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ABSTRACT

The urban heat island (UHI) effect is intensified by the thermal properties and low reflectance of conventional
pavement materials, with Huancayo being a city with high urban temperatures. Permeable concrete (PC) is there-
fore presented as an alternative to improve urban quality of life. The objective of this study is to evaluate the effect
of the proportions and factorial interaction of aggregate size, color, and plasticizer additive on the thermal conduc-
tivity, thermal resistance, and surface albedo of PC. A factorial design (3 levels of factor Size of coarse aggregate
x5 levels of factor Color of concrete x 2 levels of factor Plasticizer additive with 3 repetitions) with three replicates
was used, with a total of 90 PC test specimens; the Thermtest TLS—100 and a pyranometer were used to evaluate
the parameters. The results showed that thermal conductivity was not very sensitive to the factors evaluated, and
no statistically significant effects were found. On the other hand, thermal resistance did show significant effects
related to the color of the concrete and its interaction with the plasticizer additive. Albedo proved to be the most
sensitive variable, where color and its interactions with aggregate size and additive had a notable impact on surface
reflectance, with light colors showing the highest values. The design of the PC mixture can affect its thermal and
optical performance. This highlights its potential as a strategy to reduce heat absorption and help mitigate the UHI
effect. Future research should analyze the behavior of PC in real field conditions, taking into account factors such
as humidity, evaporation, material aging, and the use of pigments or reflective additives.
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INTRODUCTION between urban and rural areas, measured by re-
mote sensing (satellite or aerial) (Ahmed, 2018)

Urbanized areas tend to have different cli-  and ii) canopy urban heat island (CUHI), which

mates depending on their urban and rural areas.
This phenomenon is known as the urban heat is-
land (UHI) (Van, 2025) and includes variations
in air temperature and land surface temperature
(LST) (Xiang et al., 2023). Thus, there are two
common phenomena, but they are not the only
ones: i) surface urban heat island (SUHI), which
refers to the difference in surface temperature

comprises the air temperature from the ground
to the tops of buildings and trees, measured from
terrestrial weather stations (Bechtel et al., 2019;
Venter et al., 2021). In addition, a computational
fluid dynamics (CFD) model shows that during
the dry season, the highest surface temperature in
an urban microclimate is located in the center of a
canyon between buildings, while convective heat
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flow is stored between sunrise and sunset, being
released into the environment with a direct influ-
ence from wind speed, rainfall, solar radiation,
and urban materials (Kubilay et al., 2018).

Urbanization, as one of the factors contribut-
ing to the UHI, causes a decrease in green areas,
a change in surface reflectivity, and an increase in
impervious surfaces (Cimolai and Aguilar, 2025);
which, together with landscape and topographic
characteristics, affect urban heat exchange process-
es (Mirabi and Davies, 2022; Sharifi, 2019; Wang
et al., 2021). Its effects exacerbate morbidity and
mortality problems due to heat-related illnesses,
posing a risk to public health (Cleland et al., 2023);
in addition, increased use of air conditioning leads
to greenhouse gas emissions (Lai et al., 2019). In
the case of Huancayo, the increase in conventional
concrete paving and construction is causing a pro-
gressive increase in the SUHI, with considerably
high daytime and nighttime values (S. J. Angeles
etal., 2019; V. R. Angeles et al., 2024).

In this regard, the physical characteristics of
urban infrastructure materials contribute to high
urban temperatures, taking into account their ca-
pacity to absorb sunlight. For example, asphalt
absorbs too much and reflects too little, storing
large amounts of heat during the day and slowly
releasing it at night (Joshi et al., 2025). In addi-
tion, pavement covers around 20—40% of urban
surfaces, with 75-80% of roads being asphalted
(Sankar et al., 2021). In tropical and semi-arid
climates, conventional asphalt and concrete pave-
ments reflect 10-30%, depending on environmen-
tal exposure and aging (Abedrabboh et al., 2025);
so their thermal properties (thermal conductivity,
reflectivity, and heat storage) influence the inten-
sity of the UHI (Liu et al., 2019). In environments
with strong solar incidence, pavement tempera-
tures can reach up to 60 °C and even higher at
midday (Sankar et al., 2021).

In recent decades, changing urban geometry,
planting vegetation, and incorporating bodies of
water have been used as strategies to improve
urban temperature (Bai and Xing, 2025; Tun et
al., 2025), but they have not been implemented
on a large scale due to political, technical, and
economic constraints. However, it is necessary to
implement UHI mitigation strategies and increase
the albedo of the urban surface, for example, by
using reflective materials to minimize heat ab-
sorption and storage, taking into account the local
characteristics of the urban microclimate (Rah-
mani and Sharifi, 2025), as Huancayo is a city
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with an increase in local surface temperature due
to the UHI (V. R. Angeles et al., 2024).

Thus, permeable concrete (PC), due to its po-
rous structure (aggregate of a single grain size and a
binder), offers a double benefit as it manages storm-
water through its porous matrix and reduces the ef-
fects of UHI compared to conventional concrete (Y.
Liu et al., 2020). The composition of PC consists
of a cement content of 280 to 310 kg/m* (Alighar-
dashi et al., 2018), aggregates ranging from 1440 to
1800 kg/m® (AlShareedah, 2020; Chandrappa and
Biligiri, 2016; Eisenberg et al., 2015), a water—ce-
ment ratio of 0.26-0.45 (Kevern et al., 2009) and
aggregate-cement ratio of 4:1-4.5:1 (Tyson and
Tayabji, 2012). However, these values may not be
universal, as the optimal mixture depends on the
understanding of the individual properties of each
component, as well as structural and environmental
requirements (Mostafa et al., 2024). In addition, in
order to implement PC as a measure to mitigate the
effects of UHI, studies on thermal properties and
reflectivity or albedo are required, since the amount
of solar absorption depends on the product of solar
irradiance and albedo (Lu et al., 2023).

Therefore, the objective of this study is to
evaluate the effect of the proportions and factorial
interaction of aggregate size, color, and plasticiz-
er additive on the thermal conductivity, thermal
resistance, and surface albedo of modified (po-
rous) PC, compared to conventional concrete, as
a strategy for mitigating the UHI in paved roads
in the city of Huancayo, Peru.

MATERIALS AND METHODS

Location

The experimental tests on the PC were car-
ried out at the National University of Central Peru
(UNCP), in the concrete laboratory of the Faculty
of Civil Engineering, located in the district of “El
Tambo,” province of Huancayo, department of
Junin, at 12° 01° 56.58°° S and 75° 14 06.91” W,
in the Central Andes of Peru (Figure 1).

Components of pervious concrete

The use of durable, non-chemical, pure, clay-
free stone is useful for producing high-quality,
durable PC (ACI-552R, 2010); in addition, aggre-
gates must be completely saturated with a dry sur-
face, thus preventing the absorption of design water
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Figure 1. Location map of experimental tests on PCs

into the mixture (Mostafa et al., 2024). The use of
coarser aggregates with a similar diameter (Elan-
go and Revathi, 2020) and fine aggregates around
5-7% (Zhong and Wille, 2016), is recommended to
improve the durability of the concrete. The ASTM
C33/C33M standard was used to determine the par-
ticle size of the aggregates and their characteristics
(ACI-552R, 2010), and Portland cement type II
was used in accordance with the ASTM C150 stan-
dard (ASTM C150/C150M, 2015).

Experimental design

In order to investigate possible cause-effect
relationships, the experimental method (Heather,

2013) was used to evaluate the proportions of ag-
gregate, color, and plasticizer additive and com-
pare them with control and comparison groups.
Likewise, for the population and sample, all in-
formation on thermal conductivity and albedo
during the period of time in which the laboratory
tests were carried out for 90 test tubes was con-
sidered. A 3 x 5 x 2 experimental design with 3
repetitions was taken into account (Table 1).

Mixture preparation or mixture design

This study used ACI 522R-10 (design of
mixes for permeable concrete) (ACI-552R,
2010) as a reference, as well as the optimal mix

Table 1. Factors and levels for the experimental design of the PC mixture

Factor experimental Level Code
Held in the %2" (12.5 mm) mesh T1/2
Size of coarse aggregate Held in the 3/8" (9.5 mm) mesh T3/8
(crushed stone)
Held in mesh No. 4 (4.75 mm) TN4
Yellow Y
White w
Color of concrete Black B
Green G
Conventional C
Without additive SA
Plasticizer additive
With additive CA
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Table 2. Components for a static permeable concrete design

Material Weight (1 m?) Specific gravity (g/cm®) | Absolute volume (m?) Uniform design (kg)
Cement 413 3.12 0.132 1.00
Water 124 1.00 0.124 0.30
Stone 1466 2.63 0.557 3.55
Air void (%) - - 0.100 -
TOTAL 2003 - 0.910 -

Table 3. Components for a dynamic permeable concrete design

Material Weight (1 m?®) Uniform design (kg) Approximate value of a bag (kg)
Cement 413 1.00 42.50
Water 132 0.32 13.56
Stone 1490 3.61 153.33
Air void (%) 0.15 - -
TOTAL 2035 - 209.58

Table 4. Components for the preparation (mixing) of permeable concrete test specimens

Component With additive for 3 test tubes Without additive for 5 test tubes
Cement (kg) 2.855 3.682

Water (L) 0.911 1.174

Stone (kg) 9.765 12.592

Sand (kg) 1.085 1.399
Additive (ml) 16.796 -

Ochre (g) 142.5 245

range determined by Adresi et al. (2024) with a
cement content of 280 to 310 kg/m? with certain
modifications according to the conditions in
Huancayo, a water-cement ratio of 0.27-0.33,
an aggregate-cement ratio of 4:1-4.5:1, and a
compaction energy level of 18-32 s according
to the VeBe test. On the other hand, to deter-
mine the compressive strength, the indications
of standard NTP 339.034 were considered, so
the cylindrical test specimens were subjected to
this test at 7, 14, and 28 days of curing (NTP
339-034, 2015).

Phases of experimentation

Phase I represents the preparation of the PC
and examination of the characteristics of the
components for testing, for the development of
the physical model of the PC system. During
this phase, the test specimens were constructed
(including the experimental factors in Table 1,
with three repetitions), using the optimal mixture
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design derived from the research by Adresi et al.
(2024) and adapted for this study. The ASTM
C1170 technical standard was used, the mixture
was poured into a 40 cm high container, and the
VeBe apparatus was used for 80 s. This process
resulted in 90 test specimens 20 cm in diameter
and 30 cm in height. The physical model was ob-
tained after 28 days of curing (Figure 2). Figure 2
shows the samples obtained at this stage.

Phase II focused on measuring the perfor-
mance of the physical PC model with respect to
thermal conductivity, thermal resistance, and al-
bedo. The TLS-100 (Figure 3) was used, a por-
table thermal conductivity meter used to mea-
sure thermal conductivity and thermal resistivity,
equipped with a 100 mm sensor for testing soils,
polymers, and other soft materials. An optional
50 mm sensor has been designed to test harder
materials such as rock and concrete. In addition, a
pyranometer was used for albedo evaluation. The
collected data is automatically analyzed and the
results are displayed instantly.
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Figure 2. View of the permeable concrete test tubes designed in this study

Figure 3. Thermtest TLS-100 conductivity and
thermal resistance measurement equipment

Data analysis

The RStudio statistical package (Version
2024.04.2 Build 764) was used for the processing
and analysis of the experimental data obtained
from the measurements of the 90 permeable
concrete (PC) test tubes. Descriptive statistics,
normality tests (Shapiro-Wilk), homoscedastic-
ity (Levene’s test), multicollinearity (VIF), and
three-way factorial analysis of variance were in-
cluded to evaluate the main effects and interac-
tions of the factors: aggregate size (T1/2, TN4,
T3/8), color (Y, W, B, G, C), and plasticizing ad-
ditive (SA, CA). (Y, W, B, G, C), and plasticizing
additive (SA, CA). In addition, it was comple-
mented by a multivariate analysis with interaction

Table 5. Descriptive statistics of the physical PC model

graphs, boxplots of significant effects, and a prin-
cipal component analysis (PCA) to explore the
structure of the response variables: thermal con-
ductivity (W/mK), thermal resistance (mK/W),
and albedo (%).

RESULTS

Table 5 shows the overall descriptive statis-
tics for the variables studied, considering all fac-
tor values, in which the variability and differenti-
ated distribution are due to the experimental com-
binations. Thermal conductivity has a high coef-
ficient of variation (CV = 76.676%), reflecting
sensitivity to porosity induced by factors; positive
asymmetry and high kurtosis suggest that certain
treatments generate increases and subgroups of
low conductivity (greater insulation), probably
associated with a lower number of voids. The
case of thermal resistance (CV = 186.395%) indi-
cates that it was the most affected variable, which,
together with its leptokurtic kurtosis and wide
range, suggests that there are some improvements
in the insulating capacity of porous systems com-
pared to conventional ones. On the other hand,
albedo (CV = 17.044%) shows considerable sym-
metry, suggesting that surface reflectance may be
related to macroscopic optical properties (color
and surface texture).

Variable N X+ Median MAD Min Max | Skewness | Kurtosis SE
Thermal conductivity (W/mK)| 90 | 0.057 + 0.044 | 0.047 | 0.050 | 0.030 | 0.002 | 0.229 1.683 3.665 | 0.005
Thermal resistance (mk/W) | 90 [44.365 + 82.694| 21.286 | 25.293 | 13.015 | 4.366 | 500 4.301 19.374 | 8.717
Albedo (%) 90 | 56.176 + 9.574 | 57.345| 56.309 | 9.859 | 38.8 | 75.32 -0.231 -0.960 | 1.009

Note: X — mean; o — standard deviation; TM — trimmed mean; MAD — median absolute deviation; SE — standard

€1TOT.
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The Shapiro-Wilk normality test was per-
formed, yielding results for thermal conductivity
(p = 7.434e-8), thermal resistance (p = 3.2594e-
17), and albedo (p = 0.003). Although the as-
sumption was not met, the design is balanced
with a sufficient sample size, in accordance with
the principle of the central limit theorem. Further-
more, ANOVA analyses can be continued despite
not meeting normality, unless homoscedastic-
ity, independence of factors, and similar sample
sizes are met (Knief and Forstmeier, 2021). Lev-
ene’s test for thermal conductivity (p = 0.908),
thermal resistance (p = 0.338), and albedo (p =
0.913) shows that there is statistical homogene-
ity of variances. The multicollinearity test, evalu-
ated with the variance inflation factor (VIF) for
thermal conductivity (VIF = 3.162), thermal re-
sistance (VIF = 1.732), and albedo (VIP = 1.458),
thus confirming the independence of factors. The
ANOVA indicates that the physical mechanisms
of each property are different and that the opti-
mization of the materials has affected optical re-
sponses (albedo), since thermal conductivity had

low sensitivity and no effects, while thermal re-
sistance had selective effects associated with col-
or and the plasticizer additive. Table 6 indicates
that there were no statistically significant effects,
although the effects of color (N> =0.1356) and the
interaction of aggregate size x color (> = 0.160)
suggest some influence, but more samples are
needed to verify the result.

Table 7 indicates that there are significant ef-
fects, with color and interaction with the plasticiz-
ing additive having the greatest influence on the
resulting physical model. The additive can influ-
ence thermal resistance, microstructural changes,
and internal porosity, causing certain effects.

Table 8 shows that the color with interactions
with other materials has a certain impact on sur-
face reflectance, suggesting that it depends not
only on the pigment, but also on the physical ar-
rangement of the granular system and the pres-
ence of the additive, as these modify its texture.

Based on the significant interactions, boxplots
were created for each one (Figure 4). There is a
marginal association between conductivity and

Table 6. ANOVA for thermal conductivity (W/mK) of the physical model of the PC

Parameter Df SC MS F-value p-value n?

Aggregate size 2 0.0001 7.078e-05 0.0406 0.9602 0.0014
Color 4 0.0164 0.0041 2.3540 0.0639 0.1356
Plasticizer additive 1 0.0000 4.817e-05 0.0277 0.8685 0.0005
Aggregate size x Color 8 0.0199 0.0025 1.4281 0.2036 0.1600
Aggregate size x Plasticizer additive 2 0.0015 0.0007 0.4242 0.6562 0.0139
Color x Plasticizer additive 4 0.0029 0.0007 0.4132 0.7984 0.0268
Aggregate size x Color x Plasticizer additive 8 0.0070 0.0009 0.5051 0.8477 0.0631
Error 60 0.1045 0.0017

Total 89 0.1524

Note: DF — degrees of freedom; SC — sum of squares type III; MS — mean square; n? — effect size.

Table 7. ANOVA for thermal resistance (mK/W) of the physical model of the PC.

Parameter Df SC MS F-value p-value n?
Aggregate size 2 23.36 11.68 0.0018 0.9982 6.06e-05
Color 4 71878.16 | 17969.54 2.7981 0.0338 0.1572
Plasticizer additive 1 46.28 46.28 0.0072 0.9326 0.0001
Aggregate size x Color 8 44696.93 5587.12 0.8700 0.5467 0.1039
Aggregate size x Plasticizer additive 2 7081.55 3540.77 0.5514 0.5791 0.0180
Color x Plasticizer additive 4 73738.81 18434.70 2.8706 0.0304 0.1606
Aggregate size x Color x Plasticizer additive 8 76254.64 9531.83 1.4843 0.1821 0.1652
Error 60 385316.25 | 6421.94
Total 89 659035.98

Note: DF — degrees of freedom; SC — sum of squares type I1I; MS — mean square; n* — effect size.
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Table 8. ANOVA for albedo (%) of the physical model of the PC

Parameter Df SC MS F-value p-value n?
Aggregate size 2 2.8435 1.4217 0.1468 0.8638 0.0049
Color 4 1528.8613 | 382.2153 39.4670 3.59E-16 0.7246
Plasticizer additive 1 0.0580 0.0580 0.0060 0.9386 9.98E-05
Aggregate size x Color 8 535.6166 66.9521 6.9134 2.06e-6 0.4796
Aggregate size x Plasticizer additive 2 25.5569 12.7784 1.3195 0.2749 0.0421
Color x Plasticizer additive 4 123.0552 30.7638 3.1766 0.0196 0.1748
Aggregate size x Color x Plasticizer additive 8 208.3470 26.0434 2.6892 0.0135 0.2639
Error 60 581.0656 9.6844
Total 89 3005.4042

Note: DF = Degrees of freedom; SC = Sum of squares type III; MS =Mean square; 1> = Effect size.

aggregate size, where fine aggregates (TN4) exhib-
it greater dispersion and higher mean values, indi-
cating greater heat transfer due to reduced effective
porosity in the PC matrix (Figure 4a). In the case
of the color-additive interaction with strength, light
colors (W, Y) with additive increase the median
strength, suggesting a synergistic role in internal
thermal dispersion due to microstructural modifi-
cation (Figure 4b). Albedo, on the other hand, has
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outliers in pigmented configurations that imply
surface variability depending on the formulation
(Figure 4c), while color confirms its dominance in
the albedo effect (Figure 4d).

The interactions of factors with variable
responses (Figure 5) are bivariate and trivi-
alized. Panels (a-c) show low stability in re-
sponse to factorial variations in conductivity;
(d-f) show elevations with plasticizer additive
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Figure 4. Graphs of significant interactions of, a) boxplot of thermal conductivity (W/mK) with size (p =
0.0494), b) boxplot of three-way thermal resistance (mK/W) (p = 0.0304), c) boxplot of two-way albedo
(p<0.0001), and d) bar chart of the main effect of albedo with color
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Figure 6. Principal component analysis of thermal conductivity (Cond_T), thermal resistance (Res_T),
and albedo

and unconventional colors for resistance; (g-i)
for albedo, size T3/8 with light pigments maxi-
mizes reflectance, suggesting an alternative for
UHI mitigation.

Furthermore, in the ACP biplot (Figure 6), it
projects the three response variables, where the
first component (Dim1) has the highest variance,
with an inverse relationship between thermal con-
ductivity and thermal resistance, which shows that
heat transport is affected by the structure of the PC.
The second component (Dim?2) is related to albedo
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behavior dominated by the optical characteristics
of the surface. However, the positive loads of al-
bedo and Rest T indicate that reflective optimiza-
tions co-vary with thermal insulation, while Con_T
is linked to aggregate density.

DISCUSSION

The results highlight the impact of aggre-
gate size on thermal conductivity. The study by



Journal of Ecological Engineering 2026, 27(9), 173-184

Leyton-Vergara et al. (2019) demonstrated that
aggregate particle size affects density, compres-
sive strength, thermal conductivity, and water
absorption, which control the thermal behavior
of the material. According to the results, low
values were obtained, between 0.002-0.229,
unlike Sengul et al. (2011), who obtained 0.13—
0.35, where fine aggregates can generate this
effect in conjunction with other materials that
may constitute the mixture, while Arenas et al.
(2018) obtained higher values between 0.29—
1.02 because it contains recycled concrete and
ash aggregates for the production of PC. In ad-
dition, with high thermal conductivity, the maxi-
mum surface temperature can be reduced by 1-3
°C compared to conventional concrete and heat
emission can be reduced by 2.5-5.2% (Chen et
al., 2019). Similar to this parameter, thermal re-
sistance increases with porosity (Seifeddine et
al., 2022; Singh et al., 2020).

The pore matrix affects heat transfer, so the
mixing ratios are more closely related to the ther-
mal properties of PC (Lyu et al., 2024), includ-
ing permeability, mechanical strength (Ximenes
et al., 2022), and thermal storage in pavement
(Yaghmour et al., 2024). For this reason, surface
temperature variations differ due to their micro-
structural components, so increasing the thermal
conductivity of PC causes its surface temperature
to decrease during the day but increase at night,
as demonstrated by some studies (Seifeddine et
al., 2022). The albedo of PC at the end of 28
days shows a decrease with increasing porosity,
which coincides with the work of Lu et al. (2023),
who demonstrated that the spectral reflectance of
fresh dry PC has the same trend with variations
of 0.10-0.35, which is higher than convention-
al concrete; while Zhang et al. (2015) obtained
0.25-0.35, which can increase solar radiation
absorption in the pavement. In addition, 15-35%
reduces thermal storage in asphalt (Mostafa et al.,
2024). However, for its implementation on roads,
certain aspects must be considered, such as the
type of traffic, sidewalks, bike lanes, or urban
squares (Yaghmour et al., 2025).

Permeable pavements are an environmentally
friendly option for reducing the effects of UHI, as
some studies have shown that they can produce
evaporative cooling due to water storage in the
pores (Haddad et al., 2023; Mostafa et al., 2024);
Other studies have shown that evaporation can
reduce surface temperature by up to 9.4% com-
pared to conventional pavements (Y. Liu et al.,

2020). Therefore, it has strategic value for urban
climate adaptation, but research on long-term du-
rability, the integration of smart technologies, and
advanced obstruction control is needed (Wu et al.,
2025). The daytime temperature range must also
be considered when evaluating pavement perfor-
mance, as discovered in Sen et al. (2022).

Therefore, Seifeddine et al. (2022) recom-
mend avoiding the use of lightweight aggregates,
favoring fine aggregates with light colors to in-
crease albedo; however, this combination may
be limited by the hydraulic properties of PC due
to its open porosity. On the other hand, for fu-
ture studies, the use of PC provides heat relief,
reduces emissions, and conserves energy, making
it a promising option for environmentally friendly
PC road construction (Singh et al., 2020).

CONCLUSIONS

Thermal conductivity showed low sensitiv-
ity to the factors evaluated, with no statistically
significant effects found in the ANOVA analysis.
However, variations were noted that were mainly
related to aggregate size, suggesting that the po-
rous structure and void distribution of PC have an
impact on heat transfer within the material matrix.

In contrast, thermal resistance showed statis-
tically significant effects related to concrete color
and the interaction between color and plasticizer
additive. These findings suggest that certain com-
binations of pigments and additives can alter the
microstructure of the material, improving its ther-
mal insulation capacity.

Surface albedo was the variable that respond-
ed most to the experimental factors. The color of
the concrete, together with its interactions with
aggregate size and plasticizer additive, had a sig-
nificant impact on surface reflectance. Light-col-
ored mixtures showed higher albedo values, in-
dicating a greater ability to reflect solar radiation
and, therefore, less heat storage in the pavement.

Overall, these findings indicate that using
permeable pavements can reduce the effects of
UHI, but other approaches should be considered
to contrast the initial idea, such as durability in
everyday environments, evaluation of physical
characteristics, and integration of other comple-
mentary technologies. Future research should fo-
cus on how to increase the albedo of these pave-
ments and on developing effective strategies to
combat the urban heat island effect.
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