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Abstract: Changes in weather patterns directly impact urban transport infrastructures. The increase
in temperature and the ongoing precipitation changes should be handled and managed more
frequently. In urban areas, most of the soil is impermeable and water hardly infiltrates into the subsoil.
Permeable pavement is a technology that helps mitigate the effects of urban heat islands and surface
impermeabilization. Porous concrete for pedestrian pavements ensures good structural, functional,
and environmental performances. A pervious concrete mix differs from a conventional one in terms
of the gradation of aggregates, namely, a lack of fine aggregates. The material porosity (on average
20%) causes compressive and flexural strengths lower than those of traditional concrete. The material
is suitable for low-load pavements where the passage of motorized vehicles is forbidden or occasional.
The pavement can be laid either monolithically or modularly, using two operating systems: returning
water to underground aquifers and reducing runoff. The latter is the most frequently adopted in
urban areas, where pedestrian and interdicted to motorized vehicle areas form a continuous and
distributed network. In a common urban quarter, where 80% of the surface is impermeable, porous
concrete pavements could cover up to 6% of the surface and provide architectural and aesthetic value
for the environment.

Keywords: pedestrian pavement; sidewalks; porous concrete; porous paver; block pattern; urban
heat island; rainwater management system; sustainable urban drainage system

1. Introduction

Soil in anthropized areas is almost completely impermeable and water hardly infiltrates into the
subsoil, a condition which amplifies the effects of rainfall [1]. In recent years, “extreme rainfall events”
have often occurred as consequence of the “flash flood” phenomenon: storms and floods follow heavy
heat waves and long periods of drought. In natural soil, 40% of total rainwater evapotranspires,
50% infiltrates, and only 10% runs off [2]. On the other hand, less than half of urban areas have
permeable surfaces. A recent study performed by [3] on a quarter in Rome demonstrated that only 20%
of the surface is permeable (green areas in Figure 1a). In such conditions, up to 55% of total rainwater
on average runs off and only 15% infiltrates. This balance is even more critical because permeable
surfaces are often not distributed throughout the territory.
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Figure 1. Map of a quarter in Rome: (a) permeable areas (green) and (b) road network (light brown). 

The road network in the urban area in Figure 1a covers 24% (light brown areas in Figure 1b) of 
the overall surface, of which 21% is impermeable and only 3% is permeable surface. 

Therefore, the road network could play a key role in handling and managing the ongoing 
weather and precipitation changes. Permeable pavements could provide important benefits and 
mitigate the consequences of urbanization. In the United States and Australia, they represent a 
technology that can reduce the impacts of anthropization in urban areas [4–6]. The use of permeable 
pavements complies with the Italian Decree on Minimum Environmental Criteria (MEC) for public 
works, which contains criteria that should be included as part of public bids [7]. It identifies a set of 
MEC for contracts related to reducing soil consumption and maintaining soil permeability when new 
public buildings or urban renovation projects are designed. Specifically, each project should provide 
a permeable surface not less than 60% of the overall project surface (e.g., green surfaces, pavements 
with open meshes or grid elements, etc.). Moreover, the use of porous materials with a solar 
reflectance index (SRI) not less than 29 is requested for urbanized pedestrian and cycle surfaces. 
Whenever pavements are replaced and the use of green surfaces is not feasible, “cold” materials 
should be used (e.g., white stones, reinforced lawn, soil, paving grids for grass parking lots, light 
stone, cobblestone, gravel, wood, limestone, and permeable self-locking blocks). 

Regarding pedestrian pavements, the most used materials differ in their physical and 
mechanical characteristics [8], as described below. 
• Gravel: It is considered to be an unpaved road which generally provides the lowest level of 

service to users. It is usually composed of 6–20 mm aggregates, with up to 20% voids. To achieve 
a regular surface, the runoff coefficient of which ranges between 0.30 and 0.50, 4–8 cm thick 
layers are roller compacted; its structural and functional success depends on the geotechnical 
characteristics of the bottom layer. 

• Mastic asphalt: It is a mixture composed of bitumen binder, stone filler, and mineral powder 
heated and mixed in the hot state. It is pourable in place and suitable for manual laying on the 
subgrade. The mixture has a low void content. The percentage content of bitumen is higher than 
in asphalt mixtures (i.e., up to 8%); therefore, a slight excess of binder may occur and cause 
bleeding. This material provides an up to 30 mm thick continuous and waterproof lining to 
protect the subgrade against rainwater. 

• Porous mastic asphalt: It is a bituminous mixture, the grading aggregate of which results in a 
10%–15% void content. It meets the needs for an impermeable and compacted bottom layer. 

• Stone pavers: They are used for pedestrian and urban low-volume traffic pavements in historic 
city neighborhoods and towns [9], where their architectural and environmental impact is 
desirable [10]. 

• Reinforced lawn: It allows grass to be incorporated into a plastic grid paver to provide a 
permeable surface. The relatively thin depth of these systems and their inherent flexibility do 

Figure 1. Map of a quarter in Rome: (a) permeable areas (green) and (b) road network (light brown).

The road network in the urban area in Figure 1a covers 24% (light brown areas in Figure 1b) of the
overall surface, of which 21% is impermeable and only 3% is permeable surface.

Therefore, the road network could play a key role in handling and managing the ongoing weather
and precipitation changes. Permeable pavements could provide important benefits and mitigate the
consequences of urbanization. In the United States and Australia, they represent a technology that can
reduce the impacts of anthropization in urban areas [4–6]. The use of permeable pavements complies
with the Italian Decree on Minimum Environmental Criteria (MEC) for public works, which contains
criteria that should be included as part of public bids [7]. It identifies a set of MEC for contracts related
to reducing soil consumption and maintaining soil permeability when new public buildings or urban
renovation projects are designed. Specifically, each project should provide a permeable surface not
less than 60% of the overall project surface (e.g., green surfaces, pavements with open meshes or grid
elements, etc.). Moreover, the use of porous materials with a solar reflectance index (SRI) not less than
29 is requested for urbanized pedestrian and cycle surfaces. Whenever pavements are replaced and
the use of green surfaces is not feasible, “cold” materials should be used (e.g., white stones, reinforced
lawn, soil, paving grids for grass parking lots, light stone, cobblestone, gravel, wood, limestone, and
permeable self-locking blocks).

Regarding pedestrian pavements, the most used materials differ in their physical and mechanical
characteristics [8], as described below.

• Gravel: It is considered to be an unpaved road which generally provides the lowest level of service
to users. It is usually composed of 6–20 mm aggregates, with up to 20% voids. To achieve a regular
surface, the runoff coefficient of which ranges between 0.30 and 0.50, 4–8 cm thick layers are roller
compacted; its structural and functional success depends on the geotechnical characteristics of the
bottom layer.

• Mastic asphalt: It is a mixture composed of bitumen binder, stone filler, and mineral powder
heated and mixed in the hot state. It is pourable in place and suitable for manual laying on the
subgrade. The mixture has a low void content. The percentage content of bitumen is higher
than in asphalt mixtures (i.e., up to 8%); therefore, a slight excess of binder may occur and cause
bleeding. This material provides an up to 30 mm thick continuous and waterproof lining to
protect the subgrade against rainwater.

• Porous mastic asphalt: It is a bituminous mixture, the grading aggregate of which results in a
10%–15% void content. It meets the needs for an impermeable and compacted bottom layer.

• Stone pavers: They are used for pedestrian and urban low-volume traffic pavements in historic city
neighborhoods and towns [9], where their architectural and environmental impact is desirable [10].

• Reinforced lawn: It allows grass to be incorporated into a plastic grid paver to provide a permeable
surface. The relatively thin depth of these systems and their inherent flexibility do not permit load
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carriage on this surface. Its permeability depends on the geometry and pattern of the elements
and the filling material (e.g., natural soil or gravel).

• Porous concrete: It is composed of a pervious concrete surface with a 15%–25% void content laid
on a granular foundation. The pavement structure is composed of an 8–10 cm thick surface layer.
Its use is possible in the absence of a water-sensitive subsurface.

• Concrete pavers: They have voids at the joints to allow water to pass through. As for porous
concrete, it should have adequate subsurface conditions to detain stormwater and a level bottom
to allow for uniform infiltration into an open-graded reservoir below. Concrete grid pavers are a
type of open-cell modular pavement, the cells of which are filled with soil and grass; up to 40% of
the paved surface could be permeable [11].

The examined different technical characteristics reflect the different structural, functional, and
environmental performances of pedestrian infrastructures. The material choice depends on often
conflicting requirements:

• Asphalt is the most frequently used material to pave sidewalks in urban areas because it ensures
good results in terms of regularity, adherence, and cost effectiveness of the investment, and it
is quick to build, allowing for traffic to swiftly reopen. However, it suffers from environmental
impacts due to its impermeability, low SRI, and difficulty in obtaining a good fitting in the
surrounding environment [12].

• Porous concrete ensures good technical and environmental performances due to the mechanical,
physical, and thermal characteristics of the material. However, it suffers from high cost of
installation and waiting time for traffic to reopen.

• Reinforced lawn presents certain issues because its modular geometry requires more time to build
than monolithic surfaces, and its durability and possible carriage capacity (e.g., in the presence of
driveway) depend on the characteristics of the material used. Moreover, its functional, economic,
and environmental results are never appreciable.

• The less-impacting solution (i.e., gravel) is not compatible with the needs of users (e.g., low level
of service, not powder free, non-weather-conditioned usability) and infrastructure managers (e.g.,
maintenance costs). However, gravel provides for a “cold”, eco-friendly, and permeable pavement.

Table 1 summarizes the good, fair, and poor performances of the most frequently used materials
with green, orange, and red symbols, respectively. All data refer to conventional performances of each
material (e.g., white asphalt, pervious concrete pavers, and concrete grid pavers are not considered).

In recent years, pervious concrete, both monolithic and modular, has been increasingly used
because of its environmental and landscape value in anthropized areas. Doulos et al. [13] recognized
the thermal characteristics of pavement materials as a strategic challenge to prevent urban heat islands
(UHIs) and to cool urban spaces. Coseo et al. [14] compared the air temperature above reflective and
pervious concrete, pervious and conventional asphalt, and pervious modular concrete pavements,
and porous concrete pavers were the only cool pavement strategy to yield lower early evening
air temperatures relative to conventional asphalt. Pavement porosity has two more implications:
(1) the presence of voids reduces the compressive strength of the material and (2) permits stormwater
storage [15]. Therefore, permeable pavements are primarily used in parking lots, pedestrian areas,
cycle paths, and other low-traffic areas [16].

In this review, we analyzed the technical and functional characteristics of pervious concrete
pavements for sidewalks or pedestrian paths which use both monolithic and modular technologies.
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Table 1. Structural, functional, and environmental performances of materials for pedestrian pavements.
Green, orange, and red symbols represent good, fair, and poor performances, respectively.

Property Asphalt Gravel Reinforced Lawn Porous Concrete

Regularity
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not permit load carriage on this surface. Its permeability depends on the geometry and pattern 
of the elements and the filling material (e.g., natural soil or gravel). 
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not permit load carriage on this surface. Its permeability depends on the geometry and pattern 
of the elements and the filling material (e.g., natural soil or gravel). 

• Porous concrete: It is composed of a pervious concrete surface with a 15%–25% void content laid 
on a granular foundation. The pavement structure is composed of an 8–10 cm thick surface layer. 
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not permit load carriage on this surface. Its permeability depends on the geometry and pattern 
of the elements and the filling material (e.g., natural soil or gravel). 
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build than monolithic surfaces, and its durability and possible carriage capacity (e.g., in the 
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not permit load carriage on this surface. Its permeability depends on the geometry and pattern 
of the elements and the filling material (e.g., natural soil or gravel). 

• Porous concrete: It is composed of a pervious concrete surface with a 15%–25% void content laid 
on a granular foundation. The pavement structure is composed of an 8–10 cm thick surface layer. 
Its use is possible in the absence of a water-sensitive subsurface. 
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of the paved surface could be permeable [11]. 
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quick to build, allowing for traffic to swiftly reopen. However, it suffers from environmental 
impacts due to its impermeability, low SRI, and difficulty in obtaining a good fitting in the 
surrounding environment [12]. 

• Porous concrete ensures good technical and environmental performances due to the mechanical, 
physical, and thermal characteristics of the material. However, it suffers from high cost of 
installation and waiting time for traffic to reopen. 

• Reinforced lawn presents certain issues because its modular geometry requires more time to 
build than monolithic surfaces, and its durability and possible carriage capacity (e.g., in the 
presence of driveway) depend on the characteristics of the material used. Moreover, its 
functional, economic, and environmental results are never appreciable. 

• The less-impacting solution (i.e., gravel) is not compatible with the needs of users (e.g., low level 
of service, not powder free, non-weather-conditioned usability) and infrastructure managers 
(e.g., maintenance costs). However, gravel provides for a “cold”, eco-friendly, and permeable 
pavement. 
Table 1 summarizes the good, fair, and poor performances of the most frequently used materials 

with green, orange, and red symbols, respectively. All data refer to conventional performances of 
each material (e.g., white asphalt, pervious concrete pavers, and concrete grid pavers are not 
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not permit load carriage on this surface. Its permeability depends on the geometry and pattern 
of the elements and the filling material (e.g., natural soil or gravel). 

• Porous concrete: It is composed of a pervious concrete surface with a 15%–25% void content laid 
on a granular foundation. The pavement structure is composed of an 8–10 cm thick surface layer. 
Its use is possible in the absence of a water-sensitive subsurface. 

• Concrete pavers: They have voids at the joints to allow water to pass through. As for porous 
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to allow for uniform infiltration into an open-graded reservoir below. Concrete grid pavers are 
a type of open-cell modular pavement, the cells of which are filled with soil and grass; up to 40% 
of the paved surface could be permeable [11]. 
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good results in terms of regularity, adherence, and cost effectiveness of the investment, and it is 
quick to build, allowing for traffic to swiftly reopen. However, it suffers from environmental 
impacts due to its impermeability, low SRI, and difficulty in obtaining a good fitting in the 
surrounding environment [12]. 

• Porous concrete ensures good technical and environmental performances due to the mechanical, 
physical, and thermal characteristics of the material. However, it suffers from high cost of 
installation and waiting time for traffic to reopen. 

• Reinforced lawn presents certain issues because its modular geometry requires more time to 
build than monolithic surfaces, and its durability and possible carriage capacity (e.g., in the 
presence of driveway) depend on the characteristics of the material used. Moreover, its 
functional, economic, and environmental results are never appreciable. 

• The less-impacting solution (i.e., gravel) is not compatible with the needs of users (e.g., low level 
of service, not powder free, non-weather-conditioned usability) and infrastructure managers 
(e.g., maintenance costs). However, gravel provides for a “cold”, eco-friendly, and permeable 
pavement. 
Table 1 summarizes the good, fair, and poor performances of the most frequently used materials 

with green, orange, and red symbols, respectively. All data refer to conventional performances of 
each material (e.g., white asphalt, pervious concrete pavers, and concrete grid pavers are not 
considered). 
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not permit load carriage on this surface. Its permeability depends on the geometry and pattern 
of the elements and the filling material (e.g., natural soil or gravel). 

• Porous concrete: It is composed of a pervious concrete surface with a 15%–25% void content laid 
on a granular foundation. The pavement structure is composed of an 8–10 cm thick surface layer. 
Its use is possible in the absence of a water-sensitive subsurface. 

• Concrete pavers: They have voids at the joints to allow water to pass through. As for porous 
concrete, it should have adequate subsurface conditions to detain stormwater and a level bottom 
to allow for uniform infiltration into an open-graded reservoir below. Concrete grid pavers are 
a type of open-cell modular pavement, the cells of which are filled with soil and grass; up to 40% 
of the paved surface could be permeable [11]. 
The examined different technical characteristics reflect the different structural, functional, and 

environmental performances of pedestrian infrastructures. The material choice depends on often 
conflicting requirements: 
• Asphalt is the most frequently used material to pave sidewalks in urban areas because it ensures 

good results in terms of regularity, adherence, and cost effectiveness of the investment, and it is 
quick to build, allowing for traffic to swiftly reopen. However, it suffers from environmental 
impacts due to its impermeability, low SRI, and difficulty in obtaining a good fitting in the 
surrounding environment [12]. 

• Porous concrete ensures good technical and environmental performances due to the mechanical, 
physical, and thermal characteristics of the material. However, it suffers from high cost of 
installation and waiting time for traffic to reopen. 

• Reinforced lawn presents certain issues because its modular geometry requires more time to 
build than monolithic surfaces, and its durability and possible carriage capacity (e.g., in the 
presence of driveway) depend on the characteristics of the material used. Moreover, its 
functional, economic, and environmental results are never appreciable. 

• The less-impacting solution (i.e., gravel) is not compatible with the needs of users (e.g., low level 
of service, not powder free, non-weather-conditioned usability) and infrastructure managers 
(e.g., maintenance costs). However, gravel provides for a “cold”, eco-friendly, and permeable 
pavement. 
Table 1 summarizes the good, fair, and poor performances of the most frequently used materials 

with green, orange, and red symbols, respectively. All data refer to conventional performances of 
each material (e.g., white asphalt, pervious concrete pavers, and concrete grid pavers are not 
considered). 
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not permit load carriage on this surface. Its permeability depends on the geometry and pattern 
of the elements and the filling material (e.g., natural soil or gravel). 

• Porous concrete: It is composed of a pervious concrete surface with a 15%–25% void content laid 
on a granular foundation. The pavement structure is composed of an 8–10 cm thick surface layer. 
Its use is possible in the absence of a water-sensitive subsurface. 

• Concrete pavers: They have voids at the joints to allow water to pass through. As for porous 
concrete, it should have adequate subsurface conditions to detain stormwater and a level bottom 
to allow for uniform infiltration into an open-graded reservoir below. Concrete grid pavers are 
a type of open-cell modular pavement, the cells of which are filled with soil and grass; up to 40% 
of the paved surface could be permeable [11]. 
The examined different technical characteristics reflect the different structural, functional, and 

environmental performances of pedestrian infrastructures. The material choice depends on often 
conflicting requirements: 
• Asphalt is the most frequently used material to pave sidewalks in urban areas because it ensures 

good results in terms of regularity, adherence, and cost effectiveness of the investment, and it is 
quick to build, allowing for traffic to swiftly reopen. However, it suffers from environmental 
impacts due to its impermeability, low SRI, and difficulty in obtaining a good fitting in the 
surrounding environment [12]. 

• Porous concrete ensures good technical and environmental performances due to the mechanical, 
physical, and thermal characteristics of the material. However, it suffers from high cost of 
installation and waiting time for traffic to reopen. 

• Reinforced lawn presents certain issues because its modular geometry requires more time to 
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2. Research Methodology

In this study, a systematic literature review was performed according to Kitchenham [17]: primary
studies contributed to the present manuscript, which is a secondary study. The goal of the study was
to identify and analyze research relevant to technical and functional characteristics of porous concrete
pavements for low-traffic surfaces in urban areas.

Peer-reviewed articles on sustainable urban drainage systems (SUDSs) composed of monolithic
and modular porous concrete pavements, published between 2007 and 2019, were included. The main
search strategy was automatic and involved Scopus and Web of Science peer-reviewed databases; a
manual search activity involved peer-reviewed papers published since 2004. Finally, classical sources,
standards, and regulations were considered, whatever their publication year. The considered keywords
were permeability, porous (or permeable) pavement, porous (or permeable, or pervious) concrete,
modular pavement, pavers (or concrete blocks), stormwater management, sustainable urban drainage,
vulnerability, and urban roads.

Planning, conduction, and reporting results are the three main phases of the systematic literature
review:

• Planning: identification of the need which justifies the systematic literature review. Particularly,
the research questions are

# How do stormwater management criticalities interfere with urban life?
# Which pavement materials are used at the international level to manage runoff and

prevent flooding?
# What are the pros and cons of porous concrete pavements (monolithic and modular)

adopted by road agency bodies?
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• Conduction: implementation of a search strategy compliant with the previous phase.
• Reporting results: description of the results, answers to the goal of the study, and discussion of

the results [18].

The work selection strategy identified 50 documents, which are cited in the reference list: 32 are
primary studies (i.e., peer-reviewed indexed research papers); 6 are secondary studies (i.e., review
papers); and 12 are guidelines, standards, or regulations. Overall, 37 research and review papers
published after 2007 were included.

These works permitted us to make a critical assessment of the state of the art and answer the
research questions.

3. Materials and Construction

Porous concrete is a special mix of cementitious concrete with high porosity used for concrete
pavement applications that allows meteoric water to pass directly through, thereby reducing runoff.

The basic ingredients of a pervious concrete mix do not differ from a conventional concrete mix,
except for their proportion. Indeed, the permeability of pervious concrete is provided by the gradation
of the aggregates: there is a lack of fine aggregates, and the cementitious paste coats large aggregates,
allowing water to pass through the voids:

• Aggregates: The aggregate gradation typically consists of single-sized or a binary mixture
of coarse aggregates and it has a significant influence on the properties of pervious concrete.
Coarse aggregates range between 9 and 19 mm, while fine aggregates (less than 10% by weight of
total aggregates) are added to increase the strength of the concrete, but they gradually reduce the
void content [19].

• Cement: Various types of cement can be used (e.g., Portland cement, blended cement, and slag
cement). Its content seriously affects the compressive strength and void structure of the layer.
The optimum cement content depends on the aggregate size and gradation and it ranges between
260 and 415 kg/m3. The aggregate-to-cement (a/c) ratio ranges between 4:1 and 10:1 as the required
compressive strength decreases and the permeability rate increases [20].

• Water: The water-to-cement ratio (w/c) usually ranges between 0.28 and 0.40 to provide sufficient
coating for aggregates. According to Eathakoti et al. [21], the ideal w/c value for no-fines concrete
mixes is 0.45.

• Admixtures: Chemical admixtures are used to obtain or enhance specific properties of the mixture;
viscosity modifying, air entraining, retarder, and water reducer agents are the most frequently used.
Pigments are added to fresh mixtures to enhance sidewalk integration with most surrounding
landscape and architectural elements. Fibers could be added to obtain significant improvement in
the compressive strength [22].

The compressive strength of pervious concrete usually varies between 4 and 28 MPa, while
the flexural strength ranges between 2 and 4 MPa. These values are lower than those of traditional
concrete because of the material porosity [23]. Such strength values make the material suitable for
low-load pavement as sidewalks, pedestrian areas, and urban shared areas where occasional passages
of commercial and heavy vehicles may occur [24].

Regarding the hydraulic performance of porous concrete, an Italian guideline defines five levels
of capacity for drainage (Table 2) [25].
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Table 2. Capacity for drainage.

Level Capacity for Drainage (l/m2/min)

Very high >500
High >300

Normal >100
Low >50

Very low <50

Porous concrete typically has a normal–high capacity for drainage, which is comparable to
that of clean loose gravel. This value of capacity for drainage corresponds to high values of the
surface infiltration rate (SIR) calculated according to the standard ASTM D3385-03 [26]. Although the
infiltration capacity decreases with a prolonged storm, the SIR is suitable for predicting infiltration
from a severe precipitation event. Regarding porous concrete, its average value (up to 800 mm/h) is
comparable to that of natural soil [27]. According to the European standard UNI EN 12697-40 [28], the
permeability values of porous concrete range between 5.78 × 10−3 and 2.69 × 10−2 m/s.

When it rains, the voids fill up and water flows through the material. The rainwater management
system could follow two structural and hydrological operating systems (Figure 2):

1. Returning water to underground aquifers [29,30]: This approach is possible when the natural soil
is permeable, and the water does not transport pollutants (e.g., particulates and heavy metals from
exhaust fumes, copper from brake pads, tire deposits, drips of oil, grease, antifreeze, hydraulic
fluids, and cleaning agents) that could contaminate the hydraulic and marine environment [31].

2. Reducing runoff [32] and collecting water in retention basins in order to manage suspended
solids and pollutants: Due to the potential transport of contaminants, this is the most frequently
adopted choice for road surfaces. Along with atmospheric contaminants, high concentrations
of harmful pollutants (e.g., hydrocarbons, lead, and copper) can be in water runoff [33]. In the
literature [34,35], porous pavements have been investigated as a system for removing urban
runoff of both organic and inorganic pollutants (e.g., sediments, heavy metals, nutriments,
pathogens). They act as filters that capture most of the polluting elements and treat the water
through interception, filtration, sedimentation, nutrient transformation, and microbial removal.
SUDSs depend on the porosity and geometry (i.e., modular or monolithic) of the surface layer,
the geotechnical characteristics of the bottom layers, and the rainfall intensity; particularly,
the intensity of rainfall affects both pollutant loadings and reductions. Therefore, the water
quality benefits vary according to the environmental conditions. Some of the most common
pollutants are hydrocarbons. They are treated by biodegradation and physical entrapment and
stored over the long term; heavy metals are stored inside the structure for the service life of the
pavement. Charlesworth et al. [36] investigated the potential impacts of released contaminants
on the environment and human health during maintenance procedures and found that their
accumulation does not imply an environmental pollution risk when carrying out pavement
maintenance and rehabilitation work. Moreover, the materials could be recycled at end of life.
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Figure 2. Operating systems of pervious pavements: (a) returning water to aquifers and (b) collecting
water in retention basins.

The second operating system is the most frequently adopted in urban areas. Concrete pavement
has an average porosity of 20%; for example, a 10 cm thick concrete layer has a 2 cm thick storage
capacity. Therefore, it could become a temporary basin for rainwater collection and storage in order
to relieve pressure on the sewage system. The capillary network of pedestrian areas distributed
throughout the city could have a strategic role in mitigating flood risks. Despite the punctual approach
of water squares [36,37] and water retention chambers [38,39], which are large underground storage
facilities, a porous pavement offers a continuous and distributed system to manage rainwater.

Regarding Figure 1b, the overall surface of pedestrian areas (sidewalks, square central islands
and areas where motorized vehicles are not allowed, shared areas, and parking lots) is 149,914 m2 (i.e.,
5.7% of the total surface of the quarter), as listed in Table 3.

Table 3. Surfaces in Figure 1.

Designated Use Extension (m2) Percentage of Surface (%)

Sidewalks 51,907 2
Shared areas 5622 0.2

Squares 16,183 0.6
Parking lots 76,202 2.9

Other (e.g., buildings, carriageways, and green areas) 2,471,069 94.3

Therefore, porous concrete pavements could store about 3000 m3 of water, which is a volume
comparable to existing water storage facilities in Europe [2,40], but this approach does not require
any structural and architectural work. Figure 3 shows the designated use of the surfaces displayed in
Figure 1. The uniform distribution of potential porous surfaces (i.e., red areas of parking and squares,
and blue areas of sidewalks and shared areas) represents the success of the approach, which could
omit the study of superficial slopes which instead depend on punctual features.
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When modular pavements are built, block patterns affect both the structural response [41] and the
permeability of the pavement [42]. The design of modular pavements in shared areas should comply
with the design criteria adopted for continuous pavements: analysis of traffic loads, identification
of the load-bearing capacity of the subgrade, and verification of fatigue damage in bound materials
and rutting damage in unbound materials. Moreover, the vertical, rotational, and horizontal interlock
of pavers should be verified because the inability of a block moving in isolation from its neighbors
prevents premature functional decay of the pavement service life [43]. Regarding parallelepiped blocks
(Figure 4), vertical loads (both symmetrically and asymmetrically applied to blocks) and horizontal
forces induced by vehicles braking and accelerating cause paver displacements irrespective of the
original laying pattern. Moreover, joint gaps should be 3–5 mm wide to permit joint filling and to
ensure pavement durability [41].Water 2019, 11, x FOR PEER REVIEW 8 of 13 
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A stretcher or running bond provides the worst mechanical performance in terms of fatigue
and rutting resistance, while herringbone bond schemes ensure the best results in terms of durability
(Figure 5).
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Figure 5. Block patterns.

Permeable interlocking concrete pavers are elements that can be laid out in an interlocking grid
pattern, with in-between spaces commonly filled with grass or small stones. Even nonpermeable
blocks can ensure interesting values for permeable surfaces (Figure 6): up to an 18% permeable surface
can be achieved by varying the block pattern and the position of the paving spacers. The stretcher (or
running) bond and staggered stretcher (or running) bond provide the best performances.Water 2019, 11, x FOR PEER REVIEW 9 of 13 

 

 

Figure 6. Permeability vs block pattern. 

Finally, the influence of clogging on the effective service life and performance of porous concrete 
pavements cannot be overlooked [44]. The main causes of clogging are sediments being ground into 
the pores before being washed off, waterborne sediments which drain onto the pavement and clog 
pores before being washed off, and structural damages which result in collapsing pores [45]. 
However, the pore structure of the surface material affects the potential for clogging [16]: the greater 
the tortuosity (i.e., the ratio of the actual flow path length to the straight distance between the ends 
of the flow path [46]), the greater the potential for clogging. Therefore, both the design of aggregate 
gradation and the installation works require attention in order to manage storm flows [32]. 

Surface infiltration tests indicate that porous concrete pavements (both monolithic and modular) 
have higher infiltration capacity than porous asphalt pavements [47]. Sañudo-Fontaneda et al. [48] 
measured the permeability of 37 car park bays paved with porous concrete, porous asphalt, and 
interlocking concrete blocks. After a nine-year service life without maintenance, the surfaces 
composed of porous mixtures were completely clogged and ended their functional service life, while 
the permeability of interlocking concrete blocks was halved. 

After a simulated 35-year service life, foreign particles were found to seriously reduce the 
hydraulic conductivity: reductions of 59%–75% caused by an average sediment retention of 94% were 
observed. Scan images revealed that most of the clogging occurred up to 25 mm below the pavement 
surfaces, sometimes up to 100 mm [49]. Yong et al. [50] observed the influence of variable inflow and 
drying periods on hydraulic resistance. Therefore, scheduled cleaning is needed to remove coarse 
and organic sediment loads in order to maintain hydraulic conductivity [33]. Sansalone et al. [51] 
found that vacuuming and sonication could recover the initial (clean-bed) hydraulic conductivity of 
a cementitious permeable pavement. In their study, quarterly maintenance was required to maintain 
a hydraulic conductivity of at least 0.02 mm/s. 

4. Discussion 

Layout 1 Layout 2

Layout 3 Layout 4

18% gaps 18% gaps

7.6% gaps13% gaps

Figure 6. Permeability vs block pattern.

Finally, the influence of clogging on the effective service life and performance of porous concrete
pavements cannot be overlooked [44]. The main causes of clogging are sediments being ground into
the pores before being washed off, waterborne sediments which drain onto the pavement and clog
pores before being washed off, and structural damages which result in collapsing pores [45]. However,
the pore structure of the surface material affects the potential for clogging [16]: the greater the tortuosity
(i.e., the ratio of the actual flow path length to the straight distance between the ends of the flow
path [46]), the greater the potential for clogging. Therefore, both the design of aggregate gradation and
the installation works require attention in order to manage storm flows [32].
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Surface infiltration tests indicate that porous concrete pavements (both monolithic and modular)
have higher infiltration capacity than porous asphalt pavements [47]. Sañudo-Fontaneda et al. [48]
measured the permeability of 37 car park bays paved with porous concrete, porous asphalt, and
interlocking concrete blocks. After a nine-year service life without maintenance, the surfaces composed
of porous mixtures were completely clogged and ended their functional service life, while the
permeability of interlocking concrete blocks was halved.

After a simulated 35-year service life, foreign particles were found to seriously reduce the hydraulic
conductivity: reductions of 59%–75% caused by an average sediment retention of 94% were observed.
Scan images revealed that most of the clogging occurred up to 25 mm below the pavement surfaces,
sometimes up to 100 mm [49]. Yong et al. [50] observed the influence of variable inflow and drying
periods on hydraulic resistance. Therefore, scheduled cleaning is needed to remove coarse and organic
sediment loads in order to maintain hydraulic conductivity [33]. Sansalone et al. [51] found that
vacuuming and sonication could recover the initial (clean-bed) hydraulic conductivity of a cementitious
permeable pavement. In their study, quarterly maintenance was required to maintain a hydraulic
conductivity of at least 0.02 mm/s.

4. Discussion

Events as a consequence of weather and climatic processes raise the need to foresee adaptive
measures for climate change; for example, extreme heat events (e.g., heat waves) and thunderstorms
will become more frequent in many areas. These climate change challenge have serious consequences
in urban areas where growing development has led over the years to a dramatic decrease in natural
drainage surfaces. Therefore, visibly negative effects, especially for surface water flows, have occurred,
and new artificial surfaces are often composed of dark pavement materials which significantly
contribute to UHIs.

Waterproof surfaces (e.g., roofs and road pavements) increase the flow of water into sewage
systems. Most of our cities are still served by a single drainage network that collects stormwater runoff

and sewage, which can have undesired consequences. Therefore, hazardous floods with consequent
overflow of public sewers and sudden changes in the flow rates of waterways are increasing. Moreover,
water overload sewage can jam treatment plants, so that sediments and potentially polluting substances
on impermeable surfaces are not correctly processed. Finally, impermeable pavements affect the entire
ecosystem: underground aquifers are not refilled and surface temperatures increase due to the heat
island effect.

Different road pavement materials could address the need for permeability and UHI prevention
because the best performing alternatives are permeable features. Particularly, concrete for pedestrian
pavements helps to reduce UHI effects because of its high SRI; the material is able to reflect solar energy
from its surface back into the atmosphere. Therefore, the surface is “cold” if compared to traditional
pavements composed of bituminous mixtures. For porous mixes, this thermal performance is enhanced
by porosity. When the pavement temperature increases, the pore water evaporates and subtracts
heat from the pavement, thus reducing its surface temperature. Regarding rainwater management,
two design approaches could be pursued when designing a SUDS: returning water to underground
aquifers, and reducing runoff and collecting water in retention basins. The second one is more effective
for managing suspended solids and pollutants; thus, it is the most frequently adopted choice for road
surfaces. The implementation of this approach to sidewalks and low-load pavements could add up to
a 6% increase in new permeable surfaces to existing urban areas, where permeable surfaces make up
about 20% of the area.

Different technical solutions could be adopted, as both monolithic and modular pavements permit
the achievement of thermal and hydraulic benefits in urban areas. Due to their architectural and
aesthetic value, pavers are usually used in places of historical, artistic, and cultural interest. However,
the design approach cannot overlook the fact that the laying pattern of modular solutions affects
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the permeable and mechanical performances of these pavements, especially when they are built in
shared areas.

On the other hand, regardless of the construction method, porous concrete pavements suffer from
clogging because foreign particles reduce hydraulic conductivity. Therefore, scheduled cleaning is
needed to remove sediments in order to maintain pavement efficiency.
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