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Preface

Sustainability issues in civil engineering have been the topic of discussions and
intense debate among civil engineering professionals and academics worldwide.
Many universities across the globe are now offering courses on sustainability in
civil engineering programs at both undergraduate and graduate levels. The topic is
also at the core of many professional certification programs.

Sustainability issues become more pronounced in developing economies, which
have high economic and infrastructural growth rates. This edited volume on
Sustainability Issues in Civil Engineering is an outcome of deliberations and
discussions in the “International Conference on Sustainable Civil Infrastructure”
held on 17-18 October 2014 in Hyderabad, India. This international conference was
organized by the American Society of Civil Engineers (ASCE)_ India Section in
association with the Indian Institute of Technology (IIT), Hyderabad. At the
conference, several keynote lectures were delivered, which have been incorporated
as chapters in this book. In addition, a few invited experts outside of the conference
have contributed chapters to make this volume complete.

Chapter 1 is on the usage of construction and demolition materials in road
construction in which Prof. Arulrajan and his colleagues from Australia present
the evaluation of suitability of recycled concrete aggregate (RCA), crushed brick
(CB), reclaimed asphalt pavement (RAP), and waste rock (WR) as embankment
fills, pavement base/subbase, and pipe bedding applications.

In Chap. 2, Prof. Filippo Practico from Italy presents an approach to estimate
costs and benefits when one uses (1) pervious pavements, (2) continuous monitor-
ing of pavement structural condition, (3) reinforcement to increase life expectancy,
and (4) recycling in pavements.

Prof. Veeraraghavan and Ms. Nivedya from IIT Madras present the results of
characterization of bituminous stabilized mixes (BSH) in Chap. 3. They also
present the evaluation of sections which are constructed with cold in-place
recycling (CIPR) technology in India.


http://dx.doi.org/10.1007/978-981-10-1930-2_1
http://dx.doi.org/10.1007/978-981-10-1930-2_2
http://dx.doi.org/10.1007/978-981-10-1930-2_3

vi Preface

In Chap. 4, Prof. Partha Chakraborty of IIT Kanpur presents the role of intelli-
gent transportation systems in the context of sustainable transportation for Indian
cities.

Prof. Animesh Das of IIT Kanpur presents economic sustainability consider-
ations in asphalt pavement design and examines the role of alternative materials and
technologies in Chap. 5.

In Chap. 6, Prof. Sireesh Saride and his colleagues from IIT Hyderabad present a
sustainable design for rural roads in India using reclaimed asphalt materials.

Prof. Sarvesh Chandra of IIT Kanpur discusses sustainability issues in railway
tracks in Chap. 7 and advocates the use of geosynthetics in railways.

Chapter 8 presents the use of system approach to identify and evaluate
sustainability policy and practices in road construction industry. This article
by Prof. Rajib B. Mallick demonstrates the ideas with an example of road con-
struction and its impact and the use of recycling for achieving sustainable road
construction.

Prof. Hemanta Hazarika and his colleagues from Kyushu and Kochi Universi-
ties, Japan, walk us through Great East Japan earthquake disasters and success
stories of the innovative tire retaining wall, which survived during the earthquake.
They propose a new concept of using waste tires behind seawalls to protect them
from devastating tsunami impact forces in Chap. 9.

Prof. K. Rajagopal and Ms. Anjana of IIT Madras present the uses of reinforced
piled embankments for sustainable infrastructure development in Chap. 10. They
investigate the performance of these embankments in soft soil.

Chapter 11 presents the studies of Prof. Hoyos and Prof. Anand Puppala of the
University of Arlington, USA, in modeling the unsaturated geomaterials for sus-
tainable geotechnical designs.

Chapter 12 addresses the use of underground space for sustainable urban devel-
opment in which Prof. T. G. Sitharam of IISc, Bangalore, presents the experiences
in underground metro construction.

Prof. Murali Krishna Adapa and Mr. Bali Reddy S from IIT Guwahati
demonstrate the advantages of adopting sand-tire chips mixture as a sustainable
material in various geo-engineering applications in Chap. 13.

Chapters 14 and 15, contributed by Prof. G.L. Sivakumar Babu of IISc,
Bangalore, address the sustainability issues in landfills and use the appropriate
environmental, social, and economic indicators to analyze the cases considered.

Prof. Krishna Reddy and Ms. Bala Yamini Sadasivam of the University of
Ilinois, Chicago, USA, present approaches to select appropriate sustainable tech-
nologies for remediation of contaminated sites and illustrate them with case studies
in Chap. 16.

Chapter 17 presents the development of a new disinfection system which has the
potential to replace conventional systems, and the studies of Prof. Ligy Philip and
her students from IIT Madras clearly establish the supremacy of the proposed
system.

Chapter 18 presents the use of pre-engineered bamboo structures as a step
toward sustainable construction. This article by Prof. Suresh Bhalla and his
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co-worker from IIT Delhi provides useful insights on the use of bamboo in housing
construction.

Chapter 19 presents how the architectural engineering professionals incorporate
sustainability concepts in practice. Mr. Anchuri and Prof. N. V. Ramana Rao
illustrate the principles of sustainability in a consistent manner.

In Chap. 20, Mr. Chetan Hazaree and his colleagues present a case study of long-
distance pumping of concrete and demonstrate how sustainable solutions were
implemented in this unique case.

We wish to place on record our sincere thanks and appreciation to all the experts
and contributors to this special volume. We wish to thank Springer for publishing
this important contribution in the area of sustainable practices in civil engineering
construction.

Bengaluru, Karnataka, India G.L. Sivakumar Babu
Sangareddy, Telangana, India Sireesh Saride
Sangareddy, Telangana, India B. Munwar Basha
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Chapter 1

Sustainable Usage of Construction
and Demolition Materials in Roads
and Footpaths

Arul Arulrajah, Mahdi M. Disfani, and Suksun Horpibulsuk

Abstract The increase in generation of waste from construction activities along with
significant increase in global population has led to increasing focus and research on reuse
of waste material. In this paper, the application of construction and demolition (C&D)
materials in road works is reviewed and discussed. C&D materials were evaluated by
laboratory testing methods to assess their viability for reuse in roads and footpaths.
Several unique field case studies where C&D materials have been used are also reported.
C&D materials studied include recycled concrete aggregate (RCA), crushed brick
(CB), reclaimed asphalt pavement (RAP), fine recycled glass (FRG), and waste
rock (WR). C&D materials were found to be suitable for road and footpath applications
such as embankment fills, pavement base/subbase, and pipe bedding applications.

Keywords Recycled materials « Demolition materials « Pavement * Footpath

1.1 Introduction

Waste materials are any type of material by-product of human and industrial activity
that has no lasting value (Tam and Tam 2007). The disposal of solid waste is a major
problem throughout the world. The sustainable usage of waste materials in engineer-
ing applications is of social and economic benefit. Due to the shortages of natural
mineral resources and available land space and increasing waste disposal costs,
recycling and reusing of solid wastes have become significant in recent years.
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Construction and demolition (C&D) materials are the excess or waste materials
associated with the construction and demolition of buildings and structures, includ-
ing concrete, brick, reclaimed asphalt, steel, timber, plastics, and other building
materials and products (Sustainability Victoria 2010). Recycling and subsequent
reuse of C&D materials will reduce the demand for scarce virgin natural resources
and simultaneously reduce the quantity of this waste material destined for landfills
(Arulrajah et al. 2014a; Disfani et al. 2011; Hoyos et al. 2011). The usage of C&D
materials in civil engineering applications such as roads and footpaths is a viable
and sustainable option to minimize the C&D waste while reducing the demand for
scarce virgin quarried materials (Poon and Chan 2006; Tam and Tam 2007; Hoyos
et al. 2011; Puppala et al. 2011; Arulrajah et al. 2013c).

In Australia, approximately 8.7 million tons of RCA, 1.3 million tons of CB,
3.3 million tons of WR, 1.0 million tons of FRG, and 1.2 million tons of RAP are
stockpiled annually (Arulrajah et al. 2013c). The reuse of C&D materials would
clearly provide substantial benefits in terms of reduced new material supply and
waste disposal cost, increased sustainability, and reduced environmental impact
(Sivakumar et al. 2004).

In this research, the geotechnical characteristics of five major categories of C&D
materials and several of their blends have been characterized through an extensive
series of geotechnical tests to address their usage in road pavement and footpath
applications. Field test results from several unique case studies utilizing C&D
materials are also presented. The properties of the C&D materials were tested and
compared with typical road authority specified requirements for usage as a subbase
material. Environmental assessments have also been carried out. The C&D materials
studied in this research were recycled concrete aggregate (RCA), crushed brick (CB),
reclaimed asphalt pavement (RAP), waste rock (WR), and fine recycled glass (FRG).

RCA is the by-product of C&D activities of concrete structures (Arulrajah
et al. 2012a; Sustainability Victoria 2010). CB is a by-product of demolition
activities of buildings and other structures (Arulrajah et al. 2012b). WR used in
this study originates from ‘“basalt floaters” or surface excavation rock (basalt)
which commonly occurs near the surface to the west and north of Melbourne,
Australia (Arulrajah et al. 2013c). RAP is the name given to spent asphalt that has
been recycled during removal from roadways, which is done on a regular basis
(Arulrajah et al. 2014b; Rahman et al. 2014). FRG is the by-product of crushing
mixed color bottles and other glass products collected from both municipal and
industrial waste streams (Landris 2007).

1.2 Laboratory Evaluation

The recycled CB, RCA, WR, and RAP used in this research had a maximum
particle size of 20 mm. FRG has a maximum particle size of 4.75 mm and
comprises sand size and a small percentage of silt size particles (Disfani
et al. 2011).



1 Sustainable Usage of Construction and Demolition Materials in Roads and. . . 5

Using sieve analysis results, the Unified Soil Classification System (ASTM
2010) was implemented to classify the recycled materials. Organic content of all
the recycled material sources in this research was determined following ASTM
(2007). pH values of the recycled materials were determined following the Stan-
dards Australia (1997a).

The test specimens for hydraulic conductivity tests were compacted with mod-
ified Proctor compaction effort, at optimum moisture content (OMC) to reach at
least 98 % of maximum dry density (MDD). The falling head test method was
chosen for all recycled aggregate with the exception of FRG, which was tested by
the constant head method. CBR test specimens were prepared by applying modified
compaction efforts to recycled aggregates mixed at the OMC obtained in compac-
tion tests. A surcharge mass of 4.5 kg was placed on the surface of the compacted
specimens, and then the samples were soaked in water for a period of 4 days. This is
to simulate the confining effect of overlying pavement layers and also the likely
worst case in-service scenario for a pavement (VicRoads 1998).

The consolidated drained (CD) static triaxial tests were performed with speci-
men dimensions of 100 by 200 mm (diameter by height) for all recycled material
types except FRG which was tested with the dimensions of 50 by 100 mm. The test
specimens were compacted to 98 % of MDD from modified compaction test in a
split mold in eight layers. The shearing was performed under strain-controlled
condition at the selected strain rate of 0.01 mm/min. Replicated samples were
tested for the triaxial tests at the various stress levels.

Repeated load triaxial (RLT) tests were conducted to determine the resilient
modulus and permanent deformation of the recycled materials. In this investigation,
the RLT test was performed according to Austroads repeated load triaxial test
method AG: PT/T053 (AustRoads 2000). The RLT testing consists of two phases
of testing, permanent strain testing followed by resilient modulus testing. Perma-
nent strain testing consists of three or four stages, each undertaken at different
deviator stresses and a constant confining stress. The resilient modulus testing
consists of 66 loading stages with 200 repetitions. In this test, the specimens were
compacted to 98 % MDD based on modified compaction effort and tested at three
target moisture contents of 70 %, 80 %, and 90 % of the OMC based on modified
compaction effort, so as to simulate the dry-back process in the field. Replicated
samples were tested for the RLT tests at each of the various moisture levels.

Total concentration (TC) and leachate analysis were carried out for a range of
heavy metals on samples of C&D material. In the preparation of leachate, the
method described in Australian Standard was followed, and slightly acidic leaching
fluid (pH = 5) and alkaline leaching fluid (pH = 9.2) were used as leaching buffers
(Standards Australia 1997b).

The particle size distributions of the five recycled materials are shown in Fig 1.1.
The “after compaction” grading curves show that some breakdown has occurred
during compaction especially for CB and RAP. However, all the recycled C&D
materials, except for FRG, satisfied the guidelines for type 1 gradation C road base
material according to ASTM D1241-07, except for slight deviations in the finer side
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Fig. 1.1 Particle size distributions of the five recycled materials before and after compaction
(Arulrajah et al. 2013c)

for some materials. The grain size distribution parameters are summarized in
Table 1.1.

The RLT test results reported in Table 1.1 indicate that RCA, CB, and WR
performed satisfactorily at 98 % MDD and at a target moisture content of 70 % of
the OMC. RCA, CB, and WR materials showed sensitivity to moisture and pro-
duced higher limits of permanent strain and lower limits of resilient modulus,
particularly at higher target moisture contents in the range of 80-90% of the
OMC. The performance of RCA, CB, and WR was found to be affected by
increasing the target moisture contents and the density level. This is apparent
particularly for CB which failed at the higher target moisture contents of
80-90 %. The results of permanent strain and resilient modulus for RAP and FRG
could not be reported as these two materials possess very low cohesion values and
their samples failed within a few cycles at a target moisture content of 60 % of
the OMC.

TC and leachate analysis according to Australian Standard for Leaching Proce-
dure (ASLP) with two buffer solutions (acidic and alkaline) were conducted on
C&D materials. TC values of C&D samples were compared with EPA Victoria
(Australia) requirements for fill material. The comparison implies that for all the
contaminant constituents, TC values of C&D samples are far below the threshold.

According to the US EPA, a material is designated as a hazardous waste if any
detected metal occurs at concentrations larger than 100 times the drinking water
standard (Wartman et al. 2004). The ASLP values were found to be below the
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threshold of hazardous waste proving that they are not categorized as hazardous
waste according to US EPA.

1.3 Field Case Study 1: Recycled Glass in Pavement Base

Nine sections of unbound granular base pavements, comprising of up to 30 % FRG
in blends with RCA and waste rock (WR) in the pavement base, were constructed
on the main haul road at a recycling site in Melbourne (Fig. 1.2). The design of
these granular base pavements was based on the outcomes of the initial laboratory
testing phase of this research. FRG/RCA and FRG/WR blends were found to satisfy
the requirements of a pavement subbase material in the laboratory testing phase of
this research; however, it was decided to use this material in the pavement base and
assess its performance as a higher-quality pavement base material in the field trials.
The 200 mm thick base layer comprised of FRG blends was placed and subse-
quently overlaid by a 50 mm thick glass asphalt (glassphalt) cover comprised of
asphalt with 5% glass content. The base material composition was with blends
comprised of 10-30 % content of FRG/WR or FRG/RCA. Two control sections
comprising 100 % of WR and RCA were also built. These aggregates are commonly
accepted for usage in pavement base applications in Australia. Four sections were
constructed with RCA with 10 %, 15 %, 20 %, and 30 % of FRG. Another three
sections were constructed with WR with 10 %, 20 %, and 30 % of FRG. The
200 mm thick pavement base layer was constructed with various FRG/RCA or

Fig. 1.2 Laying of the base layer at one of the sections including a fraction of FRG (Arulrajah
et al. 2013a)
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FRG/WR blends in seven sections and with RCA and WR for the two remaining
control sections.

For the assessment of the geotechnical performance of the recycled materials
and their impact on base strength and stiffness, field testing was conducted at
various locations after the placement of the pavement base layers. The field tests
were undertaken 3 days after the placement of the subbase and base layers with a
nuclear density gauge (NDG) and Clegg hammer (CH). It was expected that the
field moisture conditions at the time of testing would be lower than the optimum
moisture conditions at the time of compaction, as the materials were delivered
within the recycling site and haulage time was 1-2 min.

The average field densities of the FRG-WR sections are noted to be higher than
that of the FRG/RCA blends. The FRG/WR blends also had higher field density and
laboratory density results than corresponding FRG-RCA blends with the same glass
contents. The results indicate that average density ratios in individual sites varied in
the range of 96—100 % MDD. The control sections (RCA, WR) achieved the highest
density results in the field as compared to the FRG/RCA and FRG/WR sections.
The field results indicate that WR is a higher-quality material than RCA. It was
noted that the FRG30/WR70 blend containing 30 % recycled glass content pro-
duced the lowest density ratio compared to other FRG/WR blends with less glass
additive content. Similarly, the FRG30/RCA70 blend containing 30 % recycled
glass content also produced the lower density ratio compared to other FRG/RCA
blends. From this finding, it can be concluded that a blend containing a recycled
glass additive content of greater than 20 % would likely result in a lower field dry
density being achieved.

The results from the Clegg hammer tests were analyzed to determine CBR
values of the various pavement sections as well as to determine the strength ratios
after field compaction. Figure 1.3 presents the Clegg hammer results for CBR for
the various pavement base sections that have been transposed into the same figure
for easy reference. Results of Clegg hammer tests meet the minimum soaked field
CBR of 100 % for base materials in all sections except in FRG10/WR90, FRG10/
RCA90, FRG20/RCAS80, and FRG30/RCA70. Also, Clegg hammer results meet the
specified minimum soaked field CBR of 80 % for subbase materials in all sections
except over short stretches of FRG10/WR90, FRG20/RCAS80, and FRG30/RCA70,
for 10-20 m in which it was marginally below the specified requirements but is still
deemed acceptable for haul roads.

The results seem to indicate that the FRG blends should be limited to pavement
subbase applications and may not meet requirements for a pavement base material.
The Clegg hammer results seem to also indicate variation in the recycled blends
within each pavement section and between pavement sections. Both RCA and WR
satisfied the requirements as a subbase material. Limited blends of 20 % FRG with
coarse-sized recycled concrete aggregates (FRG20/RCA80) and waste rock aggre-
gates (FRG20/WRS80) appear to be the optimum limits of glass additives with
recycled aggregates based on the field testing results.
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Fig. 1.3 Clegg hammer results for various combinations of C&D pavement base sections
(Arulrajah et al. 2013a)

1.4 Field Case Study 2: Reclaimed Asphalt Pavement
in Pavement Subbase

RAP was used as a subbase material in nine pavement sections for a haul road at a
recycling site operator’s facility. RAP was selected as it was available in large
stockpiles at the recycling site, and there was an interest from various parties to
evaluate the field performance of untreated RAP in subbase layer.

The earlier phase of laboratory evaluation of RAP indicated that it did not meet
the local road authorities’ requirements for usage in pavement subbase layers,
particularly in terms of RLT and CBR requirements. Nevertheless, the field trial
pavement constructed was for a private haul road in the recycling operator’s site
and as such did not have to meet the specified requirements of the local road
authorities.

Based on the nuclear density results in construction of the subbase for the RAP
pavement, the trial complied with target minimum moisture content requirement of
85 % OMC. The Clegg hammer results indicate that RAP did not meet the mini-
mum soaked field CBR of 80 % for subbase materials in the various sections as
advised by local road authorities. Based on the field and laboratory testing, RAP
had insufficient strength requirements to meet the local road authority pavement
subbase requirements.
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1.5 Field Case Study 3: Recycled Glass in Footpaths

An asphalt footpath for shared use by pedestrians and cyclists was constructed
using the outcomes of the laboratory testing phase of this research by a local
government council in Melbourne. The shared path was comprised of a base
layer of nominal 100 mm thickness, overlying a subgrade with a design soaked
CBR greater than 3 %. The base layer was subsequently overlaid by a 30 mm thick
asphalt cover. The asphalt footpath was constructed in three sections, with three
different material blends of FRG/WR in the footpath base layer. The three trial
sections constructed were 15 % FRG section (FRG15/WR85), 30 % FRG section
(FRG30/WR70), and a control section comprising basaltic WR. Figure 1.4 shows
the FRG15/WR85 and FRG30/WR70 sections after completion of field compaction
of the base layer.

For the assessment of the construction variability of WR blended with FRG and
their impact on base strength and stiffness, field testing was conducted at various
locations along the pavement using a nuclear density gauge and Clegg hammer
after the placement of the base layers. The tests were conducted 2 days after the
placement of the base layers.

All the various material blends apart from FRG were found to plot within
acceptable limits of the specified upper and lower limit requirements, except for
some of the smaller fines at the lower particle sizes which were considered
acceptable.

The variations between maximum and minimum dry density ratios along the
chainage were found to be very small (i.e., maximum of 4 %). This indicates the
field densities were achieved very consistently along the chainage. Clegg hammer
test results were analyzed to determine CBR values of the various footpath sections

Fig. 1.4 A sections of shared path after field compaction of base layer (Arulrajah et al. 2013b)
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as well as to determine the strength ratios based on a required minimum soaked field
CBR of 28 % after field compaction.

Clegg hammer results suggested that finer grading (exceeding the fine grading
limit) was found to significantly reduce the footpath base strength for FRG30/
WR70. Limited blends of fine-sized recycled glass with coarse-sized rock aggre-
gates, particularly FRG15/WR85, appear to be the optimum recycled material blend
for a footpath base material.

1.6 Conclusions

This paper has reported on a comprehensive laboratory evaluation of the properties
of C&D materials. In addition, several unique case studies are also reported in this
paper, comprised of actual field implementation of recycled C&D materials in
pavement bases, pavement subbases, and footpath base applications.

C&D materials were found to be suitable for road and footpath applications such
as embankment fills, pavement base/subbase, and pipe bedding applications. The
sustainable usage of C&D materials in sustainable civil engineering applications
will result in a lower carbon footprint for our future roads, footpaths, and other civil
engineering infrastructures.
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Chapter 2
A Few Dilemmas Pertaining Transportation
Infrastructures and Their Sustainability

Filippo G. Pratico

Abstract This paper deals with transportation infrastructures. It focuses on the
estimate of benefits and costs (agency, user and environmental externalities) deriv-
ing from the application of the following main concepts (dilemmas): (i) transition
towards pervious pavements, (ii) ‘hyper-’monitoring tendency (continuous moni-
toring of pavement structural condition), (iii) reinforcement tendency (increase of
the expected life of a pavement due to reinforcement) and (iv) ‘hyper-’recycling
tendency (high percentage of recycling in road pavements). A method is set
up. Consequences in terms of the present value of the assets costs are estimated.

Keywords Life cycle cost analysis ¢ Transportation infrastructures ¢ Porous
European mixes ¢ Recycling ¢ Self-powered sensors

2.1 Objectives

The main objective of this study is to provide a theoretical framework to estimate
the sustainability of a solution in the field of transportation infrastructures. A
theoretical framework was set up for the quantitative assessment of the sustainabil-
ity of a solution. Four main ideas (or tight spots) to improve the sustainability of a
transportation infrastructure were discussed: (i) transition towards pervious pave-
ments, (ii) ‘hyper-’monitoring tendency (continuous monitoring of pavement struc-
tural condition), (iii) reinforcement (increase of the expected life of a pavement due
to reinforcement) and (iv) ‘hyper-’recycling tendency (high percentage of recycling
in road pavements). The algorithms set up were finally applied and results
discussed.
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2.2 Introduction and Discussion

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’. The
Definition according to the 2005 World Summit is °...the reconciliation of envi-
ronmental, social and economic demands — the ‘three pillars’ of sustainability
(triple bottom line)’.

Among the sustainable initiatives/possibilities, the following can be listed:
(i) vehicle technology (greener cars, fuel cell vehicles, etc.), (ii) travel behaviours,
(iii) city planning, (iv) travel pathways, (v) innovative public transport means,
(vi) pavement solutions (porous surfaces, recycling, sensor monitoring, reinforce-
ment, etc.), (vii) reduction of traffic disruptions due to maintenance and rehabilita-
tions and (viii) applications based on information and communication technologies
(ICTs) for the transport sector. The remaining part of this introduction illustrates the
following concepts: transition towards pervious friction courses (2.2.1), ‘hyper-
‘monitoring (2.2.2), reinforcement (2.2.3) and ‘hyper-’recycling (2.2.4). Analyses
are carried out from the wider perspective of the formalization of a model able to
take into account the consequences in terms of agency, user and externality costs.

2.2.1 Transition Towards Pervious Friction Courses

Porous European mixes (PEMs, air void content usually in excess of 20 %) act as a
wearing course, usually 50 mm thick on impermeable base courses and have well-
known points of strength:

1. Reduction of splash and spray

2. Mitigation of outdoor noise (high porosity, low flow resistivity)

3. Optimization of skid resistance at high speeds in wet conditions (high
macrotexture)

4. Better water management:

(4a) Regulation of water flows

(4b) Higher water infiltration capacity/rate

(4c) Higher water storage capacity

(4d) Less deprived households at risk from flooding

(4e) Reduced surface water runoff

(4f) Reduced costs of property damage

(4g) Reduced costs of grey infrastructure, e.g. dam construction

(4h) Better regulation of water quality (drainage, irrigation and drought preven-
tion, water purification), better water quality in aquatic ecosystems,
improved biological indicators (Index of Biological Integrity), nitrogen
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retention, nitrogen removal, population served by higher water quality and
reduced wastewater treatment costs for domestic and commercial users.

In contrast, PEMs can have several weaknesses: clogging and variation of
volumetric, noise, texture, friction and permeability performance over time.

It is noted that pervious pavements can yield higher wet friction and conse-
quently lower accident ratios (Hall et al. 2009) and lower rolling and traffic noise
(Pratico 2014). These facts can imply lower user costs.

2.2.2 ‘Hyper-’monitoring

Continuous monitoring of pavement structural condition (using self-powered sen-
sors) with periodic high-speed inspections of the surface can enable to optimize
cost, timing and intensity of maintenance and rehabilitation treatments, taking into
account the actual and forecasted traffic and consequently minimizing disruptions
due to construction and maintenance works. As for the self-powered systems for
data gathering (smarter maintenance and rehabilitation), an energy harvesting stick
can generate the power, with further, advanced applications (gathering and trans-
mission of accident, speed, weather and pollution data, energy supply for road
safety systems, gathering and transmission of administrative data, etc.). The self-
powered systems for data gathering have a technology concept formulated readi-
ness level (see Lajnef et al. 2013; Yun et al. 2014; Ceylan et al. 2013; Pearson
et al. 2012).

Monitoring effect on agency, user and externality costs involves the consider-
ation of the reliability of a pavement (probability that a pavement section designed
using the process will perform satisfactorily for the anticipated traffic and environ-
mental conditions for the design period). The following factors may impact the
design reliability: materials, subgrade, traffic prediction accuracy, construction
methods and environmental uncertainties (see AASHTO Guide 1993).

The aggregate standard deviation (So =combined standard error of the traffic
prediction and performance prediction) and the standard normal deviate (ZR, which
corresponds to a given level of reliability) characterize the AASHTO reliability
factor. Due to the improved timing of maintenance and rehabilitation operations, a
decrease in agency costs (as well as user costs) is expected. Indeed, implementing a
PMS takes resources, but it also has great rewards not only to the organization but
also for the pavement users by reducing vehicle operating costs and travel time
(Hudson and Haas 1994; Shahin et al. 2013; Smadi 2004; Wolters et al. 2011). As
for maintenance, sensors and energy harvesting, several patents were set up
(e.g. Pavement Management System, US Patent Application 20090319309, output
power control circuit for a thermoelectric generator US 20130265023 Al). Any-
how, the following main issues still need to be addressed for a smarter maintenance
and rehabilitation of multimodal transportation infrastructures:
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(1) Sometimes survey-based asset management systems do not allow a timely and
productive management of the infrastructure. This fact implies higher life
cycle costs and higher environmental costs.

(i) A better integration between ICT and infrastructure management is needed.
Indeed, they both can address the overall aim of smarter transport infrastruc-
tures, by affecting users (information, time), agency (work zones, long life)
and externality (carbon footprint of maintenance and rehabilitation occur-
rences) issues and costs.

(iii) When low-volume roads, pedestrian facilities, bicycle paths and low emission
zones are considered, several energy harvesting systems, based on pressure-
voltage transformation on a fixed path, may fail to achieve the best solution,
and other systems can achieve viable results.

2.2.3 Reinforcement

As is well known, incorporating geosynthetic products into the pavement structure
is a technique for reducing the severity and delaying the appearance of reflective
cracking and reducing maintenance work and agency and user costs. Many methods
and procedures can be listed (Romeo et al. 2014; Netherlands Pavements Consul-
tants 1990; Perkins 2001; Chena et al. 2013; Button and Lytton 2007; Al-Qadi
et al. 2000).

2.2.4 ‘Hyper-’recycling

As regards the high percentage of recycling (smarter design, smarter construction,
smarter maintenance and rehabilitation), the technology readiness level is at the
level of technology validated in lab (see, e.g. Pratico et al. 2013a, b). High-
percentage recycling of porous asphalt mixes calls for further research in terms of
their mechanical, functional and surface characteristics. Research carried out so far
focused on single issues, while durability (expected life increase), friction and
surface texture performance still call for further research. Note that the use as
friction course of quasi-fully recycled (and porous) mixes still poses many ques-
tions and uncertainties (see, e.g. Malal et al. 2013; Kringos and Scarpas 2008;
Dermot et al. 2012). Consequently, research and piloting are needed to demonstrate
that premium and traditional properties of porous mixes can be regenerated in the
recycled mixes.

Note that recycling more than 60 % of a porous asphalt concrete is an ambitious
but feasible target. Indeed, previous projects demonstrated the feasibility (see,
e.g. PRIN 2008 project — Italian Ministry of Research).
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Note that, as for recycling, many patents can be considered (e.g. asphalt
recycling; US Patent 4540287; Japanese Patent 1524756 dated October 12, 1989;
Canadian Patent 2,102,090 dated February 15, 2000; Canadian Patent 2,131,429
dated November 11, 2003.). Furthermore, a number of practical applications and
research projects can be listed (see, e.g. Hosokawa et al. 2014).

Finally it is noted that even the AASHTO guide (FHWA-SA-98-042) indicates
that in essence there is no difference between hot recycled and virgin HMA
material; however, the same report cautions that engineering judgement should
always be applied for design of such mixes. This makes the comparison of the
agency costs of recycled versus not recycled mixes quite challenging.

2.3 LCCA Modelling and Algorithms

23.1 LCCA

LCCA (life cycle cost analysis) is an engineering-economic analysis tool which
compares the relative merits of competing project implementation alternatives.
Minimizing the pavement life cycle costs (present worth value, PWV or PV, or
equivalent uniform annual cost, EUAC) will increase the sustainability of the
pavement system (see Douglas and Molenaar 2004; Walls and Smith 1998; Wilde
et al. 1999; FHWA 2002).

The detailed analysis of the costs over the entire life cycle of the transportation
infrastructure (LCCA, with respect to the zero option-traditional transportation
facilities) can assess the decrease of agency (AC, e.g. maintenance and rehabilita-
tion), user (UC, e.g. time, accidents, vehicle operating costs), and externality (EC,
e.g. related to CO,e emissions, etc.) costs.

As for agency costs (AC), the assessment of the increase of asset productivity
due to the improved asset management system (sensors and monitoring) is quite
complex (AASHTO Pavement Management Guide 2012; Cirilovic et al. 2014). The
economic benefits which derive from an improved asset management system can be
estimated based on the decrease of the costs related to variance effects (effect of
spatial variability of performance) and timing effects, i.e. effect of treatment timing
on repair costs (see, e.g. Peterson 1987; Smadi 2004).

Note that according to Archondo-Callao (2010), road user cost (UC) components
include vehicle operating costs (fuel lubricant oil, tyre wear, crew time, mainte-
nance labour, maintenance parts, depreciation, interest, overheads), time costs
(passenger time, cargo holding time), accidents costs and emissions.

As for user costs, note that (i) in the case of an extended life, a reduction is
expected (see Pratico et al. 2011b) and (ii) surface monitoring and sensors imply an
optimization of timing and a reduction of user costs.

In more detail, note that the minimization of traffic disruption in the proposed
solution can depend on (i) extended life span, (ii) timeliness in rehabilitation and
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maintenance (for both crack-sensor and surface texture-surface monitoring) and
(iii) synergetic approach (data integration).

Importantly, fewer, more sustainable and better planned interventions increase
the safety for the workers. To this end, the quantification of the impact can be
derived based on probability analysis and based on the same algorithms used to
quantify agency and user costs for a period of analysis (even infinite; see Weed
2001; Pratico et al. 2012).

Note that the relative importance of user and agency costs in pavement LCCA
was analysed by Delwar and Papagiannakis (2001). In general, the review of the
literature suggests that user costs, both roughness and delay related, can be very
significant even if compared with agency costs. Overall the magnitude of UCs and
ACs which result from the literature is often comparable under the considered
hypotheses, due to the relevance of vehicle operating costs (VOC, as a part of the
UCs). In more detail, Delwar and Papagiannakis (2001) evaluated a two-lane
undivided asphalt cement concrete pavement. They evaluated cost streams for
two different traffic levels (e.g. level of service, C and E, with AADT of 8000
and 19,000, respectively). In each case, the analysis period was 40 years. Two types
of user cost relationships were used (Papagiannakis and Delwar 1999; Haugodegard
et al. 1994). All alternatives were analysed over a 40-year analysis period using a
discount annual rate of 4 %.

Walls and Smith (1998) found similar orders of magnitude, when comparing
user and agency costs.

As for the externality costs (EC), a valuable decrease of environmental costs
(EC) is expected, because of the recycling of the existing superstructure, for all
transport modes/types (pedestrian paths, bicycle paths, low-volume roads, high-
volume roads). This decrease can be quantified in terms of CO,e savings, landfill-
related costs and quarry-related costs. To this end, note that: (i) CO,e emissions
related to hot mix asphalt (approximately 49 kg/t) can be roughly quantified in
terms of production (45 % of the total emissions), aggregate extraction/production
(12 %), bitumen processing/production (30 %), transports (12 %) and placement
(1 %); (ii) recycling mainly affects emissions related to (virgin) aggregates and
bitumen (30 % + 12 % =42 %); and (iii) consequently, for recycling percentages
around 60 %, CO,e emissions around 37 kg/t are expected (approximate decrease of
12Kg/t, i.e. in the range 10-30 %).

Note that other environmental savings can derive from having fewer traffic
interruptions and fewer landfill-related and quarry-related emissions (transports,
technologies, management).

2.3.2 Conceptual Framework

Model algorithms are presented in Egs. 2.1, 2.2,2.3,2.4,2.5,2.6,2.7,2.8,2.9, 2.10,
2.11, 2.12, 2.13, 2.14, 2.15, 2.16 and 2.17, while the nomenclature is presented in
Table 2.1.
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Table 2.1 Factorial plan of experiments and LCC analysis options

Pavement type

Flexible, see table below

Design alternatives

All options, recycling, sensors, zero
option, porous asphalt, reinforcement

Main indicators

PVACa P\/UC’ PV,EX: GAC, GUC, GEX

Analysis period Infinite

Discount rate 4%

Nomenclature

AC Agency cost, $ NLO Number of lanes open

C, Initial construction cost and costs (0] Expected life of successive

CRrEH incurred in successive rehabilitations, $ rehabilitations, years

CAy; Truck capacity, m’ PVac | Present value of agency cost, $

Cnax Maximum initial construction cost, $ PVp Present value due to delay, $

Dy Average distance to cover, km PVyc | Present value of user cost, $

E Expected life, year PVyoc | Present value of vehicle operat-
ing costs, $

EMy Emission surcharge factor, $/1 R R ratio which depends on i and
r (inflation and interest rate)

EX Externalities/externality cost, $ Ry Rehabilitation cost, $

EXo Externality cost during construction, $ Rimax | Maximum rehabilitation cost, $

EXap | Additional externality cost, $ Sa Salvage value, $

EXgm | Externality cost due to emission, $ SC Stopping cost, $

EXy Externality cost during the kth rehabili- | T Period of analysis, year

tation, $

EXja Externality cost related to landfilling, $ | TD Traffic data

EXqu |Externality cost related to quarrying, $ | TOD Traffic hourly distribution

FCyj Fuel consumption, 1/km UuC User cost, $

G Gain, $ VN Volume of material needed, m>

Gac (PVac)ns-(PVac)s, $, gain in agency VUC, | Value of user costs, $/hr

cost for choosing S instead of NS

G, Pavement geometry WZC Work zone capacity, vpd

1 Interest rate, % WZDy | Work zone duration, hr

M Mechanical properties WZL, | Work zone length, m

N Expected life of k™ rehabilitation, years | WZSL | Work zone speed limit, kmph

n;...ny | Expected lives, years AT Added time, hr

The conceptual framework of the model was formulated and applied based on
the following steps:

(i) Estimation of the expected life of the flexible pavement for a given pavement
design (see AASHTO Guide for Design of Pavement Structures 1993;
MEPDG 2007)

(i) Estimation of the present value of agency costs for each solution (see Eqgs. 2.1,
2.2,2.3 and 2.4)
(iii) Estimation of the corresponding present value of user costs (see Egs. 2.5 and

2.6)
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(iv) Estimation of the present value of externalities (Egs. 2.7, 2.8, 2.9, 2.10, 2.11,
2.12,2.13, 2.14 and 2.15)

(v) Derivation of the overall present value (Eq. 2.16)

(vi) Estimation of the gains (which sum up the consequences with respect to the
control case; see Eq. 2.17)

Note that in the model, the analysis period (i.e. the time period over which
alternate design strategies are analysed) is infinite (Weed 2001; Burati et al. 2003).
Equations 2.1, 2.2, 2.3, 2.4, 2.5, 2.6, 2.7, 2.8, 2.9, and 2.10 derive from those
reported in Pratico et al. (2011a, b), Pratico (2011) and Pratico et al. (2012).
Equations 2.11, 2.12, 2.13 and 2.14 have been set out herein.

In pursuit of the estimation of agency costs for the given alternative (Pratico
2011; Pratico et al. 2012), it is important to observe that, for the different options
considered, the initial construction cost (C) can be different, as well as the con-
struction period and costs incurred in successive rehabilitation works (Crgpy). In
more detail, the initial construction costs can be higher for those solutions which
present higher technological level (e.g. with sensors, porous asphalt, reinforce-
ment). This fact can affect the present value (PV) of agency costs (i.e. the future
amount of expenses, discounted to reflect the current value).

In Eq. 2.1, PV 4¢ is the present value of agency costs (AC), C is the construction
cost, Crey is the rehabilitation cost (C and Cggy may be the same) and R is the ratio
between (1 +i) and (1 +r), where i is the inflation rate (typically 4 % or 0.04) and
r is the interest rate (typically 8 % or 0.08). D (e.g. 20 years) is the expected life of
the as-designed pavement and E (e.g. 15 years) is the expected life of the
as-constructed pavement:

PVac = C+ Crgr - RE - (1—=RP) ™, (2.1)

The same conceptual framework can be applied to estimate routine maintenance
costs:

PVac_res = Cres - RO - [F +RF-(1- RD)fl} (2.2)
Overall it results:
PVac = C+ Crenr - RE- (1= RP) ™" + Cps - RO - [F +RE.(1- RD)’I] (2.3)

where O (<E) is the time between two successive rehabilitations or resurfacings
(typically 10 years), Cggs is the corresponding cost and F is a step function
(Heaviside like) of E:

re = {1550 24)
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As for user costs (UCs) (Pratico 2011; Walls and Smith 1998) (see Eq. 2.5), note
that they can be related to delays (PV)p), originated by work zones (WZ) of given
length and duration. Additionally, UCs can be related to vehicle operating costs
(PVyoc). Their effects mainly depend on the work zone duration (WZD,) of
successive maintenance and rehabilitation operations, added time (AT) and stop-
ping costs (SC):

PVyc =PVp + PVyoc (2.5)
PV = f(WZLy, WZCy, WZDy, WZSL{NLOy,, TDy, VUCy, TODy, AT., SC;) (2.6)

In the above equations, PV stands for present value of user costs, PV stands for
present value related to delays, PVyoc stands for present value of vehicle operating
costs, WZL, stands for the length of lanes in the work zone area for the K
rehabilitation process, WZC, stands for work zone capacity, WZD, refers to the
duration, NLO,, is the number of lanes open, WZSL, is the work zone speed limit,
TD, stands for traffic data, VUC} is the value of user costs, TOD, is the traffic hourly
distribution, AT} is the added time and SCy, refers to the stopping costs (Walls and
Smith 1998).

As for ‘external’ costs (EX), note that the most relevant impacts of the transpor-
tation system on the environment are related to climate change, air quality, noise,
water quality, soil quality, biodiversity, land take, quarries, landfills and visual
impacts (Yin and Siriphong 2006; Olof 1997; Ian et al. 2009; Pratico et al. 2010).
Furthermore, externalities, sustainability and smart infrastructures seem to be
dynamically linked. In the future, smart technologies and systems might reduce
journey times and develop material designs that can withstand natural and
man-made climate changes (CO,-related). The sustainable design of pavements
can drastically reduce the externality costs, and many researchers showed the
successful reuse of recycled materials in the pavement construction can reduce
these costs (Nunes et al. 1996; Chesner et al. 2001; Ellis 2003; Saride et al. 2010;
Chen and Wong 2013; Voiene et al. 2014; Pratico et al. 2013a). The author is aware
that the quantification of externality costs is difficult; however, if some hypotheses
are assumed, this objective can be pursued.

As for production-related issues (cement and lime), note that carbon dioxide is
one of several heat-trapping greenhouse gases (GHGs) emitted. These gas emis-
sions are said to be the primary cause of global warming (European Commission
2010). To this end, a carbon dioxide equivalency is usually used. It is a quantity that
describes, for a given mixture and amount of greenhouse gas, the amount of CO,
that would have the same global warming potential (GWP), when measured over a
specified timescale (generally, 100 years). It can be expressed, for example, in g of
carbon dioxide equivalents/km or simply gCDE/km.

It should be noted that for the production of one ton of lime, depending on many
factors (type of kiln, specifications of the finished product, characteristics of the raw
material and geographical location of the lime plant), the total CO, emissions vary
from 1.0 to 1.7 t of CO,. The ECO, figure of cementitious material can be
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considered around 950 kg CO, per tonne (Iwatani et al. 2010; Hanson et al. 2012;
Deng et al. 2014). Based on this discussion, the following four main classes of
externalities, EX, are considered, both in the construction (EX) and in the succes-
sive kth rehabilitation/routine maintenance (EXy) works. These are emission-
related (EXgyy), quarry/production-related (EX (), landfill-related (EX; 4) and addi-
tional (EX,p) costs (Pratico et al. 2011a):

EXk = EXkEM +EXkQU +EXkLA +EX](AD for k = 0, 1, ... N. (27)

If congestion, road accidents, local air pollution, and global warming are taken into
account, based on current literature, fuel consumption (FC) (I/Km) can also become
a key factor. The following tentative algorithm can be derived for this condition:

VN
EXiem =Y CT? Dy - EMy; - FCy; (2.8)
j J

where the subscript ‘k’ refers to the kth rehabilitation process, while the subscript ;’
refers to the given process material. The VN, (m?) is the volume of material needed
(e.g. slab/soil/stabilizer), CAy; is the average truck capacity (m%), Dy is the average
distance to cover (round trip, km), EM; is an emission surcharge factor ($/1) and
FCy; stands for fuel consumption (I/km). For quarrying/production (for a given j-
type material/process) externalities, the following algorithm is proposed:

EXwou = Z VNy; - QUy; (2.9)
J

where VN; (m?) is the volume of material needed (slab/soil/stabilizer), while QUi
takes into account for externality quantification ($/m’) the effect of production
processes on CO, equivalent production and compaction levels (Giustozzi
et al. 2012; Amadore et al. 2013).

Finally, landfill-related externalities are considered through the following
expression:

EXua =Y VNy - LAy (2.10)
J

where VN; (m3 ) is the volume of material needed (slab/soil/stabilizer), while LA,
takes into account externality quantification ($/m3). Finally, it results (where E;
takes into account the difference between EXs which refer to rehabilitation/main-
tenance and EXs which refer to operations) to

PViy = EXo+ > EX;-R% - (1-RP)™ (2.11)
k
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As for the externality costs, note that the quantification of the CO, emissions is a
well-established practice. An example is offered by the EU ETS (European Union
emission trading system; see (Sijm et al. 2006)). On the other hand, the fluctuation
of the carbon price is a matter of fact. The ETS was launched in 2005 and prices
ranged from almost zero € per tonne of carbon dioxide (in 2007) up to 32 (in April
2006). This fact is probably due to many factors, among which the fact that demand
and offer are variable and ‘new’. This increases the variability of the results in terms
of EX and consequently in terms of their sum. Furthermore, it makes the attempt to
‘compare apples and oranges’ more difficult and less objective.

The following procedure is herein proposed in the case of
PVixi < PVaci+ PVyc; (for ech i-th project or solution among the k ones), which
is the most recurrent case.

The first step is to derive the indicator which refers to the most critical relation-
ship between internal and ‘internalized’ costs:

PV aci + PVyci
y— min YAt Vuci (2.12)
i=1, 2, k PVE)(,‘

The second step is to operate in this vector space of the internalized factors to get a
linear magnification:

PVexi' =v- PV, (2.13)
Consequently, in just one case, let us say j, it will result to
PVacj+ PVycj = v - PVexj = Pyex/ (2.14)
And
PVj= PVacj+PVyci +PVix/ =2 PViy/ (2.15)

It is noted that the basics of the above application rely (i) on thermodynamics and
(ii) on practical considerations about the variability of demand and offer equilib-
rium. To this end, it seems noteworthy to observe that (Feynman 2008) ‘the energy
available for human utility is not conserved so easily’. Given the extreme com-
plexity of the topic, a tentative argumentum ad absurdum can be proposed. If the
present value of the internalities (AC and UC) was greatly higher than the Pygy,
then the weight of EX in terms of decision-making would be greatly hindered.

If the opposite was true, given the well-known difficulties in EX estimation,
decisions could be leaded by a sort of unknown parameter.

More in general, given the abovementioned variability of externality costs (CO,
cost per tonne), short-term variations of EX might imply decision-making processes
strongly dependent on the given historical period. The above sentences contribute
to support the algorithms presented in n5.
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Fig. 2.1 Graphical abstract (Symbols: see Table 2.1)

Overall the approach presents several aspects which call for further research and
validation, and the author is aware about that.

In pursuit of the estimation of the overall gain for each solution, note that agency
costs (AC), user costs (UC) and externality costs (EX) contribute to the overall
present value, PV given as

PV = PVac + PVyc + PVix (2.16)

Fig. 2.1 provides a visual summary of the methodology.

Based on the abovementioned three different costs (AC, UC, EX), it is possible to
estimate the gain (G) originated by one solution with respect to the control case
(NS). Note that the gain can be evaluated with consideration of only agency costs
(e.g. Gac) or only externalities (e.g. Ggy), or any other combinations as appropriate:

(PVAC + PVyc + PVEX)NS — (PVAC + PVyc + PVEX)i
= [(PVac)ys — (PVac),] + [(PVuc)ys — (PVue);] + [(PViex)ys — (PVix),]
= Gac + Gyc + Gex

(2.17)
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It should be noted that care must be taken while deriving the externality costs for a
given scenario. Reasonable assumptions are needed especially when the relevant
laboratory and field data are unavailable for this purpose.

2.4 Experiments and Results

In order to apply and partly validate the LCCA-based algorithms, the following
options were considered:

Zero option: the superstructure summarized in the table below. Material specifica-
tions are as per (ANAS 2010).

All options: zero option with sensors, reinforcement, porous asphalt (friction
course), recycling.

Sensors: zero option with continuous monitoring of pavement structural condition
(using self-powered sensors) with periodic high-speed inspections of the surface

Reinforcement: use of grids as a reinforcement of HMA layers

Porous asphalt: porous friction course (air void percentage: 20 %)

Recycling: high-percentage recycling of the porous asphalt concrete (friction
course)

A two-lane undivided asphalt concrete pavement was considered.

Pavement structure is summarized in Table 2.2, while results are reported in
Table 2.3.

Note that while agency costs are part of pavement costs, user costs can be
considered as a part of ‘pavement’ strategy only in differential terms, i.e. in terms
of delays (with respect to a given zero condition), or in terms of vehicle operating
costs differential (e.g. because of the different International Roughness Index (IRI)
which is related to a different Present Serviceability Index (PSI)). In the case under
study, due to the fact that PSI overall variation was hypothesized to be constant
(transition from PSI;,ii. to PSlg,. in E years), the corresponding IRIs were
confined into a given min-max dominion. Consequently, its effect was quite
negligible.

Note that the contribution of accident ratio was considered, based on traffic and
under the hypotheses of prevailing wet surfaces (Hall et al. 2009). Furthermore, the
contribution of the silentness (porous asphalt concrete) was considered, under given

Table 2.2 Superstructure considered

Layer Thickness (cm)

Friction course 5.0 (porous asphalt and ‘all options’) or 3.0
Binder course 7.0

Base course 20.0

Cement treated base course 30.0

Unbound base course 30.0
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Table 2.3 Results obtained

All Porous Zero

Solution: options | Recycling | Sensors | asphalt Reinforcement | option
PVAC (€) 3.641 3.920 3.471 4.385 3.912 3.920
PVUC (€) 2.126 2.519 2.285 2.514 2.509 2.519
PVEX’ (€) 3.387 4.049 5.756 5.442 5.979 6.104
PVAC+PVUC 9.154 |10.488 11.511 | 12.340 12.399 12.543
+PVEX'(€)

PVAC (%) 39.8% |37.4 % 30.2% |35.5% 31.5% 31.3 %
PVUC (%) 232% |24.0 % 198 % |20.4 % 20.2 % 20.1 %
PVEX (%) 37.0% | 38.6 % 50.0 % |44.1 % 48.2 % 48.7 %
Overall ranking Best

PVAC, PVUC, PVEX': present value of agency, user externality costs, respectively (millions of €)
Zero option: the superstructure summarized in the above table. Material specifications are as per
(ANAS 2010)

All options: zero option with sensors, reinforcement, porous asphalt (as friction course), recycling
Sensors: zero option with continuous monitoring of pavement structural condition (using self-
powered sensors) with periodic high-speed inspections of the surface

Reinforcement: use of grids as a reinforcement of HMA layers

Porous asphalt: porous friction course (air void percentage: 20 %)

Recycling: high-percentage recycling of the porous asphalt concrete (friction course)

hypotheses pertaining to amenity and health (acute myocardial infarction) conse-
quences in terms of cost (€ per household per dB change; see also Althaus
et al. 2009; DEFRA 2013).

In Table 2.3, results are ranked based on the overall present value. Even if the
max/min ratio is just 1.24, several observations can be expressed as follows.

By referring to the results, it is possible to observe what follows:

(a) With respect to the zero option, the use of the porous asphalt yielded a higher
value of the present value of the agency costs (due to the slight decrease of the
expected life).

(b) With respect to the zero option, the use of the system for the continuous
analysis of pavement status and performance (‘sensors’) yielded a decrease of
the present value of agency, user and externality costs.

(c) Asforrecycling, there was a considerable decrease in terms of externality costs,
being the user costs essentially the same. Importantly, in the case only agency
and user costs are considered; recycling still remains among the best solutions,
while porous asphalt is still among the worst solutions.

(d) As far as the overall balance is considered, porous asphalt and reinforcement
result the worst solutions. As for porous asphalt concretes, this result originates
from the fact that positive outcomes, such as improved wet friction and reduced
negative externalities (reduced noise), didn’t balance the reduction in terms of
expected life.

(e) With respect to the zero option (reference pavement), the reinforcement yielded
a slight decrease of the present value of the agency costs (due to the increase of
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the expected life) and a slight decrease of the user costs (due to the lower
number of rehabilitation processes). Note that for the reinforcement case study,
the present value of agency costs resulted quite satisfactory (due to the
increased expected life). It is noted that from this standpoint (which, indeed,
is the agency perspective), the reinforcement appears to be among the best
solutions. Note that in this case, the present value of the user costs resulted quite
convenient (due to the increased expected life). Furthermore, the present value
of the externalities resulted quite inadequate (even if better than the ‘zero
option’). The main reason was the absence of positive mitigations of the
externalities. The overall value of the present value resulted quite high. To
this end, it seems noteworthy to highlight that from a traditional standpoint, this
solution still presents well-known and sound advantages from an agency
perspective (increase of the expected life). Furthermore, the prediction of the
increase of the expected life is supported by many scientific evidences, while, in
contrast, in the case of the hyper-monitoring approach, the increase of the
expected life, even if predicted based on a rational approach, isn’t supported
by experimental investigations.

2.5 Limitations of the Methodology

The following limitations apply:

1.

2.

Unit costs are subject to fluctuations over time. Similarly, interest and inflation
rates can change over time.

Many assumptions, even if based on the international literature (e.g. noise
impact, accident crash statistics and their average comprehensive claim, trans-
portation distances, production processes and their impact on CO,e), refer to a
particular case study. Consequently, their transportability to other scenarios
could result problematic and should be demonstrated on a case-by-case basis.

. The method set up presents a clear shift if compared with the previous study.

This point raises the necessity for more applications and tests, in order to
validate the suitability with reference to a wider spectrum of cases.

2.6 Conclusions

Based on the results obtained, the following conclusions may be drawn:

(a) Ranking appears to be strongly dependent on the criterion adopted to carry out

the comparison (e.g. agency, user or externality costs). This point refers to the
same definition of sustainability.

(b) Agency-based ranking yields that the continuous monitoring has a great

potential.
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(c) In contrast, from a user perspective, the best solution appears to be the sensor-
based solution.

(d) Finally, when externality or overall costs are considered, merging synergisti-
cally all the solutions is the option which yields the best results (minimization
of the costs).

(e) It seems noteworthy to highlight that from an overall perspective (total PV), the
cost of a porous asphalt solution is well comparable to the cost of the zero
solution. This fact can be considered as an indirect proof of the consistency of
the method. At the same time, this particular would point out that the permeable
solution comes out from an implicit consideration of a wider spectrum of
instances (AC, UC, EX).

(f) In terms of innovation and competitiveness, note that synergies between ICT
and civil engineering seem to be able to promote and improve the innovation
capacity of the system and to strengthen the competitiveness and growth of
construction industry, by developing ICT-related innovations.

(g) Overall, the quantification of the expected impacts of innovative pavements
(recycling, monitoring, reinforcing and porous) on the productivity of the asset
yields a reduction of (the present value of the) assets costs, which implies an
increase of asset productivity. It is noted that in the ‘all solutions’ case,
transdisciplinary efforts are merged: information communication technology
(as a tool to gather data and to improve asset management), material science
(surface and bulk properties of recycled mixes) and construction management
(reduction of traffic impacts due to maintenance activities, optimisation of the
overall cost of the transport).

(h) As for technology readiness, note that the green properties (silent, permeable,
contributing to a better water management) of the infrastructure system almost
pertain to the highest level of readiness level (system prototype demonstration
in operational environment). As for the long-life properties (in intermodal and
multimodal applications), they relate to the mechanical properties of the infra-
structure solution, and the readiness level can be considered between the level
of ‘technology concept formulated’ and the level ‘technology validated in
laboratory’.

References

AASHTO (2012) Pavement management guide. AASHTO, Washington, DC

Al-Qadi IL, Elseifi M, Loulizi A (2000) Geocomposite membrane effectiveness in flexible
pavements, Final report project TRA-00-002. The Roadway Infrastructure Group, Virginia
Tech Transportation Institute, Blacksburg

Althaus HJ, de Haan P, Scholz RW (2009) Traffic noise in LCA. Int J Life Cycle Assess 14
(6):560-570

Amadore A, Bosurgi G, Pellegrino O (2013) Identification of the most important factors in the
compaction process. J Civ Eng Manag 19(suppl1):S116-S124

American Association of State Highway and Transportation Officials (1993) AASHTO guide for
design of pavement structures. AASHTO, Washington, DC



2 A Few Dilemmas Pertaining Transportation Infrastructures and Their. . . 31

ANAS (2010) Gestione Delle Pavimentazioni Stradali — Linee Guida di Progetto e Norme
Tecniche Prestazionali [Pavement management — design basics and performance-based stan-
dards]. Retrieved September, 2014, from: http://www.geologiveneto.it/wp-content/uploads/
Prosperi_ NUOVO-CAPITOLATO-ANAS.pdf

Appendix EE: reliability and variance estimates are proposed in the AASHTO guide for design of
pavement structures NCHRP project 20-7/24 — May1985

Archondo-Callao R (2010) World bank, HDM-4 road user costs, Model Version 2.00. Retrieved
September, 2014, from: http://web.worldbank.org/WBSITE/EXTERNAL/TOPICS/
EXTTRANSPORT/EXTROADSHIGHWAYS/0,,
contentMDK:20483189~menuPK:1097394~pagePK:148956~piPK:216618~theSiteP
K:338661,00.htmI#RUC2

Asphalt recycling. United States Patent 4540287

Burati JL, Weed RM, Hughes CS, Hill HS (2003) Optimal procedures for quality assurance
specifications, Report No. FHWARD-02-095. Office of Research, Development, and Technol-
ogy, FHWA, McLean

Button JW, Lytton RL (2007) Guidelines for using geosynthetics with hot mix asphalt overlays to
reduce reflective cracking. Presented at the 86th annual meeting of the Transportation Research
Board (CD-ROM), Washington, DC

Canadian Patent 2,131,429 dated November 11, 2003

Ceylan et al (2013) Highway infrastructure health monitoring using Microelectromechanical
Sensors and Systems (Mems). J Civ Eng Manag 19(Supplement 1):S188-S201

Chen MJ, Wong YD (2013) Porous asphalt mixture with 100% recycled concrete aggregate. Road
Mater Pavement Des 14(4):921-932

Chena Y, Tebaldi G, Roque R, Lopp G, Exline M (2013) A mechanistic test to evaluate effects of
interface condition characteristics on hot-mix asphalt overlay reflective cracking performance.
Road Mater Pavement Des 14(Supplement 1, Special Issue: EATA):262-273

Chesner WH, Simon MJ, Eighmy TT (2001) Recent federal initiatives for recycled materials use in
highway construction in the United States. In: Beneficial use of recycled materials in trans-
portation applications. pp 3—10

Cirilovic et al (2014) Developing cost estimation models for road rehabilitation and reconstruc-
tion: case study of projects in Europe and Central Asia. J Constr Eng Manag 140(3):04013065

DEFRA, Department for Environment, Food & Rural Affairs (2013) Noise pollution: economic
analysis

Delwar M, Papagiannakis AT (2001) Relative importance of user and agency costs in pavement
LCCA. In: Fifth international conference on managing pavements, Seattle, Washington, 11—
14 August 2001, Conference Proceedings

Deng Y, Gao HO, Qian S (2014) Environmental impact of concrete pavement construction based
on life cycle assessment. In: TRB 93rd annual meeting compendium of papers, Transportation
Research Board

Dermot et al (2012) Stress intensity factors at the tip of a surface initiated crack caused by different
contact pressure distributions. Procedia Soc Behav Sci 48:733-742

Douglas DG, Molenaar RK (2004) Life-cycle cost award algorithms for design/build highway
pavement projects. J Infrastruct Syst 10(4):167-175

Ellis SJ (2003) Recycling in transportation. In: Frost mW, Jefferson I, Faragher E, Rofft EJ,
Fleming PR (eds) Transportation geotechnics symposium.Thomas Telford, London, pp
177-188

European Commission (2010) Reference document on best available techniques in the cement,
lime and magnesium oxide manufacturing industries

Feynman RP (2008) Six easy pieces. Penguin Books, Camberwell

FHWA (2002) Life-cycle cost analysis primer 2002. Office of the Asset Management, United
States Department of Transportation, Washington, DC, p 25

FHWA-SA-98-042, Pavement recycling guidelines for state and local governments, participant’s
reference book. December 1997, Publication No. FHWA-SA-98-042


http://www.geologiveneto.it/wp-content/uploads/Prosperi_NUOVO-CAPITOLATO-ANAS.pdf
http://www.geologiveneto.it/wp-content/uploads/Prosperi_NUOVO-CAPITOLATO-ANAS.pdf
http://web.worldbank.org/WBSITE/EXTERNAL/TOPICS/EXTTRANSPORT/EXTROADSHIGHWAYS/0,,contentMDK:20483189~menuPK:1097394~pagePK:148956~piPK:216618~theSitePK:338661,00.html#RUC2
http://web.worldbank.org/WBSITE/EXTERNAL/TOPICS/EXTTRANSPORT/EXTROADSHIGHWAYS/0,,contentMDK:20483189~menuPK:1097394~pagePK:148956~piPK:216618~theSitePK:338661,00.html#RUC2
http://web.worldbank.org/WBSITE/EXTERNAL/TOPICS/EXTTRANSPORT/EXTROADSHIGHWAYS/0,,contentMDK:20483189~menuPK:1097394~pagePK:148956~piPK:216618~theSitePK:338661,00.html#RUC2
http://web.worldbank.org/WBSITE/EXTERNAL/TOPICS/EXTTRANSPORT/EXTROADSHIGHWAYS/0,,contentMDK:20483189~menuPK:1097394~pagePK:148956~piPK:216618~theSitePK:338661,00.html#RUC2

32 F.G. Pratico

Giustozzi F, Toraldo E, Crispino M (2012) Recycled airport pavements for achieving environ-
mental sustainability: an Italian case study. Resour Conserv Recycl 68:67-75

Hall JW, Smith KL, Titus-Glover L, Wambold JC, Yager TJ, Rado Z (2009) Guide for pavement
friction. NCHRP Project 01-43

Hanson CS, Noland RB, Cavale KR (2012) Life-cycle greenhouse gas emissions of materials used
in road construction. Transportation Research Record: J Transp Res Board 2287:174—181.
doi:10.3141/2287-21, Transportation Research Board of the National Academies, Washington,
D.C

Haugodegard T, Johansen J, Bertelsen D, Gabestad K (1994) Norwegian public roads administra-
tion: a complete pavement management system in operation. In: Proceedingsof the third
international conference on managing pavements, vol 2. San Antonio, Texas

Hosokawa H, Gomi A, Tamai A, Kasahara A (2014) Hot in-place recycling of porous asphalt
concrete.  Retrieved  August, 2014, from: http://www.green-arm.com/area/japan/
050817Mairepav4/Paper%20134%20Hot%20inplace %20recycling%200f%20porous %
20asphalt%?20concrete.pdf

Hudson WR, Haas RCG (1994) What are the true costs and benefits of pavement management? In:
3rd international conference on managing pavements

Ian WH, Parry IWH, Timilsina GH (2009) Pricing externalities from passenger transportation in
Mexico City. Policy Research Working Paper 5071. The World Bank, Development Research
Group — Environment and Energy Team

Iwatani Y, Kawai K, Aoki Y, Fujiki A (2010) Optimum road pavement from the viewpoint of CO2
emission reduction. In: Second international conference on sustainable construction materials
and technologies, Universita Politecnica delle Marche, Ancona, Italy, June 28-June 30, 2010

Japanese Patent 1524756 dated October 12, 1989

Kringos JN, Scarpas A (2008) Physical and mechanical moisture susceptibility of asphaltic
mixtures. Int J Solids Struct 45(9):2671-2685

Lajnef N et al (2013) Smart pavement monitoring system, Report no. FHWA-HRT-12-072.
Turner-Fairbank Highway Research Center, McLean

Malal K et al (2013) Long-term skid resistance of asphalt surfacings: correlation between Wehner—
Schulze friction values and the mineralogical composition of the aggregates. Wear 303
(1-2):235-243

MEPDG (2007) Guide for mechanistic-empirical design of new and rehabilitated pavement
structures. National Cooperative Highway Research Program, Transportation Research
Board, Washington, DC. www.trb.org/mepdg

Netherlands Pavements Consultants (1990) The influence of HaTelit reinforced asphalt in com-
parison with unreinforced asphalt. Hoevelaken, The Netherlands

Nunes M, Bridges M, Dawson A (1996) Assessment of secondary materials for pavement
construction: technical and environmental aspects. Waste Manag 16:87-96

Olof J (1997) Optimal road-pricing: simultaneous treatment of time losses, increased fuel con-
sumption, and emissions. Transp Res Part D Transp Environ 2(2):77-87

Papagiannakis AT, Delwar M (1999) Methodology to improve pavement investment decisions.
Final Report to National Cooperative Highway Research Program for Study. Transportation
Research Board, Washington, DC, pp 1-33

Pearson M, Eaton M, Pullin R, Featherston C, Holford K (2012) Energy harvesting for aerospace
structural health monitoring systems, modern practice in stress and vibration analysis. J Phys
Conf Ser 382:012025

Perkins SW (2001) Mechanistic-empirical modeling and design model development of
geosynthetic reinforced flexible pavements. Final report. Montana State University, Bozeman

Peterson DE (1987) Good roads cost less- Report No. UDOT-MR-77-8, Utah DOT, Salt Lake City,
uT

Pratico FG (2011) Pay adjustment in construction engineering. In: 2011 international conference
on business intelligence and financial engineering, Hong Kong, 12—13 December 2011


http://dx.doi.org/10.3141/2287-21
http://www.green-arm.com/area/japan/050817Mairepav4/Paper%20134%20Hot%20inplace%20recycling%20of%20porous%20asphalt%20concrete.pdf
http://www.green-arm.com/area/japan/050817Mairepav4/Paper%20134%20Hot%20inplace%20recycling%20of%20porous%20asphalt%20concrete.pdf
http://www.green-arm.com/area/japan/050817Mairepav4/Paper%20134%20Hot%20inplace%20recycling%20of%20porous%20asphalt%20concrete.pdf
http://www.trb.org/mepdg

2 A Few Dilemmas Pertaining Transportation Infrastructures and Their. . . 33

Pratico FG (2014) On the dependence of acoustic performance on pavement characteristics.
Transp Res D 29:79-87

Pratico FG, Ammendola R, Moro A (2010) Factors affecting the environmental impact of
pavement wear. Transp Res D Transp Environ 15(3):127-133. ISSN 1361-9209. doi: 10.
1016/j.trd.2009.12.002. Elsevier Science Ltd.

Pratico FG, Casciano A, Tramontana D (2011a) Pavement life cycle cost and asphalt binder
quality: a theoretical and experimental investigation. J Constr Eng Manag 137(2):99-107.
ISSN: 0733-9364

Pratico FG, Sireesh S, Puppala AJ (2011b) Comprehensive life cycle cost analysis for the selection
of stabilization alternatives for better performance of low volume roads. U.S. Transportation
Research Board, TRB, Transportation Research record No 2204, vol 2, pp 120-129.

Pratico FG, Casciano A, Tramontana D (2012) The influence of dispersion and location on pay
adjustment in construction engineering. J Constr Eng Manage 138(10):1943-7862 (online).
doi::http://dx.doi.org/10.1061/(ASCE)CO.1943-7862.0000540. ISSN: 0733-9364 (print)

Pratico FG, Vaiana R, Giunta M, Tuele T, Moro A (2013a) Recycling PEMs back to TLPAs: is that
possible notwithstanding RAP variability? Appl Mech Mater 253-255:376-384© (2013)

Pratico F, Vaiana R, Giunta M (2013b) Pavement sustainability: permeable wearing courses by
recycling porous European mixes. J Archit Eng 19(3):186-192

PRIN (2008) Research Project “Drenante da drenante”

Romeo E, Freddia F, Montepara A (2014) Mechanical behaviour of surface layer fibreglass-
reinforced flexible pavements. Int J Pavement Eng 15(2):95-109

Saride S, Puppala AJ, Williammee R (2010) Assessing recycled/secondary materials as pavement
bases, special issue on sustainability in ground improvement projects. Proceedings of ICE,
Ground Improvement GI 163(GI1):3-12

Shahin MY, Welborn W, Vansteenburg G, Rutland C (2013) Pavement management using the
PAVER system. In: 17th IRF world meeting & exhibition, Riyadh, Saudi Arabia, November
2013

Sijm J, Neuhoff K, Chen Y (2006) CO2 cost pass through and windfall profits in the power sector.
Clim Pol 6(1):49-72

Smadi O (2004) Quantifying the benefits of pavement mOanagement. In: 6th international confer-
ence on managing pavements

Vaiana R, ITuele T, Gallelli V, Tighe SL (2014) Warm mix esphalt by water contatining method-
ology: a laboratory study on workability properties versus micro-foaming time. Can J Civ Eng
41(3):183-190

Walls J, Smith MR (1998) Life-cycle cost analysis in pavement design, FHWA report FHWA-SA-
98-079. Federal Highway Administration, Washington, DC

Weed RM (2001) Derivation of equation for cost of premature pavement failure. Transp Res Rec
1761(1):93-96

Wilde WJ, Waalkes S, Harrison R (1999) Life cycle cost analysis of Portland cement concrete
pavements, Report No. FHWA/TX-00/0-1739-1. U.S. Department of Transportation, Austin

Wolters A, Zimmerman K, Schattler K, Rietgraf A (2011) Implementing pavement management
systems for local agencies implementation guide — a synthesis of ICT-R27-87, Implementing
Pavement Management Systems for Local Agencies Illinois Center for Transportation, August
2011

Yin Y, Siriphong L (2006) Internalizing emission externality on road networks. Transp Res D
Transp Environ 11(4):292-301

Yun et al (2014) Smart wireless sensing and assessment for civil infrastructure. Struct Infrastruct
Eng 10(4):534-550


http://dx.doi.org/10.1016/j.trd.2009.12.002
http://dx.doi.org/10.1016/j.trd.2009.12.002
http://dx.doi.org/10.1061/(ASCE)CO.1943-7862.0000540

Chapter 3
Bitumen-Stabilised Materials for Sustainable
Road Infrastructure

M.K. Nivedya and A. Veeraragavan

Abstract Cold in-place recycling (CIPR) consists of milling existing distressed
pavement-layer materials to a predetermined depth and mixing it with foamed
bitumen (FB) or emulsion along with virgin aggregates. The mixture of reclaimed
asphalt pavement material, foamed binder, active filler and fresh aggregates is
called as bitumen-stabilised material (BSM). The mix design, material characteri-
sation and design of pavement structures with BSM are currently in the develop-
ment stages world over.

One of the key questions to be answered while designing and constructing
pavements with BSM mix is the characterisation of the BSM under all the ranges
of temperature, confinement conditions and life. It is expected that BSM mix can
show behaviour similar to that of a granular material or a bituminous material at
different stages of compaction, active filler content and confinement conditions
during the design life.

In this chapter, the factors affecting the foaming process are discussed. The
characterisation of BSM mixes carried out by the researchers is explained. The
evaluation of sections which were constructed using CIPR technology in India is
also discussed, and the needed research is highlighted.

Keywords Cold in-place recycling ¢ Foamed bitumen ¢ Bitumen-stabilised
material « Portable seismic pavement analyser ¢ Field studies

3.1 Introduction

Pavements deteriorate with time with increased traffic and also due to fatigue of
the materials. Conventionally, an overlay is provided over distressed pavements to
increase the structural condition of the pavements. This process requires virgin
materials, viz. aggregates and binder, and considering the large network of roads
in India, the use of virgin materials for the maintenance of the pavements is to be
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relooked. For the construction of 40 mm-thick overlay of bituminous concrete
(BC) per km of a two-lane road, approximately 240 cum of aggregate and
27 tonnes of bitumen are required. Similarly for construction of 75 mm-thick
dense bituminous macadam (DBM) and 40 mm-thick bituminous concrete overlay
for a two-lane road, approximately 700 cum of aggregates and 80 tonnes of
bitumen are required per km. Recycling of existing pavements for rehabilitation
of roads has gained considerable importance due to depletion of aggregates and
high cost of transportation of road construction materials. Considering the material
and construction costs alone, it is estimated that by using recycled materials,
savings ranging from 14 to 34 % can be achieved during the rehabilitation of a
pavement.

Large-scale rehabilitation demands have seen the adoption of CIPR as the
preferred technique. Around the world, the experience and choice of technology
for cold in-place recycling varies largely due to different pavement compositions,
traffic conditions, availability of virgin aggregates, type of bitumen and emulsion.
With the development of specialised equipments over the last 2 decades and from
the experience gained from field trials, CIPR with foamed bitumen has gained
popularity over other methods of cold recycling due to less curing time, speedy
construction, stockpiling of the mix, energy savings and better performance.

3.1.1 Foamed Bitumen and Bitumen-Stabilised Material

The pulverised bituminous material from the existing distressed pavement is known
as reclaimed asphalt pavement (RAP). Cold in-place recycling can be carried out by
the addition of foamed bitumen to the RAP materials. Foamed bitumen is produced
when a small quantity of cold water is injected into the hot bitumen under pressure.
The bitumen foams and expands up to 18-20 times its original volume. The foamed
bitumen bubble collapses in less than a minute (Asphalt Academy 2009). Figure 3.1
shows a schematic of the foaming process. Wirtgen (2012) explains the mechanism
associated with foamed binder mixing in the following manner: “During the mixing
with aggregates, the bubbles burst and break into tiny bitumen splinters that
disperse throughout the aggregate by adhering to the finer particles. Due to large
surface area of the bubbles and breaking of bubbles into tiny bitumen splinters, the
foamed bitumen completely coats the finer particles and these finer particles spot
welds the larger size aggregate which provides better cohesion in the mix”.

RAP materials treated with foamed bitumen are called as bitumen-stabilised
material (BSM) (Asphalt Academy 2009). Here, the existing bituminous layers are
pulverised, and depending on the gradation available and the targeted gradation,
additional virgin materials are added. In CIPR technology, water is added to the
pulverised material to ensure that the foamed binder can be dispersed easily. Active
fillers (cement, lime, cement kiln dust, fly ash C) are also added to provide the
initial strength. This mixture thus consists of pulverised bitumen-coated aggregate
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materials (with aged binders) mixed with fresh granular materials (mostly fines),
water, foamed binders and active fillers. The behaviour of BSM mixes is shown in
Fig. 3.2, and it can be seen that the BSM mixes can exhibit behaviour in between
that of a bituminous mix and moderately bound cemented material.



38 M.K. Nivedya and A. Veeraragavan
3.1.2 Needed Research in India

Recycling of pavement materials with foamed bitumen has been adopted world-
wide and is in use for over a decade. However in India, the technology is relatively
new and very few field trials have been carried out. The major component of BSM
mix is RAP, which is a site-specific material. Different countries have evolved
widely varying mix design procedures depending on the quality of RAP available.
For instance, the RAP from South Africa and Australia consists mostly of natural
aggregates and cracked cement-stabilised layers as they adopt thin bituminous
wearing course, whereas in the United States, the RAP material has higher percent-
age of aggregates coated with binder. Hence, it is expected that the similar mix
design procedure cannot be adopted for all regions. The RAP material in India has a
significant amount of bitumen present in it, but the composition of the RAP is very
different from that of developed countries. It would be interesting to carry out cold
mix design procedure for Indian conditions and adopt the technology for sustain-
able road infrastructure in the years to come.

3.1.3 Characterisation of Foamed Bitumen

Foamed bitumen is characterised by two parameters and they are expansion ratio
(ER) and half-life (HL). Expansion ratio of foamed bitumen is the ratio between the
maximum volume achieved in the foamed state and the final volume of the binder
after the foam has decayed (Jenkins 2000). Half-life is the time measured in seconds
for the foamed bitumen to subside from the maximum volume to half of the
maximum volume (Jenkins 2000). The measurement of ER and HL is highly
dependent upon the individual’s estimation and judgement because of rapid
foaming and settling of bitumen, and the timings are recorded manually using a
stopwatch. Hence, the measurements made for determining ER and HL are empir-
ical. Apart from ER and HL, foam index (FI) and modelling of foam decay are also
carried out to characterise the foam (Jenkins 2000). The area under the decay curve
for particular foamed bitumen is called foam index. The decay curve is a graph
between expansion ratio and the rate at which the foam decays. Higher FI value
indicates better foaming quality.

Saleh (2006) stated that FI was deduced from two empirical quantities which are
ER and HL, and hence FI values are also empirical. He introduced a new approach
for characterisation of foamed bitumen, in which the average viscosity over the first
60 s was measured. Saleh’s method seems to be more logical but has its own
limitation, as it was observed that for the same bitumen, the viscosity will vary with
different shear rates. Saleh (2006) has not reported whether the experiments were
carried out at a constant shear rate or shear rate sweep. To characterise the foamed
bitumen using the method suggested by Saleh (2006), all the bitumen samples
should be subjected to the same shear rate. However, almost all guidelines and
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reports generally characterise foamed bitumen by ER and HL due to the ease of
carrying out experiments involving simple measurements. There is a need to
investigate the foaming characteristics of binders more scientifically in order to
understand the effect of foaming temperature and foaming water content.

3.1.4 Influence of Foaming Water and Temperature
on the Foaming Process

The foaming water content (FWC) and the foaming temperatures are the most
important factors which influence the ER and HL of foamed bitumen. With the
increase in temperature and water application rate, the ER increases and the HL
decreases (Sunarjono 2007; Asphalt Academy 2009). The optimum FWC and the
foaming temperature are determined to achieve the maximum ER and HL and also
ensure that these values are well above the minimum acceptable limits. Leek and
Jameson (2011) reported that the bitumen should be in expanded state for coating
the fine particles; the more it expands and the more it stays in expanded form during
mixing, higher coating of fine particle is achieved which imparts more cohesion in
the mix.

Figure 3.3 shows the Wirtgen’s approach for determining the optimum FWC at a
particular temperature. The minimum acceptable ER and HL are considered as
8 times and 6 s, respectively. The average foamed water contents at which the
minimum ER and HL occur are considered as the optimum foamed water content
(Wirtgen 2012).
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Characterisation of foamed binder is considerably challenging due to the exis-
tence of several constituents at the same time — binder, water and air. Furthermore,
the process is significantly dependent on temperature — a factor that is sometimes
relatively difficult to maintain in the field. Therefore, proper characterisation of the
foaming process is needed that will allow the designers to accurately predict the
effect of the different significant factors affecting the foaming process and hence
conduct a robust mix design and construction procedure. From the perspective of
mixing and compaction, it is necessary that one characterises the response of the
material, and it can then result in relooking at the empirical parameters such as
expansion ratio and half-life (Nivedya et al. 2013).

The decay of foam immediately after foaming is a complex process. The
interest in foam decay is not only related to how “stable” the foam is before
mixing with aggregate particles but how such decay can influence the workability
or otherwise of foamed bituminous mixtures. It is understood here that the
apparent viscosity of the binder is expected to strongly influence the decay
properties of the foam. It is postulated that such manifestation of foam decay
could be captured by means of rheological investigation conducted at a range of
temperature that is well below the temperature at which the material was foamed.
Such information will help in making a rational choice for the foamed binder
production temperature.

3.1.5 Influence of Foaming Water Content on Stiffness
of BSM Mix

The determination of foaming characteristics of the foamed bitumen independently
cannot predict the performance of foamed bituminous mixes in terms of fatigue
resistance, permanent deformation and shear parameters. Saleh (2006) determined
the optimum FWC as 2.5 % which produced the lowest rotational viscosity of the
foamed bitumen. Sunarjono (2007) studied the influence of FWC on the indirect
tensile strength modulus (ITSM) of foamed bituminous (FB) mixes. In Fig. 3.4, it
can be observed that with increase in FWC, the ER and FI increase and HL
decreases and becomes constant after a particular value of FWC. Sunarjono (2007)
found that at FWC of 5 %, maximum stiffness of foamed bituminous was achieved.
The bitumen was foamed at 180°C at different FWCs, and stiffness of the mix was
represented by indirect tensile strength modulus (ITSM). The specimens were
compacted with 200 gyrations and cured for 3 days at 40°C temperature. Figure 3.4
shows the graph between FWC and ITSM at test temperature of 5, 20 and 40°C. It
can be observed in Fig. 3.4 that maximum ITSM values are achieved at 5 % FWC.

It is more important to study the combined effect of foaming temperature and
FWC with the BSM mixes on its mechanical properties such as indirect tensile
strength (ITS), ITSM, shear parameters and dynamic modulus rather than
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determining the foaming characteristics of foamed bitumen alone, as BSM mix is
the final product of this process.

3.1.6 Mix Design Considerations of BSM Mixes

A wide range of mix design procedures exist for BSM mixes. Each of them differs
in terms of gradation, method for determination of percentage of foamed binder
content, type and content of active filler, moisture content and the methodologies
associated with size of sample, mixing, curing and compaction. The mix design
procedures are also strongly dependent on the type and quality of reclaimed asphalt
pavement (RAP) available. Since different countries have different pavement cross
sections with the mix constitution varying considerably, it is obvious that the mix
design procedure also varies. However, it should be emphasised that the overall
framework towards the design of BSM mix remains more or less the same. The
overall objective of the BSM mix design procedure is to determine the appropriate
quantities of foamed bitumen, RAP material, virgin aggregates, active filler, mois-
ture content and foamed bitumen at optimum temperature and foaming water
content, such that the mix when laid and compacted in the field should withstand
repeated traffic load repetitions and perform satisfactorily over its design life.
Asphalt binder can be made workable at moderate temperatures either by “fluxed
bitumen”, bitumen emulsions or foamed bitumen (Lesueur et al. 2004). Foamed
bitumen is produced by injecting small quantity of water and compressed air into
hot bitumen in an expansion chamber. The foaming can be carried out at
140-180°C at water contents varying from 1 to 6 %. The bitumen will expand
10-15 times, and this foamed bitumen will be injected into the pug mill mixer,
which contains the RAP material. Moisture at the optimum moisture content
(OMC) will be mixed with RAP using a twin-shaft pug mill mixer. During mix
production, RAP materials will be mixed dry with the active filler, followed by the
addition of water and the injection of foamed bitumen into the pug mill mixer.
When the foamed bitumen is mixed with the aggregates, it is expected that the finer
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particles are coated first which then “spot-welds” the coarse aggregates (Jenkins
2000). The addition of filler will depend on the materials passing 0.075 mm sieve
size (Mohammad et al. 2003).

Xu and Hao (2012) investigated the influence of aggregate gradation on the mix
design of foamed bituminous mixtures and showed that the optimum foamed
bitumen content was dependent on fines’ content (passing 0.075 mm sieve) and
independent of the coarse aggregate fractions (percent passing 19 mm and retained
on 4.75 mm). RAP materials with fines’ (passing 0.075 mm) contents between 5 and
20 % are considered ideal for foamed bitumen treatment (Ramanujam and Jones
2007). He and Wong (2007) carried out repeated loading dynamic creep test at 35 °
C and found that the increase in RAP content reduces the permanent deformation of
foamed bituminous mixes. They also found that the ITS decreased with increase of
RAP content under both dry and soaked conditions. Lee (1981) found that percent
passing 75-micron sieve plays a key role in judging the suitability of stabilisation
with foamed bitumen, and he also suggested an upper limit of 35-40 % of fine
content.

The selection of gradation of the BSM mix depends upon the gradation of the
RAP material. It is postulated that if the RAP is obtained from milling the
bituminous concrete (BC) layer, then the desired gradation as per Wirtgen (2012)
can be utilised.

The mixing and compaction mechanics of hot mix asphalt involve achieving
adequate coating and workability by reducing the viscosity of bitumen. In the case
of BSM mixes, coating/binding is achieved through the foamed bitumen and
workability is attained by the addition of water to the RAP materials. The role of
water is to separate the fine particles to “allow channels through which the binder
can be dispersed” (Jenkins 2000). The water also aids in providing workability of
the foamed bituminous mixtures even at ambient temperature. There is a need to
investigate the effect of water content on workability of the mix and quantify the
optimum water content that has to be added to the mix to produce sufficient
workability. Saleh (2006) stated that the mixing has to be carried out within half-
life and the effect of foam stability in mixing needs investigation. A study
conducted by Pengcheng et al. (2011) has shown that the production temperature
(145-158 °C) and foaming water (3—4 %) content for the same asphalt binder did
not affect the mix strength.

The optimum binder content is evaluated on the basis of the engineering
parameters of the mix. The ITS test is assumed to quantify the “strength” parameter
for low to medium traffic, i.e. less than 6 msa. For high traffic, i.e. greater than
6 msa, the resilient modulus is suggested to be used (Asphalt Academy 2009). The
fact that resilient modulus test has been suggested to quantify the influence of
binder content on the mechanical properties of BSM underlines the inherent
assumption that the BSM is a stabilised form of granular materials. Clearly, the
viscoelastic nature of such materials has been ignored and this is an aspect that
should be explored. Ruckel et al. (1983) have proposed a design chart to estimate
the optimum asphalt contents of foamed asphalt mixes based on the fines’ contents.
Muthen (1999) has selected the optimum foamed asphalt content based on the



3 Bitumen-Stabilised Materials for Sustainable Road Infrastructure 43

relationship between indirect tensile strength and foamed asphalt content. Many
researchers recommended that the optimum foamed asphalt content should corre-
spond to the highest resilient modulus value (Maccarrone et al. 1994; Lancaster
et al. 1994; and Saleh 2003). Mohammad et al. (2003) determined the optimum
foamed asphalt content based on the maximum retained ITS. Lee and Kim (2003)
evaluated both Marshall stability and ITS test procedures. The BSM mixes were
treated as an unbound granular material, and various properties such as unconfined
compressive strength, resilient modulus and moisture susceptibility have been
studied (Ramanujam and Jones 2007; Huan et al. 2010). He and Wong (2006)
found out that the extent of ageing of RAP material significantly affects moisture
susceptibility of mixes in permanent deformation and lower-grade bitumen and less
aged RAP material help mixes to improve their moisture susceptibility in perma-
nent deformation. The extent of ageing was not clearly given in the study by He and
Wong (2006), and it was merely based on the softening point of the extracted
binder. Ebels and Jenkins (2007) assumed that in a cold mixing process, no
blending of the aged and fresh bitumen takes place and the RAP aggregate should
be regarded as “black rock”. However, the use of foamed bitumen at an elevated
temperature could hypothetically result in blending with RAP asphalt, and there is a
need for further investigations to study the effect of blending of aged and fresh
bitumen on the strength parameters.

Since the gradation and mechanical properties of RAP available are key to
designing and optimising BSM mixes, it is necessary to explore in detail the various
mix design methods available. Tacit in such attempts is the quality and gradation of
the RAP as is available in India.

3.1.7 Characterisation of the Mechanical Response of BSM
Mixes

To accurately predict the expected performance in the field, the major task that
needs to be accomplished is the characterisation of the mechanical response of the
material. The primary failure mode that has been observed for in-place foamed
bituminous mixtures is permanent deformation and not fatigue cracking (Gonzalez
et al. 2009; Asphalt Academy 2009). The distress prediction of foamed bituminous
mixtures needs further attention. It is not clear whether the foamed bituminous
mixtures will fail by fatigue cracking or any other mode of failure (Jenkins 2012).
Since considerable field-related distress data of these layers are not available, the
distress transfer functions within the context of mechanistic-empirical pavement
design (M-E PD) method are not available with the expected rigour. At this point,
recourse to empirical laboratory performance data is preferably the only way
possible. Gonzalez et al. (2009) conducted an accelerated full-scale experiment to
study the effect of foamed bitumen and cement on performance and concluded that
that shrinkage cracks were developed in a 10-year-old pavement when the cement
content was more than 1 %.
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