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Abstract: The urban heat island (UHI) effect poses significant challenges to urban environmental
quality and public health. Over the decades, research efforts have been made to develop various UHI
mitigation strategies, including pavement materials, such as, water-retentive pavement, reflective
pavement, and pervious concrete. This paper focuses on the improvement of the hygric and water
retention properties of pervious concrete to mitigate UHI phenomena. The hydric and hygroscopic
tests were carried out under dry and wet conditions on four different pervious concretes, where
natural aggregates were replaced with recycled aggregates at different mass percentages. The results
show a significant improvement in these properties by increasing the amount of recycled aggregates
incorporated in the mixtures. The mixes made from recycled aggregates alone showed an absorption
that reached 75 L more than the control in one cubic meter under wet condition. With an upwelling
capacity of up to 30 kg of retained water in a square meter under dry condition, these improvements
in water performance represent this permeable concrete as a water retention pavement solution for
UHI mitigation. Regarding the mechanical properties, a decrease of 50% in compressive strength
was noted only when 100% of the recycled aggregate was incorporated, remaining at 20 MPa for
other mixtures.

Keywords: pervious concrete; hydric properties; urban heat island

1. Introduction

The phenomenon of urban heat islands (UHIs) arises from the interplay between the
built environment and anthropogenic activities, resulting in elevated temperatures in urban
regions vis a vis suburban and rural areas [1-3]. This temperature differential is primarily
driven by variations in the heat balance between constructed surfaces, such as roads and
buildings, and natural surfaces, such as vegetation and soil, which exhibit divergent thermal
properties and thermal inertia. Specifically, the low thermal inertia and light coloration of
natural surfaces enable efficient reflection, thus promoting cooling via evapotranspiration
and reducing sensible heat. Conversely, constructed surfaces possess high thermal inertia
and dark pigmentation, which facilitate the accumulation and retention of solar radiation,
thereby exacerbating sensible heat and warming the urban atmosphere [4-6].

Pavements, which constitute a considerable fraction (20-40%) of urban surfaces, are
significant contributors to the formation of UHIs [7]. Consequently, a wealth of research has
been directed towards mitigating the impact of UHIs through cooling pavement surfaces.
One promising approach involves irrigating surfaces with recycled wastewater, an inter-
vention already implemented in cities such as Tokyo and Osaka, where irrigation systems
deploy recycled water to spray surfaces through water supply pipes [8,9]. Another promis-
ing avenue is the development of cool pavements, which can enhance solar reflectance,
evaporation, and/or reduce sensible heat in the urban environment via innovative pore
structure designs, high-absorbing fillers, or reflective surfaces [10-12]. These pavements
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can be classified as reflective, evaporative, or water-trapping, and represent a promising
tool in UHI mitigation [13-15].

The current research endeavors to explore the feasibility of augmenting the hygric
capacity of pervious concrete through the incorporation of recycled aggregates, thereby
enhancing the water retention capability of the pavement system and extending its evapo-
rative cooling effect to mitigate UHIs. The focus is to optimize the use of pervious concrete
in conjunction with other UHI mitigation strategies, such as surface watering, to develop a
pervious concrete pavement that is both cool and retains water. To achieve this, it is essential
to carefully balance the hydric/hygric properties of the pavement system with its drainage
capabilities, by selecting the optimal proportion of recycled aggregates [16-25]. Notably,
the mitigation of UHIs is a complex challenge that warrants a multifaceted approach that
leverages a diversity of solutions and techniques.

The rapid pace of urbanization worldwide has led to surging demand for raw mate-
rials, with France alone consuming an estimated 400 million tons of aggregates annually,
or six tons per capita, according to the French Union of Aggregates Producers [26]. This
expansion of urban areas has also led to significant volumes of construction and demolition
waste, resulting in pressing waste management and pollution issues. Addressing these
challenges requires the urgent utilization of recycled aggregates and other substitutes that
not only reduce pollution levels but also conserve natural resources, as highlighted in
numerous reports [27-32].

In the current study, recycled aggregate (RA) provided from building demolition was
utilized as a replacement for natural aggregate in the production of cool water-retaining
pervious concrete, owing to its high moisture absorption capacity. The physical properties
of the raw recycled aggregate were analyzed and compared to those of natural aggregate,
with a focus on its hygroscopic and hydric characteristics. This innovative approach of this
study was to assess the potential of using recycled aggregate to enhance the properties of
pervious concrete and achieve a more efficient cool water-retaining pavement system.

To effectively utilize recycled aggregate as a replacement for natural aggregate in the
production of cool water-retaining pervious concrete, a meticulously designed formulation
and granulometry were employed. A specific compaction protocol was also implemented
to ensure that the functional mechanical properties of the concrete were maintained while
maximizing its hygric and hygroscopic properties. This approach aimed to enhance the
water retention properties of the pervious concrete and mitigate the urban heat island effect.

2. Materials and Methods
2.1. Materials

The production of pervious concrete involves the use of fundamental materials: water,
cement, and coarse aggregates. This study utilized ordinary Portland cement (OPC) CEM
I 52.5R, characterized by a specific surface area of 4525 cm?/g and a specific gravity of
3.14 g/cm3. The cement exhibited a 28-day compressive strength of 67 MPa. The chemical,
physical, and mechanical properties of CEM I 52.5R cement are summarized in Table 1.

In this study, the production of pervious concrete involved the use of two types of
coarse aggregate: recycled coarse aggregate (RA) and natural aggregate (NA). The recycled
aggregates come from the demolition of buildings and the origin of the natural aggregates
is alluvial gravel. RA was obtained by crushing and sieving raw recycled aggregates to
obtain particles in the size range of 2 to 6.8 mm, which is the same as that of NA. No
plasticizers or additional treatments were applied to RA in order to reduce production
costs. The aggregate impact value (AIV) and aggregate crushing value (ACV) of RA were
1.5% and 14%, respectively, while those of NA were 5% and 23%. The results of the AIV
and ACYV tests indicate that RA has lower resistance to impact and crushing compared to
NA. This is likely due to the presence of attached mortar on RA, which tends to detach
under impact and abrasion loading, leading to reduced resilience.
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Table 1. Chemical and physical properties of cement CEM I152.5 R.

Chemical Analysis (%) Physical and Mechanical Characteristics
Loss on igntion 14 Na,O 0.11 Initial setting time (min) 215
SiO, 20 P,0s 0.2 Specify gravity (g/cm?) 3.14
Al,O3 54 S™ 0.04 Specific surface Blaine (cm?/ g) 4525
Fe; O3 2.7 Cl- 0.03 Compressive strength (MPa)

TiO, /MnO - Insoluble 0.2 1j 30
CaO 63 Na;O eq/Active 0.75 2j 44
MgO 1.9 C3A - 7 57
SO3 3.7 C3A +0.27C35S - 28; 67

In addition, since the aim of this work is to investigate the effect of RA on the hygric
properties of pervious concrete, sorption/desorption tests were conducted on both natural
and recycled aggregates. The results, shown in Figure 1, indicate that recycled aggregates
(RA) exhibit a mass absorption of 2.2% at a relative humidity of 90%, while natural aggre-
gates (NA) only show a mass absorption of 0.43%. Additionally, Table 2 presents additional
physical and hydric characteristics of both aggregates. It should also be noted that alluvial
quartz sand with a specific gravity of 2620 kg/m?, a fineness modulus of 2.81, a grain size
of 0/2 mm, and an absorption coefficient of 0.50% was used in all the mixes.

2.5
7 a
& > )
g -~/
g 1.5 A o-" - /
g -, /
5 -~ ’
o 14 - , 4
@ L
3 -7 —— A
p=
0.5
0
RH [%]
Figure 1. Sorption/desorption curves for recycled and natural aggregates.
Table 2. Physical and chemical properties of recycled and natural aggregates.
Standard RA NA
Absolute specific gravity (kg/m?) NF EN 1097-6 [33] 2270 2600
Water absorption coefficient (%) NF EN 1097-6 [33] 6.6 1.02
Fineness modulus (%) NF EN 933-1 [34] 0.33 0.32
Micro-Deval test (%) NF EN 1097-1 [35] 22 11

2.2. Mix Composition and Preparation

To achieve an optimal mixture of pervious concrete, a comprehensive approach is
needed to balance mechanical strength and hydric properties. In this study, an optimal
mixture was developed by balancing these factors.
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2.2.1. Cement Content

The cement content used in this study was 363 kg/m3, falling within the range of 270
to 415 kg/m? reported in previous research [23,36,37].

2.2.2. Aggregate Density

The literature shows that the density of the aggregate component in pervious concrete
mixtures can vary significantly. Optimal ranges have been reported as ranging from 1190 to
1800 kg/m3 [36,37]. In addition, the grain size distribution of aggregates is a critical factor
that influence porosity and mechanical resistance [38,39]. In consequence, we conducted
multiple trials to identify an optimal grain size distribution (2-6.8 mm) and aggregate
dosage (1574 kg/m?3) that would provide a satisfactory balance of mechanical and hydric
properties, with and without recycled aggregates (RA). The G/C ratio in this study was 4.3,
falling within the recommended range of 4 to 4.5, according to the relevant literature [24,37].

2.2.3. Sand Dosage

Previous research [38,40,41] suggests that a uniform dosage of 110 kg/m? of sand is
typically used. This dosage falls within the range of 100 kg/m?> and is below the maximum
allowable limit of 175 kg/m?, as determined by relevant research [40].

2.2.4. Water Content

On the other hand, it is critical to carefully control the water content in pervious
concrete mixtures, as variations in water levels can significantly impact the resulting
properties of the concrete, specially hydric and mechanical properties, as stated in the
literature [39,42-45]. The appropriate range for the water-to-cement ratio (W/C) in the
presence of admixtures is between 0.27 and 0.34, while the range increases from 0.34 to 0.40
in the absence of admixtures [23,46,47].

In this study, no admixtures were used, and a water dosage of 129 kg/m?, resulting
in a W/C ratio of 0.35, was selected. Given the high water absorption capacity of the
recycled aggregates (RA) used in this study (which is six times higher than that of natural
aggregates, as seen in Table 2), an additional mass of water equivalent to 90% of the RA’s
absorption capacity was added to the mix.

2.2.5. Final Mix Design

Table 3 presents a summary of the optimal values and reported ranges of key param-
eters relevant to the mix design of pervious concrete. The preparation of the pervious
concrete mixtures involved the use of four different formulations, as indicated in Table 4.
Mixtures B, C, and D were formulated with 20%, 60%, and 100% recycled aggregate, respec-
tively, while Mix A served as the control mixture with no recycled aggregate. The casting
process involved the use of cubic specimens, which were subjected to vibration, and along
with precise masses, achieved a pressure of 15 kPa [48].

2.3. Test Methods
2.3.1. Compressive Test

In the current test, three cubic specimens with dimensions of 15 x 15 x 15 cm from
each formulation were used for testing. The specimens were cured for 28 days before being

subjected to compression tests at a loading rate of 0.06 MPa.s~!, in accordance with the NF
EN 12390 standard [49].

2.3.2. Splitting Test

The measurement is performed on three 15 x 15 x 15 cm cubes with an imposed
loading rate of 0.05 MPa.s !, according to NF EN 1338 [50].
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Table 3.

Optimal values and reported ranges of key parameters for pervious concrete mix design.

Parameter

Optimal Value Determined in
This Study

Range Reported in Literature

Cement content

363 kg/m?

270415 kg/m?3 [23,36,37]

Aggregate density and size

1574 kg/m?3 (2-6.8 mm)

1190-1600 kg/m?3 [36];
1300-1800 kg/m? [37];
1190-1480 kg/m?3 [23]

Sand dosage 110 kg/ m3 100-175 kg/ m?3 [40]
Water dosage 129 kg /m?3 129 kg/m3 [37,39,42-45].
0.27-0.34 in the presence of admixtures
o : [23,46,47]
Water-to-cement ratio (W/C) 0-35 0.34-0.40 in the absence of admixtures
[23,46,47]
Guideline for G/C 43 4-4.5[23,37]
Table 4. Composition of different mixes proposed.
Samples Cement (kg/m?3) Water (kg/m?3) NA (kg/m?) RA (kg/m?3) Sand (kg/m®)
A (control with 363 129 1574 0 110
natural aggregate)
B20% 363 129 1259 314 110
C60% 363 129 629 944 110
D100% 363 129 0 1574 110

2.3.3. Porosity

The method described in this statement is based on the Archimedean growth principle,
as supported by different references [39,51,52]. According to the NF ISO 5017 standard [53],
the specimens were first saturated with water under vacuum in a desiccator. Three cubic
specimens with dimensions of 15 x 15 x 15 cm from each formulation were used for
testing. The porosity accessible to water was then calculated by considering the masses of
the specimens in both water and air, using the following formula:

)xlOO

Mair — Mdry

P,= ——— 1
: (Mair - Mwater ( )

where

P, represents the open porosity [%];

M,ir represents the mass of the specimen after saturation in water [kg];
Muater represents the mass of the specimen while submerged in water [kg];
yMary represents the mass of the dry sample [kg].

2.3.4. Permeability

The permeability of a material is a measure of its ability to allow the passage of a fluid,
such as water, under the influence of a pressure gradient. The coefficient of permeability,
denoted by K, is used to express this property, and is calculated using Darcy’s law [54]. Two
methods can be used to measure the permeability of a material: the constant head method
and the falling head method [23-25]. The constant head method involves evaluating the
permeability of a material using water heads of 100 mm, 200 mm, and 300 mm, and is
typically used for materials with permeability coefficients greater than 1072 mm/s. The
falling head method involves recording the permeability of a material with an initial water
level of 140 mm, 240 mm, and 340 mm and a final height of 50 mm, and is suitable for
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materials with permeability coefficients of less than 1 mm/s. The water permeability test
device used for both methods is shown in Figure 2.

Graduated transparent pipe.

Inlet valve.

Valve to keep the constant water level.
Pervious concrete specimen.

Drain pipe.

Outlet valve.

SRR e

Figure 2. Measurement device of permeability coefficient for pervious concrete.

Three cubic specimens with dimensions of 15 x 15 x 15 cm from each formulation
were used for testing. The permeability coefficient is determined using the following
formulas at falling, and constant head respectively:

_ Aube_L hl
K‘(Z—t >><1n(h2) P)
(L), Q
K= (h> “ A(AT) ®)

where

K represents the permeability coefficient (mm.s~!);

L represents the sample length (mm);

h represents the head of water (mm);

t represents the duration of water failing (seconds);

Q represents the volume of collected water (m3);

AT represents the duration of water collection (seconds);
A represents the cross-sectional area of specimen (mm?).

2.3.5. Water-Retaining and Absorption Coefficient

This test is conducted to evaluate the water-retaining capacity of pavement, as ref-
erenced in studies [55,56]. The pavement is first immersed in water at a surrounding
temperature between 15-25 degrees Celsius for a duration of 24 h (see Figure 3). It is
then removed from the water and the mass is monitored at intervals of 30 min for a total
of 1 h and 30 min. Three cubic specimens with dimensions of 15 x 15 x 15 cm from
each formulation were used for testing. The water capacity (Wc) of the pavement is then
calculated in kilograms per cubic meter (kg/m?) using the following formula:

Wwet - Wdry

Wc = v

)

where
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Wiyet represents the mass of the specimen removed from water at different times (kg);
Wy represents the dry mass of the specimen (kg);

V represents the volume of the specimen (m3).

Maximum length equal to 2B

| Maximum height
: equal to 3A

Figure 3. Schematic photograph of an apparatus for producing a wet state.

Additionally, the absorption coefficient is determined in accordance with the NF P
18-555 standard, which is the ratio of the increase in the mass of the sample after immersion
in water for 24 h. The water absorption coefficient (A) is defined by the following relation:

. Wwet - Wdry

Ay =" ©)

ry

2.3.6. Water Absorption Percentage and Capillarity Coefficient

This test is designed to evaluate the ability of the pervious concrete to retain water.
This is to determine the suction height of the water. To do this, a dry pavement is placed in
water, with 5 mm of the bottom surface submerged. The amount of water retained is then
determined by monitoring the mass for a duration of 24 h minutes for each 10 min. This
method is based on the protocol described in studies [55,56]. Three cubic specimens with
dimensions of 15 x 15 x 15 cm from each formulation were used for testing. The water
absorption value as a function of suction height (Sh) is then calculated in percent using the
following formula:
Wy — Wdry

Sh=_—— 9
Wwet - Wdry

(6)

where
W, represents the mass of the sample in contact with water at different times (kg);
Wyet represents the mass of the sample removed from water after saturation (kg);
Wary represents the dry mass of the samples (kg).

In addition, according to the NF EN 13057 standard, the capillarity absorption is
determined by tracking the weight of the material exposed to water along its bottom
surface for various immersion times (5, 15, 30, 60, 120, 240, 1440, 2880 min).

Wh — W¢g
Aw = ——— = @)

where

W), represents the mass of the sample immersed in water (kg);
Wary represents the dry mass of the samples (kg);

A represents the surface of contact between the sample and the water (m?).
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2.3.7. Sorption/Desorption Test

The present study utilized the ProUmid SPSx-1 sorption/desorption system to inves-
tigate the sorption isotherms of mixes and raw material in accordance with ISO 12571 [57].
Three cubic specimens with dimensions of 5 X 5 x 5 cm from each formulation were used
for testing. This system features a precision balance for the accurate measurement of sample
mass, as well as precise temperature and humidity control to enable the study of sorption
kinetics. The samples were dried to a constant weight (with a weight variation of less than
0.1%) prior to exposure to relative humidities ranging from 10% to 90% in five increments
and than decrements at a temperature of 23 °C, as previously reported in studies [58,59].

3. Results and Discussion
3.1. Compressiveand Splitting Test

The results of mechanical compression tests, as depicted in Figure 4a, indicate that
Mixes A and C60% exhibited an identical compressive strength of 18 MPa. Mix B20%
demonstrated an increase of 12% in compressive strength, with a value of 20 MPa. In
contrast, mix D100% displayed a compressive strength of 8.5 MPa, representing a decrease
of 55% compared to the control Mix A. On the other hand, the result of the splitting test in
Figure 4b indicates that Mixes A, B20%, and C60% exhibited an identical splitting strength
always above 2.5 MPa. In contrast, mix D100% displayed a splitting strength of 1.17 MPa,
representing a decrease of 56% compared to the control Mix A.

This decrease is consistent with other findings [60], that observed a similar percentage
of decrease when the natural aggregate was fully replaced with recycled aggregate. These
results were obtained after 28 days of curing. It should be noted that for this type of
concrete, 98.5% of its ultimate mechanical resistance is typically reached after 7 days of
pouring [61,62].

The decrease in mechanical compressive strength and splitting strength observed in the
concrete mixes containing recycled aggregate can be attributed to the insufficient bonding
between the cement paste and the recycled aggregates [16,63]. This poor bonding is likely
caused by the presence of residue and granular particles on the surface of the recycled
aggregate [64,65]. Microscopic examination of the samples revealed that the bond between
the cement paste and recycled aggregate was weak in mix D100%, where these particles
were particularly dense. These particles formed a zone of preferential microcracking. In
contrast, the presence of these particles did not significantly affect the propagation of cracks
in Mixes B and C. Microscopic images comparing the control, Mix A, with the recycled
aggregate, Mix D100%, highlight this weak adhesion. Furthermore, Figure 5 highlights the
presence of these particles in Mix D100%, as compared to the control Mix A. The figure
illustrates the impact of these particles on the propagation of cracks in the mix containing
recycled aggregate. The figure suggests that the dense accumulation of these particles in
Mix D100% may contribute to the preferential formation of microcracks, which may be
responsible for the lower mechanical compressive strength observed in this mix.

In addition, the recycled aggregates used in the study have a higher absorption
coefficient (6.6%) compared to natural aggregates (1%), as shown in Table 2. This higher
absorption coefficient requires a “correction” factor to be applied to the water content in
the mix design. However, it is difficult to accurately control this factor, which can lead to
variations in the water-to-cement ratio. These variations can disturb the distribution of
water in the cement mix, resulting in either an increase in mechanical strength (as seen in
Mix B20%) or a decrease (as seen in Mix D100%).
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24

21 ~

18
15
12 ~
9
6
3
0

B 20% C 60% D 100%

1

Compressive strength (MPa)

1

Mix
(a)

2.5 A
2
1.5 A
1
0.5 A
0

B20% C60% D100%
Mix

1

1

Splitting tensile strength (MPa)

(b)

Figure 4. (a) Compressive strength of pavers 15 x 15 x 15 cm; (b) Splitting test of pavers 15 x 15 x 15 cm.

Moreover, recycled aggregates have lower physical properties than natural aggregates,
as shown in Table 2. These properties include lower density and higher porosity, which
results in concrete mixes that are more porous and less dense, and therefore, less resistant.

Despite the lower mechanical strength of mixes containing recycled aggregate, such
mixes can still be used for certain applications. For example, drained pavers with a
mechanical strength of at least 10 MPa can be used for parking precast pervious concrete
products [63]. Paving stones with slightly lower mechanical strength can be used for
walkways and pedestrian trails [66].



Sustainability 2023, 15, 5384

10 of 22

Figure 5. Comparison of aggregate-cement paste bonding for cubes specimens control A and D
100% mixtures.

3.2. Porosity

Figure 6 presents the porosity of water accessible to the different samples. It can be
seen that the porosity increases slightly from Sample A to Sample C, with values of 24.7%,
25.2%, and 28.7%, respectively. However, Sample D exhibits significantly higher porosity at
36.9%. Previous research has indicated that the average porosity of a pervious pavement is
typically within the range of 15-25%. Pavements with porosity values below 15% are not
considered truly pervious [23,37,46,67].

40

35 o

30

25 o
20 +
15 ~
10 +
5
0

A

B 20% C 60% D 100%
Mix

Porosity in %

Figure 6. Porosity accessible to water for all mixtures.

The increase in porosity observed in the different mixes, which were composed of
20%, 60%, and 100% recycled aggregates, can be attributed to the presence of granular
residue on the RA. This residue decreases the surface area of contact between the RA in
the mixes, resulting in an increase in open porosity and a decrease in thermal inertia. The
enhanced permeability and reduced thermal inertia of the surface that results from this
increased porosity has several benefits. Permeable pavements with higher porosity have
been shown to have lower temperatures at night and to cool more quickly than conventional
pavements [68,69]. The incorporation of recycled aggregates (RA) in pavement mixtures
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has been shown to be effective in creating a light pavement with low thermal inertia.
This characteristic is beneficial in mitigating the urban heat island (UHI) effect during the
nighttime period, as it allows the surface to cool more quickly. The presence of RA in
the mixture also leads to an increase in hydric characteristics, which can further aid in
mitigating the UHI effect during the daytime period [13,17,70]. These hydric characteristics,
which will be discussed in greater detail in the interlocking section, may include increased
moisture retention and evaporation, leading to a reduction in surface temperatures.

3.3. Permeability

Figures 7 and 8 illustrate the permeability coefficients determined through the appli-
cation of the constant and falling head tests on all mixtures at various heads. The data
depicted in these figures indicate that the permeability of the mixtures increases with the
inclusion of higher percentages of recycled aggregates. This trend can be attributed to
the increase in the porosity of the material, as demonstrated in Figure 9. The porosity
of the mixtures increases with the incorporation of recycled aggregates, leading to an
increase in the permeability of the material. It is important to note that the relationship
between permeability and compressive strength in permeable concrete is inverse [71]. As
the compressive strength of the material increases, the permeability decreases. This inverse
relationship is due to the fact that an increase in compressive strength is typically achieved
through the reduction in voids in the material, leading to a decrease in the overall porosity
and permeability of the pervious concrete.

14

12

10 -

Heads (mm)
m h=140
h=240
h=340
0 -

B 20% C 60% D 100%
Mix

K(mm/s)
A &
1 1 1

N
1

Figure 7. Permeability coefficient by constant head test.

Knowing that, pervious concrete is designed to have adequate porosity and a continu-
ous matrix to facilitate the easy flow of water through it. According to the technical specifi-
cation [72], the permeability of the pervious concrete should be at least 5.4 x 1072 mm/s.
The data presented in Figures 7 and 8, as well as the increase in porosity observed in
Figure 9, indicate that this requirement is met in all of the studied mixtures. The incorpora-
tion of recycled aggregates into the mixtures, demonstrates the feasibility of using recycled
aggregates in the production of pervious concrete.
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Figure 8. Permeability coefficient by falling head test.
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Figure 8 illustrates the permeability at falling head loss. It has been found that the
permeability coefficient decreases as the head increases from 100 mm to 300 mm in all
the mixtures studied, regardless of the amount of RA added. This is probably due to a
change in the flow pattern of the water from steady to turbulent flow as the piezometric
head increases. When the piezometric head is large, a local circular current develops and
significantly increases the resistance to flow, as previously demonstrated by studies [25,73].
The permeability coefficient varies from 17.6 mm/s in Mixture A to 48.2 mm/s in Mixture
D. According to previous research [25,46], a porosity of 35% corresponds to a permeability
coefficient of 35 mm/s [48] to 40 mm/s [21], which is in good agreement with the data
obtained for Mixture D. Additionally, values obtained for the other mixtures are also
effectively high, particularly given the rapid increase in permeability that has been observed
for concretes with open porosity greater than 25% [23,39,74].

Figure 7 presents the permeability at a constant head loss, with values ranging from
5.56 to 11.11 mm/s. The permeability exhibits a positive correlation with the amount of
recycled aggregate, as previously observed in other studies [37,52,62,75]. These findings are
consistent with a typical range of permeability values from 2 to 12 mm/s. It is important to
note that there is a difference in the results obtained from falling head and constant head
tests, as reported in previous research [48].

3.4. Water-Retaining and Absorption Coefficient under Wet Condition

The water capacity of the mixture designated as D100% underwent a decrease from
290 kg/m? to 211 kg/m? within 30 min of curing time. This decrease persisted and ulti-
mately resulted in a final water capacity of 200 kg/m3 at 1 h and 1 h and 30 min of curing
time. The water capacity of the mixture designated as C60% was found to be lower than
that of sample D100%, with a decrease from 200 kg/m3 to 175 kg/m3 observed within
30 min of curing time. This trend continued, with the water capacity ultimately reaching
128 kg/m?3 at 60 min and 156 kg/m? at 90 min of curing time. These observations are
illustrated in Figure 10. In addition, Samples B20% and A were found to have an almost
identical performance in terms of water capacity recording 150 kg/m3, 126 kg/m?, and
117 kg/m? at 30 min intervals between each measurement. Furthermore, the water capacity
of all mixtures, including D100%, C60%, B20%, and Control A, were found to decrease
to 180 kg/m?, 129 kg/m?3, 87 kg/m?>, and 86 kg/kg/m?, respectively, following a 24 h
curing period.
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Figure 10. Relationship between curing time and water capacity.
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The results of the absorption coefficient measurements, conducted over the first 90 min
of the test and depicted in Figure 11, correlate with the results of the water retention capacity
measurements. The absorption coefficient was observed to increase with an increase in
the percentage of RA in the mixture, registering values of 7%, 9%, and 12% for Mixtures A
and B20%, and Mixtures C60% and D100%, respectively, at the onset of the test. However,
these values decreased to 5%, 6%, and 9% for Mixtures A and B20%, and C60% and D100%,
respectively, after 90 min of testing.

250 - 0.14
} 0.12
200 - :
_ - 0.10 Mix
: i
2 150 A : *
3 - 0.08
% i
.2 i B 20%
g | s 0.06
: : - === C60%
§ - 0.04
N ............. D 100%
- 0.02
. L 0.00

Curing time (minutes)

Figure 11. Relationship between curing time, water capacity, and absorption coefficient.

Based on the obtained results, it can be inferred that the mixture designated as D100%
exhibits significant and superior hydric performance when compared to Control A and
other mixtures. This superiority is evident in its consistently high water retention capacity,
which exceeds 180 kg/m3. These observations align with the classification of D100% as a
water-retaining block, as outlined in relevant sources [55,56].

Therefore, it can be inferred that the presence of RA as raw materials and their higher
absorption coefficient (as seen in Table 2) serves to increase the water retention capacity of
pavement. This enhancement not only improves the pavement’s ability to mitigate urban
heat islands, but also enhances the effectiveness of the watering solution (when adopted in
wet conditions) aimed at artificially irrigating surfaces to cool the air and reduce surface
temperature. The presence of pavement containing recycled aggregates allows for increased
water storage capacity. As an example, the D100% mixture, once saturated with water, has
the capability to retain 200 kg/m? of water after 90 min of curing time, in comparison to
the 110 kg/m? retained by Control A. This increased water retention capacity results in
a more efficient irrigation solution, as fewer watering cycles are required to achieve the
desired surface temperature to mitigate urban heat island phenomena [8,9,13,17,70].

These findings are in correlation with several research studies that have investigated
the potential of various materials as additives to pavements to improve their water-retaining
capacity, reduce the urban heat island effect, and enhance thermal comfort. For example,
one study [76] examined the use of water-holding fillers made of steel byproducts as addi-
tives to porous asphalt, which resulted in a reduction in the average surface temperature
of 0.6 K compared to the infiltration of porous asphalt and a decrease in air temperature
above the pavement of 0.5 K. The cooling effect of this water-holding pavement persisted
for up to 3 days. Another study [77] investigated the use of fine blast-furnace powder as an
additive to water-retentive asphalt, resulting in a surface temperature of up to 14 K lower
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than the dense-graded asphalt pavement. Moreover, research studies that used bottom ash
and peat moss as additives in pervious concrete, reported a surface temperature almost
18 K lower than asphalt after rainfall, and a maximum surface temperature difference of
almost 9 K compared to a conventional porous pavement. Similarly, many studies [78]
have explored the use of fly ash with a narrow particle size distribution in porous bricks,
which reported lower surface temperatures of water-retentive materials and improvements
in thermal comfort.

In conclusion, the results of this study provide evidence that the incorporation of
recycled aggregates (RA) into a pavement mix can significantly improve the pavement’s
water retention capacity, which in turn can contribute to mitigating urban heat island
phenomena under wet conditions. The D100% mixture, in particular, was found to exhibit
superior water retention compared to the control mixture. Additionally, the incorporation
of RA in the C60% mixture also exhibited positive results. These findings suggest that
the use of RA in a pavement mix can play a valuable role in addressing the challenges
associated with urban heat islands and promoting sustainable urban environments. It is
also worth noting that this incorporation of RA does not compromise the perviousness of
the pavement, as the high water-drainage capacity of the pervious concrete is conserved,
which will categorize it as both a pervious and cool pavement simultaneously.

3.5. Water Absorption under Dry Condition

The results of the section height (Sh) measurements for Mixtures A, B, C, and D
(Figure 12) provide insights into the height changes of the samples over time. These
measurements are an indication of the physical behavior of the mixtures when exposed to
water, and can provide insights into their potential performance in real-world applications,
such as in pavement systems, to mitigate UHI.
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Figure 12. Relationship between dipping time and suction height.

Mixtures A, B, and C showed a relatively similar trend in their section height measure-
ments, with an initial value of 33% after 5 min of immersion. This value then increased
almost linearly to reach 40% for Mixtures A and B and 45% for Mixture C within 30 min.
This indicates that these mixtures experienced an initial increase in height upon contact
with water, which then leveled off to a stable value.

In contrast, Mixture D exhibited a more significant response to water immersion, with
an initial section height of 38% in the first 5 min, which then increased to reach a value of
53% in 30 min. This suggests that this mixture experienced a greater initial expansion upon
contact with water, which then slowed down.
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The section height measurements for all the mixtures were also taken after 48 h, with
76% observed for Mixture D100%, 66% for C60% and 45% for Mixtures A and B20%.

In summary, the results of this study indicate that Mixtures C and D possess a notable
hydric property, as outlined in relevant sources [55,56], in relation to their water retention
capacity when compared to Control Mixture A. This superiority is attributed to the presence
of recycled aggregates, which augment the water retention and absorption properties in a
proportionate manner, as demonstrated in Figure 12.

These results indicate that after an extended period of water immersion, the height of all
the mixtures had further increased, but with Mixture D100% showing the highest increase.

Furthermore, the results of the capillary absorption tests were found to be in con-
cordance with the previously reported findings, as depicted in Figure 13. The capillary
absorption tests revealed a capacity for upwelling water that reaches 33 kg of retained
water per square meter in 48 h for Mixture D100%, 20 kg for Mixture C60%, 16 kg for
Mixture B20%, and 12 kg for Control A.
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Figure 13. Capillarity absorption in function of dipping time for all mixtures.

In conclusion, the results of this study indicate that incorporating recycled aggregates
(RA) into a pavement mix can significantly improve the pavement’s water retention and
absorption capacity. These findings are useful in assessing the potential performance of
these mixtures in real-world applications, particularly in systems aimed at mitigating the
challenges associated with urban heat islands. By increasing the pavement’s ability to
retain and absorb water, RA can contribute to reducing surface temperature and promoting
more sustainable urban environments. This is especially important in areas where the
water table is fed into the sub-layers or in cities where the sub-layers are artificially watered
to cool surfaces and combat urban heat island phenomena [8,13,17,70].

The aforementioned findings are consistent with other research studies that have
explored the use of industrial waste as a raw material for ceramic tiles, resulting in a
practical solution for enhancing the water retention capacity of pavement tiles. The de-
velopment of water-retentive ceramic tiles has yielded some of the most water-retentive
tiles in the market, and the use of such tiles has resulted in a temperature reduction of
almost 10 K, with the air above the tile being cooler by 1-2 K [79]. Additionally, the use
of water-retentive materials with high capillary ability has been shown to be an effective
solution for mitigating heat. The surface temperature of the proposed material was found
to be 10 K cooler than the dry material and 25 K cooler than conventional asphalt [80]

Therefore, incorporating RA in pavement systems can be considered a promising
strategy in addressing urban heat islands and promoting sustainable urban development.
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This could be a promising strategy in addressing urban heat islands and promoting
sustainable urban development by increasing the pavement’s ability to retain and absorb
water; RA can contribute to reducing surface temperature and promoting more sustainable
urban environments.

3.6. Sorption/Desorption

The moisture sorption isotherms depicted in Figure 14 illustrate, for each mixture
examined, the progression of moisture content in relation to the relative humidity of the
surrounding air, at a fixed temperature of 23 °C.
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Figure 14. Sorption/desorption test for all mixtures.

It is evident that the increase in absorbed water vapor from the environment is pro-
portional to the percentage of RA incorporated. This is evidenced by the observed 2%,
2.45%, 3.45%, and 4.25% variations in the mass for Mixtures A, B, C, and D, respectively, at
a relative humidity of 95%. For a more comprehensive analysis of this sorption/desorption
behavior, the raw materials (NA and RA) were characterized under the same conditions and
parameters, as depicted in Figure 2. The results reveal that the sorption/desorption charac-
teristics of the mixtures are directly correlated with the sorption/desorption characteristics
of the raw materials. Specifically, at a relative humidity of 95%, recycled aggregates exhib-
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ited a 2% mass variation compared to a 0.45% variation for natural aggregates, representing
a 450% increase.

In Mixtures B, C, and D, the variation in mass was 26%, 76%, and 211% greater than
that of Control Mixture A. These findings indicate that the inclusion of recycled aggregates
results in a significant increase in the pavement’s moisture absorption capacity.

In addition, it can be observed that the area between the sorption and desorption
curves, also known as hysteresis, increases with the addition of recycled aggregates. This
reduction in the mass difference between the different dosages is attributed to the inherent
characteristics of the component, while the observed increase in hysteresis is likely the
result of the porosity of the mixtures, as reported in sources [58,59]. This hypothesis
is further supported by the data on the overall porosity of the mixtures as depicted in
Figure 6, which indicates a noticeable increase in porosity with the incorporation of recycled
aggregates. Thus, the findings on porosity can be correlated with those reported for the
sorption/desorption curves. In particular, the higher porosity observed in the mixtures
leads to an increase in the hysteresis zones depicted in Figure 14, thereby resulting in an
overall increase in the hygroscopic nature of the mixtures.

The inclusion of such a pavement in a region with high relative humidity during the
summer season will result in a significant absorption of moisture by the recycled pavement,
and thereby contribute to the cooling of the surrounding air without the need for artificial
means such as surface irrigation. As such, this cool recycled pervious concrete can represent
a natural solution for mitigating urban heat island effects in regions with specific climatic
conditions. These findings have been supported by studies in many sources [13,17,70,81].

4. Conclusions

Experimental investigations on pervious concrete have demonstrated the practicality
of utilizing recycled aggregates as a substitute for natural aggregates. This incorporation not
only enhances the sustainability of the construction process by valorizing a waste material,
but also improves the hydric and hygroscopic properties of the pervious pavement, thereby
enhancing its functionality and ability to mitigate urban heat islands.

The primary outcomes of the current study are:

o  The research conducted in this study determined that pervious concrete mixtures
incorporating recycled aggregate (designated as B20% and C60%) possess mechan-
ical properties comparable to those of pervious concrete mixtures utilizing natural
aggregate (designated as A). However, mixtures consisting entirely of recycled aggre-
gate (designated as D100%) exhibited a substantial decrease in mechanical strength,
limiting their use for walkways and pedestrian trials;

e  The findings of this study demonstrate that pervious concrete utilizing recycled aggre-
gates displays substantial water permeability, owing to a high porosity that results in
a large, interconnected pore system. Specifically, the water permeability for Mixtures
D100% and C60% is approximately 50% and 80% higher, respectively, than that of
Mixture A, as determined through both falling head and constant head permeability
tests at various pressure heads. Additionally, Mixture B20% exhibited slightly higher
values of permeability than Mixture A;

e  The water capacity test results indicate the potential of incorporating recycled aggre-
gates in pervious concrete to enhance hydric properties and mitigate urban heat island
effects. The test results show that one cubic meter of Mixes D100% and C60% can
absorb at least 80 and 45 L more water, respectively, compared to Mixes A and B20%.
Mix D100% demonstrates the ability to maintain this difference for over an hour and a
half, classifying it as a water-retaining block. This feature makes this type of pavement
a viable solution in areas where artificial irrigation is utilized to combat urban heat
island effects;

e  The section height test results reveal that mixtures D100% and C60% reached 55%
and 44%, respectively, after 30 min, in contrast to 40% for Mixtures B20% and A.
These results indicate that increasing the proportion of recycled aggregates in pervious
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concrete improves its hydric properties, which in turn enhances its effectiveness in
combating urban heat island effects through the sub-watering method;

e  The sorption/desorption test results emphasize the impact of recycled aggregates on
the hydric and hygroscopic properties of pervious concrete. The test showed that
the difference in mass in Mixtures B20%, C60%, and D100 was 26%, 76%, and 211%
greater, respectively, than that in Control A. In addition, the area between the sorption
and desorption curves, known as the hysteresis, was enhanced with the incorporation
of recycled aggregate, resulting in an increase in the hygroscopicity of the mixtures.
This enhancement in sorption and desorption capacity equips the recycled pavement
with the capability to naturally mitigate the urban heat island in regions with hot and
humid climates during warm seasons.

Regarding my perspectives for future work, I would like to conduct tests on a larger
scale to evaluate the performance of the various mixes in terms of their thermal and
durability properties.

In terms of testing on a larger scale, it would be beneficial to increase the sample
size to ensure that the results obtained are statistically significant and representative. This
could involve conducting experiments in multiple locations or replicating the experiments
multiple times to reduce the impact of environmental variables.

When it comes to evaluating the thermal and durability properties of the different
mixes, there are several methods that could be used. For thermal properties, techniques
such as thermal conductivity measurements, specific heat capacity can be implemented.
These techniques would help determine how the different mixes respond to changes in
temperature and how they transfer heat.

For durability properties, tests such as freeze-thaw resistance and abrasion resistance
can be used. These tests would help to evaluate how well the mixes withstand different
types of stress and wear over time.

Overall, by conducting more extensive testing on a larger scale and evaluating the
thermal and durability properties of the different mixes, we can gain a better understanding
of their overall performance and identify areas for improvement.
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