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Abstract: Permeable-pavement design methodologies can improve the hydrologic and therefore the
environmental benefits of rural and urban roadway systems. By contrast, conventional impervious
pavements perturb the hydrologic cycle, altering the relationship between the rainfall loading and
runoff response. Impervious pavements create a hydraulically conductive interface for the transport
of traffic-generated chemicals and particulate matter (PM), deleteriously impacting their proximate
environments. Permeable-pavement systems are countermeasures to mitigate hydrologic, chemical,
and PM impacts. However, permeable pavements are not always equally implementable due to costs,
PM loadings, and design constraints. A potential solution to facilitate environmental benefits while
meeting the traffic load capacity is the combination of two filtration systems placed at the pavement
shoulders and/or pedestrian sidewalks: a bituminous-pavement open-graded friction course (BPFC)
and an aggregate-filled infiltration trench. This solution is presented in this manuscript together
with the methodological framework and the first results of the investigations into designing and
validating such a combined system. The research was conducted at the laboratories of the Polytechnic
University of Bari and the University of Florida, while an operational and full-scale physical model
was constructed in Bari, Italy. The first results presented characterize the PM deposition on public
roads based on granulometry (particle size distributions (PSDs) and particle number densities
(PNDs)). Samples (n = 16) were collected and analyzed at eight different sites with different land uses,
traffic, and pavements from different cities (Bari and Taranto, Italy). The PM analysis showed similar
distributions (PSDs and PNDs), except for two samples. The gravimetric-based PSDs of the PM had
granulometric distributions in the sand-size range. In contrast, the PNDs, modeled by a Power Law
Model (PLM) (R2 ≥ 0.92), illustrated an exponentially increasing number of particles in the fine silt
and clay-size range, representing less than 10% of the PSD mass. Moreover, the results indicate that
PM sourced from permeable-pavement systems has differing impacts on the pavement service life.

Keywords: sustainable; flexible pavement; bituminous-pavement open-graded friction course;
roadway PM; particle size distribution; particle number density; material properties

1. Introduction

Currently, approximately 55% of the world population lives in urban areas, and, ac-
cording to estimates, this proportion will increase up to 65% by 2050 [1]. The increasing
demographic trend in urbanization has led to significant expanses of impervious surfaces.
A primary consequence of this trend is the reduction in the permeable interface between
the atmosphere and soil, resulting in deleterious environmental and public health conse-
quences [2]. Therefore, urbanization with the commensurate implementation of impervious
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pavement surfaces poses challenges for sustainable development, the hydrologic cycle,
the environment, and public health. The implementation of policies and designs aimed at
promoting and supporting new and sustainable frameworks of infrastructure development
is therefore necessary [3].

The sustainability of roadway infrastructure is uniquely challenging for urban and
rural areas. While these areas have disparate population densities [4,5], urban areas,
to a larger degree, are impacted deleteriously by chemical, PM, traffic noise [6], and
thermal loads [5]. In this context, pavement systems have a significant impact across
built environs, since such pavement systems are conventionally constructed of impervious
materials and densified/compacted soils [7,8]. Roads interrupt the natural hydrologic
processes of the storage–infiltration–evaporation of the vegetated soil surface, altering the
environmental equilibrium between the rainfall and runoff [9,10], chemistry and chemical,
and PM loads transported in the runoff (stormwater) [11]. In contrast to concrete pavements,
large expanses of bituminous impervious pavements increase surface and near-surface
temperatures [8,12], contributing to the urban heat island (UHI) phenomenon [8,12,13].
Moreover, impervious surfaces represent a primary source for loads of dry accretion of
hetero-dispersed traffic-generated PM [14,15] and chemicals, including metals, plastics, and
organics [16], during inter-event dry periods. Additionally, the vehicular traffic associated
with a rainfall–runoff event (vehicles during storm (VDSs)) represents a significant source
and vector for PM and chemical loads [17,18]. If the runoff is not well managed through
methodologies to sequester the PM and reduce the chemical-load transport [19], the runoff
and loads conveyed from pavement surfaces will have environmental impacts on the
receiving waters and soils.

To manage runoff, PM, and chemical loads, the combination of an infrastructure sys-
tem that presents a permeable pavement (e.g., bituminous-pavement open-graded friction
course (BPFC)) draining to a volumetric infiltration unit as an adjuvant for load seques-
tration is an alternative design to impervious pavement systems. Permeable pavements
are designed for roadway infrastructure, function as conventional road pavement infras-
tructure for vehicular transport, and consist of open-graded asphalt or permeable concrete.
Variations of such infrastructure are permeable asphalt systems (PASs) (commonly known
in Europe as porous asphalt) and concrete permeable pavement (CPP). These permeable
infrastructure components can provide passive hydrologic, PM, and chemical mitigation
as the primary unit in a multi-component infrastructure system. Furthermore, permeable
pavements mitigate UHI impacts and reduce traffic noise [13,20], and they improve safety
through increased skid resistance [20]. Beyond the mitigation of the rainfall–runoff load re-
sponse [20,21], mechanistic phenomena for passively managing PM and chemical loads are
facilitated by adsorption–filtration unit operations and processes. The aggregate granular
matrix of such a multi-component infrastructure system provides alkalinity and hardness
(Ca and Mg) to mitigate metal toxicity [22,23], especially when combined with engineered
exfiltration granular layers [24,25].

Permeable-pavement variants such as PASs are deployed for highways [26] in areas
where the asphalt pavements are commonly specified based on construction practice expe-
rience and conventions. PASs intended as full-depth permeable structures provide in situ
unit process mechanisms to passively sequester chemicals in runoff, yielding environmental
advantages [27] and the mitigation of the UHI [28]. In contrast to CPP, PASs provide lower
buffering alkalinity/hardness and therefore less surface complexation (ion-exchange and
chemical-precipitation mechanisms) potential for chemical sequestration [13]. As for the
unit operation mechanisms, predominately filtration, PASs can have similar PM filtration
and chemical-load sequestration efficiencies to those of CPP variants of equivalent pore size
distributions and depths (thicknesses) [26]. However, installing a full-depth PAS or CPP is
not always possible due to the specific constraints (for instance, based on a lower subgrade
bearing capacity). For this reason, these systems have historically been implemented for
surface parking systems in which the traffic loads are low, and these systems can also
have mitigating effects for temperature and moisture transport [13]. For roads where the
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required bearing capacity due to traffic is high, a potentially more viable alternative to
PASs and CPP is a BPFC as a renewable wearing surface layer of the pavement system.
With the goal of sustainability and material reuse in a circular economy, other forms of
pavements can provide high bearing capacities, such as microwave-heated asphalt concrete
with functional aggregates and waste ferrite [29], coal gangue [30], or fillers [31]. Despite
the benefits introduced by these asphalt pavements, BPFCs also provide stormwater man-
agement. The thickness of the BPFC is limited to the upper centimeters of the pavement
for bearing-capacity purposes [26], while still ensuring that it provides stormwater man-
agement functionality. This functionality includes infiltration, some level of detention
storage and pore space residence time (RT), as well as tortuous filtration based on the
drainage gradient and pore size distribution of the BPFC [32,33]. Drainage gradient and
pore size design considerations mitigate the flow pore velocity to provide a sufficient RT
and residence time distribution (RTD), as an index of short circuiting and preferential flow,
within the BPFC to reduce the potential deterioration of the bonds between the asphalt
and aggregates. The erosive action of preferential flow can create micro-sized cracks that
progress to macro-sized cracks, leading to the structural damage of the BPFC subject to
vehicular loads. Gradient and pore size distribution considerations can mitigate these
phenomena and are a major consideration when considering the filtration capacity and
maintenance cycle to recover the PM filtrate from the BPFC. Apart from the permeable
upper layer, all the other layers of this pavement system are traditional to ensure adequate
mechanical strength. With respect to runoff management, even though the BPFC can miti-
gate the runoff characteristics of a rainfall event, the hydrologic/hydraulic performance
may differ (depending on the interflow path and length) from a full-depth PAS or CPP.
Since one consideration for the application of permeable-pavement systems is stormwater
reuse, the BPFC and maintenance thereof should manage the chemicals, PM, and organics,
such as oil and grease, within the thresholds defined by the relevant standards.

While the BPFC provides a primary treatment function, the discharge (as primary
effluent) can be directed to a secondary treatment system to obtain the same or higher
treatment function as those of PASs and CPP. In the literature, there are permeable pave-
ments that combine filtration layers in order to improve their efficiency [34–39]. In some
cases, the PM reduction for runoff can approach or exceed 90% [23]. In one example,
the mean sequestration of PM, after a rainfall simulation of 35 years, was approximately
92% [40]. However, the PM retained in the permeable matrix does correlate to the clogging
of the pavement. In fact, it was demonstrated that the highest percentage of retention
happened in the upper layer of the pavement, where the porosity was the highest. After
five years, clogging (PM sequestration in the upper-pavement porosity) decreased the
hydrologic/hydraulic performance [41–43]. This phenomenon can be avoided by means of
common cleaning and maintenance procedures at more frequent intervals [44].

The combination of permeable systems (e.g., BPFCs) increases the treatment perfor-
mance of permeable-pavement systems and helps mitigate the clogging potential in the
pavement surface pores that can be more readily managed by cleaning. From this consider-
ation, this study illustrates a permeable system made of a BPFC wearing surface combined
with an aggregate (AGG) infiltration trench placed at the shoulders and/or sidewalks
(where runoff is transported), to achieve or exceed the performance of CPP and full-depth
PASs. This paper presents the studies for developing such a proposed system. As part
of a wide research program, here, the general purposes and methodology are presented
together with the initial results of the material characterization.

This comprehensive study for the design and validation of this system required several
steps, which are summarized in the following list:

• Statement of the problem, overall set-up of the experimental work;
• Characterization of permeable-system material properties [45];
• Characterization of PM [46];
• Laboratory evaluation of the system efficiency;
• Field evaluation and validation of the system;
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• Temporal monitoring of the system efficiency.

The study work was conducted in the laboratories of the Polytechnic University of
Bari and the University of Florida. An operational full-scale physical model was also
constructed in Bari, Italy.

Considering these aspects, the first objective of the manuscript is to define the concept
of a flexible permeable-pavement combined system for runoff management and treatment
(filtration). With the analysis of the materials involved in the permeable-pavement system,
the second objective is characterizing the PM granulometry that loads the system and
therefore requires passive management through filtration by the system. The third objective
is the collection and subsequent characterization of the PM collected on roads through the
determination of the particle size distribution (PSD) and particle number density (PND)
indices. This third objective, while rarely carried out, provides valuable insights into the
design and management of such systems.

The remainder of the paper is organized as follows. The “Materials and methods”
Section summarizes the materials investigated for the research program, before focusing on
the materials and procedures used for the initial material characterization. Subsequently,
the results coming from the application of the first steps of the physical model are presented
and discussed. The main conclusions from this study are drawn in the final section.

2. Materials and Methods

Characterizing the BPFC+AGG as a potentially sustainable system requires an investi-
gation for obtaining reliable and reproducible results. The main goal of the proposed design
is to find the balance between PM filtration for the stormwater management, safety, and
good mechanical performance of the system [47–49]. As for the mechanical performance,
design procedures for permeable pavement have already been developed [50], as well as
for the hydraulic performances of CPP [51,52] and PASs [50,53]. However, a comprehensive
analysis of the environmental efficiency of the BPFC+AGG permeable system is still lacking,
and the physical model configuration is shown in this section.

2.1. Materials

The proposed flexible permeable-pavement combined system for stormwater manage-
ment is composed of two main elements:

- A bituminous-pavement open-graded friction course (BPFC);
- An infiltration trench made of natural aggregates (AGGs).

During a runoff event, the system works “in series”: the influent source area pavement
runoff infiltrates through the BPFC with a combination of vertical and then horizontal
transport and is then transported into the secondary infiltration trench providing verti-
cal filtration. Thus, the primary infrastructure components/materials characterized are
as follows:

1. The BPFC: Hydraulic conductivity tests are required to understand the response to
runoff loadings. Variations in hydraulic conductivity testing can be implemented
according to the realistic flow path of the water within the porous structure. Moreover,
the porosity can be reduced over time due to the pavement geometrics (such as the
pavement gradient) and the progression of filter ripening that alters the hydraulic
(RT and RTD) and filtration capacity of the BPFC structure. For this reason, the BPFC
response to clogging is required;

2. The infiltration trench made of natural aggregates (AGGs): This system must also be
tested with respect to its hydraulic conductivity to determine the hydraulic response
(RT and RTD). Considering that AGGs can have an effective porosity greater than the
BPFC, the AGG hydraulic conductivity will be greater than that of the BPFC, and that
the predominant flow path and direction through this structure will be different. In
the case of AGGs, the flow is mostly vertical, rather than horizontal. The clogging
determination is considered secondary for the AGG system, given that the BPFC is the
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primary filtration unit, and the AGGs are not only the secondary unit but also show
their high effective porosity. Therefore, the AGGs will have a lower clogging potential
and longer maintenance interval, since the BPFC alters the PSD and concentration of
PM as the primary effluent discharging into the AGGs;

3. Particulate matter (PM): The filtration capabilities of the BPFC+AGG system are
directly impacted by the PM granulometry, source area influent hydraulic loads
notwithstanding. Quantifying the PM granulometry is crucial to quantifying the
system response. The PM loading is a primary consideration; thus, this was the first
aspect of the investigation. The PM characterization is detailed in the next sections.

2.2. Siting of the Full-Scale Physical Model

The full-scale physical model was installed at the Adriatico Bridge. The bridge, as
shown in Figure 1a, was constructed in Bari, Apulia, Italy, in 2016. The full-scale physical
model is shown in the foreground of Figure 1b.
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Figure 1. (a) Lateral view of Adriatico Bridge (source: cimolai.com, last accessed on the 31 October
2023) and (b) picture from the full-scale physical model system construction.

As previously mentioned, the road infrastructure is paved with a BPFC as a component
of the integrated drainage pavement system for the bridge. The water, after passing through
the BPFC, is hydraulically transmitted by gravity into the AGG trench that is located under
the sidewalk, as part of the integrated drainage system. After this secondary treatment, the
water passes into an inspection chamber of pipes and is released into the urban sewerage
combined (wet- and dry-weather flow) system. In the control station of the full-scale
physical model, samples can be collected to measure the PM and chemicals in the treated
secondary effluent before they are discharged to the public combined sewer system.

The system covers a longitudinal section of 60 m, and it is located at the northern
end of the bridge, on the shoulder placed on the east side. The physical-model system is
composed of two unit operations (UOs) from a water treatment perspective:

• The BPFC, the roadway wearing surface with a thickness of 5 cm, is the primary UO.
The areal extension is 60 m × 8 m (length × width). The BPFC is characterized by a
19% porosity, a percentage of bitumen of 5.3%, a maximum aggregate diameter (Dmax)
equal to 14 mm, and a d50 equal to 7 mm. The Marshall stiffness modulus was greater
than 150 daN/mm, according to the standard design sheet of the project;

• The infiltration trench (AGGs) is the secondary UO and is partly placed under the
shoulder of the road pavement and partly under the sidewalk, for the whole length of
the physical-model geometry extent. The infiltration trench is filled with coarse stone
aggregates made of limestone (d50 = 5.92 mm), providing alkalinity and hardness to
the treated runoff. A micro-slotted pipe is placed on the bottom of the system for the
collection of filtered water. This system is parallel to the sewerage system shown in
Figure 2.
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Figure 2. (a) Plan view of the bridge. (b) Plan view of the physical model included in the bridge. The
infiltration trench is highlighted in orange. (c) Section view of the physical-model system excerpted
and highlighted from the plan view.

Figure 2 shows the plan view of the bridge and, in detail, the section view through the
physical model of the runoff treatment system. The BPFC area of the system is shown in
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grey, while the infiltration trench is shown in orange, which runs parallel to the pipeline
sewer (dashed green line with arrows).

During a storm event, rainfall is translated to runoff at the pavement surface, entrain-
ing previously dry PM deposition into the shallow overland pavement flow. This shallow
flow infiltrates into the permeable pavement and is transported through the permeable
pavement with a geodetic slope of 4.88%. The water is conveyed through the permeable
pavement into the infiltration trench. The water passes through the trench with vertical
filtration, and it is collected by the micro-slotted pipe. As a result, primary and secondary
filtration unit operations in series are provided by the system. The filtered water can be
collected through the inspection chambers for analysis. At the end of the physical model,
the treatment water is discharged into the sewer system.

The methods used for this analysis are described as follows.

2.3. Methods
2.3.1. Methods for the Physical-Model Configuration

The definition of the BPFC+AGG system functionality requires several steps, which
are outlined in Figure 3. Each of the methods of examination were needed to ensure the
functionality of the system and the system response to rainfall, runoff, and PM loadings.
The goal of the physical model that is presented herein is to provide a framework for the
design and validation of the combined BPFC+AGG system.
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phalt BPFC+AGG system. PSD: particle size distribution. SSC: suspended-sediment concentration
(a gravimetric measure of all PM, not just the TSSs).

Figure 3 illustrates and extends the steps of the research outlined in the Introduction.
Figure 3 presents a framework dedicated to characterizing the infrastructure materials
and system in terms of their hydraulic conductivity and porosity. These examinations can
be conducted by means of X-ray tomography and computational fluid dynamic (CFD)
models [45]. The loadings to the BPFC+AGG system include the rainfall, runoff hydraulics,
and PM entrained and transported in the runoff. The interaction between the permeable
matrix of the system and the PM granulometry is needed to quantify the filter ripening
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(clogging), which depends on the granulometry of the PM and the pore size distribution of
the permeable matrix. Sampling and analysis of the runoff and PM across multiple influent
hydrographs is required to characterize the PM concentration, the load, and the PSD of
the influent PM. A model of the head loss, such as Ergun [54] or Kozeny-Carman [55], is
needed to examine the permeable matrix of the filtration system. This analysis provides
an index for the head-loss trends and the potential maintenance (cleaning) frequency for
the accreted specific deposit within the permeable matrix over time. This evaluation also
allows for the examination of the BPFC+AGG system with respect to the PM filtration to
quantify the treatment of the runoff.

The second step involves the determination of the runoff flowrates and volume across
hydrographs loading the permeable matrix, which strongly influences the BPFC+AGG
system response. The hydrological investigation is required either utilizing a design
storm/return period analysis and/or a longer-term continuous simulation [56–58]. The
hydrologic analyses inform the hydraulic evaluation. Therefore, after the hydrologic
analyses, the determination of the hydraulic conductivity of the permeable matrices is
required, one in the laboratory and the other an in situ analysis.

In the laboratory, the representative loading conditions for the permeable matrices
of the physical-model system were reproduced to accurately test and investigate the
permeable-system filtration process. These conditions included the PM granulometry and
PM indices, including the turbidity. The particle size distribution (PSD) and particle number
density (PND), which is an index for turbidity, were required to quantify the performance
of the physical-model system.

With respect to in situ monitoring, influent, primary effluent, and secondary effluent
were collected and analyzed. These analyses, based on the PM and flows, quantified the
system efficiency primarily for sequestering PM, while also allowing for the testing of
the system with respect to the regulation of the constituents and indices thereof (metals,
hydrocarbons, PM as total suspended solids (TSSs), and chemical oxygen demand (COD)).
With this passive infrastructure system efficiency potentially reducing the concentration
and loads to below regulatory levels, ancillary or centralized treatment for runoff may no
longer be needed, resulting in a potentially significant decrease in the infrastructure and
management/maintenance costs of more centralized or satellite systems.

2.3.2. Methods for PM Characterization

PM is a mobile substrate with a high surface area to which chemicals and pathogens
partition to and from, and it is a substrate that impacts the treatment functionality and
potentially the failure modes; therefore, the management of PM is a primary objective,
whether for stormwater (wet-weather) or wastewater (dry-weather) flows. Therefore,
detailed PM characterization is required to support the treatment functionality and sus-
tainability. PM analysis is required to assess the modes of interaction with the permeable
system, including the functionality and failure, and, therefore, the sustainable design of the
permeable system.

The permeable-pavement filtering ability mainly depends on the relationship between
the PM PSDs and the filter pore size distributions, including those of the permeable
pavement. Considering the mean pore diameter of the pavement ( dm and the PM particle
diameter (dp), three primary classes of filtration mechanisms can be identified [59–61]:

• Surficial straining :
dm

dp
< 10

• Deep-bed filtration : 10 <
dm

dp
< 20

• Physical–chemical :
dm

dp
> 20
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When surficial straining occurs, a filter cake of strained solids, a “schmutzdecke”, is
formed above the permeable-pavement surface due to the progressive accumulation of PM.
This surficial layer leads to the clogging of the permeable matrix, but the schmutzdecke can
retain the finer PM fraction, providing additional PM separation yet leading to potential
clogging unless there is a plan for maintenance. When this mechanism is dominant, the
hydraulic conductivity of the permeable pavement can be readily restored through surficial
cleaning techniques (e.g., washing–vacuum sweepers) [62]. When the main filtration
mechanism is deep-bed filtration, interception and sedimentation occur. This leads to the
potential failure of the system given that these deeper specific deposits are much more
difficult to recover than surficial straining deposits. With respect to finer PM, the physical–
chemical forces between the finer PM and permeable medium occur when the ratio dm

dp
is

larger than 20. In this case, Brownian motion, sedimentation, interception, and adsorption
dominate the removal mechanisms [60]. Therefore, the knowledge of the PM granulometry
associated with granulometric parameters such as the number–volume mean size (lnv) and
particle number density (PND) is crucial for determining the PM load, the association of
chemicals with the PM diameters, and the dominant separation mechanisms [63].

Despite some existing literature based on these types of studies [64–66], a deep and
comparative analysis of PM samples on asphalt pavement under different boundary condi-
tions is lacking. In this context, the study herein presented is focused on PM composition.

Particle Size Distribution (PSD) and Particle Number Distribution (PND) analyses.
Dry-deposition PM samples were collected from March 2014 to January 2016, from

8 roadways in Bari and Taranto in Apulia, Italy, spanning a distance of 87 km for these loca-
tions, as in Figure 4. The sampling sites were selected in different areas and with different
characteristics to obtain a large range of PM compositions to validate the models studied
in this work. Despite the distance between the locations, the hydrological characteristics
are comparable in terms of the annual rainfall volume: 536 mm and 575 mm in Bari and
Taranto (https://protezionecivile.puglia.it/annali-idrologici-parte-i-dati-storici. Lastly
accessed on the 18 December 2023). The site selection was conducted also considering the
road pavement type (i.e., pervious, or impervious (collection samples 2 and 3 are proximate
to the physical-model facility)). This choice was justified with the goal of examining the
potential differences for the PSDs between asphalt permeable pavements and traditional
asphalt pavements, and between permeable pavements with different service lives.

Table 1 reports the characteristics of the sampling scenarios, such as the previous dry
days (PDDs), days from last cleaning (DLCs), and weather conditions during the sampling,
as well as the land uses and types of pavement.

For each site, 2 samples were collected for a total of 16 dry-deposition collection events.
Sampling was performed manually by using a stiff nylon brush and stainless-steel trowel.
The PM recovered was composed of inert (inorganic) and volatile (organic) materials,
including soils, trash, litter, and biogenic matter (Figure 5).

The granulometric analysis of the collected samples was performed according to
ASTM D421 for the sample preparation, and according to ASTM D422 (ASTM 1993) for
the mechanical-sieving method, to obtain the PSDs. For the method validation, each PM
sample was checked to ensure that the mass balance error remained below 2% with respect
to the original mass.

The PNDs were determined for the samples. The particle number (Ni) for each particle
size increment was determined according to Equation (1) [67]:

Ni =
mi, norm

ρs,iVs,i
(1)

where

• ρs,i is the particle density for the i-th particle size, assumed to be equal to 2.65 g/cm3

for all the particle sizes [68];

https://protezionecivile.puglia.it/annali-idrologici-parte-i-dati-storici
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• Vs,i is the particle volume of the i-th particle size. According to [69], a spherical shape of
the particles was assumed. Thus, the volume of the sphere was calculated considering
as a diameter the dmedian (i.e., the median particle diameter (µm)): Vs,i =

π
6 dmedian

3;
• mi,norm is the dry mass normalized to 1000 g of the i-th particle size, as in Equation (2):

mi,norm = mi
1000
Mtot

(2)

It is possible to define another parameter related to the Ni: the number–volume mean
size (lnv), which is defined as the weighted average of the particle diameters based on
both the number and volume of particles for a given size fraction. The lnv for the overall
particle gradation can be calculated according to Equation (3). In this equation, li is the
representative particle diameter for the i-th particle size:

lnv =
3

√
∑ Nil3

i
∑ Ni

(3)Infrastructures 2024, 9, x FOR PEER REVIEW 10 of 24 
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Figure 4. (a) Location of Apulia in Italy; (b) locations of Bari and Taranto in Apulia highlighted
by red stars. All the main cities of the region are shown. BAT stands for the province made by
Barletta-Andria-Trani; (c) sampling sites in Bari: 1. Via Napoli; 2. Via Sangiorgi; 3. Via Tatarella;
4. Via Cairoli; 5. Via Dante; (d) sampling sites in Taranto: 6. Viale Cannata; 7. Viale Magna Grecia;
8. Strada Statale 7.



Infrastructures 2024, 9, 95 11 of 22

Table 1. Detailed information of PM collected at sampling sites.

Specimen ID (a) Sampling Date Weather (b) PDD (c) DLC (d) Pavement Type Land Use AADT (e)

BA_CAIROLI_1 05 Nov 15 clear 6 0 impervious residential 6289
BA_CAIROLI_2 09 Jan 16 p. cloudy 2 3 impervious residential 6289
BA_DANTE_1 05 Nov 15 clear 6 - impervious residential 17,444
BA_DANTE_2 09 Jan 16 p. cloudy 2 5 impervious residential 17,444
BA_NAPOLI_1 20 Mar 14 clear 8 10 impervious commercial 29,469
BA_NAPOLI_2 09 Jan 16 p. cloudy 2 17 impervious commercial 29,469

BA_SANGIORGI_1 20 Mar 14 clear 8 - permeable commercial 44,955
BA_SANGIORGI_2 09 Jan 16 p. cloudy 2 - permeable commercial 44,955
BA_TATARELLA_1 20 mar 14 clear 8 - permeable commercial 29,744
BA_TATARELLA_2 09 Jan 16 p. cloudy 2 - permeable commercial 29,744
TA_CANNATA_1 23 Mar 14 p. cloudy 11 - impervious residential 16,086
TA_CANNATA_2 31 Dec 15 p. cloudy 34 - impervious residential 16,086

TA_MAGNAGRECIA_1 23 Mar 14 p. cloudy 11 11 impervious residential 43,233
TA_MAGNAGRECIA_2 31 Dec 15 p. cloudy 34 19 impervious residential 43,233

TA_SS7_23_1 23 Mar 14 p. cloudy 11 - impervious industrial 12,199
TA_SS7_31_2 31 Dec 15 p. cloudy 34 - impervious industrial 12,199

Note: Via Dante and Via Cairoli are one-way streets. All the others are two-way streets. (a) Specimen ID: city
code_streets_sampling order (1 for first; 2 for second); i.e., BA stands for Bari and TA stands for Taranto. (b) Weather
conditions at the time of collection: cloudy; partially cloudy (p. cloudy); clear. (c) Previous dry days (PDDs).
(d) Days from last cleaning (DLCs). (e) Annual average daily traffic (vehicles/day).

Once these parameters were determined, the cumulative PM mass distribution and the
PSD were modeled. A cumulative gamma distribution function was implemented, with the
assumption of spherical particles. In this regard, the gamma distribution parameters were
the scale and shape factors (θ and γ) and the particle diameter (d) (µm), according to [17].

The method of the minimization of the sum of squared errors (SSE) was used for the
parameter estimation. The Kolmogorov–Smirnov test (K-S) was used to check whether
the gamma distribution was suitable to represent the measured PSD data [70]. If the null
hypothesis was retained (p-value > 0.05), then it could be concluded that the two samples
of the measured and modeled data were drawn from the same population.

As for the cumulative PND, it is possible to use a model relying on a two-parameter
power law model (PLM), as in Equation (4) [71]:

Ni = α(lnv.i)
−β (4)

where

• α is an empirical constant for a given particle gradation, which accounts for the
variability in the PM;

• β is an empirical constant, which describes the slope of the PLM particle distribution.
β can be related physically to filtration mechanisms.

These parameters were calculated through the least-squares method to characterize
the granulometric mass and indices as a function of the PM size gradation [63].

Comparison between samples.
After the analysis of the PM, these results were correlated to the boundary conditions

present at each site to examine how to transfer the results to other contexts. This goal
was facilitated with K-S statistical analyses. The main analysis performed was as follows,
comparing different samples:

1. A comparison between each pair of PM samples collected from the same site on two
different dates to obtain the potential influence of the sampling time on the PM;

2. A comparison between samples collected from permeable-pavement-equipped sites
(Via Sangiorgi and Via Tatarella) and samples collected from traditional pavement-
equipped sites. Just one site was used as the benchmark for traditional pavements (i.e.,
Via Napoli, since it showed similar traffic and land-use conditions to the sites with
permeable pavements). Hence, the comparisons were as follows: Via Tatarella—Via
Napoli and Via Sangiorgi—Via Napoli;
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3. A comparison among 5 combinations of PM samples from sites with different land
uses and traffic characteristics, as listed below:

• Via Dante (Bari) vs. Via Cairoli (Bari): same land use, different traffic volume;
• Via Dante (Bari) vs. Viale Magna Grecia (Taranto): same land use, different

traffic volume;
• Via Dante (Bari) vs. Viale Cannata (Taranto): same land use and same traffic volume;
• Via Napoli (Bari) vs. Viale Cannata (Taranto): different land use and different

traffic volume.
• Viale Cannata (Taranto) vs. SS7 (Taranto): different land use and similar traffic

volume.

The results are shown and discussed in the following section.
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3. Results and Discussion
3.1. PSD and PND Analysis Results

Starting from the PSDs of the 16 samples, the suitability of a simple two-parameter
gamma distribution (Table 2) is shown. All 16 samples show comparable mass-based
gradation (see Figure 5). The finer fraction of PM (< 75 µm) is included in the range of
4–40%, the extremes of which belong to the samples BA_SANGIORGI_1 and BA_CAIROLI_1.
When comparing the two different samples at the same site, the difference in terms of the
finer fraction (< 75 µm) between the two samples falls within the 10% range, except for
BA_CAIROLI_1, and BA_SANGIORGI_1, which show extreme values.

Table 2. Summary of Kolmogorov–Smirnov statistics (k-s) for cumulative γ distribution fitted to
dry-sediment particle size distributions. Summary of dry-deposition PM collected at roadways based
on ASTM 1993 [17].

Specimen ID

Gamma Parameter Test Statistics Particle Diameter Indexes
Cu

γ (a) θ (b) SSE (c) K-S p-Value h-null (d) d10
(µm)

d50
(µm)

d60
(µm)

d90
(µm)

BA_CAIROLI_1 1.11 11.67 0.38 0.29 0.35 true 8 111 332 514 44.7
BA_CAIROLI_2 0.54 900.99 217.19 0.15 0.59 true 10 236 797 2000 79.5
BA_DANTE_1 0.71 637.98 136.78 0.15 0.96 true 23 268 748 2000 32.8
BA_DANTE_2 1.18 181.91 222.73 0.15 0.96 true 30 158 364 490 12.2
BA_NAPOLI_1 1.24 261.68 190.56 0.15 0.96 true 52 260 598 800 11.5
BA_NAPOLI_2 0.78 526.29 539.32 0.12 0.99 true 26 256 700 2000 26.9

BA_SANGIORGI_1 0.96 2084.51 64.82 0.2 0.78 true 195 1455 3074 9500 15.7
BA_SANGIORGI_2 0.64 612.51 283.81 0.15 0.96 true 15 216 697 1230 47.5
BA_TATARELLA_1 0.64 646.77 508.37 0.15 0.96 true 38 351 942 2000 24.8
BA_TATARELLA_2 0.7 1089.07 332.3 0.17 0.89 true 37 449 1339 1747 36.5
TA_CANNATA_1 1.29 421.97 110.71 0.15 0.96 true 87 413 891 2000 10.3
TA_CANNATA_2 1.1 448.33 156.11 0.15 0.96 true 63 359 861 2000 13.7

TA_MAGNAGRECIA_1 1.07 433.76 242.1 0.14 0.98 true 55 331 833 2000 15.3
TA_MAGNAGRECIA_2 1.08 258.06 278.98 0.15 0.96 true 34 201 475 641 14.1

TA_SS7_23_1 0.98 425.64 283.6 0.15 0.96 true 42 286 684 2000 16.3
TA_SS7_31_2 0.69 948.49 111.24 0.15 0.96 true 29 378 1069 2000 36.3

(a) γ is the shape factor of the gamma distribution function. (b) θ is the scale factor of the gamma distribution
function. (c) The sum of squared errors (SSE). (d) Hypothesis—null: the samples are drawn from identical
distributions with (p > 0.05), true or false.

The granulometric indexes are reported in Table 2 for each collected and analyzed
sample. These indexes represent the particle diameters at which 10% (d10), 50% (d50), 60%
(d60), and 90% (d90) of the particle gradation mass is finer. It is remarkable to note the results
for the d50: the mean is 358 µm (with a standard deviation of 306 µm), suggesting that all
the d50 fell in the sand-size range. As already highlighted, the samples BA_CAIROLI_1 and
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BA_SANGIORGI_1, which show extreme values, present, respectively, the smallest and
largest d50, corresponding to fine sand and very coarse sand. Excluding the extreme values
(BA_SANGIORGI_1 and BA_CAIROLI_1) from the mean calculation of the d50 decreases
the mean value of the d50, which becomes 297 µm. This result provides a clear indication
about the pore dimensions of the BPFC. In fact, if the intent is to have the occurrence of
surficial straining, the ratio between the pavement pores (dm50) and PM particle diameters
(dp50) must be lower than 10. Thus, the dm50 of the BPFC is approximately 3 mm.

Moreover, when comparing the obtained results to the existing literature, the reported
results of this work are in line with the existing ones. Lin et al. [72] had similar results
(mean d50 = 421 µm ± 219 µm) investigating the PM granulometry collected from three
Portland-concrete-paved urban roads and one asphalt-paved urban road in the USA. Not
similar but comparable results for the d50 (ranging between 100 µm to 200 µm) were also
found by Zhao et al. [73], who analyzed the dry-road PM collected from various land types
in the urban area of Beijing, China.

In Table 2, the uniformity coefficients, calculated as shown in Equation (5), are also
expressed, highlighting the uniformity of the PM particles, since the coefficients range from
10.3 to 47.5:

Cu =
d60

d10
(5)

With respect to the particle number density, the PNDs were plotted as a percentage of
the coarser particles, considering their quantity by number and not by mass (see Figure 5).
The number of particles increased with the decrease in the diameter for each sample. This
trend is in contrast with the one shown by the PSD curve (particle mass decrease with size).

This inverse relationship is shown by all the analyzed PM samples. Trying to in-
vestigate the PNDs with the PLM, the parameters lnv and Ni were plotted together by a
log–log relationship, to compare the measured data against the modeled results (Figure 6).
The results illustrate a good fit for each site, as also highlighted in Table 3, and all the
coefficients of determination exceed 0.92. However, the absolute values of the α coefficient
in Equation (4) are variable (ranging from 5 × 1012 to 2 × 1014), indicating that the particle
number is subjected to huge variation from site to site, driven by the finer silt- and clay-size
fractions. The β exponent in Equation (4) ranged from 2.27 to 3.30. The results indicate that
the larger the value of β, the larger the contribution of the smaller particles, in line with
previous literature [63].

Table 3. PLM parameters of particle number density (PND) for each site and coefficients of determi-
nation (R2).

Specimen ID
Ni = α (lnv,i)–β (a)

α β R2

BA_CAIROLI_1 2 × 1014 3.30 0.98
BA_CAIROLI_2 2 × 1013 2.92 0.99
BA_DANTE_1 4 × 1013 3.08 0.96
BA_DANTE_2 1 × 1014 3.26 0.97
BA_NAPOLI_1 2 × 1013 2.90 0.96
BA_NAPOLI_2 3 × 1013 3.05 0.95

BA_SANGIORGI_1 3 × 1011 2.27 0.97
BA_SANGIORGI_2 3 × 1013 2.97 0.92
BA_TATARELLA_1 5 × 1012 2.68 0.99
BA_TATARELLA_2 6 × 1012 2.70 0.98
TA_CANNATA_1 8 × 1012 2.83 0.93
TA_CANNATA_2 6 × 1012 2.74 0.96

TA_MAGNAGRECIA_1 5 × 1012 2.71 0.97
TA_MAGNAGRECIA_2 2 × 1013 2.95 0.98

TA_SS7_23_1 6 × 1012 2.72 0.98
TA_SS7_31_2 2 × 1013 2.87 0.97

(a) The basic form of the two-parameter power law function adopted. Ni is the particle count for each particle size
increment. The number–volume mean size (lnv,i) is the weighted average of the particle diameter. The method of
least squares was used for the parameter estimation.
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The sample BA_CAIROLI_1, as already found for the PSD, shows a larger contribution
of finer particles (<75 µm) than the other sample particles. This trend is probably due to
the mechanical sweeping performed by road agents less than 24 h before the sampling
(see Table 1), which recovered coarse PM. A different behavior was shown by the sample
collected on the porous asphalt pavement BA_SANGIORGI_1, which has a reduced contri-
bution of smaller particles compared to the other samples, including the sample collected
on the same street around one and a half years later.
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Figure 6. Fit of data by the power law function from the 8 sites for each of the two collections.

This is one of the most tangible effects of the clogging over time. Even if, in this
analysis, just two collections per site were made at different times, the differences between
the two collections start providing different results due to the insurgence of the clogging
effect. The clogging occludes the porous pores that trap the particles and reduces the
particle gradations passing. In these conditions, the PSD and PND tend to vary.

Despite these first considerations about clogging, more detailed results and analysis
about the clogging and its mechanism and interaction with pores will be dealt with in
future works within the proposed framework, accounting for different time horizons to
deeply investigate the clogging effects.

3.2. Results of Comparison between Samples

The comparison between the different samples was investigated by K-S analysis, which
assessed whether two samples, collected from the same site on different dates, were repre-
sented by the same population. As already highlighted for the other results, the only samples
that were statistically different were those collected in Via Sangiorgi (Bari), which showed a
p-value equal to 0.008.

The exceptionality of the samples from Via Sangiorgi has been confirmed, also exam-
ining other comparative analyses. BA_SANGIORGI_1 always has a different behavior with
respect to the other samples. The permeable pavement in Via Sangiorgi was laid during
2013, and the first sampling (20 March 2014) was performed about 6 months later, while the
second sampling was performed about 2 years later (9 January 2016). During this lifetime
period of the permeable pavement, regular cleaning procedures (not specific for permeable
pavements) were performed. Therefore, in the period between the two samplings, the



Infrastructures 2024, 9, 95 18 of 22

pavement seems to have clogged up. In the first sampling, the pores were still clean, and
the finer particles could drop into the interval matrix, so that the mechanical sweeping that
operated during the sampling was unable to collect these finer particles. In the second
sampling, the pavement was more clogged, and the finer particles could be collected on
the pavement surface, as the pavement was no longer able to filter them. This justifies the
difference in the sample particle gradations. This result can be confirmed by comparing
the two PSDs of Via Sangiorgi with those collected from the other commercial streets
with comparable traffic volumes (Table 4). With the intent of understanding whether this
behavior is common to permeable pavements, the PSDs of Via Tatarella and Via Sangiorgi
were compared to the PSD of Via Napoli (9 January 2016) by means of the K-S results
(Table 4), since Via Tatarella is also paved with a permeable pavement and presents the
same boundary conditions as those of Via Sangiorgi. The Via Tatarella pavement was
installed about 10 years earlier than the one in Via Sangiorgi and has never been cleaned
with a specific cleaning procedure. However, the results of the tests (Table 4) highlight
that the two permeable pavements behave differently when compared to the impervious
pavement at the beginning of its service life. Both the samples collected in Via Tatarella
and the second sample collected in Via Sangiorgi, after years of no applications of specific
cleaning procedures, have similar compositions to the reference samples collected from the
impervious pavement.

The statistical K-S analysis was also performed for all the other PSD results to deter-
mine whether the samples, with different land uses and traffic volumes, are represented
by the same population. Table 4 shows the comparison between each pair of sites with
different environmental and traffic characteristics, regardless of the cities. The results show
no statistical differences in the samples for each combination. The samples belong to the
same population in terms of the PSDs. PSD similarities with different sites with comparable
boundary conditions were also found in the literature for different types of permeable
pavements, such as CPP [74]. Moreover, always considering pervious concrete materials, it
seems that the PSD is not much influenced by other variables [26]. With respect to CPP, it
was found that cleaning procedures enhance the efficiency of the system, providing a better
PM removal performance [23]; thus, the two sites of Via Tatarella and Via Sangiorgi could
have shown different PSD results after specific cleaning procedures. Considering the as-
phalt permeable pavement and the contaminant removal, it seems that there is a significant
difference in the contaminants, more than for the PSD, between pervious and impervious
asphalt [26]. However, this aspect will be further investigated in the development of this
research, as stated when the general set-up was presented.

Table 4. Summary of Kolmogorov–Smirnov statistics (K-S) for cumulative distribution PSDs of PM
samples for the three proposed comparisons in Section 2.3.2.

Specimen IDs Test Statistics

Sample 1 Sample 2 K-S p-Value h-Null
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BA_CAIROLI_1 BA_CAIROLI_2 0.20 0.77 true
BA_DANTE_1 BA_DANTE_2 0.15 0.97 true
BA_NAPOLI_1 BA_NAPOLI_2 0.20 0.77 true
BA_SANGIORGI_1 BA_SANGIORGI_2 0.50 8.20 × 10−3 false
BA_TATARELLA_1 BA_TATARELLA_2 0.10 0.99 true
TA_CANNATA_1 TA_CANNATA_2 0.15 0.97 true
TA_MAGNAGRECIA_1 TA_MAGNAGRECIA_2 0.15 0.97 true
TA_SS7_1 TA_SS7_2 0.10 0.99 true
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t BA_NAPOLI_1 BA_NAPOLI_2 0.20 0.77 true

BA_TATARELLA_2 BA_NAPOLI_2 0.16 0.97 true
BA_TATARELLA_1 BA_NAPOLI_2 0.16 0.97 true
BA_SANGIORGI_2 BA_NAPOLI_2 0.16 0.97 true
BA_SANGIORGI_1 BA_NAPOLI_2 0.47 0.03 false
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Table 4. Cont.

Specimen IDs Test Statistics

Sample 1 Sample 2 K-S p-Value h-Null
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BA_DANTE_1 BA_CAIROLI_1 0.26 0.53 true
BA_DANTE_1 BA_CAIROLI_2 0.16 0.97 true
BA_DANTE_2 BA_CAIROLI_1 0.26 0.53 true
BA_DANTE_2 BA_CAIROLI_2 0.16 0.97 true
BA_DANTE_1 TA_MAGNAGRECIA_1 0.26 0.53 true
BA_DANTE_1 TA_MAGNAGRECIA_2 0.11 1.00 true
BA_DANTE_2 TA_MAGNAGRECIA_1 0.21 0.79 true
BA_DANTE_2 TA_MAGNAGRECIA_2 0.11 1.00 true
BA_DANTE_1 TA_CANNATA_1 0.32 0.30 true
BA_DANTE_1 TA_CANNATA_2 0.26 0.53 true
BA_DANTE_2 TA_CANNATA_1 0.32 0.30 true
BA_DANTE_2 TA_CANNATA_2 0.26 0.52 true
BA_NAPOLI_1 TA_CANNATA_1 0.21 0.79 true
BA_NAPOLI_1 TA_CANNATA_2 0.11 1.00 true
BA_NAPOLI_2 TA_CANNATA_1 0.32 0.30 true
BA_NAPOLI_2 TA_CANNATA_2 0.26 0.53 true
TA_CANNATA_1 TA_SS7_1 0.26 0.53 true
TA_CANNATA_1 TA_SS7_2 0.32 0.30 true
TA_CANNATA_2 TA_SS7_1 0.16 0.97 true
TA_CANNATA_2 TA_SS7_2 0.21 0.79 true

4. Conclusions

Given the increase in infrastructure and buildings, there is a need to include pavement
system designs and implementation based on environmental and human health. This
research is aligned with this need. In this work, the authors present a full-scale physical
model designed for a permeable system constructed of a bituminous-pavement open-
graded friction course (BPFC) combined with an infiltration trench made with natural
aggregates (AGGs). The BPFC-AGG is indicated for cases in which the high mechanical
resistance required cannot be handled by a full-depth PAS.

The proposed pavement system is already installed at the Adriatico Bridge, in Bari
(Italy), as a full-scale physical model. This physical model was used as a reference for all
the laboratory tests (run both at the Polytechnic University of Bari and at the University of
Florida). Some results related to the first steps of the proposed physical-model work have
been already investigated.

As the first step of the research, the characterization of typical PM accreted on public
roads is presented, in terms of the PND and PSD. The analysis showed that the mean pore
size of the BPFC might be at least 3 mm, inducing only surficial straining in the case of
clogging occurrence. This result came from the analysis of 16 samples collected at eight
different sites with different land uses, traffic, and pavements from different cities, to extend
the outputs to different configurations. Regarding the PSDs and PNDs of the samples, the
results indicated that all the collected PM showed similar distributions, except for two
samples, because of their site characteristics. The PSD of the PM showed a largely sand-size
gravimetric distribution. The PND was modeled by the Power Law Model (PLM). The
model fit the measured granulometry results (coefficients of determination are always
greater than 0.92). Comparing all the sample results by means of K-S statistics, the results
indicate that the different boundary conditions did not significantly influence the PM size
distribution for all but two locations. Lastly, the permeable pavements without the use of a
periodic common cleaning program (with equipment intended for permeable pavements)
is subject to eventual clogging, as the permeable matrix is a filter and temporary repository
for PM and runoff chemicals, whether adsorbed by the PM or the high surface area of the
pore space.

As previously stated, this is just the first result of wider research, the steps of which
will be further investigated and detailed. For this reason, in this manuscript, the effects of
clogging on the PSD, PND, and pavement performance over time were neglected, since
these topics are part of the future development of this research.
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