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Sustainability assessment of pavements containing unconventional construction materials

Lecture Outline

• An overview of sustainability rating systems for transportation
infrastructures

• Environmental analysis techniques: Life Cycle Assessment (LCA)

• Assessment of the potential environmental benefits related to the
use of unconventional construction materials

• Presentation of case studies:

RA MS

• LCA of pavements for rural roads containing large
quantities of reclaimed asphalt (RA) and mineral sludge
(MS)

• LCA of pavements for highways containing nano-reinforced
materials, such as bituminous binders modified by means of
carbon nanotubes (CNT) and nanoclays (NC)

CNT NC
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• Are we doing the project right?

• Are we doing the right project?

Sustainability is often described as:

“…a quality that reflects the balance of three primary
components - economic, environmental and social
impacts – which are collectively referred to as the triple
bottom line” (PIARC2019).

Sustainability rating systems for transportation infrastructures
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Highway construction and sustainability framework
mapping (from Sustainable Highway Construction
Guidebook, NCHRP 2019)

Sustainability is divided in its three common dimensions:
human, environmental and economic well-being

• Qualitative framework

• Quantitative framework

Sustainability rating systems for transportation infrastructures
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Quantitative methods SUSTAINABILITY RATING SYSTEM

Developed to label the environmental performance of a civil engineering project

Final goal of rating:

• Self-evaluation

• Third-party evaluation

• Labelling

• Awarding

Type of tool:

• Voluntary

• Mandatory

Sustainability rating systems for transportation infrastructures

Targeted at:

• System planning and programming

• Project planning

• Project design

• Project construction

• Operations and maintenance
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Quantitative framework SUSTAINABILITY RATING SYSTEM

Developed to label the sustainability performance of a civil engineering project

Sustainability rating systems for transportation infrastructures
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ENVISION – Certification for the 
construction industry – developed in joint 
collaboration between the Harvard 
University Graduate School of Design and

Sustainability rating systems for transportation infrastructures

the Institute for 
Sustainable 
Infrastructure (ISI).
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ENVISION – Certification for the 
construction industry – developed in joint 
collaboration between the Harvard 
University Graduate School of Design and

Sustainability rating systems for transportation infrastructures

the Institute for 
Sustainable 
Infrastructure (ISI).
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Sustainability rating systems for transportation infrastructures

INVEST – Infrastructure voluntary evaluation sustainability tool –
developed by FHWA (Federal Highway Administration – Washington)

INVEST is a voluntary, self-directed and free web tool created to help 
state departments of transportation (DOTs), metropolitan planning 
organizations (MPOs), local transportation agencies, and others assess 

and improve the sustainability of transportation projects and 
programs.  It is organized in:

• SPS/SPR - System Planning 

for States/Regions (17 criteria)

• OM – Operations and Maintenance 

(14 criteria)
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I-LAST – Developed by the American Consulting Engineers Council, 
the Illinois Road and Transportation Builders Association and the 
Illinois Department of Transportation (153 Items)

• Planning

• Design 

• Environmental 

• Water quality 

• Transportation

• Lighting 

• Materials

• Innovation

• Construction

Sustainability rating systems for transportation infrastructures

Scorecard:
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GreenLITES -Leadership In Transportation and Environmental 
Sustainability Planning - Certification Program for NYSDOT 
Designs Meeting Criteria for Sustainable Transportation 
Infrastructure using Environmentally Friendly Practices

GreenLITES certification categories are: 

1) Sustainable Sites

2) Water Quality

3) Materials and Resources

4) Energy and Atmosphere 

5) Innovation/Unlisted

Sustainability rating systems for transportation infrastructures
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CEEQUAL – The Civil Engineering Quality Assessment and Awards Scheme – developed by UK ICE (Institution of Civil Engineers). 
It is usually completed at the end of the design and construction when solid evidence to support the scoring is available.

Sustainability rating systems for transportation infrastructures
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BE2ST in Highways –Building Environmentally and Economically Sustainable 
Transportation-Infrastructure-Highways Developed by Recycled Materials Resource 
Center and University of Wisconsin-Madison

Sustainability rating systems for transportation infrastructures
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GREENROADS – The sustainability rating system for 
road design and construction projects – Developed by 
University of Washington, CH2M HILL and a number 
of other industry groups and consultants.

PROJECT REQUIREMENTS (mandatory)

Environment and water – 21 points

Access and equity – 30 points

Construction activities – 14 points

Materials and resources – 23 points

Pavement technologies – 20 points

CUSTOM CREDIT – 10 points 

Sustainability rating systems for transportation infrastructures
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GREENPAVE – Semplified Rating System based on LEED and 
GreenRoads, customized for Ontario, with a focus on pavement 
design and construction. 

Sustainability rating systems for transportation infrastructures
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PhD Program: Development of a sustainable rating system tool for road pavements

PhD candidate: Rajab Ali Mehraban

Supervisors: prof. Lucia Tsantilis, prof. Pier Paolo Riviera and prof. Ezio Santagata

Sustainability rating systems for transportation infrastructures

Sustainable rating system tool

Assignment of relative weights to categories and 
indicators

Development of parametric equations to be embedded in 
the sustainability rating system

Definition of the categories of the rating system (related 
to environment, costs and social aspects), with the 

identification of the specific parameters to be used as 
quantitative indicators for each category

Critical analysis of the existing rating systems
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Sustainability rating systems for transportation infrastructures

LIFE CYCLE ASSESSMET (LCA) is an internationally standardized method
(ISO 14040, ISO 14044) for the evaluation of the environmental burdens
and resources consumed along the life of products
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Lecture Outline

• An overview of sustainability rating systems for transportation
infrastructures

• Environmental analysis techniques: Life Cycle Assessment (LCA)

• Assessment of the potential environmental benefits related to
the use of unconventional construction materials

• Presentation of case studies:

RA MS

• LCA of pavements for rural roads containing large
quantities of reclaimed asphalt (RA) and mineral
sludge (MS)

• LCA of pavements for highways containing nano-reinforced
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Sustainability assessment of pavements containing unconventional construction materials

LCA of pavements for rural roads containing large quantities of reclaimed asphalt (RA) and mineral sludge (MS)

Impacts of the pavement construction industry

• Large volumes of aggregates in pavement construction

• Massive exploitation of natural resources

• Significant environmental concerns

Recycling of by-products in paving mixtures for rural roads

• Replacement of large volumes of virgin aggregates

• Reduction in the depletion of raw materials

• Valuable option due to the lower performance requirements
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Sustainability assessment of pavements containing unconventional construction materials

LCA of pavements for rural roads containing large quantities of reclaimed asphalt (RA) and mineral sludge (MS)

Major distress type in rural roads
➢ Dustiness
➢ Erosion
➢ Ravelling
➢ Potholing
➢ Corrugation
➢ Rutting

Reduced by using 
bound-mixtures for the 
road surface finishing 
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LCA of pavements for rural roads containing large quantities of reclaimed asphalt (RA) and mineral sludge (MS)

Emulsion-based cold recycled mixture (CRM) for the surface finishing of unpaved 
rural roads containing large quantities of reclaimed asphalt and mineral sludge.

CRM

Base layer

Subgrade soil

Component Value

Reclaimed Asphalt 68.3 %

Mineral sludge 16.4 %

Silica Sand 6.4 %

Bituminous Emulsion 3.5 %

Water (added) 5.4 %

RA MS
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LCA of pavements for rural roads containing large quantities of reclaimed asphalt (RA) and mineral sludge (MS)

Assessment of the environmental benefits related to the use of innovative construction solutions for rural roads containing large 
quantities of waste materials.

LCA study:
• Global warming potential
• Energy requirement
• Water consumption

Tool: SimaPro

Functional unit: 1 km of road with a service life of 10 years

System boundaries: Materials production; Construction; 
Maintenance operations
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Sustainability assessment of pavements containing unconventional construction materials

LCA of pavements for rural roads containing large quantities of reclaimed asphalt (RA) and mineral sludge (MS)

S1 S2 S3 S4
Service Life 10 years

Maintenance 
Activities 2 1 1 2

Materials 
employed 0/45 Ga 90 CRM CRM 20 RA 0/14

Thickness of the 
new layer 9 cm 3 cm 3 cm 9 cm

Scenarios
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Sustainability assessment of pavements containing unconventional construction materials

LCA of pavements for rural roads containing large quantities of reclaimed asphalt (RA) and mineral sludge (MS)

Material Production or extraction site to 
plant facility 

(km)

Plant facility to construction site
(km)

Virgin aggregates 14.5 43.8

Reclaimed asphalt (RA) 0 43.8

Emulsion 372 0

Cold-recycled mixture (CRM) 0 43.8

Transportation distances
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LCA of pavements for rural roads containing large quantities of reclaimed asphalt (RA) and mineral sludge (MS)

LC Impact assessment and interpretation 

Stage S1 S2 S3 S4

GWP (t of CO2eq)

MP 14.2 14.2 10.4 5.2

T 44.6 30.8 25.3 31.3

C&M 0.7 0.6 0.6 0.7

Total 59.4 45.6 36.3 37.2

Energy (GJ)

MP 220.9 228.2 166.4 72.6

T 695.0 479.9 394.0 488.8

C&M 9.3 8.2 8.2 9.3

Total 925.1 716.3 568.6 570.7

Water (m3)

MP 5 500.6 2 408.0 129.1 31.2

T 14.2 9.8 8.1 10.0

C&M 0.2 0.2 0.2 0.2

Total 5 515.0 2 418.0 137.3 41.4
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Lecture Outline

• An overview of sustainability rating systems for transportation
infrastructures

• Environmental analysis techniques: Life Cycle Assessment (LCA)

• Assessment of the potential environmental benefits related to
the use of unconventional construction materials

• Presentation of case studies:

RA MS

• LCA of pavements for rural roads containing large
quantities of reclaimed asphalt (RA) and mineral sludge
(MS)

• LCA of pavements for highways containing nano-
reinforced materials, such as bituminous binders
modified by means of carbon nanotubes (CNT) and
nanoclays (NC)

CNT NC
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LCA of pavements for highways containing carbon nanotubes (CNT) and nanoclays (NC)

“DAMAGE AND HEALING OF INNOVATIVE NANO-STRUCTURED AND
POLYMER MODIFIED BITUMINOUS MATERIALS” 

Italian Ministry of Education, University and Research (MIUR)

RESEARCH UNITS:

o POLITECNICO DI TORINO (Nano-structured)

o UNIVERSITA’ POLITECNICA DELLE MARCHE  (Polymer-modified materials)
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Sustainability assessment of pavements containing unconventional construction materials

LCA of pavements for highways containing carbon nanotubes (CNT) and nanoclays (NC)

CARBON NANOTUBES (CNT) NANOCLAYS (NC)



Tool:
➢ PaLATE - customized to account for the specific context

Functional unit:
➢ 1 km of a single lane of highway

System boundaries:
➢ Materials production
➢ Initial construction
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Sustainability assessment of pavements containing unconventional construction materials

LCA of pavements for highways containing carbon nanotubes (CNT) and nanoclays (NC)

Assessment of the potential environmental benefits related to the use of nano-structured bituminous mixtures in bound-layer of 
highway pavements.
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Sustainability assessment of pavements containing unconventional construction materials

LCA of pavements for highways containing carbon nanotubes (CNT) and nanoclays (NC)

CNT COMPOSITESCARBON NANOTUBES (CNT)

Several hierarchical 
morphologies of bundles
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LCA of pavements for highways containing carbon nanotubes (CNT) and nanoclays (NC)

Cambiamento climatico

CVD - Trompeta, et al., 2016 653

Fixed Bed CVD - Trompeta, et al., 2016 211

Floating Catalyst CVD - Grif f iths, et al., 2013 165

Floating Catalyst CVD - Wu, et al., 2020 136

Fluidized Bed CVD - Roes, et al., 2010 11
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GWP per la produzione di 1 kg di MWCNTs

Energia

CVD - Trompeta, et al., 2016 2.480

Fixed Bed CVD - Trompeta, et al., 2016 1.100

Floating Catalyst CVD - Grif f iths, et al., 2013 49.000

Floating Catalyst CVD - Wu, et al., 2020 482

Fluidized Bed CVD - Roes, et al., 2010 95

Floating Catalyst CVD - Kushnir, et al., 2008 482

Arco elettrico - Kushnir, et al., 2008 2.480

Ablazione laser - Kushnir, et al., 2008 9.640

Fornace solare - Kushnir, et al., 2008 442
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• Production technique (CVD, EAD,
LA, etc…)

• Carbon source, catalyst, carrier gas,
purification process, etc…)

• Production scale 

LCA

• Space and time-dependency

• System boundaries
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LCA of pavements for highways containing carbon nanotubes (CNT) and nanoclays (NC)

NANOCLAYS (NC) NC COMPOSITES

Conventional 
composites

Intercalated 
composites

Exfoliated 
composites
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Sustainability assessment of pavements containing unconventional construction materials

LCA of pavements for highways containing carbon nanotubes (CNT) and nanoclays (NC)

Production of NC (organo-montmorillonite)

• Production process (clay mining, organic modifier, 
clay processing)

• Production scale 

LCA

• Space and time-dependency

• System boundaries

Source
Energy

(MJ/kg)

GWP

(kg CO2 eq/kg)

Joshi, 2008 4,01E+01 1,52E+00

Roes, et al., 2010 6,97E+01 3,55E+00

Schrijvers, et al., 2014 7,28E+01 3,25E+00

Energia [MJ/kg] GWP [kg CO2 eq/kg]

Fluidized Bed CVD - Roes, et al., 2010 - MWCNTs 95 11

Roes, et al., 2010 - OMMT 70 4
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Sustainability assessment of pavements containing unconventional construction materials

LCA of pavements for highways containing carbon nanotubes (CNT) and nanoclays (NC)

SHEAR MIXING

• Mechanical stirrer
• Speed: 1550 rpm
• Time: 90 minutes
• Temperature: 150 °C 

SONICATION

• Amplitude: 158 µm
• Frequency: 24 kHz
• Time: 60 minutes
• Temperature: 150 °C 

Preparation of nano-reinforced 
binders

Base bitumen: PG 58-22; pen. 70/100

Nano-additive dosages: 

• 0.5% CNT (CVD)

• 3% NC (organo-montmorillonite)

• Shear mixing and sonication

Preparation of nano-reinforced 
mixtures

Standard protocol
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LCA of pavements for highways containing carbon nanotubes (CNT) and nanoclays (NC)

Production of 1 m3 of bituminous mixture

TAL QUALE 3% NC - GER MIN 3% NC - GER MAX

Conglomerato bituminoso 619 621 621

Bitume nano-modif icato 0 79 79

Nanomateriale 0 131 237

Bitume 254 248 248

Aggregati vergini 65 66 66
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TOT=938 MJ/m3
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TAL QUALE 3% NC - GWP MIN
3% NC - GWP 

MAX

Conglomerato bituminoso 46 46 46

Bitume nano-modif icato 0 5 5

Nanomateriale 0 5 12

Bitume 23 22 22
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Neat NC-min NC-max Neat NC-min NC-max

TAL QUALE 3% NC - GER MIN 3% NC - GER MAX

Conglomerato bituminoso 619 621 621

Bitume nano-modif icato 0 79 79

Nanomateriale 0 131 237

Bitume 254 248 248

Aggregati vergini 65 66 66
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Sustainability assessment of pavements containing unconventional construction materials

LCA of pavements for highways containing carbon nanotubes (CNT) and nanoclays (NC)

TAL QUALE
0,5% MWCNTs -

GER MIN
0,5% MWCNTs -

GER MAX

Conglomerato bituminoso 619 616 616

Bitume nano-modif icato 0 80 80

Nanomateriale 0 54 27.656

Bitume 254 257 257

Aggregati vergini 65 65 65
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TAL QUALE
0,5% MWCNTs -

GWP MIN
0,5% MWCNTs -

GWP MAX

Conglomerato bituminoso 46 46 46

Bitume nano-modif icato 0 5 5

Nanomateriale 0 6 119

Bitume 23 23 23

Aggregati vergini 6 6 6
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Production of 1 m3 of bituminous mixture TAL QUALE 3% NC - GER MIN 3% NC - GER MAX

Conglomerato bituminoso 619 621 621

Bitume nano-modif icato 0 79 79

Nanomateriale 0 131 237

Bitume 254 248 248

Aggregati vergini 65 66 66
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Sustainability assessment of pavements containing unconventional construction materials

LCA of pavements for highways containing carbon nanotubes (CNT) and nanoclays (NC)

Structural design

• Mechanistic empirical approach based on fatigue and 
subgrade rutting 

Neat mixture
Nano-reinforced mixture

Nano-reinforced mixture
hHMA

Granular mixture

Subgrade
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Sustainability assessment of pavements containing unconventional construction materials

LCA of pavements for highways containing carbon nanotubes (CNT) and nanoclays (NC)

Structural analysis

• 12 periods of analysis
• Design traffic modelled based on data available from 

surveys (homogenized in equivalent axle)
• Fatigue transfer function 

• Rutting transfer function
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Sustainability assessment of pavements containing unconventional construction materials

LCA of pavements for highways containing carbon nanotubes (CNT) and nanoclays (NC)

Mixtures

• Linear viscoelastic characterization

• Dynamic modulus tests
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Sustainability assessment of pavements containing unconventional construction materials

LCA of pavements for highways containing carbon nanotubes (CNT) and nanoclays (NC)

Mixtures

• Fatigue resistance

• Direct tension cyclic fatigue tests
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Sustainability assessment of pavements containing unconventional construction materials

LCA of pavements for highways containing carbon nanotubes (CNT) and nanoclays (NC)

Structural design

• Mechanistic empirical approach based on fatigue and 
subgrade rutting 

Neat mixture
Nano-reinforced mixture

Nano-reinforced mixture
hHMA

Granular mixture

Subgrade

Mixture type 𝐡𝐇𝐌𝐀

Neat 48 cm

NC 38 cm

CNT 44 cm
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Sustainability assessment of pavements containing unconventional construction materials

LCA of pavements for highways containing carbon nanotubes (CNT) and nanoclays (NC)

S-TAL QUALE 1.450.576

S-NC MIN 1.191.060

S-NC MAX 1.258.762
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Sustainability assessment of pavements containing unconventional construction materials

Food for thoughts…

There is the need to consider all the dimensions of sustainability.

• Sustainability rating systems allow the economic, environmental and social performances to be quantitatively
assessed, thus providing a practical and concrete tool to support the green transition process in transportation
infrastructure projects.

• When considering the use of unconventional construction materials, it is worth noting that their sustainability
performance can be context specific. Moreover, their effectiveness in terms of structural and economic performances
must not be jeopardized by detrimental environmental and social impacts.

• The use of recycled materials in transportation infrastructures is an imperative of our time. This must necessarily be
accompanied by a widespread increase in specialized technical competences at all the professional levels.



Thanks for your attention!

Lucia Tsantilis
DIATI 

POLITECNICO DI TORINO

Società Italiana Infrastrutture Viarie
XIX International  SIIV Summer School , Perugia  4th - 8th September 2023

Transportation Infrastructures towards Green Transition

.23

S E P
T E M
B E R

Università degli Studi di Perugia
Department of Civil and Environmental Engineering

5th



XIX International  SIIV Summer School 
Perugia  4th - 8th September 2023

Transportation Infrastructures towards Green Transition

Università degli Studi di Perugia
Department of Civil and Environmental Engineering

XIX International  SIIV Summer School 
Perugia  4th - 8th September 2023

Prof. Lucia Tsantilis
Politecnico di Torino

Sustainability assessment of pavements containing unconventional construction materials
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