respectively). These findings
agree with the literature [9,15,19,48], and suggest a close relation between the infiltration
rate and porosity.

A multiple regression model (using 18 experimental data) was conducted using a
statistical program (Statgraphics Centurion) to establish the correlation among compressive
strength, impact energy, density, porosity and aggregate size. With the linear regression
model (Equation (5)), this analysis identified the parameters (density, porosity, aggregate
size) that most significantly affected the assessed PC mixtures’ compressive strength and
impact energy.
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Table 6 summarizes the coefficients obtained for a1 (density), a2 (porosity), a3 (ag-
gregate size) and β0 (interception), the p-values significance, and an analysis of variance
(ANOVA) at the 95% confidence level. According to the ANOVA, there was a statistically
significant relation between the assessed parameters (p-value < 0.05). The multiple regres-
sion model for compressive strength showed that density was the most crucial parameter
to affect PC’s compressive strength (p-value 0.014). However, aggregate size was also
a variable with a strong influence in the regression model (p-value 0.056). For impact
energy, all the variables strongly impacted the regression model with p-values below 0.05.
Although all the variables were influential, density and aggregate size were the prominent
influencers. For both compressive strength and impact resistance, density was the main
influencing variable, followed by aggregate size.

The predicted compressive strength and impact resistance values were compared to
the obtained experimental data. The results are shown in Figure 13. Both models exhibited
a strong linear correlation between the predicted and experimental values, with R2 = 0.95
for compressive strength and R2 = 0.86 for impact strength, which indicate a good fit.

The conducted tests and the statistical analysis confirmed that aggregate size signifi-
cantly impacted PC samples’ mechanical properties. Optimizing the aggregate combination
is, thus, an effective way to enhance PC’s mechanical properties. The proposed method-
ology provides a simple approach for combining aggregates, which reduces both time
consumption and consumed resources. Therefore, its application can be an efficient and
effective means to obtain desired mechanical PC properties.
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Table 6. Summary of the multiple regression model results that considers the dependence of com-
pressive strength and impact energy vs. density, porosity and aggregate size.

Coefficients p-Value

Compressive
Strength Impact Energy Compressive

Strength Impact Energy

ANOVA - - 0.000 0.000
R2 0.95 0.86 - -

Intercept (β0) −118.831 −4299.440 0.058 0.003
Density (a1) 0.071 2.095 0.014 0.001
Porosity (a2) 0.043 19.981 0.910 0.022

Aggregate size (a3) −0.987 −38.692 0.056 0.001
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Figure 13. Prediction results of the multiple regression model versus the experimental data of
pervious concrete: (a) compressive strength; (b) impact energy.

4. Conclusions

By following the maximum density methodology, this study aimed to investigate
how packing aggregates could improve PC’s properties by making it more efficient and
sustainable. The experimental results led to the following conclusions:

- Aggregate size directly impacts PC’s properties. Packing smaller aggregates makes
concrete denser by reducing its porosity by up to 24.3%.

- Aggregate size and porosity both affect the infiltration rate, with smaller aggregates
leading to lower infiltration rates due to narrower seepage flow paths and more
efficient pore filling when packed with larger aggregates. However, even the lowest
infiltration rate (0.43 cm/s) meets the recommendations that appear in the literature.

- Employing smaller aggregates tends to increase mechanical PC properties. Both com-
pressive strength and impact resistance improve with smaller packed aggregates. The
statistical analysis shows that density and aggregate size are the primary parameters
that influence mechanical properties.

- Using smaller aggregates increases the total number of pores, but reduces both the
average pore diameter and the average pore area, as observed with the image analysis.

The proposed methodology can be beneficial for designing denser PC by efficiently
combining aggregates. This can be useful in certain applications, such as pavement design,
which requires improved mechanical properties, or in adsorptive processes for pollutant
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removal via slow drainage in PC. Moreover, this methodology simplifies the mix design
process by reducing the need for trial-and-error methods to achieve efficient PC mix-
tures. As a result, fewer resources are consumed, which makes PC more sustainable and
environment-friendly.
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Notations

PC pervious concrete
SSD saturated-surface-dry
OD oven-dry
md mass of oven-dried samples (kg)
MS mass of samples submerged in bath (kg)
ρw density of water at the water bath temperature (kg/m3)
Vd specimen’s volume (m3)
k infiltration rate (cm/s)
t time required for the water percolation (s)
V volume of water poured (cm3)
A specimen’s cross-sectional area (cm2)
IE impact energy (J)
h drop height (m)
m steel ball’s mass (kg)
g gravity constant (9.81 m/s2)
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