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Porous asphalt (PA) mixtures are gaining wider acceptance in pavement construction due to their benefits in
terms of road safety, noise mitigation and stormwater management. Increasing demands, such as those imposed
by climate change, require the design of mixtures that provide enhanced functional properties, while keeping the

E?I:::;ty same durability of conventional porous asphalt mixtures. This study proposes different experimental PA mixes
PCA with higher air voids content and suitable structural capability than a conventional PA mixture. The functionality

AHC of the mixtures was evaluated in accordance with total and interconnected air voids, while the mechanical
performance was assessed in terms of raveling resistance both in dry and wet conditions, tensile strength, and
moisture sensitivity. The binder drain down was also verified. In a first stage, the experimental results were
analyzed through descriptive and inferential statistics tests. As multiple responses were obtained, principal
component analysis (PCA) and agglomerative hierarchical clustering (AHC) were applied to explore the asso-
ciation pattern among the test results and experimental designs. The study concluded that PA mixes with air
voids content of up to approximately 28% and admissible values of resistance can be designed. The use of
polymer modified binder (PMB) and the inclusion of fibers and hydrated lime (HL) was essential for the

formulation of the mixes.

1. Introduction

Given the high rate of urbanization in cities, the area of impervious
surfaces is increasing the risk of negative impacts on the environment
such as flooding (Hammes et al., 2018). In addition, climate change,
together with the growth of the automobile fleet, requires the devel-
opment of infrastructures that are not only more resistant but also more
sustainable. The use of porous asphalt (PA) mixture as wearing course
has emerged as a popular solution to help address the increased de-
mands of stormwater management. This mixture produced with low
quantity of fines has high porosity, allowing the drainage of water
through its structure improving the surface runoff. Other benefits re-
ported in the literature include the mitigation of the tire-pavement
noise, high skidding resistance, capability to dissipate splash and
spray while driving on rainy days, reduction of glare while driving at
night. and prevention of the hydroplaning phenomenon (Gupta et al.,
2019; B. Xu et al., 2016).

The PA mixture was incorporated in Europe and America in the mid-
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1960s to increase the friction in the highways and hence to improve the
safety of roads (Chen et al., 2018). In Netherlands more than 90% of the
highway network is covered by PA for the purpose of reducing noise
(Nielsen, 2006). Previous studies suggest that PA can decrease the
average noise level of 3-4 dB (Liu et al., 2016). Besides, PA mixture
gained recognition in the world of sustainable drainage systems (SUDS)
as a surface layer of a permeable pavement system (PPS), through which
the amount of surface runoff is minimized by helping the water pene-
trate through its structure (Gupta et al., 2019). The open-graded struc-
ture and the large air voids content produce its functional advantages. In
the United States typical air voids content varies from 18% to 22% while
in Europe it is around 20% (Alvarez et al., 2011). It is worth mentioning
that the porosity of the PA has a direct influence on the durability of the
mixture. Thus, the presence of high voids content usually results in a
lower service life expectancy as compared to dense-graded asphalt
mixtures. Raveling, the loss of coarse aggregates from the road surface
due to the abrasive loads of the traffic, is the most common type of
failure observed in the PA mixtures (Manrique-Sanchez et al., 2018).
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This phenomenon normally occurs because of poor adhesion in the
binder-aggregate interface or the loss of cohesion within the asphalt
mortar (Adam et al., 1998; Mo et al., 2011). The high porosity exposes
the bituminous binder to higher rates of oxidation and moisture damage
weaking the binder’s ability to bond the aggregates effectively, poten-
tially compromising the cohesive strength of the mixture (Huurman
et al., 2010).

Clogging is another important problem of the PA mixtures in terms of
functionality. It happens when the pores are blocked by the dust and fine
materials affecting directly the permeability and the infiltration rate of
the pavement (Garcia et al., 2019). According to Chen et al. clogging
accelerates the freeze-thaw deterioration cycles because of the addi-
tional water retained in the pores (Chen et al., 2018). Moreover, as the
porosity and permeability of the PA increases, the influence of clogging
is lower (Ranieri et al., 2011).

Multiple additives and modifiers have been incorporated into the PA
mixture to increase its structural capability; these include fibers, poly-
mers, modified binders and alternative fillers (Slebi-acevedo et al.,
2020). Overall, polymer modified binder (PMB) is the most common
alternative to be applied as binder in the PA since it provides greater
elastic recovery and higher ductility (Rogers et al., 2019). In the US,
PMB and rubber-modified binders are preferred over conventional
binders to achieve a more durable PA pavement (Ma et al., 2018). The
addition of polymers such as crumb rubber (CR) and
styrene-Butadiene-Styrene (SBS) to manufacture high viscosity binders
also increases the engineering properties of the bitumen reducing
moisture-induced raveling damage (Ren et al., 2021). Fibers are also
added to increase the mechanical performance of the mixture. Many
studies have reported increments in the tensile strength, fracture energy
properties and toughness with fiber addition (Gupta et al., 2019; Park
et al.,, 2015; Q. Xu et al., 2010). Similarly, fibers can act as a barrier
preventing the formation and propagation of cracks (Park et al., 2015).
In PA and Stone matrix asphalt (SMA) adding fibers is a good solution to
avoid the binder drain down and hence to stabilize the mix (Abtahi et al.,
2010). Among the fillers, the hydrated lime (HL) is an excellent additive
to prevent the moisture damage. Previous studies have reported that HL
reduces the chemical aging of the bitumen, and enhancements in the
strength and modulus have been observed in mixes modified with this
additive (Mohd Shukry et al., 2018). In fact, these positive observations
have led the Netherlands to implement HL in the production of their PA
mixes.

In a previous research the authors of this study used design of ex-
periments (DOE) combined with a multi-criteria decision making anal-
ysis (MCDMA) (Slebi-Acevedo et al., 2021) to select the most promising
additives that can be applied in a PA mixture. The modifiers evaluated
included the PMB as binder, synthetic fibers, and HL as replacement of
the filler. The main purpose of this research is to develop an enhanced
porous asphalt mixture with higher air voids content and a structural
capacity suitable and similar to a conventional PA mixture. Various
experimental PA mixes with different empirical gradations curves and
modified with additives were assessed to increase the air voids of the
mixture and maintain a proper durability. As part of the evaluation, both
total and interconnected air voids were determined. Besides, the testing
protocol encompassed binder drain down, particle loss under both dry
and wet conditions, indirect tensile strength, and moisture
susceptibility.

Descriptive statistics were used to describe and explore the basic
features of the dataset, whereas inferential statistics were conducted for
comparison purposes among the experimental designs. Additionally, in
this study, principal component analysis (PCA) and agglomerative hi-
erarchical clustering (AHC) were included as promising exploratory
techniques to evaluate the degree of interrelation among the mixtures
and to observe the multiple association between the responses recorded.
Both methods are useful when analyzing numerous mixture designs with
multiple response variables simultaneously. On the one hand, PCA al-
lows to establish groups of inter-related responses, to reduce the number
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of variables and to convert them into principal components (PCs) which
contain information about the contribution of the total variance of the
data set. On the other hand, AHC facilitates the classification of the
experimental designs based on their similitudes with respect to the
scores found in the PCs. These statistical tools have been applied in
many fields such as biology (Elshamy et al., 2019), sustainability (Canal
& Delta, 2020), energy (Burgas et al., 2021) and food sciences (Cadot
et al.,, 2012). In civil engineering studies, Bouyad and Emeriault
(Bouayad and Emeriault, 2017), applied PCA and AHC methods to
describe the association pattern between the tunnel boring machines
(TBM) parameters and geology profiles. In another study, soil spatial
patterns at the ancient city of Ibida (Northerm part of Dobrogea,
Romania), were identified by PCA and AHC multivariate statistical
methods (Gabriel et al., 2020). Tidjani et al. (2020) employed AHC to
identify road infrastructures that could have an impact on the degra-
dation of the road markings. Related to bituminous binders, Margaritis
et al. (2020) applied the same analytical method to classify reclaimed
asphalt binders belonging into similar aging states, on a
chemo-rheological basis. As far as the authors of this research know, the
combination of these exploratory techniques has not been used before,
to investigate multiple responses in the field of porous asphalt mixtures.
Accordingly, with PCA and AHC the aim is to make an exploratory
analysis of the multiple data set and establish correlations between the
experimental response variables and classify the observations based on
their similarities in relation to their physical properties.

2. Materials and methods
2.1. Materials

For the preparation of the specimens two types of bituminous binder
were employed: the virgin bitumen 50/70 penetration-grade and a
polymer modified binder. Their main characteristics are listed in
Table 1.

Concerning aggregates, ophite with a specific gravity of 2.787 g/cm®
was employed as the coarse fraction while limestone with a specific
gravity of 2.705 g/cm?> was used as the fine fraction and filler material.
To improve the bonding of the bitumen, HL content of 25 percent was
incorporated as replacement of the filler in the experimental mixtures.
Their physical properties are presented in Table 2.

Two types of synthetic fibers were used as reinforcement and binder
stabilizer of the experimental mixes. The first one corresponded to a set
of polyolefin-aramid (POA) fibers. On the one hand, aramid fiber is
characterized for having an elevated tensile strength and high thermal
resistance as compared to other type of synthetic fibers (polypropylene,
polyester, polyacrylonitrile). On the other hand, polyolefin fiber acts
well as a dispersing agent avoiding the formation of clusters in the mix.
Additionally, polyolefin has a similar melting point than the binder and,
hence, it can work as a bitumen modifier. Previous studies have shown
good results with the addition of POA fibers (Fazaeli et al., 2016; Gupta
et al., 2021; Slebi-acevedo et al., 2020). The length of both fibers is 19
mm and the density of the set determined according to the European
standard method EN 1097-6 was 0.95 g/cm®.

Table 1
Characteristics of bituminous binders. Virgin Binder (VB), polymer modified
binder (PMB).

Test Standard Binder

VB PMB
Penetration (25 °C, dmm) EN 1426 57 55
Specific Gravity EN 15326 1.04 1.03
Softening point (°C) EN 1427 51.6 74.1
Fraass brittle point (°C) EN 12593 -13 -13
Ductility force (5 °C, J/cm?) EN 13589 - 3.11
Elastic recovery (25 °C, %) EN 13398 - 92
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Table 2
Physical properties of the aggregates.
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Ophite - coarse aggregate fraction

Property value specification Normative
Los Angeles coefficient 13 <20 EN 1097-2
Specific weight (g/cm3) 2.787 - EN 1097-6
Polished stone value (PSV) 60 >56 EN 1097-8
Flakiness Index (%) 8 <20 EN 933-3
Limestone - fine aggregate fraction and filler material

Property value specification Normative
Los Angeles coefficient 28 <25 EN 1097-2
Specific weight (g/cm3) 2.705 - EN 1097-6
Sand equivalent 78 >55 EN 933-8
Hydrated lime - as replacement of the filler material

Property value specification Normative
Specific weight (g/cm3) 1.959 - EN 1097-6
CaO content (%) >90% - -

The second fiber selected as reinforcement was aramid pulp (Pulp),
which is a type of fibrillated chopped aramid fiber that has been used as
a reinforcement in other composites such as carbon-fiber-reinforced
plastics (CFRP) (Hu et al., 2020; Lertwassana et al., 2019). Like con-
ventional aramid fibers, Pulp has high thermal resistance as well as high
tensile strength properties. Unlike conventional aramid fiber, which is a
thin filament fiber, Pulp fibers have stratified small branches with
fibrillary surfaces. Due to the particular shape, this fiber provides high
wearing resistance, large frictional properties, and hence can be easily
adhered to other polymeric binders (Lertwassana et al., 2019). The
length of the Pulp fiber is approximately 1.15 mm. Pictures of the types
of fibers used in the current research are presented in Fig. 1.

2.2. Experimental designs

A total of eleven PA mixtures, in addition to those deemed as refer-
ence mixtures, with different aggregate gradations were designed for
this study (see Table 3). The main purpose of the experimental design is
to obtain a PA mixture with high air voids content while keeping a
suitable mechanical performance.

A typical gradation curve from Spain with a maximum particle size of
16 mm was taken as control gradation to design four additional
empirical gradation curves, as shown in Fig. 2. It is worth mentioning
that PA16 was chosen to allow a thick layer to improve the infiltration
capabilities of the road. Each one of the gradations was designed to
increase the air voids and improve its functional capabilities. Gradations
number three and four were expected to have the highest porosity while
the gradation number one was expected to have the lowest one. The
designs of the mixtures were done sequentially, trying to improve the
mechanical performance of the previous one. Two reference mixtures
with virgin and polymer modified binder were manufactured for com-
parison with the experimental mixtures. Both mixtures were formulated
to achieve a 20% porosity with a binder content of 4.50%, ensuring no

@

Table 3
Empirical PA mixtures with high infiltration capabilities.
Mixture Binder Binder Gradation Fiber Fiber
D type content (%) used type content (%)
REF 1 50/70 4.50 Control - -
REF 2 PMB 45/ 4.50 Control - -
80 - 65
PA1 PMB 45/ 5.00 1 Pulp 0.05
80 - 65
PA 2 PMB 45/ 5.00 1 POA 0.05
80 - 65
PA 3 PMB 45/ 5.00 1 Pulp 0.08
80 - 65
PA 4 PMB 45/ 5.00 2 Pulp 0.05
80 - 65
PAS PMB 45/ 5.00 3 Pulp 0.05
80 - 65
PA 6 PMB 45/ 5.00 3 POA 0.05
80 - 65
PA7 PMB 45/ 5.00 3 POA 0.15
80 - 65
PA S8 PMB 45/ 5.00 4 POA 0.15
80 - 65
PA9 PMB 45/ 5.00 4 Pulp 0.05
80 - 65
PA10 PMB 45/ 5.30 3 Pulp 0.05
80 - 65
PA11 PMB 45/ 5.30 3 POA 0.15
80 - 65
=—Control = Gradation#1 ~-——Gradation#2 ==Gradation#3 =-=—Gradation# 4
100 ¢
9
80 |
70 g
60 | g
50 £ 8
30 &
20
10
0 ]
100.00 0.01

Sieve size (mm)
Fig. 2. Particle size distributions used in the current study.

risk of binder drain down. Similarly, reference mixtures were prepared
using conventional filler. With respect to the experimental mixes,
despite having fewer fine aggregates to increase the air voids, they were
designed with a higher bitumen content. This was possible because the
fibers not only act as reinforcement in the mixture but also absorb
bitumen preventing its leakage.

Fig. 1. Illustration of the fibers used as reinforcement. (a) POA fibers; (b) Pulp fibers.
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2.3. Specimen preparation

The preparation of specimens was done following a traditional pro-
cedure. Initially the coarse and fine aggregates, as well as filler material,
were heated and blended to meet the requirements of the gradations
proposed. Then fibers were added by dry method, which means prior to
the addition of bitumen. Once a homogeneous mixture was reached, the
binder was incorporated into the fiber-aggregate matrix and mixed
continuously. In the mixture prepared with virgin binder the mixing
temperature was 170 °C while in the designs manufactured with PMB
the manufacturing temperature was 165 °C. Cylindrical specimens were
compacted using the standard Marshall compaction method and
applying 50 blows on each face following the EN 12697-34 standard.

2.4. Experimental set-up

The experimental tests carried out in this research are presented in
Table 4. The total and interconnected air voids were determined based
on their volumetric properties according to European Standard EN
12697-8 and used as indicator of the functional performance of the PA
mixtures. Additional insights can be found in (Slebi-Acevedo et al.,
2022). A higher content of total voids means a higher permeability and
infiltration rate (Alvarez et al., 2011). The particle loss Cantabro test
developed in the 1990s in Spain (Arrieta and Maquilon, 2014; Calza-
da-Perez and Perez-Jimenez, 1984) was conducted on cylindrical spec-
imens to evaluate the raveling resistance of compacted mixes. In the test,
the samples are conditioned in a climatic chamber at 15-25 °C, their
initial weight is recorded to afterwards being submitted to the Los
Angeles Machine without abrasive load for 300 revolutions at 30 rpm.
The particle loss (PL) expressed in percentage is calculated as the ratio of
lost weight from the initial weight of the compacted sample. In addition,
the test was also carried out in wet conditions following the Spanish
Standard NLT 362/92. In this case, the samples are initially submerged
in a water bath at 60 °C for 24 h and then disposed in a climatic chamber
at 25 °C for another 24 h prior to perform the test as described in the dry
condition.

Additionally, the indirect tensile strength (ITS) and the moisture
sensitivity of the PA mixes were assessed as other criteria of durability.
To carry out with the test, a total of eight samples are required to be
divided in two groups of four samples each one. The first group corre-
sponded to dry samples, which were stored in a climatic chamber at
15 °C. Meanwhile, the second denoted as wet samples were kept in a
water bath at 40 °C for 68-72h. Finally, the samples are disposed during
3 hat 15 °C before carrying out the ITS test according to EN 12697 - 23.
Finally, the potential for moisture induced damage is measured in terms
of the indirect tensile strength ratio (ITSR). The ITSR is computed as the
ratio of the wet ITS (ITSwe) to the dry ITS (ITSgy), expressed in

Table 4
Experimental tests.
Response Symbol  units  Standard Comments Replicates
Total air voids Tav % EN 12697 Volumetric 16
-8 properties
Interconnected air  Iay % - Volumetric 4
voids properties
Particle loss - dry PLqry % EN 12697 European 4
conditions -17 standard
Particle loss - wet PLyer % NLT 362/ Spanish 4
conditions 92 standard
ITS - dry ITSary kPa EN 12697 European 4
conditions -23 standard
ITS - wet ITSwet kPa EN 12697 European 4
conditions -12 standard
Moisture ITSR % EN 12697 European 8
sensitivity -12 standard
Binder drain BD % EN 12697 European 2
down -18 standard
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percentage.

Finally, as the experimental mixtures have low fines, the mesh basket
binder drain down test was performed to check the binder stability at
high temperatures according to EN 12697-18. This test displays the
amount of binder drainage relative to the total weight of the mixture.
According to previous studies found in the literature, the binder drain
down must not exceed 0.3% by weight of the total mix (Lyons and
Putman, 2013; Putman et al., 2012).

2.5. Statistical analysis

The experimental results obtained from the laboratory tests were
examined by using descriptive, inferential, and exploratory statistics.
Descriptive statistics was used to inquire into the features of the
experimental designs. Some statistical measures like mean, median,
standard deviation as well as the upper and lower quartiles were
recorded and graphed in box and whisker plots. Similarly, histograms
were examined, and the normality of the data was checked through the
Anderson-Darling normality test and the homogeneity of variance was
compared by the Levene’s test. Depending on the data distribution and
homoscedasticity, inferential statistics were applied for comparison
purposes among the designs. One-way analysis of variance (ANOVA)
parametric test was employed in those cases where the data were nor-
mally distributed and with homogeneity of variance. Otherwise, the
Kruskal-Wallis non-parametric test was used. Similarly, multiple pair-
wise comparison tests were carried out for classification purposes. The
confidence level of the statistical analysis was established in 95%.
Accordingly, a p-value lower than 0.05 suggests the existence of statis-
tically significant differences. Moreover, the statistical association be-
tween the different responses were investigated using the Pearson’s
correlation coefficient.

As many responses were obtained from the experimental designs,
exploring and clustering data analysis were also done to concentrate the
large amount of information into few representative dimensions and to
clustering data based on the similarities found among the experimental
designs. Consequently, the unsupervised exploratory statistical methods
denoted as Principal Component Analysis (PCA) and Agglomerative
Hierarchical Clustering (AHC) Analysis were employed respectively to
that purpose.

As exploratory technique, PCA helps to analyze quantitative data
which is organized in matrix form with X individuals and Y response
variables. Through the method, the relationship between the response
variables is quickly envisioned as well as the similarities between the
individuals (Tidjani et al., 2020). Overall, PCA seeks to identify links
between the data set to then project it on a reduced dimensional map. As
the response variables were measured in different orders of magnitude,
in PCA, each variable is firstly standardized by reducing and centering
all the variables on the same scale. PCA looks to capture orthogonal
dimensions based on linear combinations of the variables with the
maximum variability of data. It is worth mentioning that the first
dimension captured has the highest variability of the data while the
other ones capture the remaining maximum variability in descendent
order. As the main objective of PCA is dimensionality reduction, it is
expected to capture the maximum variability of data with just two di-
mensions. Consequently, the 80% variance criterion is deemed, which
means that the cumulative variability of two of the total dimensions
should be higher than 80%.

AHC helps to cluster observations into sets of similar observations.
This method is based on the concept of distance or dissimilarity between
observations in relation to the measured variables. Like PCA, the ob-
servations are initially centered and reduced to standardized response
variables. Next, the clustering of the observations is determined by
computing the geometric Euclidean distance between them. The groups
are typically showed in an attractive visual way called a dendrogram.
Through the dendrogram, the branches contained explained the simi-
larities found among the observations. Accordingly, larger distances



C.J. Slebi-Acevedo et al.

between the branches depicted higher dissimilarities between the
experimental designs. The Wards or minimum variance linkage method
was the criterion chosen to merge the pair of clusters at each step.

3. Results and discussion
3.1. Binder drain down results

Firstly, the binder drain down was verified among all the experi-
mental designs (Table 5). Despite the small fine content in the mixtures,
none of the mixtures exceeded the maximum admissible value of 0.3%
recommended. It is hypothesized that, as expected, the addition of fibers
contributed to stabilize the high content of binder in the mixture, thus
preventing its leakage.

3.2. Total and interconnected air voids

The total and interconnected air voids of the experimental designs
are displayed in the box and whisker plots in Figs. 3 and 4, respectively.
In descriptive statistics, the box plots are very useful as they present the
different quartiles, the interquartile range and outliers contained in the
data set. The blue crosses indicate the mean values of the designs and the
mean central bars the medians. The first and third quartiles are repre-
sented as the lower and upper limits of the box plot, respectively. The
points above or below the whiskers are the outliers found in the repli-
cates. Good replicability was obtained in the test with minimal outliers.
As it can be expected, gradation curves three and four produced the
highest voids among all PA mixtures. From designs 5 to 11, they pre-
sented the highest total and interconnected porosity. The total air voids
ranged between 27 and 28%, whereas the interconnected porosity
oscillated between 22 and 23%. For both responses, the data were
normally distributed and with homogeneity of variance. Accordingly,
the Tukey pairwise comparisons tests were done for grouping the sam-
ples as it can be seen in the Demsar plots (see Fig. 3b and 4b). In the
Demsar plot, mixtures are ranked by their mean, and horizontal lines
represent groups of mixtures with no statistically significant perfor-
mance differences as determined by the Tukey test. Mixtures not con-
nected by a line have means deemed significantly different. The results
showed that the designs were divided in five groups for total and
interconnected porosity. The experimental designs contained in each
group indicate that there are no statistical differences between them. In
that sense, it is worth mentioning that there were not statistical differ-
ences from design five to eleven. As consequence, in this study different
PA mixtures with air voids content of approximately 28% and inter-
connected porosity of approximately 22% were reached.

In the same way, a high correlation was found between total and
connected air void responses, as it can be observed in Fig. 5. A linear
regression model with an R? value of 96% was obtained plotting the
experimental results in the same graph. Accordingly, it can be concluded
that either parameter is a good indicator of the functionality of the mix.

3.3. Particle loss Cantabro test results

As mentioned previously, raveling resistance is an important factor
to measure the durability of the PA since this is the typical type of failure
observed in these mixtures. Fig. 6 and Fig. 7 summarizes the results
attained from the Cantabro test in dry and wet conditions, respectively.
Given that the data exhibited heteroscedasticity across both responses,
the Kruskal-Wallis test was selected to analyze the statistical differences.
Concerning particle loss measured in dry conditions, all experimental
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Fig. 3. Total air voids results; box and whiskers plot (a); Demsar plot (b).

designs yielded admissible values except mixtures PA8 and PA9, whose
particle loss slightly exceeded 20%, the maximum recommended for the
highest traffic level according to Spanish standards. Multiple pairwise
comparisons among the samples were done using the Steel-Dwass-
Critchlow-Fligner procedure to identify means that are significantly
different from each other. It was observed that the mean values can be
divided in two groups (see Fig. 6). Despite of the high voids content of
the mixtures PA10 and PA11, no statistically significant differences were
observed with respect to the reference mixtures. Besides, the PA7 with a
void content of approximately 28% showed the highest raveling resis-
tance with a particle loss at dry conditions of 10%, a value similar to the
reference mixture with PMB. Based on the above, it can be said that the
presence of aramid synthetic fibers was crucial as reinforcement in the
mixes to keep a proper durability.

Concerning the results for wet conditions, a maximum value of 35%
is admissible according to Spanish regulations. All the designs under-
went particle losses lower than 35% except from PA6 which displayed a
value of 39.1%. From the results it is clearly observed that the voids
content has greater influence in the raveling resistance when wet. De-
signs PA1, PA3, PA4, PA7 and PA10 displayed lower values of particle
loss as compared to REF1. However, designs PA7 and PA10 are the ones
of greatest interest since they have higher porosity. Based on the mul-
tiple pairwise comparisons, PA10 and PA7 are grouped with REF1 and
REF2 mixtures suggesting that not statistical differences are observed.
From the results it can be inferred that it is possible to obtain a mixture
with a high content of voids and maintain a durability similar to a

Table 5

Binder drain down results.
Design REF 1 REF 2 PAl PA2 PA3 PA4 PAS PA6 PA7 PA8 PA9 PA10 PA11
BD (%) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.08 0.00 0.00 0.00 0.00 0.07
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conventional PA mixture in terms of raveling resistance. In the same
way, the addition of HL as replacement of the filler material could have a
favorable impact on the wet strength of the mixtures. The inclusion of
HL enhances the resistance of the asphalt to water stripping helping to
maintain a suitable durability (Mohd Shukry et al., 2018).

3.4. ITS and water sensitivity test results

The ITS in both dry and wet conditions from all experimental de-
signs, are illustrated in Figs. 8 and 9, respectively. From the results, it
can be observed that as porosity increased, the tensile strength of the
mixes was highly reduced. With regards to ITS in dry conditions
response, the data were normally distributed with homoscedasticity and
hence ANOVA test was carried out to investigate statistical differences.
Designs PA1, PA2, PA3 with porosity content of 24% showed slightly
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lower tensile strength values than REF2 and close values to REFI.
Moreover, it is worth highlighting that PA11 mixture with voids content
of 28% depicted good performance in tensile resistance with no statis-
tical differences with respect to reference mixtures. In relation to designs
PA7 and PA10 with increased porosity and prepared with 0.15% and
0.05% of POA and AP fibers, respectively, they showed lower results of
tensile strength as compared to reference mixture with virgin binder.
However, the differences were not statistically significant, suggesting
that a similar performance can be obtained compared to a conventional
mix. Once again, the addition of aramid fibers had a direct positive effect
on the reinforcement of the mix. In line with previous studies, aramid
fibers have high tensile strength relative to asphalt mixture, and have
the potential to increase the cohesion and tensile strength of the bitu-
minous mixes (Abtahi et al., 2010; Gupta, Castro-fresno, et al., 2021;
Slebi-Acevedo et al., 2020).
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Concerning the ITS at wet conditions, none of the experimental
mixes could reach the same performance than the reference mix with
modified binder. Like for particle loss, it is clearly observed that the
mixes having more voids are more prone to fail under the action of
water. In other words, mixtures with greater porosity are highly exposed
to oxidation and aging and have less stone-on-stone contacts inside the
structural skeleton of the porous asphalt. Despite this, the designs PA10
and PA11 showed a similar performance to the conventional REF1
mixture with no statistical differences (see Fig. 9b).

Concerning moisture sensitivity results (see Fig. 10), designs from 8
to 11 displayed good values of moisture resistance. Mixes PA8, PA9,
PA10 displayed ITSR rates higher than 85%, fulfilling the requirements
specified in the Spanish normative. In addition, PA11 showed a good
ITSR value of 83%. Although it did not reach the minimum required
value, it was the mixture with the highest void content, and obtained the
best tensile strength in dry and wet conditions.

3.5. PCA and AHC exploratory analysis

As mentioned previously, with the exploratory analysis the aim is to
visualize the correlation between the response variables and similarities
between the experimental designs. Total and interconnected air voids,
particles loss (dry and wet) and tensile strength (dry and wet) were the
variables into consideration. Binder drain down was discarded as
response variable since no mix presented binder drainage. The moisture
sensitivity was also discarded because it is strictly dependent on the
indirect tensile strength test. Thus, the PCA assesses the correlation
between the variables. The PCA type was correlation matrix through the
Pearson correlation coefficient due to the distribution of the data set.
Accordingly, the results can be observed in the matrix plot (see Fig. 11).
The histogram of the variables is displayed in the diagonal, while the
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Fig. 10. Indirect tensile strength ratio (ITSR) results.

scatter plots show the combination among the variables. The red and
blue color observed in the data points depicts if there is a positive or
negative correlation, respectively. Meanwhile, the lines in the scatter
plots reveal the pattern and stretch relationship between the response
variables. For instance, the higher porosity values, the greater is the
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particle loss (red points). Similarly, as the air voids content increases,
the tensile strength is lower (blue lines).

Subsequently, the original dimensionality of the feature space is
reduced by mapping out in a smaller space whose axes are represented
by factors (F) or principal components. In other words, PCA is computed
as linear orthogonal transformation of the data set and response vari-
ables into a new coordinated system (Ghasemi et al., 2018). The first PC
possesses the strongest variance along its axis followed by the second
and third PCs and so on. As it can be observed in the scree plot of the PCA
(Fig. 12), the response variables can be reduced in two factors with more
than 80% of the data variance explained according to the eigenvalues.
The eigenvalues reflect the quality of information contained in the
variables of the data set to a smaller number of factors. For instance, the
first factor explains 76% of the variability contained in the data.

Although it is typical to consider the first two factors to describe the
multivariate dataset (Margaritis et al., 2020), in this study the third
factor was taken instead of the second one because of the squared cosine
values and because F3 loadings represent better the ITSwet and air voids
response variables. The higher squared cosine, the larger the link with
the corresponding axis. Fig. 13 shows the clustering tree or dendrogram,
calculated from the AHC. The Ward’s minimum variance method was
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the criterion applied in the hierarchical clustering analysis. As it can be
seen, the dendrogram represents the progressive grouping of the ob-
servations and the dotted line indicates the level of truncation that has
been considered. Based on the visual inspection of the derived clustering
tree, the experimental PA mixtures were divided into five groups rep-
resented in five different colors. Each color group of observations is
more homogeneous as compared to the others. From right to left. Yellow
cluster: designs REF1 and PA2. Purple cluster: designs REF2 and PA1.
Green cluster: designs PA7, PA10 and PA11. Red cluster: designs PA3
and PA4. Blue cluster: designs PA6, PA5, PA8 and PA9.

In the same way, the experimental designs are represented in the
PCA space biplot (see Fig. 14). Based on the results, the first and third
dimensions (F1 and F3) of the PCA display 76.62% and 7.60% of the
total variance contained in the dataset respectively, reaching a cumu-
lative variance of 84.22% and accomplishing 80% variance criterion as
suggested in previous studies (Gabriel et al., 2020; Margaritis et al.,
2020). The obtuse angles formed in the first four criteria (air voids and
particle loss) entail positively linked variables. Smaller obtuse angles,
the higher correlation among the criteria. For example, total and
interconnected air voids are highly correlated as well as the particle loss
in both dry and wet conditions presents a closer relationship. Indirect
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tensile strength response variables are on the opposite side of the center
which indicates that they are significantly negatively correlated. This
result was expected since the higher voids content, the lower the tensile
strength. Similarly, the results shown a negative correlation between
tensile strength and raveling, the lower the tensile strength, the greater
is the particle loss. The experimental designs were also plotted in the
schematic two-dimensional map as the goal of the PCA to identify
trends. Based on the position of the individuals in the space biplot, de-
signs contained in the blue cluster are driven towards high porosity
values but low raveling resistance in both conditions. Purple and yellow
clusters which embrace the first four experimental designs, are associ-
ated with the positive side of the PC1 which is defined by the tensile
strength response. These mixtures displayed suitable values of durability
but not the high porosity level as expected. Designs PA7, PA10 and PA11
located in the center of the space biplot were classified in the same
group. Their positions on the map suggest that there is no bias towards
any response variable. The three mixes displayed notable air voids levels
with an adequate raveling resistance and tensile strength as compared to
reference mixtures. Moreover, the dendrogram suggests that red and
green clusters as well as purple and yellow groups could be merged if a
higher cut-off line would be chosen. The pattern shows that the simi-
larity between clusters is inter-related with the mechanical properties
and that the main difference lies on the porosity.

4. Conclusions

The main aim of this study was the development of improved PA
mixtures with higher air void contents and with a suitable structural
capacity. Various experimental PA mixes with different gradations
curves and modified with novel additives were progressively assessed to
increase the porosity while maintaining a proper durability. The tests
performed included total and interconnected air voids, binder drain
down, particle loss both in dry and wet conditions, indirect tensile
strength, and moisture susceptibility. Descriptive statistics were used to
explore the basic features of the dataset, whereas inferential statistics
were conducted to quantitatively compare the experimental designs.
Additionally, PCA and AHC was incorporated to deal with the multi-
variate data analysis. The main findings are summarized as follows:

e The proposed PA mixes reached total air voids content between the
range of 27-28% with an interconnected porosity of 22-23%. Strictly
speaking, the interconnected porosity of the experimental mixes
matches the same level of the total porosity of the reference mixtures.

e Regarding raveling resistance, proposed PA mixes displayed particle
loss values lower than 20% and 35%, the threshold recommended
according to Spanish normative for the highest traffic level at both
dry and wet conditions, respectively.
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e For the ITS results, the improved PA11 mixture showed similar
tensile resistance at dry conditions as compared to reference mix-
tures with no statistically significant differences. At wet conditions,
this mix did not reach the performance of the reference mixture with
PMB. However, it maintained a performance similar to that of a
conventional mixture with VB. Likewise, the moisture susceptible
results of PA8, PA9, PA10 and PA1l were admissible since they
displayed ITSR values closer to 85%, the requirement specified in the
Spanish normative.

The inclusion of fibers was significant in the performance of exper-
imental PA mixes since they provided efficient reinforcement,
improving the durability of the mixture and acted as stabilizer
limiting binder drainage. Both types of fibers work well in terms of
the overall performance. The addition of hydrated lime as a filler
replacement also contributed to reduce stripping and increase
raveling resistance and tensile strength in wet conditions.

PCA and AHC demonstrated to be an efficient method in the
exploratory analysis. PCA technique contributed to swiftly envision
and analyze the correlations between the response variables and to
visualize the observations in a low dimensional map based on an
optimal view for variability criterion. Meanwhile, AHC helped to
classify the individuals and grouped them in clusters according to the
similarities found in their characteristics. As clearly illustrated, five
clusters were identified among the PA mixtures. The inclusion of this
method could facilitate the decision-making process when large
amount of data sets is involved.

In conclusion, this research produced PA mixes with enhanced
porosity and proper mechanical performance. The green -cluster,
composed by experimental designs PA7, PA10 and PA 11 were listed as
the most promising alternatives. The use of PMB, fibers and HL was
essential in the formulation of these mixes. Despite the auspicious results
obtained from the investigation, further research incorporating other
additives and additional experimental testing is recommended to
explore the potential use of PA mixtures with high AV content in various
traffic conditions.
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