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Abstract. Due to its capacity to address urgent environmental challenges connected to urbanization and stormwater
management, pervious concrete, a sustainable and innovative material, has attracted a lot of attention recently. The aim of this
study was to find the engineering characteristics of pervious concrete made from recycled aggregate (RA) at various aggregate-
to-cement ratios (A/C) and the addition of 5% (by weight of total aggregate) of both natural and recycled fine aggregate to
produce a very sustainable concrete product for a variety of applications. The three distinct aggregate-to-cement ratios, 6, 5, and
4, were used to produce pervious concrete using recycled aggregate in the research approach. The ratio of water to cement (w/c)
was maintained at 0.3. Pervious concrete was created using single-sized recycled aggregate that passed through a 12.5 mm sieve
and was held on a 9.5 mm sieve, as well as natural and recycled sand that passed through a 4 mm sieve. The production of
twelve distinct concrete mixtures resulted in the testing of each concrete sample for dry density, abrasion resistance, compressive
and splitting tensile strengths, porosity, and water permeability. A statistical method called GLM-ANOVA was also used to
assess the characteristics of pervious concrete made using recycled aggregate. According to the experimental results, lowering
the aggregate-to-cement ratio enhances the pervious concrete’s overall performance. Additionally, a modest amount of fine
aggregate boosts mechanical strength while lowering void content and water permeability. However, it was noted that such
concretes’ mechanical qualities were adversely affected to some extent. The results of this study offer insight into the viability of
using recycled aggregates in order to achieve both structural integrity and environmental friendliness, which helps to optimize
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pervious concrete compositions.
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1. Introduction

Economy and environmental friendliness are two
important factors that concrete manufacturers take into
consideration when making their products. To achieve those
goals, demolishing old concrete structures to obtain
recycled aggregate and using it as an aggregate source for
new concrete products is considered the best way. It has
been demonstrated that concrete manufactured with
recycled concrete aggregate could have mechanical
properties similar to those of concrete made with natural
aggregate if the parent concrete is of excellent grade (Xiao
et al. 2012, Kou and Poon 2015). A carefully formulated
concrete mixture known as “pervious concrete” includes
water, cementitious materials, homogenous coarse
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aggregate, little to no fine aggregate, and frequent
admixtures. Although using fine aggregate has several
advantages, such as improved workability and compressive
strengths, it can also have one big drawback: it can reduce
pore size and fill in open void areas in the structure (ACI-
522R-10 2010, Yu et al. 2019). The resulting concrete will
therefore have more linked and porous spaces than
conventional concrete. The pervious concrete porosity
ranges from 18 to 35 percent (Kuo et al. 2013, Lori et al.
2019). This is significantly greater than the other forms of
concrete, which typically range from 4 to 8 percent (Tennis
et al. 2004, ACI-522R-10 2010). The grade and type of
aggregates, the w/c, and the degree of compaction all affect
the percentage of these pores (Neptune and Putman 2010,
Sahdeo et al. 2021).

For pervious concrete mixtures to be able to support
expected loads and let water move through their structure,
the size distribution and properties of the aggregates need to
be looked at in detail (Neptune and Putman 2010, Huang et
al. 2021). Walkways, roadways with little traffic, highway
shoulders, and parking lots are all frequent flat uses for
permeable concrete (Meininger 1988, ACI-522R-10 2010,
Obla 2010). The ability of pervious concretes to move

ISSN: 2287-5301 (Print), 2287-531X (Online)



14 Briar K. Esmail, Najmadeen M. Saeed, Soran R. Manguri and Mustafa Giinal

significant amounts of water to the ground serves as their
primary  purpose. Thus, organically replenishing
groundwater and minimizing or eliminating storm-water
runoff issues are two of pervious concrete’s greatest
benefits (Meininger 1988, Neithalath 2004, ACI-522R-10
2010, Thorpe and Zhuge 2010). Utilizing pervious concrete
is one of the Best Management Practices (BMP), according
to the United States Environmental Protection Agency
(EPA), since it can reduce pollutant concentrations and
stormwater runoff (Kevern et al. 2009, ACI-522R-10 2010).
The pervious concrete ability to absorb vehicle noise,
control the temperature of Earth’s surface and humidity,
prevent the circumstance of the “hot island” in cities, and
lessen the need for irrigation following land expansion are
some of its additional environmental benefits. The pervious
concrete pavement does not get wet during a downpour and
does not shine at night. This improves the drivers’ safety
and comfort (Meininger 1988, Yang and Jiang 2003,
Neithalath 2004, Tennis et al. 2004, ACI-522R-10 2010).

Cementitious material concentration in pervious
concrete typically ranges from 270 to 415 kg/m?® (Tennis et
al. 2004), with a w/c of 0.25 to 0.35, and no fine aggregates
or less than 10% of the maximum single-sized coarse
aggregate (Kevern ef al. 2008). Pervious concrete is
typically made using a single-sized aggregate gradation
(Yang and Jiang 2003, Tennis et al. 2004, Lian and Zhuge
2010). For the production of pervious concrete, smaller
aggregate sizes are normally employed than for the
production of conventional concrete. In the manufacturing
process, a smaller aggregate was utilized, which made the
mix better workable. It also offered a smoother surface
while maintaining a high level of strength (Crouch et al.
2003, ACI-522R-10 2010). However, the performance of
permeability is decreased by the smaller-sized aggregate
(Lu et al. 2019). Grade and type of aggregate, A/C, w/c, and
degree of compaction are only a few of the many variables
that affect the qualities of permeable concrete (Crouch et al.
2007, Juradin et al. 2020, Anburuvel and Subramaniam
2022, Sathiparan et al. 2023). An appropriate balance
between the material’s two most crucial properties, void
content, and strength, is the aim of pervious concrete
mixture proportioning (Tennis et al. 2004, ACI-522R-10
2010). The pervious concrete compressive strengths
normally range from 2.8 to 28 MPa, its density usually falls
between 1500 and 2200 kg/m?, and its water permeability
often falls between 1.4 and 12.2 mm/s (Ghafoori and Dutta
1995, Tennis et al. 2004, Kevern et al. 2008). It is widely
acknowledged that pervious concrete has less flexural and
compressive strengths than ordinary concrete due to its
significant porosity. In addition, typical concrete is less
important than freeze-thaw resistance, durability, and
chemical assault (ACI-522R-10 2010). By expanding the
cement paste area, mixture strength can be increased
(Murao et al. 2002). However, there is an opposite
relationship between the pervious concrete strength and the
amount of voids in the material. In other words, a reduction
in porosity tends to improve the material’s tensile and
compressive strengths (Singh et al. 2020).

Previous studies have shown that the aggregate particle
size, the gradation, and the A/C ratio are the key factors that

affect the compressive strength, water permeability and
porosity of pervious concrete, whereas the w/c has a small
effect (Jiang et al. 2005, Yogesh et al. 2023). In order to
make pervious concretes, Rizvi et al. (2010) used four RA
percentages of 15, 30, 50, and 100%. Additionally, Glineyisi
et al. (2016)’s research on pervious concrete focused on
substituting recycled aggregate for natural aggregate at four
distinct replacement levels: 25, 50, 75, and 100%.
According to their findings, adding more RA caused in a
drop in compressive strength, an improvement in
permeability and an increase in porosity. In the manufacture
of pervious concrete, Zhuge (2008) and Murao et al. (2002)
both utilized RA; nevertheless, their findings showed
significantly less compressive strengths at comparable
permeability and porosity. Concrete’s compressive strength
is typically reduced when recycled aggregate is used in
place of natural aggregate, and creep, drying shrinkage, and
porosity are generally increased (Poon et al. 2004, Domingo
et al. 2010, Wang ef al. 2021, Xiao et al. 2022). According
to Yang and Jiang (2003), pervious concrete’s strength and
abrasion resistance may be increased by utilizing carefully
chosen material and sparingly adding fine aggregate.
Additionally, it has been demonstrated that adding fine
aggregate boosts compressive strengths and considerably
lessens damage from freeze-thaw cycles (Meininger 1988).
By using smaller-sized aggregate, the number of aggregate
particles per unit volume can be increased. Wang (1997)
found that 7% (by weight) of natural fine aggregate
increased the pervious concrete strength. Additionally, the
fine aggregate in the combination decreased the porosity of
pervious concrete. The type of coarse aggregate has a direct
impact on freeze-thaw durability, according to Kevern et al.
(2008). Their study of the compaction of pervious concrete,
Ghafoori and Dutta (1995) showed how A/C and the
compaction energy affect the mechanical properties of the
material. High strength is produced by a low aggregate-to-
cement and high compaction energy. Therefore, it can be
inferred from the literature analysis that cautious
compaction and an appropriate mix design are necessary for
pervious concrete (Taheri and Ramezanianpour 2021).

The goal of this study was to evaluate the engineering
properties of pervious concrete made with recycled
aggregate (RA), including its compressive strength, splitting
tensile strength, dry density, void content, abrasion
resistance, and permeability performance. Three different
aggregate-to-cement (A/C) ratios (6, 5, and 4) were used to
create the pervious concrete mixtures at a constant water-to-
cement (w/c) ratio of 0.30. A variety of inclusion rates of
recycled and natural fine aggregates (0%, 2.5% recycled,
2.5% natural, 5% natural, and 5% recycled) were also
investigated. Twelve pervious concrete mixtures were made
and tested after a total of 28 days of water curing. This
study aims to contribute to the existing knowledge on the
use of RA in pervious concrete by providing a
comprehensive evaluation of the material’s engineering
properties and the influence of the A/C ratio and fine
aggregate inclusion. The findings of this research can help
fill the gap in the literature regarding the optimization of
pervious concrete mixtures made with RA to achieve the
desired balance between void content and strength,
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ultimately leading to the development of more sustainable
and durable pervious concrete solutions for urban
applications.

2. Experimental study

2.1 Materials

The materials operated in this research were Portland
cement of the CEM I 42.5R type, single-sized recycled

aggregate, and natural and recycled sand, each of which had
specific gravities of 3.15, 2.54, 2.63, and 2.41. Table 1

Table 1 Portland cement’s chemical and physical

constituents
Test category ~ Type of tests  Results ASTM-C150 (2016)
CaO 62.12 -
Fe203 2.88 -
AlLOs 5.16 -
SiO2 19.69
. SOs 2.63 <6
Chtzrs‘?scal MgO 1.17 <6
Free lime 1.91 0.66 —-1.02
LR 0.16 <0.75
L.O.I 2.87 <6
K20 0.88
Na20O 0.17 -
: 2
P lg:i:al lzig/rllg)s 394 thﬁgvrfér/ ll(i%r’lit

Specific gravity  3.15

Table 2 Specifications of aggregate

provides information on the physical characteristics and
chemical makeup of cement.

2.2 Recycled aggregate

Concrete with an average compressive strength of 23.2
MPa after 28 days was crushed using a two-stage crushing
system that included both jaw and cone crushers. This made
it possible to get recycled coarse aggregate in a single size.
In the initial phase of this experimental work, cubic
concrete samples were made using, respectively, 210, 280,
841, and 1024 kg/3 of water, cement, fine aggregate, and
coarse aggregate. Natural river sand and gravel with
specific gravities of 2.43 and 2.73, correspondingly, were
utilized to produce recycled concrete. In order to create
concrete with low-strength and attain the same properties as
concrete produced on-site. To accomplish this goal, 210
cubic specimens were submerged under water for 7 days,
and then they were kept in laboratory environments for 28
days. When the cubic specimens were tested for 28 days of
compressive strength, the weaker concretes were crushed
utilizing a two-stage crushing technique. Concrete samples
were placed in the jaw cone, which was being utilized as a
main crusher, and the aggregate was compressed into
foliaceous shapes. After that, the aggregates of foliaceous-
shaped were transformed into aggregates with angular-
shaped by a cone crusher, which creates an impact effect by
spinning axially. Following this step, the crushed recycled
aggregates were sieved through 9.5- and 12.5-mm sieves to
produce a single-sized aggregate. The water absorption and
specific gravity of the single-sized recycled aggregate are
5.08 and 2.54 percent, respectively. The recycled aggregate
was then thoroughly cleaned to remove any contaminants
that could have prevented a strong connection between the
cement paste and the aggregate particles. Table 2 and Fig. 1
both list the characteristics of single-sized recycled

Aggregate Aggregate size range Nominal aggregate size Specific Water absorption
types (mm) (mm) gravity (%)
RA* 9.5-12.5 11 2.54 5.08
RS** 0-4 241 18.97
NS*** 0-4 2.63 17.41

RA* Recycled aggregate; RS** Recycled sand; NS*** Natural sand

Fig. 1 Photographic of single-sized: (a) Recycled aggregate (RA); (b) Recycled sand (RS); and (c) Natural sand (NS)
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Fig. 2 Sieve analysis of natural and recycled sand

aggregate as well as a visual representation of them. Both
natural and recycled sand were subjected to a sieve analysis.
The findings of the sieve analysis shown in Fig. 2 indicate
that the fineness moduli of natural and recycled sand are,
respectively, 3.73 and 3.50.

2.3 Concrete proportioning, mixing, and casting

The pervious concrete series’ designated cement
contents were 300, 330, and 390 kg/m?, respectively. At
A/C ratios of 6, 5, and 4 by weight, three different pervious
concrete series were created. Various inclusion rates of 0
percent, 2.5 percent recycled and 2.5 percent natural
together, 5 percent natural only, and 5 percent recycled sand
only were used for each series of fine aggregates. For all
concrete series, the water-to-cement ratio of 0.3 was
maintained constant. Table 3 lists the mix proportions for
pervious concrete. While the designations RS and NS in the
table stand for recycled and natural sand content,
respectively, A6, A5, and A4 correspond to A/C ratios. For
instance, A6RS5NSO indicates that the pervious concrete
was created using aggregate-to-cement ratios of 6 and 5

Table 3 Pervious concrete mix proportions

Briar K. Esmail, Najmadeen M. Saeed, Soran R. Manguri and Mustafa Giinal

percent recycled sand and O percent natural sand.

After 60 minutes and 24 hours of water immersion, the
recycled aggregate water absorption was measured, and the
results showed that the water absorption of RA in just 30
minutes was equivalent to roughly 95 of the water
absorption in 24 hours. Therefore, the RA was submerged in
water for 60 minutes pervious to each casting, and any
excess water was manually removed from the aggregate
surface using a dry towel. The aggregate of saturated
surface dry was attained in this manner, and the water used
for mixing remained constant.

Wang et al. (2006) suggested a specific way to mix the
parts of pervious concrete in a power-driven with 30-liter
capacity revolving pan. This method was used to mix the
parts of the pervious concrete. First, fine sand and RA were
added to the pan and stirred for 30 seconds (at mixtures that
utilized 5 percent fine sand). The aggregate was then
covered with 10 percent cement, which was then mixed
with the aggregate for 60 seconds to confirm a solid binding
between the cement paste and the aggregate particles
(Schaefer et al. 2006). After that, the remaining water and
cement were added., and the mixer was used to mix the
ingredients for the next two to three minutes. The molds
were filled with three layers of the newly developed
pervious concrete, and each of those layers was rodded 25
times. The concrete samples were stored in a lab setting and
wrapped in plastic wrap. They were taken out of their molds
after 24 hours and placed in water to cure until the day of
testing.

2.4 Specimens and procedures for tests

For the compressive strength test, cubes with
dimensions of 150 millimeters were manufactured as
specimens, and for the abrasion test, prismatic specimens
with dimensions of 70x70%100 millimeters were made as
specimens. These sizes were selected based on DIN52108
(2002) standards and the literature (Yavuz et al. 2008,
Gesoglu et al. 2014, Giineyisi et al. 2016). For the purposes
of determining splitting tensile strength, void content, dry
density, and water permeability, cylindrical specimens with

Mix id we  AC Cement Water RA RS NS RS% NS%
(kg/m¥)  (kg/m’)  (kg/m?)  (kg/m?)  (kg/m?) by weight of NA by weight of RA

A6RSONSO 0.3 6 300 90 1800 0 0 0 0
A6RS2.5NS2.5 0.3 6 300 90 1800 45 45 2.5 2.5

A6RSS5NSO 0.3 6 300 90 1800 90 0 5 0

A6RSONSS 0.3 6 300 90 1800 90

ASRSONSO 0.3 5 330 99 1650 0 0 0
AS5RS2.5NS2.5 0.3 5 330 99 1650 41.25 41.25 2.5 2.5

ASRS5NSO 0.3 5 330 99 1650 82.5 0 5 0

ASRSONSS 0.3 5 330 99 1650 0 82.5

A4RSONSO 0.3 4 390 117 1560 0 0 0 0
A4RS2.5NS2.5 0.3 4 390 117 1560 39 39 2.5 2.5

A4RS5NSO 0.3 4 390 117 1560 78 0 5 0

A4RSONS5 0.3 4 390 117 1560 0 78 0
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dimensions of 100 millimeters in diameter and 200
millimeters in height were utilized. There were three
different specimens prepared for each test, and the results
that are reported here are an average of those three different
tests’ outcomes.

ASTM-C39/C39M-12  (2012) was followed for
conducting the compressive strength test. The formula used
to determine the splitting tensile strength, as per ASTM-
C496 (2011), is as follows

2P
fsplit = m (1)

where foi, L, D, and P, are the splitting tensile strength
(MPa), the length of the cylindrical specimen (mm), the
diameter of the cylindrical specimen (mm) and the ultimate
load (N), respectively

The formula utilized to calculate the density and void
content of pervious concrete was ASTM C1754/
C1754M.12 (2012).

KxA

D2 XL @

Density =
where K, L, D, and A are the 1 273 240 in SI units
(mm’kg/m3g), the average length (mm), the average
diameter (mm), and the dry mass (g), respectively, were
used to calculate the pervious concretes densities.

The density of the water used to calculate the
specimen’s void content was first calculated by
interpolating the values from ASTM-C29 (2010). The
specimens’ void content was then determined using the
formula

_KX(A-B)

. _ [y Ax4=5)
Void Content oo X DIXL

x 100 3)

where B and p,, are, respectively, the submerged mass of
the specimen (g) and the water density at the water’s
temperature (kg/m?).

Using a specifically designed permeability apparatus,
the method of falling head is utilized to calculate the
pervious concrete water permeability coefficients. A latex
membrane is placed over the cylindrical test specimen at the
tip to stop water from dripping along the sample’s edge
while still allowing it to pass through the specimen’s cross-
section. A glass tube was fitted with the specimen’s top and
fastened to it. The test of water permeability was carried out
with a 100-mm head difference. Each specimen received an
average of three readings. The pervious concretes
permeability coefficients (k) were then calculated by the
following formula correspondingly with Darcy’s law

= ()

where k, hy, h;, t, a, L, and A are the coefficients of
permeability (mm/sec), initial water head (mm), final water
head (mm), time taken for the head to fall from hy to h;
(sec), the pipe cross-sectional area (mm?), the specimen
length of (mm), and the specimen cross-sectional area
(mm?), respectively.

The abrasion resistance of the pervious concrete was
measured by the Bohme abrasive wheel in line with
DIN52108 (2002). The steel disc used in the abrasive test
device has a diameter of 750 mm and rotates at a rate of 40
cycles per minute. Additionally, the instrument contains a
lever that can press down on the samples with 300 N of
force. Before starting the test, the prismatic specimen
weighed, which had dimensions of 70x70x100 mm. The
disc was then set down on the abrasion area of the wheel,
and 20 g of wear dust (crystalline Al,Os) was dispersed
there. The disc then completes 22 rotations in a single
period. The specimen was rotated by 90 degrees with no
change in its abrasion face between each session. A total of
four cycles of rotating abrasive wheels were applied to the
specimen face. A soft brush was used to clean the
specimen’s abrasion face and the abrasive wheel after the
specimen had revolved for four cycles. This method, which
is called a spin, involves a total of 4 spins on the material.
The prismatic specimen was weighed following the 352
cycles, and Eq. (5) was utilized to measure the degree of
deep wear.

Am

AL =
OR X A

6))

where L, m, R, and A represent the abrasive wear after 16
cycles as determined by the average loss in specimen
thickness (cm), average loss in mass after 16 cycles (g),
average loss in specimen density (g/cm?), and average loss
in surface area faced to abrasion (cm?), correspondingly.

3. Results and discussion

This section discusses the experimental study’s findings.
The results of the tests on dry density, compressive and
breaking tensile strength, void content, water permeability
coefficient, and abrasion resistance are summarized in Table
4.

3.1 Void content and dry density

Fig. 3 displays the hardened pervious concrete’ densities
made at three different A/C ratios. The pervious concrete
density made with RA is between 1533.98 and 1768.19
kg/m?, or between 70 and 80 percent of that of regular
concrete. In this investigation, the decrease in aggregate-
cement ratios led to a systematic rise in density, aligning
with the findings of Najah er al. (2021). Moreover, the
increase in sand content from 0% to 5% positively impacted
the density of the pervious concrete, as supported by the
study conducted by Khankhaje ef al. (2016) and Zhou et al.
(2023). The utilization of sand and a high cement content to
fill the spaces between the aggregate particles resulted in
the creation of denser pervious concrete. Furthermore, the
lower specific gravity of recycled fine aggregate compared
to natural fine aggregate, as highlighted by El-Hassan ef al.
(2019), explains the lower density observed when using
recycled fine aggregate in comparison to natural fine
aggregate in pervious concrete.

Fig. 4 plots the A/C ratio vs. the void contents of
pervious concrete. The ratio of aggregate to cement in
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Table 4 Engineering properties of the pervious concrete

. Compressive Splitting . Coefficient of ~ Abrasion
Mix ID Dry den35 ity strength  tensile strength Void f"ntent water permeability resistance
(kg/m’) (MPa) (MPa) ) (mm/s) (mm)
A6RSONSO 1533.98 5.6 0.58 34.12 19.3 2.65
A6RS2.5NS2.5 1578.75 6.58 0.64 32.85 15.2 2.54
A6RS5NSO 1563.26 6.46 0.6 33.26 17.2 2.6
A6RSONS5 1595.4 6.99 0.67 30.89 13.2 2.46
AS5RSONSO 1612.75 7.95 0.66 30.35 12.8 2.3
A5RS2.5NS2.5 1652.2 8.77 0.76 28.13 9.7 2.19
AS5RS5NSO 1629.17 8.53 0.7 29.01 10.5 2.21
AS5RSONS5 1664.97 9.22 0.87 27.16 8.6 2.13
A4RSONSO 1731.82 13.22 1.1 25.15 8.3 1.74
A4RS2.5NS2.5  1754.23 14.31 1.36 21.78 7.3 1.6
A4RS5NS0 1750.01 13.58 1.13 22.56 7.7 1.7
A4RSONSS5 1768.19 14.8 1.46 21.22 6.6 1.56
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Fig. 3 Pervious concrete dry density vs A/C ratio

pervious concrete plays a crucial role in determining the
void content of the material. A study by Tennis et al. (2004)
demonstrated that a lower void content was achieved in
pervious concrete with a higher cement concentration,
emphasizing the impact of the aggregate-cement ratio on
void content. Additionally, the research by Maguesvari and
Narasimha (2013) further supports this, indicating that the
inclusion of fine aggregate can also reduce the void content
in pervious concrete. This is an obvious implementation of
the particle packing density principle. The packing density
of aggregate is defined as the ratio of the aggregate
particles’ solid volume to the total volume (Mangulkar and
Jamkar 2013), according to the particle packing method, the
smaller particles fill the spaces between the larger ones,
decreasing the volume of the voids and raising the mixture’s
density as a result.

When the aggregate-to-cement ratio was lowered from 6
to 4, it produced a drop in the void content from 34.12
percent to 25.15 percent. In comparison to 5 percent natural
fine aggregates, both the 5 percent recycled fine aggregate
or a combination of 2.5% natural and 2.5% recycled fine
aggregate, had a larger void content. According to ACI-
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Fig. 4 Void levels in pervious concrete compared to
A/C ratio
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Fig. 5 Dry density vs. void content link for pervious
concrete

522R-10 (2010), the void content amount of the pervious
concrete generated in the current investigation are
satisfactory.
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Fig. 6 Compressive strength of the pervious concrete
vs A/C ratio

Additionally, based on Fig. 5, it can be inferred that the
dry density has a significant correlation with the void
content of pervious concrete. In the experimental work, an
R-square value of 0.9827, that denotes a very excellent link
between void content and dry density, was attained.

3.2 Compressive strength

The results of the pervious concrete’s compressive
strength and the aggregate-to-cement ratio are related (Fig.
6). The pervious concrete made at a ratio of 4 aggregate to
cement showed greater compressive strength findings. And
it aligns with the finding by Carsana et al. (2013). Also, the
research by Leon Raj and Chockalingam (2020) determined
that the compressive strength of mixes with aggregate-to-
cement ratios of 4.5 and 5 decreased by roughly 9% to 40%
and 34% to 67%, respectively, as compared to a ratio of 3.2.
To create pervious concrete, thin layers of the cement paste
covering the aggregate particles are required. Because these
cement paste layers and the interfacial transition zone

between the cement paste and aggregate particles are thin
and weak, compressive failure paths typically run through
them. In this study, recycled aggregates have great failure
crack paths, and these crack paths can be seen with naked
eyes as seen in Figs. 7(b)-(d). The cement paste layer is
strongest against the recycled aggregate particles as shown
in Fig. 7(c). When deep layers of the sample were
investigated, most of the strength loss process was due to
the cracked aggregate paths. Fig. 7(e) provides a clear
illustration.

In order to increase the compressive strength of pervious
concrete, it is, therefore, advantageous to improve the
quality of the cement paste and increase the thickness of the
cement paste layer. Although increasing cement layer
thickness increases compressive strength, it also reduces the
void content of pervious concrete. As reported by Zhong
and Wille (2016), the aggregate/cement ratio influences the
strength of pervious concrete by altering void content
Additionally, the compressive strength was improved by the
use of 5% fine aggregate. Several studies, including those
done by Yang et al. (2008), Cosi¢ et al. (2015), and Lian
and Zhuge (2010) have demonstrated that fine aggregate
can improve cement paste dispersion. As a result, this
modification has the potential to increase both compressive
and flexural strengths. Because compared to coarse
aggregate, fine aggregate has a higher surface area, it can be
used in production to achieve higher compressive strength.

A more binding area was produced because of the
aggregate’s greater surface area. Despite the positive effects
of the improvement in packing density of the multi-particle
system’s mixture. However, employing the fine aggregate
also has a negative impact on void content and permeability.
Concretes prepared with 5% natural fine aggregate had
better compressive strength than those made with 5%
recycled fine aggregate or a combination of 2.5% natural
and 2.5% recycled fine aggregate. When loaded in
compression, pervious specimens transfer stresses via the
cement paste, leading to failure at the sample’s weakest
area. It is brought on by two crucial characteristics of RA

Fig. 7 Typical path of failure in: (a) compressive strength sample; (b) and (d) crack paths on recycled aggregates;

(c) and (e) crack failure of recycled aggregates
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that set it apart from NA. One is the interfacial transition
zone between the hardened cement paste and the original
aggregate, and the other is the weakly hardened cement
paste on the aggregate particles (Chindaprasirt ez al. 2008).
Therefore, the compressive strength of concretes that are
made with recycled aggregate may be reduced as a result of
these two crucial features. In addition, another interfacial
transition zone forms when recycled aggregate is used to
make concrete. This zone is between the cement paste of
pervious concrete and the hardened cement paste of the
recycled aggregate. Another factor in the reduced
compressive strength is that this transition zone is weaker
than the one that developed between recycled aggregate and
the cement paste of pervious concrete. Fig. 7 illustrates how
the path of failure typically passed via RA and its interfacial
transition zone.

For A/C ratios of 6, 5, and 4, correspondingly, the
compressive strength of pervious concretes varied between
5.6 to 6.99 MPa, 7.95 to 9.22 MPa, and 13.22 to 14.8 MPa.
These values align with the target classification of low- to
medium-strength concrete (below 10 MPa for low and 10-
20 MPa for medium), which is suitable for flat applications
such as walkways, roadways with low traffic volume,
highway shoulders, and parking areas. Thank you for your
inquiry, and we appreciate your feedback. According to the
literature, pervious concrete with compressive strengths
from 3.5 to 28 MPa is suitable for a variety of requests
(Tennis et al. 2004, ACI-522R-10 2010). In particular, the
results of the experimental study’s compressive strength are
suitable for pervious concrete. Additionally, Fig. 8 shows
the connection between the void content and the pervious
concrete compressive strength. This relationship’s R-square
value of 0.9581 demonstrates that there is a significant
correlation between void content and compressive strength.
This relationship leads to the conclusion that the pervious
concrete compressive strength tends to decline as the void
content does.

3.3 Splitting tensile strength

The findings of the pervious concrete’s splitting tensile
strength are shown in Fig. 9. The load is applied to the
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Fig. 9 Pervious concrete’s tensile strength vs A/C ratio

specimen as a point load when performing the splitting
tensile strength test. The specimen is split because the force
from the cement paste is directly transferred to the
aggregate. Recycled aggregates were the channel of
compression failure for the splitting failure (Fig. 10). A
lower A/C ratio resulted in pervious concrete that had a
higher splitting tensile strength, corroborating the findings
of Leon Raj and Chockalingam (2020). A thin cement paste
layer that coats the aggregate particles can be made thicker
by adding more cement. This contributed to the rise in
splitting tensile strength, as shown in Fig. 10. According to
Fig. 10, a splitting tensile strength test of recycled
aggregates revealed more fractured channels as the cement
content increased. The splitting tensile strength was
discovered to be higher in concretes prepared with 5%
natural fine aggregate than it was in concretes created with
5% recycled fine and a mixture of both 2.5% natural and
2.5% recycled fine aggregates. The addition of fine
aggregate resulted in higher strength in A/C ratio 4 mix due
to the fact that the cement-fine material interface has a big
interaction surface effect on specimens. Natural fine
aggregate addition has the greatest effect on splitting tensile
strength than recycled sand.

It was possible to attain splitting tensile strengths of
between 0.6 and 1.46 MPa. The pervious concrete’s
splitting tensile strength trend resembles that of
conventional concrete, whose splitting tensile strength is
roughly 10% of its compressive strength. The pervious
concrete produced in this investigation had a splitting
tensile strength that ranged from 12.67 to 9.33 percent of its
compressive strength. Additionally, Fig. 11 demonstrates a
particularly strong correlation between the results of the
splitting tensile strength and compressive strength tests,
with an R-square value of 0.9448.

3.4 Permeability

Fig. 12 displays the pervious concretes water
permeability coefficients of created utilizing the head-
falling technique. The cement concentration, aggregate-to-
cement ratios, compaction level, and aggregate type and
gradation all have a significant impact on permeability.
According to the findings, using a high A/C ratio led to a
high water permeability coefficient. Lowering the A/C ratio
while maintaining the same aggregate quantity results in a
higher cement content. This increased cement content leads
to a thicker cement paste and facilitates the filling of voids
between aggregate particles, resulting in reduced
permeability, as confirmed by the research conducted by
Torres et al. (2015). Nevertheless, the permeability property
of pervious concretes was noticeably reduced by the
addition of 5% fine aggregate. The pervious concrete
produced at A/C values of 6, 5, and 4, had permeability
coefficient values of 19.3, 12.8, and 8.3 mm/s respectively.
At A/C ratios of 6, 5, and 4, a 5% addition of fine aggregate
reduces the permeability values to 17.2, 10.5, and 7.7 mm/s
respectively. In general, pervious concrete with the values
of permeability coefficient from 0.14 to 1.22 cm/s is
satisfactory (Tennis et al. 2004, ACI-522R-10 2010). In this
investigation, however, high water permeability
characteristics were obtained in the pervious concretes.
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Fig. 10 Typical tensile strength test failure path: (a) A/C ratio 6; (b) A/C ratio 5; and (c) A/C ratio 4
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Fig. 12 Pervious concrete’s permeability in comparison to
A/C ratio

When fine aggregate was used, the pervious concrete
void content went down. This is closely correlated with the
pervious concrete’s permeability and void content going
down because the fine aggregate filled the network of
interconnected pores. As presented in Fig. 13, there is a
noteworthy correlation between the pervious concrete’s
permeability performance and its void content, as indicated
by the R-square value of 0.8717. The results are similar to
those found by Xu ef al. (2018) and Lian et al. (2011), they
also proposed a power function relation between
permeability and porosity of previous concrete. At an A/C
ratio of 6, fine aggregate addition has the greatest impact,
whereas, at an A/C ratio of 4, addition’s impact is the least
significant. Even though there is a significant amount of
scatter in the data plotted, the water permeability typically
rises as the void content does. 19.3 mm/s of high
permeability were achieved at a void content of 34.12%. In
addition to the void content, the use of a single aggregate
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Fig. 13 Relationship of pervious concrete’s permeability
coefficient and void content
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gradation was associated with the pore size distribution,
pore connectivity, and pore roughness that influence the
water permeability performance of the pervious concrete.
Nevertheless, growing water permeability indicates a higher
void content, which reduces the pervious concrete’s ability
to support loads. The pavement’s lifespan may be shortened
as a result of the pervious concrete’s decreased compressive
strength, which may also worsen pavement distresses such
as joint failure and raveling. It is extremely necessary in
pervious concrete because it’s crucial to strike a balance
between strength and draining ability (Chindaprasirt et al.
2008).

3.5 Abrasion resistance

Fig. 14 shows the abrasion of pervious concretes by
deep wear in relation to a/ct ratios. The outcomes
demonstrated that both the A/C ratio and the fine aggregate
concentration had an impact on the durability performance
of the pervious concrete. Because of a low and weak
cement paste that binds the aggregate particles together, the
high A/C ratio created a high level of abrasion in pervious
concrete. Experimental results of the research by Leon Raj
and Chockalingam (2020) indicate that increasing A/C ratio
decreases the abrasion resistance of previous concrete.
Additionally, adding fine aggregate to pervious concrete
reduced abrasion. Due to the fact that fine aggregate fills in
the gaps and results in a stronger mixture, this condition
was expected. The abrasion of the pervious concrete was
reduced from 2.65 to 1.74 mm by reducing the aggregate-
to-cement ratio from 6 to 4. Similarly, the outcome of the
study by Sandoval and Pieralisi (2023) showed that, the
abrasion resistance of pervious concrete increases as the
amount of fine-sized aggregate increases. Figs. 15-16 show
the relationship between pervious concrete abrasion-
compressive strength and abrasion-void content,
respectively. Abrasion, compressive strength, and vacancy
content are strongly correlated, as shown by the R2 of
0.9866 and 0.9785, respectively. Based on this, it can be
inferred that reducing the void content enhances
compressive strength, while higher compressive strength
enhances the abrasion resistance of the pervious concrete.
Furthermore, adding natural fine aggregate has a higher
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Fig. 14 Concrete’s abrasion (by deep of wear) vs A/C ratio

abrasion level performance than adding recycled fine
aggregate or a blend of natural and recycled fine aggregate.

4. Statistical evaluation

A general linear model analysis of variance (GLM-
ANOVA) using the program Minitab is used to assess if an
independent variable has an impact on the dependent
variable (Minitab-R12 2012). By lowering the control
variance, the GLM-ANOVA is a crucial statistical analysis
and diagnostic technique that helps to measure the
dominance of a control component. To find the
experimental parameters that had an impact on pervious
concrete qualities that were statistically significant, the
analysis was run at a significance level of 0.05. The GLM-
ANOVA was used to assess the efficacy of the test
parameters. The results of the statistical analysis are
displayed in Table 5. The relevance of the test parameter to
the pervious concrete’s properties is shown by the P-values.
The parameter is satisfactory as a significant factor in the
test result if the P-value is less than 0.05. The variables for
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Table 5 A statistical analysis of the pervious concretes’ performance characteristics

Dj:reiggleent Independent variable suﬁfg?iﬁﬂies Corrll:pute vafl)ue Significance Cont(rni/lz ;1 tion
A/C Ratio 121.225 2125.92 0 Yes 97.29%
R.Sand Content 0.192 48.82 0 Yes 0.15%
Compressive N.Sand Content 2.479 105.09 0 Yes 1.99%
strength R.Sand*N.Sand Content 0.54 18.94  0.005 Yes 0.43%
Error 0.171 - - - 0.14%
Total 124.607 - - - 100.00%
A/C Ratio 0.9414 75.25 0 Yes 87.86%
R.Sand Content 0.02103 0.13 0.73 - 1.96%
Tensile N.Sand Content 0.0392 1091  0.016 Yes 3.66%
strength R.Sand*N.Sand Content 0.03227 5.16 0.064 - 3.01%
Error 0.03753 - - - 3.50%
Total 1.07143 - - - 100.00%
A/C Ratio 280.462 64.56 0 Yes 86.21%
R.Sand Content 7.747 11.05 0.016 Yes 2.38%
Permeability N.Sand Content 0.467 4.2 0.086 - 0.14%
coefficient R.Sand*N.Sand Content 23.602 10.87  0.016 Yes 7.26%
Error 13.032 - - - 4.01%
Total 325.309 - - - 100.00%
A/C Ratio 0.077895 157.05 0 Yes 94.14%
R.Sand Content 0.000014 3.47 0.112 - 0.02%
. N.Sand Content 0.000259 7.02 0.038 Yes 0.31%
Dry density
R.Sand*N.Sand Content 0.003088 1245  0.012 Yes 3.73%
Error 0.001488 - - - 1.80%
Total 0.082745 - - - 100.00%
A/C Ratio 0.018226 69.83 0 Yes 88.73%
R.Sand Content 0.000056 1.83 0.224 - 0.27%
Void content N.Sand Content 0.000123 6.01 0.05 Yes 0.60%
R.Sand*N.Sand Content 0.001353 10.37  0.018 Yes 6.59%
Error 0.000783 - - - 3.81%
Total 0.020542 - - - 100.00%
A/C Ratio 1.69265 730.64 0 Yes 96.79%
R.Sand Content 0.0004 12.95  0.011 Yes 0.02%
Abrasion N.Sand Content 0.0392 41.96  0.001 Yes 2.24%
resistance R.Sand*N.Sand Content 0.0096 8.29 0.028 Yes 0.55%
Error 0.00695 - - - 0.40%
Total 1.7488 - - - 100.00%

the examined mixture proportions are categorized as present
“Yes” (Y) or absent “NO” (N) in the analysis. The A/C ratio
and addition of fine content were chosen as independent
variables, whereas dry density, void content, compressive
and splitting tensile strength, permeability coefficient, and
abrasion resistance of pervious concrete were designated as
dependent variables. Additionally, the percent contribution
was utilized to estimate how successful each independent
component was on the dependent variable; the larger the

contribution, the more effective the factors were at
influencing a given answer. In the same way, if the
percentage contribution is small, the factors’ influence on
that specific reaction is low.

When the p-values from the ANOVA were taken into
account, the statistical test findings showed that the a/c ratio
and the volume of fine aggregate added were the
independent factors that had an impact on all of the
dependent variables. When the independent variables’
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contribution levels were observed, it was found that the A/C
ratio had a higher impact on pervious concrete properties
than the addition level of fine aggregate did on compressive
strength, tensile strength, permeability, dry density, and
void content. When the contributions of independent
components were taken into account, fine aggregate
addition to main mixes primarily affected recycled sand,
with natural sand addition at 2.5 percent by weight of
recycled aggregate. They primarily influenced the attributes
of permeability and void content.

5. Conclusions

Following is a summary of the main conclusions drawn
from the findings mentioned above:

e This study demonstrated that lowering the
aggregate-to-cement ratio from 6 to 4 and adding
5% fine aggregate increased dry densities and
lowered void content in pervious concrete. An R-
square value of 0.9827 indicates a substantial
association between pervious concrete dry density
and void content.

e  The compressive strength of the pervious concretes
in this study met with acceptable compressive
strength ranges, influenced by the A/C ratio and
fine aggregate content. Concrete with low A/C
ratios and 5% fine aggregate performed better than
those with high A/C ratios and no fine aggregate.

e Pervious concrete achieved splitting tensile
strengths ranging from 0.6 to 1.46 MPa. Lowering
the A/C ratio and adding 5% fine aggregate
improved its splitting tensile strength. Notably,
both cement paste and aggregate influenced the
failure path of splitting tensile strength in pervious
concrete.

e The study showed that the A/C ratio and fine
aggregate have a big effect on the permeability of
pervious concrete. For example, when the cement
content is high and the fine aggregate content is
5%, the permeability of air to concrete is lower.
Despite exceeding ACI 522R 10 standards, all
mixtures exhibited high water permeability
coefficients. The positive correlation between
permeability and void content (R square = 0.8717)
emphasizes the importance of voids in enhancing
permeability performance.

e The Bohme abrasive wheel test indicated that
lower A/C ratios and the addition of fine
aggregate, enhance pervious concrete’s abrasion
resistance. The strong relationship between
compressive strength and abrasion resistance (R
square = 0.9866) emphasizes the importance of
high strength for long-term abrasion resistance in
pervious concrete.

e The final result of this experiment was that the
ratio of aggregate to cement and the addition of a
small amount of fine aggregate had a big effect on
the pervious concretes’ performance
characteristics. A statistical analysis derived from

ANOVA showed that dry density, porosity,
compressive and  splitting tensile strength,
permeability performance, and abrasion resistance
of pervious concrete made from recycled
aggregate, were more affected by A/C ratios, than
the addition of fine aggregate.

References

ACI-522R-10 (2010), Report on Pervious Concrete, ACI 522R-10.

Anburuvel, A. and Subramaniam, D.N. (2022), “Influence of
aggregate gradation and compaction on compressive strength
and porosity characteristics of pervious concrete”, Int. J. Pave.
Eng., 1-14.

ASTM-C29 (2010), Standard Test Method for Bulk Density (“Unit
Weight”) and Voids in Aggregate; Annual Book of ASTM
Standard, PA, USA.

ASTM-C39/C39M-12  (2012), Standard Test Method for
Compressive Strength of Cylindrical Test Specimens; Annual
book of ASTM standards, American Society for Testing and
Materials.

ASTM-C150 (2016), ASTM C150 standard specification for
Portland cement; Annual Book of ASTM Standard, PA, USA.
ASTM-C496 (2011), Standard Test Method for Splitting Tensile
Strength of Cylindrical Concrete Specimens; Annual Book of

ASTM Standard, PA, USA.

ASTM C1754/C1754M.12 (2012), Standard test method for
density and void content of hardened pervious concrete; Annual
book of ASTM standards, American Society for Testing and
Materials.

Carsana, M., Tittarelli, F. and Bertolini, L. (2013), “Use of no-
fines concrete as a building material: Strength, durability
properties and corrosion protection of embedded steel”, Cement
Concrete Res., 48, 64-73.
https://doi.org/10.1016/j.cemconres.2013.02.006

Chindaprasirt, P., Hatanaka, S., Chareerat, T., Mishima, N. and
Yuasa, Y. (2008), “Cement paste characteristics and porous
concrete properties”, Constr. Build. Mater., 22(5), 894-901.
https://doi.org/10.1016/j.conbuildmat.2006.12.007

Cosié, K., Korat, L., Ducman, V. and Netinger, I. (2015),
“Influence of aggregate type and size on properties of pervious
concrete”, Constr. Build. Mater., 78, 69-76.
https://doi.org/10.1016/j.conbuildmat.2014.12.073

Crouch, L., Cates, M.A., Dotson, V.J., Honeycutt, K.R. and Badoe,
D.A. (2003), “Measuring the effective air void content of
Portland cement pervious pavements”, Cement Concrete
Aggreg., 25(1), CCA10516J.
https://doi.org/10.1520/CCA10515]

Crouch, L., Pitt, J. and Hewitt, R. (2007), “Aggregate effects on
pervious Portland cement concrete static modulus of elasticity”,
J. Mater. Civil Eng., 19(7), 561-568.
https://doi.org/10.1061/(ASCE)0899-1561(2007)19:7(561)

DIN52108 (2002), Wear Testing of Inorganic, Nonmetallic
Materials Using the Bohme Abrasive Wheel; Deutsches Institut
Fur Normung, EV.

Domingo, A., Léazaro, C., Gayarre, F., Serrano, M. and Lopez-
Colina, C. (2010), “Long term deformations by creep and
shrinkage in recycled aggregate concrete”, Mater. Struct., 43,
1147-1160. https://doi.org/10.1617/s11527-009-9573-0

El-Hassan, H., Kianmehr, P. and Zouaoui, S. (2019), “Properties of
pervious concrete incorporating recycled concrete aggregates
and slag”, Constr. Build. Mater., 212, 164-175.
https://doi.org/10.1016/j.conbuildmat.2019.03.325

Gesoglu, M., Giineyisi, E., Khoshnaw, G. and Ipek, S. (2014),
“Abrasion and freezing-thawing resistance of pervious
concretes containing waste rubbers”, Constr. Build. Mater., 73,



Engineering properties of pervious concretes produced with recycled aggregate at different aggregate-to-cement ratio 25

19-24. https://doi.org/10.1016/j.conbuildmat.2014.09.047

Ghafoori, N. and Dutta, S. (1995), “Laboratory investigation of
compacted no-fines concrete for paving materials”, J. Mater.
Civil Eng., 7(3), 183-191.
https://doi.org/10.1061/(ASCE)0899-1561(1995)7:3(183)

Giineyisi, E., Gesoglu, M., Kareem, Q. and Ipek, S. (2016),
“Effect of different substitution of natural aggregate by recycled
aggregate on performance characteristics of pervious concrete”,
Mater. Struct., 49, 521-536.
https://doi.org/10.1617/s11527-014-0517-y

Huang, J., Zhang, Y., Sun, Y., Ren, J., Zhao, Z. and Zhang, J.
(2021), “Evaluation of pore size distribution and permeability
reduction behavior in pervious concrete”, Constr. Build. Mater.,
290, 123228.
https://doi.org/10.1016/j.conbuildmat.2021.123228

Jiang, Z.W., Sun, Z.P. and Wang, P.M. (2005), “Effects of some
factors on properties of porous pervious concrete”, J. Build.
Mater-., 8(5), 513-519.

Juradin, S., Ostojié-Skomrlj, N., Brnas, I. and Proli¢, M. (2020),
“Influence of binder, aggregate and compaction techniques on
the properties of single-sized pervious concrete”, Adv. Concrete
Constr., Int. J., 10(3), 211-220.
https://doi.org/10.12989/acc.2020.10.3.211

Kevern, J.T., Schaefer, V.R., Wang, K. and Suleiman, M.T. (2008),
“Pervious concrete mixture proportions for improved freeze-
thaw durability”, J. ASTM Int., 5(2).
https://doi.org/10.1520/JAI101320

Kevern, J.T., Schaefer, V.R. and Wang, K. (2009), “Temperature
behavior of pervious concrete systems”, Transport. Res. Record,
2098(1), 94-101. https://doi.org/10.3141/2098-1

Khankhaje, E., Salim, M.R., Mirza, J., Hussin, M.W. and
Rafieizonooz, M. (2016), “Properties of sustainable lightweight
pervious concrete containing oil palm kernel shell as coarse
aggregate”, Constr. Build. Mater., 126, 1054-1065.
https://doi.org/10.1016/j.conbuildmat.2016.09.010

Kou, S.-C. and Poon, C.-S. (2015), “Effect of the quality of parent
concrete on the properties of high performance recycled
aggregate concrete”, Constr. Build. Mater., 77, 501-508.
https://doi.org/10.1016/j.conbuildmat.2014.12.035

Kuo, W.-T., Liu, C.-C. and Su, D.-S. (2013), “Use of washed
municipal solid waste incinerator bottom ash in pervious
concrete”, Cement Concrete Compos., 37, 328-335.
https://doi.org/10.1016/j.cemconcomp.2013.01.001

Leon Raj, J. and Chockalingam, T. (2020), “Strength and abrasion
characteristics of pervious concrete”, Road Mater. Pave. Des.,
21(8), 2180-2197.
https://doi.org/10.1080/14680629.2019.1596828

Lian, C. and Zhuge, Y. (2010), “Optimum mix design of enhanced
permeable concrete—an experimental investigation”, Constr.
Build. Mater., 24(12), 2664-2671.
https://doi.org/10.1016/j.conbuildmat.2010.04.057

Lian, C., Zhuge, Y. and Beecham, S. (2011), “The relationship
between porosity and strength for porous concrete”, Constr.
Build. Mater., 25(11), 4294-4298.

https://doi.org/10.1016/j.conbuildmat.2011.05.005

Lori, A.R., Hassani, A. and Sedghi, R. (2019), “Investigating the
mechanical and hydraulic characteristics of pervious concrete
containing copper slag as coarse aggregate”, Constr. Build.
Mater., 197, 130-142.
https://doi.org/10.1016/j.conbuildmat.2018.11.230

Lu, J.-X., Yan, X., He, P. and Poon, C.S. (2019), “Sustainable
design of pervious concrete using waste glass and recycled
concrete aggregate”, J. Cleaner Product., 234, 1102-1112.
https://doi.org/10.1016/j.jclepro.2019.06.260

Maguesvari, M.U. and Narasimha, V. (2013), “Studies on
characterization of pervious concrete for pavement
applications”, Procedia-Social Behav. Sci., 104, 198-207.

https://doi.org/10.1016/j.sbspro.2013.11.112

Mangulkar, M. and Jamkar, S. (2013), “Review of particle packing
theories used for concrete mix proportioning”, Contributory
papers, 141.

Meininger, R.C. (1988), “No-fines pervious concrete for paving”,
Concrete Int., 10(8), 20-27.

Minitab-R12 (2012), Statistical Tool; Quality Plaza, 1829 Pine
Hall Rd., State College, PA 16801-3008, USA.

Murao, K., Yuasu, Y., Misima, N. and Hatanaka, S. (2002),
“Experimental study on the strength of porous concrete with
low quality recycled aggregate”, J. Archit. Inst. Japan, 8, 823-
824.

Najah, N.S.H., Saloma, S., Hanafiah, H., Nurjannah, S.A.,
Muliawan, S. and Eric, E. (2021), “Compressive strength,
permeability, and porosity analysis of pervious concrete by
variation of A/C without fine aggregate”, AIP Conference
Proceedings.

Neithalath, N. (2004), Development and characterization of
acoustically efficient cementitious materials, Purdue University.

Neptune, A.I. and Putman, B.J. (2010), “Effect of Aggregate Size
and Gradation on Pervious Concrete Mixtures”, ACI Mater. J.,
107(6). https://doi.org/10.14359/51664050

Obla, K.H. (2010), “Pervious concrete—An overview”, Indian
Concrete J., 84(8), 9.
https://www.academia.edu/download/62123845/Journal 1202002
17-89712-rw600r.pdf

Poon, C.S., Shui, Z., Lam, L., Fok, H. and Kou, S. (2004),
“Influence of moisture states of natural and recycled aggregates
on the slump and compressive strength of concrete”, Cement
Concrete Res., 34(1), 31-36.
https://doi.org/10.1016/S0008-8846(03)00186-8

Rizvi, R., Tighe, S.L., Norris, J. and Henderson, V. (2010),
“Incorporating recycled concrete aggregate in pervious concrete
pavements”, Proceeding from the National Transportation
Research Board, Ottawa, ON, Canada.

Sahdeo, S.K., Chandrappa, A. and Biligiri, K.P. (2021), “Effect of
compaction type and compaction efforts on structural and
functional properties of pervious concrete”, Transport. Develop.
Econom., 7(2), 19. https://doi.org/10.1007/s40890-021-00129-0

Sandoval, G.F. and Pieralisi, R. (2023), “Sustainable aggregate
impact on pervious concrete abrasion resistance”, Results Eng.,
20, 101384. https://doi.org/10.1016/j.rineng.2023.101384

Sathiparan, N., Jeyananthan, P. and Subramaniam, D.N. (2023),
“Effect of aggregate size, aggregate to cement ratio and
compaction energy on ultrasonic pulse velocity of pervious
concrete: prediction by an analytical model and machine
learning techniques”, Asian J. Civil Eng., 1-15.
https://doi.org/10.1007/s42107-023-00790-3

Schaefer, V., Wang, K., Suleiman, M. and Kevern, J. (2006), “Mix
design development for pervious concrete in cold climates”,
National Concrete Pavement Technology Center, lowa State
University, Ames, [A, USA.

Singh, A., Sampath, P.V. and Biligiri, K.P. (2020), “A review of
sustainable pervious concrete systems: Emphasis on clogging,
material characterization, and environmental aspects”, Constr.
Build. Mater., 261, 120491.
https://doi.org/10.1016/j.conbuildmat.2020.120491

Taheri, B.M. and Ramezanianpour, A.M. (2021), “Optimizing the
mix design of pervious concrete based on properties and unit
cost”, Adv. Concrete Constr., Int. J., 11(4), 285-298.
https://doi.org/10.12989/acc.2021.11.4.285

Tennis, P.D., Leming, M.L. and Akers, D.J. (2004), Pervious
concrete pavements; Portland Cement Association Skokie, IL,
USA.

Thorpe, D. and Zhuge, Y. (2010), “Advantages and disadvantages
in using permeable concrete as a pavement construction
material”, Proceedings of the 26th Annual Conference of the




26 Briar K. Esmail, Najmadeen M. Saeed, Soran R. Manguri and Mustafa Giinal

Association of Researchers in Construction Management
(ARCOM 2010).
http://www.arcom.ac.uk/publications/procs/ar2010-1341-
1350_Thorpe_and_Zhuge.pdf

Torres, A., Hu, J. and Ramos, A. (2015), “The effect of the
cementitious paste thickness on the performance of pervious
concrete”, Constr. Build. Mater., 95, 850-859.
https://doi.org/10.1016/j.conbuildmat.2015.07.187

Wang, W. (1997), “Study of Pervious Concrete Strength”, Sci.
Technol. Build. Mater. China, 6(3), 25-28.

Wang, K., Schaefer, V., Kevern, J. and Suleiman, M. (2006),
“Development of mix proportion for functional and durable
pervious concrete”, NRMCA concrete technology forum: focus
on pervious concrete.
https://www.researchgate.net/profile/John-
Kevern/publication/264841848 Development of Mix_Proporti
on_for Functional and Durable Pervious_Concrete/links/5682
a5d708ae05119aee703e/Development-of-Mix-Proportion-for-
Functional-and-Durable-Pervious-Concrete.pdf

Wang, B., Yan, L., Fu, Q. and Kasal, B. (2021), “A comprehensive
review on recycled aggregate and recycled aggregate concrete”,
Resour. Conserv. Recycl., 171, 105565.
https://doi.org/10.1016/j.resconrec.2021.105565

Xiao, J., Huang, Y., Yang, J. and Zhang, C. (2012), “Mechanical
properties of confined recycled aggregate concrete under axial
compression”, Constr. Build. Mater., 26(1), 591-603.
https://doi.org/10.1016/j.conbuildmat.2011.06.062

Xiao, J., Poon, C.S., Wang, Y., Zhao, Y., Ding, T., Geng, Y., Ye, T.
and Li, L. (2022), “Fundamental behaviour of recycled
aggregate concrete—overview I: strength and deformation”,
Magaz. Concrete Res., 74(19), 999-1010.
https://doi.org/10.1680/jmacr.21.00253

Xu, G., Shen, W., Huo, X., Yang, Z., Wang, J., Zhang, W. and Ji,
X. (2018), “Investigation on the properties of porous concrete as
road base material”, Constr. Build. Mater., 158, 141-148.
https://doi.org/10.1016/j.conbuildmat.2017.09.151

Yang, J. and Jiang, G. (2003), “Experimental study on properties
of pervious concrete pavement materials”, Cement Concrete
Res., 33(3), 381-386.
https://doi.org/10.1016/S0008-8846(02)00966-3

Yang, Z., Ma, W., Shen, W. and Zhou, M. (2008), “The aggregate
gradation for the porous concrete pervious road base material”,
J. Wuhan Univ. Technol.-Mater. Sci. Ed., 23, 391-394.
https://doi.org/10.1007/s11595-007-3391-4

Yavuz, H., Ugur, 1. and Demirdag, S. (2008), “Abrasion resistance
of carbonate rocks used in dimension stone industry and
correlations between abrasion and rock properties”, Int. J. Rock
Mech. Min. Sci., 45(2), 260-267.
https://doi.org/10.1016/j.ijrmms.2007.04.003

Yogesh, R.V., Santha, K.G. and Ganesh, K.S. (2023), “Synergistic
effect of aggregate gradation band and cement to aggregate ratio
on the performance of pervious concrete”, J. Build. Eng., 73,
106718. https://doi.org/10.1016/j.jobe.2023.106718

Yu, F., Sun, D.,, Wang, J. and Hu, M. (2019), “Influence of
aggregate size on compressive strength of pervious concrete”,
Constr. Build. Mater., 209, 463-475.
https://doi.org/10.1016/j.conbuildmat.2019.03.140

Zhong, R. and Wille, K. (2016), “Compression response of normal
and high strength pervious concrete”, Constr. Build. Mater.,
109, 177-187.
https://doi.org/10.1016/j.conbuildmat.2016.01.051

Zhou, J., Zheng, M., Zhan, Q., Zhou, R., Zhang, Y. and Wang, Y.
(2023), “Study on mesostructure and  stress—strain
characteristics of pervious concrete with different aggregate
sizes”, Constr. Build. Mater., 397, 132322.
https://doi.org/10.1016/j.conbuildmat.2023.132322

Zhuge, Y. (2008), “Comparing the performance of recycled and

quarry aggregate and their effect on the strength of permeable
concrete”, Futures Mech. Struct. Mater. Toowoomba, Australia,
343-349.

https://www.researchgate.net/profile/Yan-
Zhuge/publication/290554277_ Comparing_the_performance_of
_recycled and quarry aggregate and their_effect on_the stre
ngth_of permeable_concrete/links/Scc57ac04585156¢cd7b6b81

7/Comparing-the-performance-of-recycled-and-quarry-
aggregate-and-their-effect-on-the-strength-of-permeable-

concrete.pdf

cc


https://www.researchgate.net/publication/382242226



