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Abstract 

The goal of this paper is to investigate transportation infrastructure sustainability 
from a wider standpoint. 
     A sustainable transportation infrastructure can be defined as a safe, efficient, 
economic, environmentally friendly infrastructure meeting the needs of present-
day users without compromising those of future generations. This concept 
involves environmental, economic and societal aspects. 
     In more detail, as for a road, a sustainable infrastructure or pavement must 
comply with environmental, economic and social requirements. 
     Unfortunately, even if a definition of a sustainable pavement for urban or 
suburban areas can be easily proposed, the proposal of practical strategies to 
really pursue sustainability goals is sometimes disregarded in favour of emphatic 
announces of not well defined sustainable solutions.  
     In the light of the above facts, the sustainability of a transportation 
infrastructure based on the actual environmental, social and economic 
characteristics is discussed in this paper. Once the main factors which can 
influence infrastructure sustainability are assessed, an analysis is performed in 
order to set out practical strategies for pursuing the main objective. 
     Finally an experimental investigation is designed and carried out in order to 
assess porous asphalt value in terms of pavement sustainability. The tests carried 
out are promising about the possibility of achieving suitable levels of overall 
performance. Practical applications and perspectives in rehabilitation, 
maintenance, and research are outlined.  
Keywords:  rehabilitation, porous European mixes (PEM), reclaimed asphalt 
pavement (RAP), recycling, surface performance. 
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1 Introduction 

As is well known, the word sustainability is derived from the Latin sustinere (to 
hold). According to the Brundtland Commission of the United Nations (March 
20, 1987), sustainable development is development that meets the needs of the 
present without compromising the ability of future generations to meet their own 
needs. If we refer to the WWF (World Wildlife Fund) definition (1991), 
sustainability is improving the quality of human life while living within the 
carrying capacity of supporting eco-systems, while the so-called Earth Charter 
refers to a sustainable global society founded on respect for nature, universal 
human rights, economic justice, and a culture of peace. According to 2005 World 
Summit, sustainability deals with the reconciliation of environmental, social and 
economic demands – the “three pillars” of sustainability (triple bottom line). 
Some researchers and institutions have pointed out that these three dimensions 
are not enough to reflect the complexity of contemporary society and suggest 
that culture could be included in this development model. On the other hand for 
many environmentalists the idea of sustainable development is an oxymoron as 
development seems to entail environmental degradation. 
     It is noted that the term sustainability has been applied to a number of 
concepts: human sustainability on Earth, sustainable agriculture, sustainable 
development, sustainable architecture, sustainable energy, sustainable tourism, 
sustainable building, and sustainable infrastructure. As for Green Buildings, 
there is a number of Environmental Rating Systems dealing with: Siting; Energy 
Efficiency (Materials Efficiency); Use of Recycled Materials; Water Efficiency; 
Occupant Health and Safety; Building Operations and Maintenance. Developed 
by the U.S. Green Building Council (USGBC) in 2000, the LEED rating systems 
(where LEED stands for Leadership in Energy and Environmental Design) are 
developed through a consensus-based process led by LEED committees. 
     A sustainable transportation infrastructure can be defined as a safe, efficient, 
economic, environmentally friendly infrastructure meeting the needs of present-
day users without compromising those of future generations [1]. This concept 
involves again environmental, economic and societal aspects. As for Sustainable 
Pavement Technologies the following main classes can be listed: i) Recycling; ii) 
Reuse; iii) Other Technologies. 
     To this end it is noted that sustainable technologies comprise Recycling 
Applications (Reclaimed Asphalt Pavement, Recycled Concrete Aggregate, In-
Place Recycling), Reuse Applications (Fly Ash/Coal Ash, Tire Rubber, Shingles, 
Slag, Foundry Sand) and Warm-Mix Asphalt. 
     In more detail, it is noteworthy to point out that recycling implies reducing 
project costs, conserving materials, reuse high quality aggregates unavailable, 
dwindling landfill use, diminishing disposal costs. For example, 30000 tons of 
RAP correspond to approximately 700 transport trailers each one of about 
23 cubic meters (6000 gallons). The US greenroads rating system is based on 
seven main categories: project requirements, environment and water; access and 
equity; construction activities; materials and resources; pavement technology; 
custom credits. Each category has a detailed description and can correspond (for 
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a given case-study or project) to a given score. Based on points, the project is 
classified as silver (31-38 points), gold (39-46 points), and evergreen (more than 
47 points). In the same US greenroads rating system the life cycle analysis 
(LCA) is considered a valuable methodology. In more detail, when analysing 
HMA (Hot mix asphalt) LCA, the following issues/steps/inputs/outputs are 
considered: i) oil extraction, transport, refinery, transport; ii) other inputs such as 
water and fuel; iii) aggregates (aggregate quarry, transport; iii) HMA  plant 
(transport, placement); iv) other outputs (emissions, waste, hazardous waste, 
recycling). 
     According to FHWA’s “3 Es” philosophy, the following three main instances 
are relevant in terms of pavement sustainability: i) engineering (use good 
engineering design to assure long-life pavements); ii) economics (use life-cycle 
cost analysis for project selection); iii) environment (consider recycling first; be 
good stewards of the environment). 
     As far as the MTO (Ontario Ministry of Transportation) approach is 
considered, the sustainability of HMA recycling implies the consideration of  
[1–12]:  i) materials & resources; ii) pavement technologies; iii) energy and 
atmosphere; iv) innovation and design process. 
     Permeable friction courses are growing in importance as a potential answer to 
improve sustainability potential of friction courses. PEMs (Porous European 
mixes) and TLPAs (Two-layer porous asphalts) are two types of permeable 
friction courses. 
     PEMs (air void content usually in excess of 20%) act as a wearing course 
50mm-thick on impermeable base courses and have well-known points of 
strength: reduction of splash and spray, mitigation of outdoor noise (high 
porosity, low flow resistivity), optimization of skid resistance at high speeds in 
wet conditions (high macrotexture). In contrast, PEMs have several points of 
weakness: clogging, variation of noise, texture, friction, and permeability 
performance over the time. TLPAs consist of two layers of the well-known 
porous asphalt and have been found to be effective in terms of noise absorption 
and less prone to clogging. When the life cycle of permeable friction courses 
ends, the friction course is milled and rehabilitation is needed. 
     Furthermore, to this end, it is relevant to point out that one of the key 
problems with RAP (reclaimed asphalt pavement) mixes is its variability, which 
is the main reason why many states and agencies limit the use of RAP. In most 
circumstances, RAP variability is closely related to RAP stockpiles management 
and RAP processing. 
     As for innovation & design process, recycling PEMs back to other permeable 
friction courses  requires the innovative consideration of many issues [13, 14]: 
hot or cold milling process, use of RAP in premium surface course mixes, 
variability of RAP, non-linearity in the blending equations for percentages of 
RAP greater than 40%, issues pertaining the recycling techniques of RAP 
containing high viscosity modified asphalt, actual impact of RAP aggregates, 
effective gravity vs. bulk specific gravity use for from-RAP aggregates. Finally it 
is noted that from an economic standpoint, PEMS cost more than traditional 
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dense-graded friction courses (if we refer to the cost per square meter, about two 
times). 
     In the light of the above facts and analyses, an experimental investigation was 
designed and carried out in order to assess porous asphalt value in terms of 
pavement sustainability. The remaining part of the paper is organized as follows. 
Section 2 refers to experiments and discussion. In section 3 conclusions are 
drawn. 

2 Experiments and discussion 

In order to allow the production of a TLPA (two-layer porous asphalt), around 
82% of RAP (from PEM) was used. Three lots of RAP were used (M1, M2, M3). 
The lots M2 and M3 resulted in being the most different, while the gradation of 
the lot M1 resulted in being close to the average between M2 and M3. For each 
RAP lot, different size gradations of RAP were mixed in order to fulfill 
functional properties (permeability and drainability), grading requirements, 
volumetrics, mechanical requirements, and desired thickness of both the top and 
the bottom layer (Figure 1). It is noted that the experimental plan was carried out 
under the auspices of the research project of national interest, PRIN 2008, 
Research Project “Drenante da drenante” (Universities of Reggio Calabria and 
Cosenza – Italy). Figure 1 and Table 1 summarize the experimental plan. 
 

 

Figure 1: Summary of experiments and analyses. 

Table 1:  Summary of the experimental plan. 

RAP 
lot 

Segregation of each RAP lot 
into five gradations 

From 5 gradations 
to two mixes 
- many trials - 

Best and 
worst results 

trial a trial b … 

M1 M11 M12 … M15 
TOP1a, 
BOT1a

TOP1b, 
BOT1b

…  
H = worst 

mix- result; 
 

J = best mix-
result. 

M2 M21 M22 … M25 
TOP2a, 
BOT2a

TOP2b, 
BOT2b

… 

M3 M31 M32 … M35 
TOP3a, 
BOT3a

TOP3b, 
BOT3b

… 
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- Note 1. Asphalt binder extraction → Asphalt binder recovery by 
Rotavapor → Penetration, Softening point, Viscosity, Ductility, Elastic 
recovery etc. Analysis of two-layer porous asphalts (composition and 
volumetrics); 

- Note 2. Analysis of composition, volumetrics, functional and 
mechanical performance of bottom and top samples: b=asphalt binder 
content (by weight of aggregates): UNI EN 12697-1; G: Aggregate 
gradation; UNI EN 12697-2; Gmb: bulk Specific gravity; standard: 
AASHTO TP 69; Gsb: stone bulk specific gravity; standard: ASTM D 
6752; AV: air voids content; standard: UNI EN 12697-8; RM : Marshall 
resistance; standard: UNI EN 12697-34; MQ : Marshall quotient; 
standard: UNI EN 12697-34; MF: Marshall Flow; standard: UNI EN 
12697-34. ITS: indirect tensile strength; standard: UNI EN 12697-23 
(T=25°C); K: permeability; standard ASTM PS 129; 

- Note 3. Analysis and comparison with predicted results of the national 
project PRIN 2008-III Action. 

     Figures 2 to 7 and table 2 summarize the results we obtained.  

Table 2:  Composition and Volumetrics of top and bottom mixes. 

 H test J test 

b% 
Gmb 

(g/cm3) 
Gsb 

(g/cm3) 
b% 

Gmb 
(g/cm3) 

Gsb 
(g/cm3) 

Top 5.2 2.124 2.235 4.9 2.845 2.827 
Bottom 5.2 2.416 2.200 4.3 2.826 2.851 

 

    

Figure 2: RAP gradation before (R_B_M2, R_B_M3) and after (R_A_M2, 
R_A_M3) the extraction of asphalt binder – Lots M2 and M3. 

     Figure 2 illustrates RAP gradation before (R_B) and after the extraction 
(R_A) and Figure 3 shows the main tests carried out on the recovered asphalt 
binder. Note that: Pb’ stands for asphalt binder content by weight of aggregate 
(%, EN 12697-6); P is the penetration (0.1 mm, EN 1426-7); SP stands for 
softening point (°C, EN 1427-7); D is the ductility at 25 °C (cm, ASTM D113-
86, CNR B.U. N. 44/74); ER stands for Elastic Recovery (= (d/200)*100, %, EN 
13398-3); the viscosity is expressed in mPas (ASTM D4402-06); the Richness 
modulus of the reclaimed pavement was derived according to [16–19]. 
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Pb’ 
Asphalt content 

P 
Penetration 

SP 
Softening Point 

D 
Ductility 

ER 
Elastic Recovery 

(%) (0,01mm) (° C) (mm) (%) 
4.6 15.3 64.1 116 70.5 

Figure 3: Richness modulus and recovered asphalt binder characteristics. 
LEGEND: k = Pb/(·0.2); Pb= Asphalt content by weight of mix 
(%);  = 0.25G + 2.3S + 12s + 135f   (G: > 6.3mm; S: between 6.3 
and 0.315mm; s: between 0.315 and 0.08mm; f: < 0.08mm);  = 
2.65/GSE; GSE = (100-Pb)/((100/Gmm)-(Pb/Gb)); GSE: effective 
specific gravity of aggregate; Gmm: maximum theoretical specific 
gravity of the HMA mixture; Gb: bitumen specific gravity. 

     Figure 4 and table  illustrate the composition and volumetric characteristics 
we obtained for the H and J tests. 
 

 

Figure 4: Gradations of the top (TOP) and bottom (BOT) layer – H and J test. 
NOTE. LO and HI represent the boundaries of the allowed 
gradations according to Italian specifications. 
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     In the H tests the permeability of the bottom layer resulted unsatisfactory (see 
Figure 5), air voids content ranged from 5 to 9% and aggregate gradation showed 
an excess of sand.  The analysis of surface texture [20–21] confirmed that the 
bottom layer resulted in an intermediate configuration between a dense-graded 
and an open-graded course (see Figure 5). On the contrary, top layer showed an 
air void content of 16-20%. For both the layers, the relationship between 
permeability and air void content resulted consistent with [6–22]. Both for the 
top and the bottom layer, in the J tests, air void content and permeability resulted 
closer to the target than in the H tests. 
 

 TH  BH 

 TJ   TJ 

 

Figure 5: Air void, permeability and texture (Marshall samples). Top layer Ti 
and bottom layer Bi for i = H and J tests. NOTE. S = lower limit 
from Italian specification. 

     Marshall and indirect tensile strength tests (ITS, see Figures 6 and 7) were 
used to provide an indication of the mechanical performance of asphalt mixtures. 
The European standard UNE-EN 12697-23:2004 test was used for evaluating the  
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Figure 6: Marshall stability (RM) and quotient (MQ). NOTE. S = lower 
limit from Italian specification. 

 

 

Figure 7: Indirect Tensile Strength (ITS). NOTE. S = lower limit from 
Italian specification.  

 
ITS of the mixtures. Temperature was 25°C and velocity was 50.8 mm/min. 
Cylindrical specimens were broken by applying a compressive load along the 
vertical diameter. ITS was determined by the expression ITS=2P/(π·D·h), where 
ITS is the indirect tensile strength (N/mm2), P is the applied load (N), D is the 
specimen diameter (mm) and h is the specimen thickness (mm). In both the H 
test and the J test, the mechanical performance of the two layers resulted almost 
satisfactory. It is important to remark that the several sources of variability were 
involved and considered. Although RAP was derived always from the same 
stockpile obtained from the cold milling the same pavement, RAP Management 
(fractionating, stockpile management practices, etc.), material heterogeneity 
(RAP Asphalt Content & Gradation) and other sources of variations caused RAP 
variability [23–28]. Despite this, it is noted that due to the use of a very high 
percentage of RAP, experiments demonstrate that the solutions proposed meet a 
number of sustainability requirements [29–31]. Furthermore, these facts illustrate 
the potential and suitability of the designed mixes for improved pavement life 
cycles [32–35]. 
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3 Conclusions  

Improving infrastructure sustainability in suburban and urban areas is a complex 
task for many reasons. The same concept of sustainability is in evolution and a 
number of methods and logical frameworks have been proposed in the field of 
transport infrastructure and pavement sustainability. Under these premises in this 
paper we investigated on the suitability of porous asphalt concretes to address 
several requirements pertaining pavement sustainability. 
     Indeed, the goal of this paper was to investigate transportation infrastructure 
sustainability. Once assessed the main factors which can influence infrastructure 
sustainability an experimental investigation was carried out in order to assess 
porous asphalt value and suitability in terms of pavement sustainability.  
     Efforts were focused into the optimization of the sustainability of PEMs 
rehabilitation, through the recycling of PEMs back to innovative, silent, 
permeable road surfaces. Around the 82% of RAP was used and a two-layer 
porous asphalt was derived from the reclaimed asphalt pavement. Three main 
RAP gradations were used. The recycled, high-RAP content mixes were 
produced and tested. Mechanical performance was adequate. Functional 
performance resulted promising. Although several issues call for further 
research, the tests carried out are encouraging about the possibility of achieving a 
satisfactory level of surface performance notwithstanding RAP variability issues. 
Practical applications mainly refer to the design and rehabilitation of porous 
European mixes in suburban and urban areas. Under the above premises porous 
asphalt (eventually recycled in terms of TLPAs) can be considered a viable 
solution for improving infrastructure sustainability in suburban and urban areas. 
Outcomes of this study are expected to benefit both practitioners and researchers. 
Further research will be needed to complete the study aimed at gaining a more 
comprehensive understanding of TLPA long-term performance and 
rehabilitation. 
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