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EXECUTIVE SUMMARY

Life cycle assessment (LCA) offers a camlpensive approach to evaluate and imprthe
environmental impacts of pavemeniBhis researchexplores and advancedhkree key areas
relevantto the paement LCA field methodology, quantification, artthe supporting science
First, a general pavement LCA methodolagyut forth that describes the concepts necessary to
develop and conduct a comprehensive pavement. L&&cond, the methodology is applit®

the concrete pavement life cycie order to quantify current emissions, identfyportunities for
improvements, @d calculatehe costeffectiveness of emission reduction strategi€mally, to
improve the supporting science for pavement LCAs, echanistic model is developed that
relates pavement structural and material propertigshalefuel consumption.

Development of a standardized pavement LCA framework is essential in order to
increasethe accuracy and consistency of the LCA approadhis research supportsngoing
standardization efforts by proposing ggagctice concepts for conductiagy pavement LCA.
Regardless of an individual projéctgoal and scope, good practice stipulates that pavement
LCAs use a comprehensive hégcle perpective and provide an adequate level of transparency
with regards to the data, functional units, and other important LCA paraméopting a life
cycle perspective ensures that short term gains do not come at the expenseehiameficits.
Drawing boundaries to includall phases of the pavement life cy@lenaterials, construction,
use, maintenance, and end of difallows for a representative characterization of cumulative
environmental impacts over the life of a pavement.

The general methodologys iapplied to concrete pavements in order to evaluate the
impacts of this infrastructure system and demonstrate the application epguritte pavement
LCA. Greenhouse ga$sHG) emissiongcharacterized using global warming potentialhe
concrete pasment life cycle are quantifieébr twelve functional units, which collectively
evaluate average conditions feachmajor roadway classificatioim the United StatesThese
results are used to estimate national GHG emissatmssed bynew concretepavemat
construction each year. THenctional units also serve as baselines to identify and quantify
GHG emission reduction opportunities, both fie mass of reduceémissions and the
accompanying cost effectivenes&mong theevaluated reductiostrategis, the two that reduce
embodied emissions (increased fly ash and reduced overddsigionstratesimultaneous cost
and emission savings, ranging as high asdheots of dollars saved per taf CO,e reduced
Scenarios also exist where increasing albedampting enebf-life carbonation, and decreasing
vehicle fuel consumption through reduced pavement roughness will effectively reduce GHG
emissions at costs comparable to the current price of carltba global market

The accuracy and comprehensivenesargf pavement LCA is limited by the ability of
the supporting science to quantify the environmental impacts. Pawvesteadle interaction
(PVI) represents a significant knowledge gap that has important implications for many pavement
LCA studies. In ordetto fill this gap, a first-order mechanistic modek developedthat
rationalizes the impact of deflectiomithin PVI. The model provides eelationship between
vehicle mass, material stiffness, structural thickness, and vehicle fuel consumpfios.
cortinued development of this model will provide insight into the level of importance of each
deflectionrelated PVI parameter and ultimately help guide pavement design for reduction of
vehicleemissionsassociated with pavement structure and material piepert
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1 INTRODUCTION

The construction, operation, and maintenance of the United States roadway system
responsible for substantis@nergy and resource consumptiofhe two primary types of
pavements are concrete and asphalt pavements, which together make up approdiately
million kilometers £.6 million mileg of paved public roads in the United StatEsIWA 2008)

In addition to the need for continually maintaining pabbads, this network has been growing
each decade, requiring substantralestment for maintenance and new constructidns vast
network has major environmental and economic impfactthe nation and the planet.

The cumulative environmental impacttbe road network is unknown, thouslignificant
greenhouse gasese released duringhe construction and operation of pavemerfanually,
320 million metric tons 350 million ton3 of raw materials go into the construction,
rehabilitation, and maintena@of this systenfHoltz and Eighmy2000) The current system of
paved roads the United StateBandles a volume of traffic on the orderfiok trillion vehicle-
kilometers three trillion vehicle-miles) per year, or aboul3 billion vehiclekilometers 8.2
billion vehiclemiles) per day(US DOT 2008) Due to high energy demandyad transport
contributed the most greenhouse gasesl@g of any transport mode in 2007, accounting for
83% of emissions from the transportet sector and 27% of a#missionsin the U.S.(EPA
2009)

Due to the high environmental and economic impact of pavements, there is growing
interest in the ability to rigorously quantify the performance of pavements. Over the last decade,
the construction industry has experienced a drangaowth in the design of more sustainable
buildings, exemplified by the U.S. Green Building Council (USGBC) and its Leadership in
Energy and Environmental Design (LEED) rating system (USGBC 2011). The design and
operation of pavements in future decaddslikely follow a similar path toward greater concern
for sustainability, and sever al Afgreenodo rati
pavementsd.g., Greeroads (2011); FHWA (201}

Improving the sustainability opavementsequires a betteunderstanding of howhis
infrastructureimpacs the natural environment. Products and services have impacts throughout
their life, beginning with raw materials extraction and prdd manufacturing, continuing
through construction, operation and maimtece, and finally ending with a waste management
strategy. Conventional environmental assessments often overlook one or more of these phases,
leading toconclusions based ancomplete results. Lifeycle assessment (LCA) can be used to
evaluate all phas of the life cycle, providing a comprehensive analysis of the envinatam
burden ofthis infrastructuresystem This research uses LCA to investigate the pavement life
cycle, emphasizing the methods and impacts associated with concrete pavements.

1.1 Objectives

The overarching goal of this researchdsncreasethe ability of LCAto evaluate quantify and
help reducethe life-cycle impactsof concretepavements This is accomplished through three
primaryobjectives:
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1. Develop acomprehensive methodologthat puts forth googbractice concepts for
conducting a pavement LCA;

2. Use thedeveloped methodology tquantify GHG emissions for concrete pavements,
identify strategic opportunities for reducing emissions and calculagé the cost
effectiveness othereducton strategies;

3. Improve the sciencevhich supports pavement LCAs bgeveloping a firsbrder
mechanisticpavementehicle interaction (PVImodel thatrelates fuel consumption to
pavement material and structural properties.

This documenipromotes a transpant methodology to evaluatthe environmental impacts of
pavements. From a methodology perspective, the intent is to promote good practice application
of LCA for pavementsthus providing guidance to the pavement commuonitthe development

and adoptiorof standardized pavement LCA protocolBhe applicatiorof this methodology for

a specific concrete pavement LGAudy serves two purposed) ft demonstrates the approach
and execution of the developed methodology, &)t (provides a quantitative alysis of GHG
emissionsin the concrete pavement life cycle. Lastly, it is important to acknowledge that the
completeness o pavement LCA is limited by the quality of the supporting science. Building
on a previously identified knowledge gap, this reskaexplores the relationship between
pavement structurand materialpropertieswith fuel consumption by developing a fistder
mechanical model that helps describe the PVI phenomenon.

1.2 General Methodology

LCA can be used for any number of purposes. flehéble analysis framework and quantitative
approach make LCA useful for establishing environmental footprints, comparing alternative
systems, validating and marketing figreeno cl a
within the life cycle. Arguably the strongest applications are those centered on reducing
environmental impact. LCA can be used to generate comprehensive and scientiGtailgible

strategies for lowering emissions, reducing waste, and minimizing ensedgr, or natural

resource consumption. Furthermore, thdife-cycle approach ensures that ndéamm
improvementgio not comeat the expense of lorgrm deficits. Adopting such robust reduction
strategies is the key to establishing an effectivd pavardseachingenvironnmental goals.

The LCA approach to quantifying environmental burden is formalized by the
International Organization for Standardization (ISO) 14040 series. Notable documents in this
series are ISO 14040:20G6Principles and FrameworldSO 2006a)and ISO 1844:2006i
Requirements and Guidelin@$SO 2006b) which together outline many fundamental concepts
relevant to developing and conducting an LCA study. 1SO breaks the LCA framework into four
stages: goal and scope definition, inventory analysis, impssgsament, and interpretation.
Figurel.1depicsthese stages anbeirinterrelations More information regarding the details of
eachstage can be found in the ISO documgemiBich are an essential resource for any LCA
practitioner
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Figure 1.1 i General LCA framework (including four core stages) put forth by the International
Organization for Standardization (ISO 2006a)

v

A

Data for LCAs come from a wide variety of sources, including government databases,
industry reports, system models, and firahd collection. Since the entire life cycle is being
analyzed, the volume of necessary data is often large and overwhelming. LCA software
packages, such &aBi (PE International 2011p5imaPro(PRé Consultant2011) andEIO-LCA
(CMU 2011, not only provide a modeling frameworkbut also includean abundance dife-
cycle data on materials and industrial processekhese types of packages are generally
proficient at quantifying upstream impacts for commoditigsincluding large databaselut
third-party information is often necessary tombine these data in appropriate ways and to
evaluate niche productnd processes that amet included in the database$xternal models,
such as those describing buildirgnergy consumption, vehicle dynamics, or electricity
generation, are commonly used to complement the core LCA model and provide spatial,
temporal, and systesspecific data. Such models are particularly useful when characterizing the
operation phase of ¢hife cycle.

The 1SO guidelines describe a generalized approach for LCA, but do not discuss details
relevant to a particular product. Mapping the life cycle, developing functional units, drawing
systems boundaries and mining data are left to the dmwerend challenge of individual
practitioners. The guidelines offer support in the form of suggested accounting practices,
allocation procedures, reporting formats, and other protocols, but wisely leave the development
of productspecific standardized fraaworks in the hands of stakeholders in their respective
fields. The pavement community, which includes industry, academics, and public agencies, is
tasked with developing an unbiased and comprehensive LCA framework to use in assessments.

1.2.1 Pavement LCAs

Since LCA first started being used to evaluate the environmental impacts of pavements in the
late 1990s, there has been general convergence towards accepted practices. However, a recent
review of the pavement LCA literature found that there are still notiinework gaps and
inconsistencies amongst existing studies, including issues with the functional units, system
boundaries, goals, scopes, and d@antero et al2010) Initiatives aimed aidentifying
framework deficiencies anidhproving the evaluabin process fopavement LCAs are underway,
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such as the 2010 Pavement LCA Worksh@pCPRC 2010) and the Federal Highway
Admini strationds Sust(E@HWA20LD)e Thésa vobaboeative sffortBr o g r a
will help improve the robustness and uniformatypavement LCAs, but a universally accepted
standardized framework is still under development.

The most crucial methodological decisimna pavement LCAs the selection of system
boundaries. From #fe-cycle perspective, boundaries should be drawnthed all relevant
processes are included in the assessment. When one orelesantprocesses are arbitrarily
excluded, the quality and confidence of LCA results are jeopardized, as excluded phases and
components can have a large impact on the resbéiat¢ro and Horvath 2009)Figure 1.2
illustrates a comprehensive map of the pavement life cycle. Because the supporting science is
continually uncovering new knowledge relating pavements to environmental impact, it is
expected that boundari@sll be agusted as necessary to reflelee tcurrent state of the science.

The specific boundary used fibris research is discuesin Section2.2

Landfilling

Extraction and Transporttion

production

Onsite equipment
Carbonation
Lighting

_ Albedo

Traffic delay Rolling resistance

Leachate
[ Materials HConstruction

Endof-Life

BuloAoal

Maintenance

Figure 1.2 1 Suggested system boundaries (including lifeycle phases and components) fopavement LCA
(Santero et al. 201)

The goal and scope of the pavement LCA also plays an important role in determining
proper system boundariebleeds differ between pavement LC&sd it is difficult to establish a
onesizefits-al boundary system For instance, a projetg#vel comparative assessment may
draw system boundaries that exclude lighting, carbonatiosther components that are assumed
to be equal amongst competing alternatives. Likewise, a peNey assessmenbdusing on
regional reduction strategies may exclude onsite equipment due to its relatively small impact.
The goal and scope alsdfect otherLCA characteristics, such as the functional unit (including
the analysis period), environmental outputs, and datirces.For instance, waluatingthe water
use impact of longjffe pavements in California requs@ differentapproactthan establishing a
carbon benchmark for local pavements across the United StaW®kereas policyevel
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assessments may rely ontinaal averages and other generalities, prd@atl assessments

should be performed using specific design inputs and lochtdsad data. Assessments that
compare design alternatives should plose attention to the functional unit and data sources to
ensure that the design equivalent and the data sources are accurately represent the structures
being compared.

Movement towards a standardized pavement LCA framework will provide designers,
researchers, and other stakeholders to ability to accuratelyconsistentlycharacterize the
impacts of pavement structures. With respect to comparative LCAs, previous studies have
lacked comprehensive systems boundaries, leading to inaccurate representations of both the
concrete and asphalfdicycle impacts (Sante et al.2011). LCA approaches that capture each
relevant component of the pavement life cycle will produce more defensible conclusions and
provide sounder recommendations. Additionally, LCA practitioners can provide better insight
by framing problemstatements that respect the variability of pavement design. Given the
multitude of design permutations for asphalt, concrete, and composite structures, it is
unreasonable for an LCA to definitively determine a best structure for all cases. Rather than
drav broad conclusions regarding material choices, practitioners will provide better
contributions to the LCA and pavements communities by providing defensible recommendations
for clearly described scenarios.

1.2.2 Improving Application of LCA through LCCA

Life cycle st analysis(LCCA) can evaluate the economic impacts of pavements in various
ways. For exampleLCCA can be used to compare alternative designs, evaluate payback periods
for proposed improvements, or calculate the -eff&ctiveness of environmentahprovement
strategies. Regardless of the approach, accompanying the environmental impacts from LCA
with the economic impacts from LCCA creates a marked advancement in the utility of the
assessment as a whole. Whereas LCA quantifies the importantrengimtal issues, LCCA
provides the necessary economic context to implement those solutions into the marketplace.

The framework for conductingnaLCCA for pavements is established by the Federal
Highway Administration (FHWA). Wite the pavement LCA framewbr is currently
standardized only on general levels (i.e., the ISO documents), LCCA has accepted protocols
specific to pavement projects. Thé&e-Cycle Cost Analysis in Pavement Des{gvalls and
Smith 1998) Life-Cycle Cost Analysis PrimgFHWA, 2002) and Economic Analysis Primer
(FHWA 2003) together provide a detailed discussion of the input and outputs of a pavement
LCCA. Included are discussions regarding the discount rate, analysis periods, user costs, and
other fundamental assumptionsState agecies have largely adopted the FHWA LCCA
framework; for example, the California Department of Transportation (Caltrans) has developed
protocols based on the FHWA framework, supplementing Califeymeéific data as necessary
(Caltrans2010)

This researchses LCCA to evaluate the caffectiveness o6GHG reduction strategies.
This approach allows for the LCA results to be more thoroughly analyzed, including evaluating
the practicality of the various reduction schemes. Although the FHWA framework does not
specifically address the economics of environmental improvement strategies, the basic principles
can be followed to ensure general consistency with established methods. Because the application
in this research is essentially a comparison between altesgstandard designs versus designs
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with carbon reduction benefits), only the differential costs are considered, which follows the
FHWA framework(Walls and Smith 1998).

1.2.3 Transparency

The methodology used to conduct a pavement LCA is itself a valualigbaotion, regardless of

the numerical results or conclusiori8ocumentingassumptions, disclosing data sources, and
clearly defining goals and scopes serve to establish the framework, or individual methodology,
that is used for a particular study. Hak&mand Méakel§1996) Stripple(2001) and Athena
(2006) are examples of pavement LCAs that provigasonablytransparent methodologies.
While the boundary decisions, functional units, and other stpdgific decisions are subject to
critique, transparg methodologies allow for the audience to understaadationale behind the
authosddecisions, leading tmorerobustconclwsions and reproducible results.

Table 1.1describes the basic transparency requirements that should be part of a pavement
life cycle analysis. Some requirements are shared between LCA and LCCA, while others are
specific to a particulaanalysis approach Detailing the process by which each element is
determined will help future research build upon the contributed knowledge rameviaok
developments. This researghioritizes transparency by providing descriptions, values, and
rationales for each of the elements listedTable 1.1as they relate to the project goals and
scope. While the results and conclusions provide a soapsthe role that LCA and LCCA can
play in producingmore sustainablsolutions, the methodology offers a foundation for future
research to build uponlin particular, it is recommended that other pavensralysesadopt a
similar level of transparencyiorder to promote best practices in the future.
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Table 1.17 Basic transparency requirementsto assist in the understanding and reproducibility ofpavement
LCAs and LCCAs

Analysis Type

Item

Description

Pavenent LCAs
and LCCAs

Goal

Function& unit

Analysis period

Structural designs

M&R schedules

The purpose and audience of the studihe goal helps frame the problem being solved
defines the scope of the study (e.g., functional unit, system boundaries, necessary data
project or policy-level scopg

The reference that all inputs and outputs are normalized againstder to evaluate the statel
goal. The functional unit ensures that pavements are evaluated and compared against eq
design and serviceability paratars Typical functionaunit definitionsminimally include traffic
volume andelevant dimensiong.g., bne-kilometer, centetine-kilometer).

The time period over which the functional unit is evaluafEide analysis period should be chos
in order to effetively achieve the stated goals. Following LCCA precedent, a rule of thumb
include at least one rehabilitation activity in the analysis period. Comparative LCAs should
that the analysis period adequately captdifering features betweerompared alternatives (e.g
differing maintenance and rehabilitatiod&R ) frequency and intensity).

The relevant details regarding the pavement desi§tructural design details provide addition
context relative to the functionalnit for each design alternative. Layer thicknessesffic
loading, material propertietocation and othemparametersare necessary inputs to the iifgcle
inventory(LCI) stage, and can be deterndnesing various pavement design methodologies.

The activities and timing afhaintenance and rehabilitatioM&R) activities over the analysis
period. Most pavements will require several M&R activities over the analysis period. M
schedules can be determined through various sources, sublepartment of Transportatior
(DOT) protocols and standard practices (e.g., Caltrans (2010)). Advanced designs tools,
MEPDG, can help to define when M&R trigger levels are reached.

Pavement LCAs

LCA system
boundaries

LCI
environmental
factors (EFs)

LCIA
methodology

The phases and componentsisidered in the LCA.System boundaries for pavement LCAs w
change based on the goal and scope of the study. Beginning with a comprehensive satcté li
phased materials, construction, use, maintenance, and end 6f difel adjusting based on th
needs of the study will ensure that system boundaries are systematically, rather than ark
determined.

The factors linking processes and materials to environmental outpuEsch source of
environmental output shalilbe connected by an EF to an input defined in the functional
structural design, M&R schedule, or other systgfining data. The EF units depend on the in
and output that are being linked: for the example of a @@put, materials EFs might le Mg
CO,/Mg material, or transportation EFs in Mg €Rlg-km traveled. EFs are found in journal
reports, LCldatabases, procespecific models, and other sources.

The method used to transform LCI results into impact categorighe life-cycle impact
assessmerft. CIA) stage improves the LCI results by presenting the impact in terms of dame
the natural environment, human health, or natural resources. LCI results are converted tc
more midpoint categories (e.g., climate ojpe)nthrough characterization factors (e.g., glol
warming potential), which normalize similar pollutantsatsingle metric (e.g., C£ CH,, N;O,
and other GHGs to C@®). Various models, databases, and reports are available to assist
characterizabn process, including TRACI (EPA 2011), IPCC (2007), and CRO1().

Pavement LCCAs

LCCA system
boundaries

Discount ra¢

Costs

The types of costs considered in the LCOZavement LCCAs can include agency and/or u
costs within the system boundaries. Agency costs ared$is incurred by the DOT (or othe
owner) for the construction, M&R and ewfdtlife activities. User costs are the costs incurred
the public (e.g., drivers, residents) and are typically limited to costs related to traffic delay
construction ativities, although accident costs are sometimes included as Wellider system
boundary may include user costs related to noise or property values. More inforomatioGA
costs can be found in FHWA (2003) and Cuaryl Andersorf1972).

The vale (or range) used to model ttime value of moneyThe discount rate is used in LCCA
to convert future costs to present costs. The FHWA recommends using the White House O
Management and Budget (OMB) Circular 94 to estimate the disc@ue, which currently
recommends a 2.3% rate (OME®10. However, state DOTs typically use a range id% in
LCCAs (Rangaraju et al. 2008). Given the uncertainty and variability of the discount rate
recommended that a sensitivity analysis bedoeted for a range of discount rate values.

The material, activity, and user unit costBhe LCCA should include the unit costs for each of 1
materials, activity, and/or user costs in the system boundary. Unit costs are available thr
valniety of sources, depending on the type of cost being evaluated. Common sources
general materials inventories (e.g., USGS (2011)), DOT databases (e.g., Caltrans (20:
relevant industry organizations.
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1.3 Overview of Existing Research

A review ofthe existing pavement LCPesearchs useful in establishing the current statéhe
practice. Between the publishestordand publicallyavailable tools, a foundation has been laid
for conducting a pavement LCA. Identifying the strengths and weadsmassthe existing
research ensurgbat this and future studies continue to build upon the work that others have
done in this field.

1.3.1 Pavement LCA Literature

The pavement LCA literature is comprised of technical reports and journal papers that apply
LCA to various paveent design and case studies, often with the goal of comparing alternatives
for a given scenario. These studies are commissioned and produced by various stakeholders in
the pavement community, including government agencies, industry orianszaand academic
institutions. Aside from providing discrete solutions to explicitly defined problems, the method

and outputs considered in each studycluding the goals, scopes, and refultfer insight

into the typs of issues being addressed, tbemprehensiveness of the analyses, and the
knowledge gaps that need to be filled in order tjole more robust conclusions.

A 2010 report conducted by the Lawrence Berkeley National Laboratory (LBNL)
reviewed the literature teevaluate the overall utilf of existing research and provide
recommendations for filling identified gagSantero et al. 2010) The reportfinds that most
studiesareprojectspecific and that the conclusioasnot necessarily generalizable to scenarios
outside of the definedcepe. Moreover, gstem boundaries are not comprehensively drawn to
include potentially influential elements of the ldgcle, such as the use phase. The conclusions
across different studies are often in disagreement, most notably when comparing tdifferen
pavement materials (i.easphalt versus concretefpor instance, while most pavement LCAs
guantify energy consumption, studies often contradict one another regarding whether asphalt or
concrete is more energgtensive over the life cycleln summary,LBNL concludes thathe
existing literature provides useful data and establishes an approach to quantifying certain aspects
of the pavement life cyclebut its utility in decisioamaking processes is limited by the
aforementioned and other shortcomings.

Viewed from a holistic perspective, tle&istingliterature highlights important concepts
that need to be addressed in order to improve the application of LCA to pavements. Foremost,
the development of a standardized framework will reduce inconsistencressastudy
methodologies. Amongst other improvements, standardization will ensure that system
boundaries are comprehensively drawn for a given goal and.sdd@econtinual advancement
of the supporting science is a critical element as welbepavemat LCAs are only as accurate
as the underlying data and relationships. Filling knowledge gags mechanistigppavement
vehicle interactionmodels, improved carbonation data, better understanding of pleyett
albedo impactsyvill improve the accuracof pavement LCAs and allow the assessment process
to provide robust solutions to a wider set of problems.

1.3.2 Pavement LCA Tools

Pavement LCA dols expediteand simplify the assessment processBuilt-in databases and
establishd process relationships allowCAs to be performed quickly and require less
knowledge than creating an assessment from the ground up. As defined for this research, tools
are considered a particular form of a model that is designed for and distributed to a larger
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audience. A number gfavement LCA models ardiscussedn the literature(e.g., Stripple
(2001); Huang et al. (2009)but often refer to internal models used for specific projects. This
overview focuses on publicalgvailable tools, evaluating their scope in ordeqt@anify the
current state of the practice.

Table 1.2lists six pavement LCA toolsavailable to the public Theserepresent the
current state of the practice with regards to LCA teoisilable to pavement engineers and other
practitioners. Rather than attenipto be an exhaustive set of all tools measuring the
environmental impact of pavements, this Irstludes only those LC/Aased tools that could be
effectively evaluated througiheir use and/osupporting documentatiorilThere are a number of
LCA tools and modelsthat includepavements within theigeneral scope (e.g., BEES, SimaPro),
but are not specific to pavements and do not define themselves as pavement LCA tools.

Table 1.27 Publically-available pavemat LCA tools reviewed in this research

Tool Developer Interface Pavement types Reference
asPECT Transport Research Laboratory GUI asphalt only TRL (2011)
BenReMod University of Toledo web-based all types Apul (2007)
CHANGER International Roadway Fedei@ GUI all types IRF (2011)
GreenDOT AASHTO spreadshee all types AASHTO (2010)
PaLATE University of California, Berkeley spreadshee all types Horvath(2004g)
PE-2* Michigan Technical University = web-based all types MTU (2011)

*peta version, not yeeteased

The bulk of paement LCA tools are focusexh embodied emissions, transportation, and
construction processe3.able 1.3shows the phases and componentsdhaihcluded within the
system boundary of each tool. It should be noted that withastaralardized pavement LCA
framework (as discussed in Secti@r®.]), definitions of phases and components will vary
between tools.Table 1.3evaluates the tools with respect to the system boundaries set in this
research.Theuse phase and traffic delay ayenerally excluded from th@oundaries of existing
tools. The notableexceptionis PE-2, which calculates emissioriiom traffic delay caused by
construction and maintenance activitie§he addition of traffic delay impagtis important in
that it begins to expand the boundaries beyond the typical, matzratisc perspective.
GreenDOTalso includeshe use phase componentdighting and vehicle operation emissions,
but does not differentiate impacts based on pavepreperties.

The general omission of the use phase and the traffic delay component of the construction
andmaintenancehases indicates the difficulty of generalizing these elements of the pavement
life cycle. Whereas individual LCA studies benefit fromliwgefined goals and functional units,

LCA tools are designed to be applied to any number of different scenarios. Embodied emissions,
transportation, and construction processes can be universally determined through established
methods set by previous LCg#udies. Moreover, these activities can be modeled using basic
mathematics, thus eliminating the need for external models or development of novel mechanistic
relationships. Conversely, impacts from the use phase components are largely based on
maturing sientific fields, resulting in limited data availability and an incomplete understanding
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of the underlying physical phenomena. Traffic delay impacts can be quantified using existing
models, but implementation into an LCA tool involves more complicateatittigns than for the
embodied emissions, transportation, and construction processes.

Table 1.371 Life-cycle phases and components ofviewed pavement LCA tools

Construction Maintenance
Materials Use End-of-Life
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asPECT A A A A A A A A A A
BenReMod A A
CHANGER A A A A A A A A
GreenDOT A A A A A A A A
PaLATE A A A A A A A A A A
PE-2 A A A A A A A A A A A

The set ofpublically-available pavement LCAools offer pavement engineersid other
practitionersa streamlined approach to evaluating the environmental impact of certasydiée
phases. Assuming that the data and imbedded process relaticarehgacurate, the embodied
emissions, transportation, and construction processese effectively modeled using one or
more of these tools. Future research could validataabls against one another, comparing
inputs and outputs in order to determine their agreement. With respect to conducting a
comprehensive LCA, tools can expedihe assessment process for more established phases and
components whileequiringLCA experts to integrate the more complex and uncertain processes,
such as albedo arféVI. As the science continues to mature and mechanistic relationships are
improved,tools can begin to implement these findings into their scopes in order to develop a
more comprehensive portrayal of the environmental impact of pavements.
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2 GREENHOUSE GAS IMPACTS AND OPPORTUNITIES FOR
CONCRETE PAVEMENTS

This section uses life cycle assessinto quantify greenhouse gas emissions in the concrete
pavement life cycle. GHG emissions, characterized by their global warming potential, are
guantified for a number of purposes, includiggantifying emissions for current practices,
estimating natioal emissions for all new concrete pavements, and evaluating potential GHG
emission reduction strategies.

2.1 Goal

The current researchevaluatesthe life-cycle GHG emissions associated withew and
reconstructedconcrete pavements GHG emissions are charaged using global warming
potential (GWP) characterization factorEach relevant phase and component of the pavement
life cycle is investigated and quantified in order goantify current emissions and identify
opportunities for emission reduction3.he initial quantificationestablishes the current state of

the practice, while improvement strategies offer a path towards reducing the impacts of current
and future pavement structures. To effectively characterize a wide breadth of pavements, twelve
relaed, but independent, road designs are analyzed. These designs represent each FHWA
roadway classification, ranging from rural local roads to urban interstates. This alloas for
evaluation of multipleroadway functionsand offers the capacity to estimaepacts across the

entire US. pavement network. The specific objectives of the projecasifellows

1. Develop and apply a comprehensive pavement LCA methodology for concrete
pavements

2. Quantify life-cycle GHG emissions in order to capture (a) each FHWadway
classification, and (b) all relevant ligycle phases

3. Quantify life-cycle GHG emissions of all concrete pavements that are constructed
each year in the 8.

4. ldentify and quantify strategiefor GHG reductions for each roadway classification
esimate the coseffectiveness of the reductistrategiesising LCCA principles.

These objectivesvill provide insight into where GHG emissions are occurring in the
concrete pavement life cycle, as well as help to develop strategies that will reduce those
emissions. Moreover, the LCA model and approach utilized in this research will serve as a
foundation for future worksuch asexpansion of reduction strategies, analysis of new pavement
technologies, and evaluation of proposed environmental policies.

Thisresearch is intended for a broad audience. The general concepts and conclusions can
help decisiormakers in industry organizations and governmental agencies adopt more
sustainable pavement design practices. LCA practitioners, pavement engineers, and othe
technical experts can use the methods, data, and results to quantitatively evaluate GHG emission
footprints and reduction strategies for specific pavement applications.
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2.2 Scope

This studyanalyze the GHG emissions ofew and reconstructedoncrete pavemés In
general, the scope is drawn to include processesatkatelevant to the pavement itself, thus
excluding larger issues related to roadway transportafitwe. decision to build a roadway where

one did not previously exist involves a dynamic anchglex set of economic and environmental
impacts related to increased mobility and accessibilitjthile these are important issues,
focusing on pavemesspecific impacts allows fom more refined and specific studwhich
ultimatelymaybe usedin broaderassessments that address the transportation sector as a whole.
The following subsections describe the functional unit, the system boundary, and the impact
assessment method used to meebthectives presented in Sectiord 2.

2.2.1 Functional Units and Pavement Structures

The functional unit is a reference utiiat allows for consistent comparisons between different
products and comparison of results across different studidss research adopts multiple
functional units m order to characterize the variogtassificationsof concrete pavement
roadways in théJnited States Representativetructures for each FHW#Radwayclassification

are developed and analyzed over one centekiloeneter (centerlinemile) for the respective
traffic loadings presented ifables 2.1 and 2.2Centerlinelengthsare used so that each of the
twelve classificationgsix rural and six urbangan be evaluated based on th&@wsssectional
geometic and materiadesign The number of lanes, average passenger and truck teaffic,

lane widtls for rigid pavementsretaken fromHighway Statistics 2006FHWA 2008) Based

on this data, structures are dedvaesing American Association of State Highway Officials
(AASHTO) pavement design method8ASHTO 1993; AASHTO 2004) Summas of the
analyzed roadways are found in TabRl and 2.2, assumed parameters based on FHWA and
AASHTO design methods are foundTable A.1, and corresponding material masses are found
in Tables A.10 and A.11 A stepby-stepbreakdown of the FHWA datand derivation ofthe
AASHTO 6 9de@signprocedurds found in Loijos (2011).While still commonly used, it should
also be noted that the AASHTO 693 design p
robust, climatespecific MEPDGand related mechanis-empiricalmethod now exist(Portland
Cement Association 2009)The potential GHG emission reductions that are possible due to
switching from AASHTO 693 to MEPDG are eval

The concrete mix use335 kg/m* (567 Ib/yd®) of cementiious material(90% portland
cement, 10% coal fly ash), a watercement atio of 0.45, andcrushed aggregate for the
remaining materialwith a density of 350 kg/nt (147 Ib/ff) (ACPA 2011) The fly ash
substitution value is based on an estimatatbnal average utilizatiorof fly ash and cement in
concretein 2008 (ACAA 2009;USGS 2010).1t is important to note thahe 10% fly ash is not
necessarily a typical replacement rate for concrete mixes due to potentially poor resistance to
alkali silica reaction (ASR). While the average value is used here to meet the stated objectives
(i.e., represent gross national averagesprojectspecific concrete LCA should acknowledge
that aminimum 15% replacement rai® probably more realistiandcorrespondsat many state
DOTs threshold¢ACPA 2011) Moreover, supplementary cementitious materials (SCMs) other

" Results are given in both International Systert/oits (SI) and U.S customary units. The functional unit length is necessarily
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than fly ash are also commonly used in concrete mixes. Future research could include a range of
mix designs in order to test the sensitivity of the itsdo variable levels of other SCMs.

Table 2.17 Analyzed pavement designs: rural roadway$S| units, seeTable A.8for U.S. units)

Principal  Minor Major Minor

Interstate arterial arterial collector collector Local
Functiondefinition
AADT (vehicles/day}’ 22074 6414 3,084 1,219 574 177
AADTT (trucks/daf?) 4,415 706 308 85 40 12
Total lanes 49 2 2 2 2 2
Lane width (m) 3.7 3.7 3.7 3.4 3.4 2.7
Corresponding AASHTO design

1.2/
Shoulder widt{m) 3.9 2.4 2.4 1.8 15 0.6
Concretethicknesgmm) 292 203 191 152 1277 102"
Basethicknesgmm) 152 152 152 152 0 0
Steel @wel diameter (mn¥) 38 32 - - - -

Table 2.27 Analyzed pavementdesigns: urban roadwayqSl units, seeTable A.9for U.S. units)

Principal Minor
Interstate Freeway  arterial arterial Collector Local

Functiondefinition

AADT (vehicles/day}’ 78789 53809 19631 9,729 4,221 980
AADTT (trucks/day} 6,303 2,152 785 389 169 39
Total lanes 6® 4® 4 2 2 2
Lane width (m) 3.7 3.7 3.7 3.7 3.4 2.7
Corresponding AASHTO design

Shoulder width (m) 3.0 1.2/3.6 249 249 2459 2169
Concretehicknesgmm) 305 279 216 178 165 1277
Basethickness(mm) 152 152 152 152 0 0
Steel @wel diameter (mn¥) 38 38 32 32 - -

1 AADT: annual average daily traffigwo way)

2AADTT: annual average daily truck trafflevo way)

3Two carriageways with separating median

*Inner / outer shoulder widthincludes aggregate in concrete, base, and foreslope elemMimisnum foreslope of 4H:1V is used.

SUrban curb and gutter design with no foreslope

® Shoulders are parking lanes

"These pavements are thinner than s ognprocedurawas st falowledbtoremain Ebosistent.e r , t he A
8 Dowel length is0.46 m, lateral spacing is 0.23 steel density is,B50 kg/ri, and concrete slab length i$4n.

The analysis periodbegins atinitial construction and camues hrough 40 yearof
operation, which includes two rehabilitation activities (at years 20 an@B80)ends at recycling
and disposal at the end of lifEOL). Concrete rehabilitation includes 4% slab replacement and
complete surface grindingWhile concrete pavementsteh last more than 40 years, the end of
life is included in order to evaluate preferred waste management practices. The analysis period
and rehabilitation schedules and activities are based on the most common responsessn survey
conducted by FHWA and Mssssippi DOTof otherstateDOT LCCA procedures, which reflect
agenciesb6 experience on howRangamjget@.200&DE NNt s c a
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2007). While a 40year analysis period is appropriate for this study, the results and conclusions
for comparative LCAs (such as those comparing asphalt and concrete alternatives)nnoag be
sensitive 6 the analysis periodFor such studies, it is important the analysis period appropriately
captures any differences in expected service life, as wdlffasences in maintenance frequency
and intensity.

As previously stated, these functional units are meant to represent average concrete
structures for each of the FHWA roadway classifications. In reality, concrete pavement designs
will vary significanty from one pavement to the next, even if the basic structural inputs are the
same. Regional climate, local design practices, budget, service life, material availability, and
other factors play a role in the design process. There is also significaatioramwithin each
roadway classification, making it difficult to adopt a single representative structure. For
instance, urban interstatesutinely support between 30,000 and 130,000 vehicles per day
(FHWA 2008), but theweightedaverage 719,000) is usedn this analysis. Such a method is
appropriate given thprojectgoals stated in Sectidhl, but may also fail to adequately capture
the impacts caused layypicalstructurewithin each classificatian Projectspecific analyses are
better suited to aceately quantify the impacts associated withparticular, weHdefined
pavement.

2.2.2 System Boundary

Figure 2.1presentsa simplified flow chart that illustrates the phases and components included
within the system boundaries for this studyfach phase of #hlife cycle is represented:
materials, construction, use, maintenance, and end of life. The phases are broken down into
multiple components, each of which describes a more precise interaction between concrete
pavements and the environment.

As with anyLCA, the system boundaries will necessarily truncate some processes and
exclude other processes altogether. Such truncations and exclusions are done under the
assumption that their influence on the results is insignifiggenerally less than one percerft
overall life-cycle emissions) For example, these exclusions incluchgpital goods production
(excavation and paving machinery, production plant equipment, oil refinery infrastructure, etc.),
production of roadway lighting hardware, road paint praduaci@and application, and joint
sealant. Upstream emissions associated il and electricity productiorfor cement
manufacturingare not included, because of their omission in the antecedent study (Marceau et al.
2006). However, these upstream emissoare included in other processes in the life cycle.
Given the goal of this assessment to estalgesteral quantificationand identify opportunities
for emission reductions, the loss of accuracy associated with excluding these elements is
considered ameptable.

Distinguishing a roadway LCA from a pavement LCA necessitates allocating certain
components based on their differential impact, relative to some baseline. For example, vehicle
fuel consumption is only allocated to a pavement based on roughmuesases over the life
cycle. Thus, the pavement roughness at initial construction is taken to be the baseline roughness,
and GHG emissions from fuel consumption are calculated based on the progressive deviation
from that initial roughness. Deflectidresed fuel consumption is excluded from this section due
to the assumption that deflectiode not change over the life cycle, as well as limitations with
the accuracy of existing methods (see Section 3 for a more involved discussion, including
limitations d the proposed deflection model). This differential approach ensures that impacts
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are only allocated to the pavement that are caused (or can be controlled) by the pavement itself.
Similar differential approaches are applied to pavement albedo and dightnch are assumed

to be zero over the life cycle, but are quantified as improvement opportunities in Section 2.6. Of
note is that comparative assessments may need to establish difesselmesn order to capture

fuel consumption, albedo, and light differences between pavement types. Depending on the
goal scope, the baselines established for this study may not be applicable to subsequent studies.
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2.2.3 Impact Assessment Method

GHG emissions ar@ormalizedusing their global warming potentialas measured in canbo
dioxide equivalerg (CO.e). GWP is a common characterization method to evaluate the impacts
of GHG emissions on climate chan@éis research usdbe Centre for Environmental Studies
ofthe Uni versity anfethotfer i GWR oharacterizalidfCML 2011), which

ctest he 2007 AFourth Assess mealttan® erpGimatedhabge, t h e
and has been updated to reflect the latest IPCC (Rialnternational2011). This assumes a
100-year time horizorior greenhouse gas perpetuiyhich is a convention amongsgulations,

such ashe Kyoto Protoco(IPCC 2007. The procedure for characterization and normalization
of GWPimpacts involves deriving the radiative forcing and decay rate of each of the recognized
greenhouse gases in teyrof their equivalence to carbon dioxid®CC 2007) For example,
methane has a characterization factor of 25, meaning it hasm2s the effect on global
warming potentiathan carbon dioxidever the 106year time horizon. Whilelimate change is

a preeminentenvironmentalissue, it is importanto acknowledge it otherimpact categories
(e.g., human health impaatyater consumption, energy consumption) need to be considered
within acomprehensive sustainability framework for pavements

2.3 LCA Modeling

This section presents the LCA modeling approach used to evalua@H@e emissionsof

concrete pavements. The modeling framework, data sources, calculations, and assumptions are
summarized and presented. To accurately represent all materials and grocgssedhe system
boundary over the 4Qear analysis period, each of the five pavementcdyfele phases are
considered: materials, constructioise maintenanceand enaf life recycling and disposal.

2.3.1 Building the MIT LCA Model

The LCA softwareGaBi (version 4)by PE International is used as the analysis platf(P
International 2011) GaBiallows forcreatinglife-cycle models, generatiride-cycleinventories

for the model, comparing different scenarios, and conducting basic statistical arBhsis.
platform allows for data to be extracted from the existing database, as well as for outside data to
be incorporated toreate unique industrial processes from scratch. Through this customization
process, the pavement life cycle can be comprehengvalyated based on the best information
available in the literature, external models, and other sources.

One of the primary benefits @gdaBi for the present purpose is that the modeling of
industrial processes and environmental flows into and out of tlpeseesses can be
parameterizedso that variables representing physical quantities or properties are incorporated
into the model. These parameters can then be operated on to allow for complex calculations, and
can be defined in terms of probability distrtions and scenarios. For example, plaeement
albedoi s def i nedal®do piarGaBimedelgvith afmominal value of 0.325nd a
range of variatiorcan be specified for the variable as welhichfor concrete pavement albedo
generally rages from 0.260.40 (ACPA 2003). Parameterizatiomnables an understanding of
how the resulting lifecycle impacts change under a variety of different scenarios, such as a range
of different pavement designs.

Additionally, parameterization withirGaBi allows for estimation of variability and
includes a sensitivity analysis tool that enables understamditige sensitivity of the results to

00

o
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variation of the input parametersSince this variation is expressed as a percenta@abi, a
limitation is that his assumes all parameters vary equally in the positive direction as in the
negative directionas well as being uniformly distributedn actuality, the distribution of values

for a given parameter may not be symmetric. Despite this limitation, a ceasigvity analysis

still offers valueand is provided irsection2.5.

2.3.2 Inventory Data

The life-cycle inventory data for the analysis is taken from various sources, including the
published literatureand LCI databases. Creating an LCA model for a lammnplex system,

such as an interstate highway, requires thousands of individual data points, emdehtstudy

uses the best available data. Tak®e3 through 2.5summarize the key valuassed in this
researchAs with all LCI datayalues and sourediffer between studieand the selection of the
present data sources are the mostayqgate, peereviewed, comprehensive in scope, temporally
representative of 2008, and geographically representative of. $aeHdwever, it is important to

note thatthere is inherent uncertainty and variability in these numbers. In particular, GHG
emissions from cement production tend to vary significantly based on the type of kiln and energy
source. The cement GOfactor used here represents average U.S. emidsisesl on a 2006

PCA study (Marceau et al. 2006). It is expected that this will decrease over time as wet kilns are
phased out and other efficiency improvements are implemeftection 2.5 performs sensitivity
analyses t@account forthe uncertainty andariability of cement and other factors in the LCA

The sensitivity tests the influence of the various input parameters wathéasonableange of
possible alternative values

Table 2.3 summarizes théGWP emission factors for pavement materials anditen
equipment used in construction. TaBld summarizes the transportation emission factors and
distances fopavingmaterials. Table2.5summarizes the key parameters for components of the
maintenancand use phase of the life cyclalthough effortshave been made to obtain accurate
and representativdata, the broad scope of this assessment necessitates the use of generalized
and average numbers. Projspecific analyses will often have access to information that can be
used to better characteriiee inputs, such local transportation distances, production processes,
and specific mix designs. Other pavement LCAs will likely have different data requirements and
should therefore evaluate specific data needs independemilydetailed description and
derivation ofthe dataused in this researchfisund in Loijos (2011).
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Table 2.3 71 Inventory data for significant materials and construction processes

Material GWP emissions factdr Source

?gﬁé?gg?ﬁ;ﬂ? 0.0032 kg C@e/kg aggregate Zapata and Gambatese (2005)
Concrete rixing 0.0004 kg C@e/ kg concrete Zapata and Gambatese (2005)
Cement 0.928kg COe/kg cement Marceau et al. (2006)

Fly ash 0.01 kg CQe/kg fly ash PE InternationBg(2011)

Steel dowed 1.24 kg CQelkg steel Worldsteel (2018

Onsite equipment  0.0025 kg C@e/kg concrete placégmovel Zapata and Gambatese (2005)
Water 0.005 kg CQe/kg water PE International (2011)

Landfill of concretd  0.02 kg CQe/kg waste correte PE International (2011)

0.46 kg CQe/L (2.8 Is COse/gal)well-to-tank .
3.17 kg CQe/L (26.5 Its COe/gal)well-to-wheels PE International (201.1)
Gasoline (input) 2.56 kg CQe/L (21.4 Ibs CQe/gal)well-to-wheels PE Internationa{2011)

Electricity (input) 0.79 kg CQe/kWh PE International (2011)

Diesel fuel (input)

1 U.S. unitsfor massesre proportional, i.e. 1 kg G&'kg material equals 1 pound @fpound material

2CO,e emission factor value was derived from data reported in the given source

¥50% concrete is landfilled at end of life, 37% is clok®ap recycled as aggregate, and 13% is dpep recycled founrelated purposes such
as general fil(no burden or credit is assigned for opeap recycling)(Kelly 1998)

Table 2.47 Transportation distances and modegor all materials at each step in life cycle

Material Truck distance Rail distance Bargedistance
[% by mode] [% by mode] [% by mode]
Emission factar 89 (0.29) 31 (0.10) 34 (0.11)
Aggregaté 50 km (31 mi)[61%)] 510km (315 mi)[27%)] 170km (110 mi) [12%)]
Cement 170km (104 mi)[94%] 1000 km(620mi) [3%] 5000 km(3100mi) [0.5%]

EOL concreterecycled km (31 mi) [100%] i )
and virginaggregate

Steel dowefs 590km (366 mi)[100%)] - -
Ready mix concrefe 40 km(25 mi)[100%)] - -

'PE Internationatiata. Sl units in g C@Mg-km and US. units in pounds C@#-mile in parentheses
’Adapted from BTS (2007)Aggregate transport used as proxydemolished concrete transport.
% percentage by modmd import distance estimated fran$GS(2009) Averageruck transport fronMiller and Osborng2010).
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Table 257 Summary of key input parametersfor the maintenanceand usephases

Life-cycle

Key factors Key sources
component

Rangaraju et al. (2@)
MDOT (2007)
IGGA (2009)

4% full depth repair and diamond grinding at yeara2@ 30.

Rehabilitation 4 576" gieself-km per diamond grinding activit§670 gal /i-mi)

Baseline albeda = 0.33.

Radiative forcing2.55 kg CQe/0.01 decrease in albedd/(®.53
Albedo pound CQe/0.01 dereasein albedo/ff)

Urban Heat Island4.85 x 10° kg CO,e/0.01 decrease in albedd/m

(1.0 x 10° kg CO.e/0.01 decrease in albeddyft

Akbari (1999)
Rosenfeld eal. (1998)

Carbonation raté): 1.58mm/y*? (0.06 inctty'*'?)
Carbonation  Depth of carbonatior "o Lagerblad (2006)
Carbonation reinitiates at each rehabilitation

Cars: 4.2% increase gasoline fuel increase in IRI 94 m/km(250

Pavement in/mi).
roughness Trucks: 2.8% increase thieselfuel / increase in IRl by 4 m/kif250 Zaabar and Chat2010)
in/mi)

RealCosused to estimate the traffic delay

10 hr daytime closure, 10 hr nighttime on urban interstate and ott RealCostmodel (FHWA

. freeway
Traffic delay . ) L ) 2010)
I\/_IuItl-_Iane. 1 lane closed each directiordage: 0.5 lane closed each Caltrans (2010)
direction
RealCosinputs can be found in Table A.2
U= 100,000 lumens/kW
E)gaf:/t?rgzem Mlag=9; 8; 9; 8; 6; 5 lumens/m AASHTO (2005)

t = 160,600 burs

*Carbonation rate varies widely in the literature (see Ggja1), Galanet al.(2010, Lagerblad2006, and Khunthongkeaw et 2009, for
examplé, and deperslon material properties and exposure conditions. 1.5 ffigpresents a reasonable midpoint found in several sources,
which increases by 5% with 10% fly ash in the mix (Lagerblad 2006).

2 These values represent the baseline lighting assumptionso GMVP is attributed to the life cycle in the base case, as the GWP is attributed to
the decision to build a roadway, regardless of pavement design. Increasing pavement albedo, however, can reducedbmégttihge to
increased reflectivity, so thesdifferential changes from the base case are accounted for mibtbdo strategyin Section 2.6. Average
maintained illuminanceMla.) is the following order: interstates; other fwy/expy; other principal arterial; minor arterial; collector; local road.

2.4 GHG Emission LCA Results

This section presentbe results from the modeling methodology outlinedséttion2.3. The

results include an estimation of the ldgcle GWP for each of the twelve roadway
classifications, broken down by the impact assodiatéh eachlife-cycle component.A time

series of emissions is shown for two of the structures in order to show the contribution for each
year during the 4@ear analysiperiod A sensitivity analysiss used teevaluate the variation in
these resultslue to traffic volumgand the associated structural requiremertiajfic delay, as

well as numerous other pavement-ifgcle parametersLastly, each representative structure is
extrapolatedacross all land&ilometers(lanemiles) in its respective radway classificationn
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order to establish a nationwide footprint for new concrete pavements on an annual basis, as well
as an estimate of cumulative emissions that are projected into the future.

2.4.1 Impacts for the roadway classifications

The life-cycle GHG emissions expressed in GWP, fdwelve different classifications of new
concrete pavementre presented in Figwse.2 and 2.3 Figure 2.2 presents the results in
absolute termsyhile Figure 2.3 presents the resudtsthe percent contribution from eaghase.

These quantify the GWP for new concrete construction, not reconstruction, although the data and
results can be extended to reconstructigth only minor modifications The results establish a
baselinefor seeking reduction opportunities, and 8wpe of analysis has been appropriately
tailored to this. As such, the approach and results are not sufficient for comparative purposes,
such as comparing to alternative materials like asgtalements Additionally, the system
boundary and allocatioprocedure have been chosen so as to capture impacts of the decision to
build a pavement, not the decisidm build a roadway. As distinct from a roadway LCA,
conducting a pavement LCA necessitates attributing GWP from certain components based on
their differential impact, as has been done with the following use phase components: pavement
albedo, lighting, traffic delay, and fuel consumed due to roughr&isee thecontribution from

the carbonatiorcomponent is negatiyeéhe totals for all pavements kgure 23 are the vertical
extentminusthe carbonation.These results anepresentativéor typical scenarios within each
roadway classificatignalthough the results for a given project may differ from those of the
broader classThis variability haslargely been captureahdis presented ifsection2.5.

Total life-cycle GWP range from 34®g CO,e/km @00 t CQe/mi) on the rural local
road to 6300 Mg CQe/km (11000 t CQe/mi) on the urban interstatélhe wide differences
largely due to the fact #t interstates are much more massive structures, both in terthe of
thicknessof the concrete slab, as well as the width across the road. For example, the
representative rural local road is 102 mm (4 in) thick, with two 3.4 m (11 ft) luskseach, ad
two 0.6 m (2 ft) wide shoulders, whereas the urban interstate has 305 mm (12 in) of concrete,
with three 3.6 m (12 ft) wide lanes in each direction, and two inner and two outer 3.0 m (10 ft)
wide shoulders. Traffic is the other primary driver of theatam across structures, whialso
affects the fuel consumed due to roughreesstraffic delay.

When looking at the lifeycle GWP contributions for each road type, the first notable
feature is that cement production emissions are the largest cowimilfati every one of the
twelve structures. The contribution of cement production ranges froB%4(for the urban
intergate) to 7% (for therural local road) of the total lifeycle emissions. The second largest
contribution is fuel consumed from rouglssdan every case except fitre rural minor collector,
and local road, andhe urban local road, wherend of life disposals the second largest
contribution. For numerical results for all roadway classificationsTabks A.4 throughA.7 in
Appendix A
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Figure 2.271 Life-cycle GWP per km (mi) of newconcretepavements fortwelve roadway classifications
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2.4.2 Time series emissions

While the majority of lifecycle GHG emissions are due to initial production and construction at
the beginning of the analysis period,rlmanation and fuel consumption due to roughness
continuously affect the life cycle over the use phased several onrgme events after
production (rehabilitation, traffic delay, and eofdlife demolition, transport, recycling and
disposal). This is shen for the two cases of rural and urban interstaié-igures 2.4and2.5.

The initial emissions in year orérom materials extraction, production, and pavement
construction dominate theéime series of emissions, at%/of the total contributiofor therural
interstate and 36 for the urban interstate. The second largesttiome contribution is from
endof-life demolition, transport, recyiclg and disposal, contributing 12% and/d.(r the rural
and urban interstategspectively. This largely comedrom transport and landfill emissions,
which in reality are highly variable depending on waste management practices. While much of
the concrete and aggregate base is modeled to transport to an aggregate stock yard, this
assumption is conservative in cas&gere the pavement demolition coincides with
reconstruction and the materials are reused on site. Additionally, landfilled concrete waste is
normally buried in a carbon dioxide free environment, but waste management practices can take
advantage of carbation at the end of life, which is evaluated in the GWP reduction strategies of
Section 2.6.

As can be seen in the figuresirisonation is more active initially after new construction
and each rehabilitation activity, and then the effect slowbe revers is true forroughness
related emissionswhich increase up until diamond grinding occurs. GHG emissions from
diamond grinding and traffic delay at each rehabilitation event contribute beti2&ndr life-
cycle GWPfor both roads.
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Figure 2.41 Life-cycle GWPper km (mi) per year over the 40year analysis period fora rural interstate built
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Figure 2571 Life-cycle GWP per km (mi) per year over the 40-year analysis period for an urban interstate
built in 2008
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2.4.3 Extrapolation Across the U.S. Network

The results representing eachtafelve roadway classificationare extrapolated based on the
number of lan&kilometers(lanemiles) of thatclassificationin order to obtain a nationaktimate

for the annualGHG emissions due to new concrete pavement construcliable 2.6shows the
lengthof each of the five primarglassificationsas well as the growth over time (adapted from
FHWA (2009). During this period, rural roads constitute approximately 43% of the entire
network by length, and urban roads 57%. Adjusting for the extent of ezadway
classification as well as adjustments for lane counts and lane widths by usingraitkanthan
mode values (seBable A.1in Appendix A, the results ifFigure 2.6represenain estimate athe
GHG emission®sf all new concrete roads budh average per year in the U.S

Table 2.6 i Extent of concrete networkin 2008 and averageannual growth rate for period of 1999 2008 in
extent ofentire network (FHWA 2009)

Roadwayclassification 2008 Length km (mi) Annual growth rate
Interstates/Othdireeways 49519(30,770) 0.49%
Otherprincipal arterials 73,033(45,381) 0.47%
Minor arterials 65,654 (40,796) 0.60%
Collectors 113941(70,800) 0.03%
Localroads 224442(139,462) 0.39%

These emissions total®Tg COse (3.1 x10° t COe) per year, or approximately 0.2of
total U.S. annual GHG emssions(EPA 2009. While thisis a small proportion of overall
national GHG emissionsthis approximationdoes not account for a large proportion of the
pavement network (namely asphpéivement®or asphalt rehabilitation on concrete pavements),
nor theemissionsfrom vehicle and goods damage, nor the potential impact of consequential
effects d construction such as induced road transport traffidnderstanding the order of
magnitude of the GHG emissions for pavements provides further justification of the importance
of improving pavement LCA studies.

In sum, he rural network contributes 1By COse (1.4x10° t COse) per year (8% of
total), and he urban network contributes IT4 COse (1.6x10° t COe) per year (5% of total).
Urban interstatethemselvesontribute 0.5 Tg C@ (0.6x10° t COe) per year (186 of total)
The relatively large cdnbution from interstates is due to tmeassive structures arugher
proportion of concretdanekilometers (lanemiles) relative to asphaltanekilometers (lane
miles)on thisroadway classification Collector roads on both rural and urban networke hibe
smallest contribution to the national emissiah® to the fact that growth is negligible (0.03%
per year) on this roadway classification
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Figure 2.6 i Average annual lifecycle GWP from all new concrete pavements irthe U.S. by roadway

classificationfor 1999 2008

Figure 2.7 projects emissions 40 years into the future based on the average annual growth
rate in the concrete pavement network. The first notable feature is that the accunaflation
emissions is constant, because the average growth rate for each road is assumed to be constant
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al so be seen that Al
wiststwaysbanredptbeents

proportion of these emission®f note is that this projection assumes that no improvements are
made over time, when in reality, various energy efficiency, mix designs, and other advancements
will change the annual footptin It also annualizes the impact, thus smoothing the spiked

emissions that occur during initial construction, re
validationand detail®f the extrapolation procedure and
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Figure 2.7 7 Cumulative life-cycle GWP for all new concrete pavementsn the U.S. for 2009 2050 on five
major roadway classifications Extrapolation based on average growth rate of eacblassification

2.5 Sensitivity Analysis

The LCA results presentdd the previous sections use point values and average structures to
estimate theGWP associated with concrete pavements order to provide a more robust
assessment, sensitivity analyses are used to capture the uncertaingyriabiity of the input

data Three sensitivity aspects are explored: (1) traffic volume variability within each roadway
classification; (2)Yiming of traffic closures; and (3) overall sensitivity to input parameters.

2.5.1 Traffic Volume

One ofthe variableghat the results ammost sensitive to is the traffic volume that the pavement
structure supports. Thesults in Section 2.6 assume an average traffic volume and associated
concrete pavement structure for each roadway classificatibien in reality thepavement
thickness, number of lanesjdth of shouldersand fuel consumption due to roughnesbkyary
according to traffic volume.The derivation of representative higand lowend structures is
explained inLoijos (2011). The variability of GWP foreach roadway classification Figure 2.8
spanbetweenthe first and fifth sextés of AADT, which approximates orgtandard deviation
from the mean.Some of theoadway classificationshow large variabilityincluding therural
interstate, urban inteede, urbanother freeway/expresswayrbanother principal arterial, and
urbanminor arterial. This is partially because of large traffic variability on these networks, but
also because the number of lanes in the representative structures changes;ashiats &ithe
asymmetryin many of the error bars.
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Figure 2.871 Life-cycle GWP rangesper km (mi) for twelve roadway classificationshased solely on variation
in AADT on eachclassification

2.5.2 Traffic Closures

The results are also sensitive to lane closure timipgr. the general assessmenisiassumed

that the pavement construction is done in order to appropriately balance construction costs and
user costs, and so traffic queues are avoided by cltzsieg during the night rather than the day.

In reality, daytime closures areometimesunavoidable because of emergencies, budgetary
constraintsdemanding traffic condition®r other complicating factorsThe effect of daytime
closures and the subseu traffic queuingcan have a dramatic impact on the-lifgecle GHG
emissions Daytime closuregmodeled usingRealCost are shown on the urban netwark

Figure 2.9 where traffic queues account for a large majority of the traffic delay component.
Quetes do not form on any of the rural roads, and so the results do not vary significantly and are
notshown.The fofclyed el icfoenponent so comprise the res

It should benoted that this is fothe purpose oflemonstrang the potentially dramatic
impact of suboptimal closure practices, asdsuch the modeled lane closure events occur during
both rehabilitative activities and initial construction. The lane closure for initial construction
applies to lane expansions on exigtroads, as well as reconstruction, and is not representative
of constructing an entirely new roadway. Only emissions that are due solely to rehabilitative
activities are pertinent to new roadways, which constitlite% of the overall traffic delay
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emissionsfor daytime closuresn all roadway classificationsvith the large majority occurring
during initial construction.

On the urban interstate, consistently using daytime closures throughout the pavement life
cycle results in an increase in GWP of 2,209 COe/km (3,900 t C@/mi), and comprises
26% of the total lifecycle emissiondor this case. On the urban other freeway/expressway, the
representative traffic level is squeezed from four lanes down to two lanes, and 8 km long queues
are predicted biRealCosduring peak daytime traffic, which contributes an additional 6,500 Mg
COse/km (11,000 t Cee/mi) to the life cycle, constituting 61% of total emissions.

Traffic delay = Other life-cycle components

12000
- 20000
10000
oy —
N 1
S 8000 5000 >
o O
c 6000 - 10000 E
5 g
< 4000 5
© - 5000
2000 l
0 ‘ H m - 0
Interstate Other Other Minor Collector Local Road
Freeway /  Principal Arterial

Expressway Arterial

Figure 2.9 i Life-cycle GWP per km (mi) from daytime lane closures during new construction and
rehabilitation activities on urban roadways

2.5.3 Overall Sensitivity

Based on variability in the input parametdrscussedn Section2.3, a sensitivityanalysisof the
resultsis performed The results tend to be sensitive to certain set of paramdtetrsthe
sensitivity also depends on th@adway classificatiorof concern. For example, the variable
influence of climatic zone on pavement roughness is likelyiapt to the totaGWPon a high

traffic volume urban interstate, but not so on a local road where fuel consumed due to roughness
has a small lifecycle contribution.

In the following sensitivity analysethe traffic volume parameter was held fixed bessau
of its heavy influence on the pavement desgrhe AASHTO 693 design ec
heavily on expected traffic volume and traffic composition. These equations are not, however,
operational in th&aBimodel and the structures are input separately fthe design procedure
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Similarly, traffic delay is measured usifealCostand not included in the following sensitivity
analysis. Hence the sensitivity to traffiasvas analyzed separatetySectiors 2.51 and 2.5.2

The sensitivity analysis resultse presented for the rural and urban networksgores
2.10and2.11 The graph shows the sensitivity of results to variation from the nominal value that
is normally used to calculate the resulfdthoughthe distribution of parameter data may net b
normalin all cases, a normal distribution was assumed to estimate i s e nsi t iovti ty v a
approximates one standard deviation from rbeninal value(e * ), such thatapproximately
68% of available data pointre within this interval. i sone caseghe variationis estimated.
Only those parameters which exceedetiectof 2% on a majority of the roadway classifications
are included in the sensitivity results. The
urban Aot hetemiralngd phtom most infl uenti al p a
parameter (at bottom).For the change in results displayed in Figures 2.10 and 2hgl, t
correspondingarameters, nominal value, asehsitivity variatiorare presented ihable 2.7

Table 2.7 i Most influential model parameters their nominal value, and the sensitivity variation (derived
from available representative data Loijos 2011)

Parameter Name Nominal Value Senstivity Variation
Concreteahickness In Tables 2.42.2 10%
Pavementlbedo 0.33 (unitless) 8%
Outershoulderwidth In Tables 2.42.2 33%
Lanewidth In Tables 2.42.2 9%
IRl @ 20years In Table A.3 11%
Carfuelincreasefrom IRl 1.05%/1 m/km(0.02 in/mi) 25%
Cementemission factor  0.928 kg CQ@e/kg(0.928 Ib CQe/lb) 8%
Agg. % byrail 27% 93%
Agg. truck distance 50 km (31 mi) 24%
# Rehallitation events 2 22%

It can be seen that the results become more sensitive to certain parameters as one moves
from smaller toarger roads (such as changethe international roughness index (IRNer the
first 20 years), while other parameters are more important on the smaller eogdeuter
shoulder width, carbonation rate, pavement albedo). This is primarily due tacthéhat the
parameters to which the results are more sensitive correspthmak#tife-cycle components that
contribute a larger proportion of the overall emissions. In general, smaller roads are sensitive to
parameters which relate to materials prdout since this has a larger contribution to the total.
They are also sensitive to use phase components that are driven by surface area, like carbonation
and pavement albedo. Larger roads are sensitive to traffited parameters, since the
roughnesand traffic delay components comprise a larger proportion of overall emissions. There
are also variations acrossadway classificationthat are due to different nominal values in the
parameters These includeumber and width of lanes, number and widtlshoulders, lighting
requirements, and roughness.
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Figure 2.1071 Sensitivity of life-cycle GWPto ten most influential
parameters on six rural roadway classifications
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Figure 2.1171 Sensitivity of life-cycle GWPto ten most influential
parameters onsix urban roadway classifications
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2.6 GHG Emission Reduction Opportunities

The LCA results presentedn Section 2.5 provide a foundation tdentify and evaluate
opportunities for reducing the IHeycle GHG emissionsof concretepavements Reductions in

in GHG emissionscan beachieved in various ways, includinigroughmaterialimprovements

and using less emissiontensive materialsyising pavement designs that remove overdesigned
thicknesses and features; and impnmgumanufaturing and construction processéihis section
explores four broadeductionapproaches: (1) reducing embodied emissions; (2) increasing
albedo; (3) increasing carbonation; and (4) reducing the impacts of Within each of these
approaches, strategiecan be identified that offer specific opportunities reduce GHG
emissions Table 2.8 presents a list of some GHG reduction opportunities available for concrete
pavements. It should be noted that this table is not meant to be an exhaustive sehsf lopti
rather a demonstrative list of potential improvement pathways.

Table 2.8 Potential GHG emissionreduction strategies for concrete pavements

Reduction category Strategy More Information
SCMs -fly ash*
-GGBFS Section 2.6.1.And
-silica fume Tikalsky (2010)
-others
two-lift paving CP Tech 2010a)
Embodiedemissions DarwinME/MEPDG designs* Section 2.6.1.6
roller compacted concrete CP Tech (2010b)
virgin aggregate substitutes Horvath(2004)
limestone additions Thomas et al. (2010)
reduced processing energy Worrell and Galitsky (2008)
white aggregate* Section 2.6.1.2
white cement Levinson and Akbari (2002)
Albedo and urban GGBFS Boriboonsomsin (2007)
heat island pervious concrete Kaloush et al. (2008)
photocatalytic cement Guerrini (2010)
two-lift paving (high albedo materials in top surface) CP Tech 2010a)
EOL stockpiling Section 26.1.3
. EOL: embankments Collins (2010)
Carbonation _
EOL: subbasse Collins (2010)
perviols concrete Haselbach and Ma (2008)
extra rehabilitation* Section 26.1.4
stringless pavers CP Tech201X)
PVI improved smoothness stability Perera et al. (2005)
incentives for reduced initial smoothness Perera and Kohn (2002)
Stiffer pavement strctures Section 3

* evaluated in this research
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This section consisiof two parts the first part presents the methodology daantifying
the GHG reduction sategiesand its accompanying assumptions, andsbeond part presents
the numericakresults fo the GHG reduction scenari@s compared to the baselines that were
established in Sectidh4.

2.6.1 Evaluation Methodology

Fourdistinct and one combingdHG reductiorstrategyscenarios arguantified in this research
redudéng embodied emissionthroughfly ash replacement of cemenicreasing albedo with
white aggregatesincreasing carbonation through eofilife waste concrete managenient
reducing fuel consumption bgdding anextra rehabilitation activityand a combinel scaario
that evaluateall of these reduction strategigisnultaneously

A sixth, locationspecific strategyis used to evaluate the effect that overdesign has on
embodied emissions. This is evaluated as a separate case study due to the dependence of
pavemat design on climate conditionsA summary of keyparameter data and assumptioms
found inTable 210 at the end of this section

Of note is that the chosen strategies are not meant to be an exhaustive set of options for
reducing GHG emissions, but rathan exploratory set of opportunities. Tbigectiveis the
guantify a limited set of strategies ademonstrat@n approachhat carlaterbe used to evaluate
a larger set ofeduction strategies, such as those listed in Table R of note is thathese
reductions are based on average roadway dimensions and structures, thus lacking the project
specific inputs that are necessary to obtain more accurate and refined results. The intent is to
provide estimates for a select number of generalized gieatén order to gain insight into the
magnitude of possible GHG reductions.

2.6.1.1 Reducing Embodied Emissioriacreased-ly Ash

Embodied emissionare thosereleased during thenanufacturingand construction of paving
materials. These emissions can be redumedising less natural resources, substituting less
emissionintensive materials, ootherwise reducing production emissions (e.g., more efficient
processes). Concrete pavements can reduce embodied emissions in numerous ways, including
optimizing mix andstructure designs, using supplementary cementitious materials (SCMs), or
continuing to switch from wet to dry kilns.

The embodied emissions reduction strategy explored here is increasing the use of a
particular SCM coal fly asl® in the concrete mix desigrizly ash is already widely used in the
in the concrete industry, as noted by the 10% inclusion in the baselineAnixacrease from
10% to30% fly ash replacemeid modeled here to exemplify the possible reduction from one
embodied emissions reductistrategy. An online database of state DOT practices reports that
five of 19 agenciesllow for up to 30% replacement of cement with fly ash this value isised
to representan aggressivwgetrealistic reflection ofthe potential use of fly ash in coete
pavements(ACPA 201). Partial substitution of cement with fly asht 10% and 30%
replacementas been shown experimentally to increase the carbonation coefficient (the rate of
carbonationpy about 5% and 10%espectfully (Lagerblad 2006which is accounted for here.

2.6.1.2 Increasing AlbedoWhite Aggregates
Albedo measures the fraction of incoming solar radiation that is reflected by the pavement
surface. Increasing albedo reduces the impacts from both the whiaisland effect and direct
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radiative forcing. While concrete naturally enjoys a relatively high albedo, improvements can be
made to the concrete mix that increase the albedo even further. Materials that lighten the mix,
such as white aggregates, whadement, and slag, generally correspond to increalesti@

More information on albedo and its relevance in the pavement life cycle is found in Santero et al.
(2010).

As an example of albedo impact, white aggregates (both fine and coarsejareced
into the pavement designin order to estimate the reduction opportunity that constructing a
whitened pavement preseditboth in terms of reduced pavement lighting demands, atedrirs
of the albedo effeéta | i near extrapol at i olationship totlightng pav e m
demandis usedto estimate the lighting needs on whitened pavement. This was based on
extrapolating AASHTO average maintained illuminaiik#) recommendations for asphalt and
concrete, and an assumed average allfeflof 0.1 and 825, respectivelfPomerantz and
Akbari 198). According to tests byevinson andAkbari (2002, the highest albedo (or
brightest) concrete pavement that they were able to engineer didgexh selecting appropriate
fine andcoarseaggregates had an albedo of 0.52, and 0.41 after being formed at week 69. This
was achieved with a conmmtion of beach sand (albedo of 0.45) and plagioclase rock (albedo of
0.49), which are pictured iRigure 2.12 The extrapolated illumination requirements ane)®
for interstates, 6.5ux for other freeways, 6.&x for other principal arterials, 6.8x for minor
arterials, 4.9ux for collectors, and 4.Rix for local roads.

The albedo effect of the whitened pavement scenamoeasured with reference to the
average concrete albedo (0.325), so laing with higher albedo is attributetwgative lifecycle
emissions. Emission factors for the albedo effect are giv&Geation2.3. An important note
regarding this strategy is the local availability of white aggregates. In ioaations, white
aggregates may not be avaibmaking this strategy only practical in certain regions. The
results for this strategy (presented in Section 2.6.2) discuss the impact of transportation distances
on the results. Additionally, the cost effectiveness of this strategy, which inclueesiavgy
analysis on transportation distances, is discussed in Section 2.7.

' Tan beach sand White rock
(quartz, clay, minerals, micas) (plagioclase)
. 0.45 albedo 0.49 albedo

- 0.20mm (0.008 in) diameter 14 mm (0.6 in) diameter

Figure 2.12 7 Fine (left) and coarse (ight) aggregates used to increase pavement albedadépted from
Levinson and Akbari (2002)

2.6.1.3 Increasing Carbonation: EOL stockpiling

Much of the CQreleased during the calcination of cement can theoretically be captured through
carbonation. Carbonation for ansitu concrete pavement is minimal, penetrating only a few
centimeters intdhe pavemenbver its service life and thusequesteringnly a fraction of the
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CO, release during calcinatio(e.g., see Section 24)Fol | owi ng Fickos | aw
carbonation is expedited with increases in the swdaeato-volume rati@ somethirg that

occurs when concrete pavements are crushed at their end of their service life. Crushed concrete
is typically recycled as base, fill, or concrete aggregate®L carbonation arguably is most
effective when exposed to the environment, but resednciwss that even buried crushed
concrete sequesters a significant amount of (@@llins 2010). Regardless of the application,

the recycling of concrete at the end of its life presents an opportunity for carbon sequestration.

The EOL option modeled here ike simple scenario of crushing and stockpiling the
concrete for one yeaduring which time iassumed teequester 28% of the initial G@eleased
from carbonation, or 15§ramsof CO, per klogram (310 Ib CQ/t) of cement in the mixXDodoo
et al. 2009) It should be noted that actual carbonation is uncertain and that the empirical data
used for this estimate should be refined as more precise models become avéialdeare also
practicality issues to consider, such as the willingness of DOTs amddmistry to stockpile
recycled concretér months at a time This strategy represents only one option available at the
end of life, although other options are likely similar in terms of the magnitude of emission
reductions. Ladly, if this strategy wascontinuously applied for many pavements, the result
would be an effective removal of some tonnage of aggregate supply from the available stock.
The effect would be an induced demand for virgin aggregate to replace the losi stock
something that a more thmrgh LCA might consider within its boundaries.

2.6.1.4 ReducingFuel ConsumptiorExtraRehabilitation

Pavemenwehicle interactiorcan play an important role in the reductionGflG emissions for
pavements. For the modeled urban interstate roadway, the 790 s@er year have tailpipe
emissions of over 10,000 Mg of G&® Pavement characteristics which offer even slight fuel
economy improvements can significantly decrease the GHG emissions associated with the
pavement life cycle. PVIimprovements can caméhe form of reduced pavement roughness or
reduced deflection in theavement structure. The latter improvement is discussed in more detail
in Section 3.

Reducing pavement roughness can be accomplished in various ways, inchatieg
frequent rehabilithon of the pavement surface. TlEsenariois evaluated by adding axtra
pavement rehabilitatiomctivity at year 10. This consumes additional energy from diamond
grinding, and requires that the structure is 1 cm thicker at the icotsitruction irorder to make
a more accurate comparison between the life cycle of this scenario and the baseline scenario
(WSDOT 201). The additional activity benefits the life cycle in two ways: firstly, the pavement
roughness is brought back down to the initial IRI 100 m/km 63 in/mi), and secondly,
compktely uncarbonated concrete is exposed to the environment and carbonation resumes again
atits faster initial rate

2.6.1.5 Combined GHG Emissions Reduction Strategy

This reduction strategy incorporates flur of the above scenarios, with the exception of the
additional rehabilitation fothe rural major collector, minor collector, local road, ahe urban

local road because these obtaineal life-cycle GWP benefit. The model accounts for the
interdependencies that exist between different strategies, sudie asmbined effect ofan
increased carbonation coefficient from fly ash substitution and an additional exposure of fresh
concrete for accelerated carbonation that is due to the additional rehabilitation activity.
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2.6.1.6 Case StudyMEPDG Design Optimization in xhard, CA

Longterm pavement performance (LTPP) data collected byFHié&/A indicates that concrete
pavements often last much longer than they were designed for initially. LTPP data for
California, North Carolina, and Florida show concrete pavements dvat supported up ti@n

times the traffic that they were designed to cd@#MEX 2010) The Mechanistic Empirical

Pavement Design GuiddMEPDG model was developed in order to match pavement design

with empirically measured performance, and calibrate design procedure with regional,
materi al, and tempor al dat a, because under 1
accurately extrapolate the original data to different situati®wtland Cement Association
2009) In at least some casdhe AASHTO6 93 design procedure |
improvement MEPDG offers can also lead to reduced LCA impacts.

eads

In order to evaluate theWP of the more accurate MEPDG procedure, the same traffic
and service life inputs that were used for the baséideS HT O déstgBs)were input into the
MEPDG software. A moderate climate in Oxnardlifornia was assumed. The structure
designs forsix of the twelve roadway classificationare listedn Table 2.9as compared to their
AASHTO 093 equi warimariyta sigh traffid #foRieGlesign tool, and does not
provide outputs of less thatv8 mm { in) for the concrete slathickness so the lowvolume
classifications are excluded from this reduction scenario.

While a moderate climate was specificallyosen to show the potential GWP and cost
benefits of MEPD&lerived designs in the present case study scenario, it must be notix that
results may differ n ot her <cl i mates. MEPDGG6s ability t
can more accurately dgn to reach given serviceability requirements thhe climate
independenf A S HT Oprdacédare.

Table 297 MEPDG concrete pavement designs compared to AASHTO '93 equivalenisr Oxnard, CA (Sl
units, seeTable A.12 for U.S. units)

Rural Network

Roadway class AASHT O

6 MEPDG

Urban Network
Roadway class

AASHTO

6 MEPDG

Interstate

292 mmJPCP
152 mmbase
38 mmdowels

229 mmJPCP
102 mmbase
38 mmdowels

Interstate

305 mmJPCP
152 mmbase
38 mmdowels

229 mmJPCP
152 mmbase
38 mmdowels

Other Principal
Arterial

203mmJPCP
152mm base
38 mmdowels

191 mmJPCP
102 mmbase
25 mmdowels

Other Freeway
| Expressway

249 mmJPCP
152 mmbase
38 mmdowels

216 mmJPCP
152 mmbase
38 mmdowels

Minor Arterial

191mmJPCP
152 mmbase
No dowels

178 mmJPCP
102 mmbase
No dowels

Other Principal
Arterial

216 mmJPCP
152 mmbase
32 mmdowels

191 mmJPCP
102 mmbase
32 mmdowels
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Table 2.107 Summary of key input parameters for reduction scenario analysis

Reductionscenario Key parameters andgsumptiois

Fly ash substitution  30% replacement of cement; 5% increased carbonation rate (Lagerblad 2006)
White aggregate Concrete & 0.41;Ml,,4=9;6.5; 6.5; 6.9; 4.9; 4 mens/M

Additional 155 g C@/ kg (0.155 pounds CO pound) cement sequestered at end of life
(Dodoo et al. 2009)

Additional Diamond grinding of 1 cm at year 10, 1 cm inceghgitial pavement thickness. Re
rehabilitation exposes fresh concrete for accelerated carbonation.

gEgyDG design case Climate zone: Oxnard, CA. MEPDG@erived designs in Table 2.9

EOL stockpiling

2.6.2 GHG Emission Reduction Results

The GHG reduction strategiesare intended to prode DOTSs, municipalities, and other
stakeholders guidance as to effective approacheslegign less GHéntensive concrete
pavements. The reducti®for the discussed strategiase presentedn Figures 2.13and 2.14
The strategywith the highest GWP trictiondepends on thepadway classificationf concern.
On urban interstates, increasing fly agduces the most GWB70 Mg CQe/km, 1,200 t
COe/mi), whereas white aggregatéfers higher reduction&lbeit narrowly) on all structures
with an AADT ofless than 10,000 vehicles/day.

It is worth noting the impact of increased transportation distance that is likely associated
with the white aggregate strategylhis strategy reduce&WP by 8% of the total on urban
interstates 830 Mg CO.,e/lkm, 940 t CQe/m) and up to 4% of the total on rural local roads
(150 Mg CO., 270 t CQe/mi). From a carbomanagement perspective, sourcing lighter
colored aggregates may require trading off with a longer aggregate transportation distance.
Since the lifecycle bendf varies across each roady classificationthe willingness to tradeff
with increased aggregate transportation also varies. White aggregate (of all&#0c10)gives
a netGWP benefit for an urban interstates at transport distances up to 2002kmi) by truck,

1,100 km (680 mi) by barge, or 00 km(1,100 mi)by rail. For a rural local road, there is a
benefit up to about 850 krfb20 mi) by truck, 3800 km (2,40 mi) by barge, and ,200 km
(5,100 mi)by rail. This point is, however, sensitive the durability of the pavement as well as
the analysis period.

Also of interest is that thextra pavement rehabilitatiostrategyonly benefits some
roadways primarily because of the additional emissions from each rehabilitation activity is
greater thn the emissions saved by way of fuel consumpdios to roughness. Whereas &4l3
reduction inGWP occurs on high traffic urban interstatds tife-cycle GWP of rural local roads
increases by 8. There is a crossover point where this strategy becdmmesficial at an
AADT of greater than approximately3D0 vehiclegerday.

Combining all four strategies, significant carbon reductions are obtained across all
roadway classificatian In thecase of urban interstates, &24&WP reduction is obtainable by
combining the four strategies, which amounts to a reduction4®02vig CO,e/lkm (4,300 t
COse/mi). The reduction proportion that is achievable increases as traffic volume decreases
70% reducedGWP isachieved on the rural local road. In this case,aaithat is sequestered

Concrete Sustainability Hub Page37
Massachusetts Instituteof Technology




Methods, Impacts, and Opportunities in the Concrete Pavement Life Cycle August 2011

through carbonation and light that is reflected from pavement algesiily reduce overall
emissions.

The MEPDG strategy is presented separately due to its sensitivity to climate inputs.

Figure 2.15 shows the results of MEPDG desagocedure compared to the original AASHTO
693 design procedur e, which uses regional
MEPDG does not offer design differences for {oaffic volume roadways, so these roadway
classifications are omitted. Rections in GWP are achieved in all six of the analyzed cases,
from 8% on rural minor arterials to 17% on rural interstates.

White aggregate
All four strategies

Increased fly ash
m Extra rehabilitation

= Baseline
EOL stockpiling

7000

- 12000
000 37% - 10000
Reduction
‘¥, 5000
O ~~
o) - 8000 8\1
g 4000 43% - 8
= Reduction 43% 70% - 6000 =
£ Reduction Reduction E
5§ 3000 - N %
3 48% 60% - 4000 O
2000 + Reduction Reduction
1000 |- I I%I I 3 - 2000
0. I I i1 B HN NS BN EY CER RS En BE B meoolT
Interstate Other  Minor Arterial Major Minor Local Road
Principal Collector Collector
Arterial

Figure 2.13 7 Rural network opportunities: life-cycle GWP per km (mi) by roadway classification and by
GHG reduction strategy. Overall reductions are shown for combining all four strategies on eachoadway
classification
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Figure 2.14 1 Urban network opportunities: life-cycle GWP per km (mi) by roadway classificationand by
GHG reduction strategy. Overall reductions are shown for combining all four strategies on eachloadway
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Figure 2.157 Case study GHG reduction strategy life-cycle GWP per km (mi) for MEPDG procedure
compared to AASHTO '93 design procedure onthree rural and three urban roadway classification in

Oxnard, CA
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2.7 Cost-Effectiveness Analysis

Economics provide the critical link that helps implement environmeimi@iact reduction
strategies into DOT decisiemaking frameworks. While most DOTs are interested in reducing
their GHG footprint, the primary goal remains to provide maximum pavement performance
within budgetary constraints. Reaching environmental tangetessarily becomes a second
order priority. In order to effectively integrate GHG reduction strateigisDOT decision
making, it is essential to appreciate that reductions must be achieved at minimal costs. One
method of evaluating the potential r@duction strategies is through the use of-edf&ctiveness
analysis.

Costeffectiveness analysis (CEA) is most commonly associated with the health and
medicine fields, where it is used to evaluate the cost of different interventions with respect to
ther ability to increase quality of lifeGold 1996. Applying the concept to pavements and
GHG emissions, reduction strategies can be evaluaieonly on their reduction potential, but
also the relative cost of that reduction. Equat2oh provides thebasic relationship between
cost s, emi ssions, and cost effectiveness (CE)
the reduction alternative case and the base case, respectively.

[2.1] 00 .

The outputs from ahCA determine thevalues for the denominator of Eafion 2.1; the
numerator is determingtirough economic analysig-ollowing establishedCCA protocols, the
absolute cost of each strategy is not necessary to compute if the difference between the base and
reduction strategy cases is known. Since masyioputs will be identical between alternatives
(e.g., construction processes, mobilization, unit costs),demandfor data is significantly
reduced. Practitioners can focus on the differences between designs rather than calculating
comprehensive, budrgely irrelevant, absolute costs.

It is helpful to view these results with respect to the estimate price of carbon. Currently,
the European Union Emissions Trading Scheme places the market value of carbon at $19/Mg
($17/t) (Point Carbon 2001 Alternatvely, the Stern Review estimates that the social cost of
carbon at $85/M¢$77/t)under the businesssusual trajectory, and between $285/Mg ($23
$32/t) under a reduced emissions trajecto§tegn 200Y. More recently, the Australian
government annawced a national carbon tax of approximately $25(8®3/t) beginning in 2012
(Gillard et al. 2011). Regardless of the exact price of carbon, understanding the order of
magnitude helps contextualize the CEA resulReduction strategy costs that are corapée
with (or below) the current carbon valuati ons
from an agency or industry perspective.

Table 211 provides a summary of parameters that help describe the fundamental
purpose, assumptions, and data eisded with an individual CEA. Both costademissions are
subject to uncertainty and variability, so proper transparency is critical in the reporting of
methods, calculations, and results. Identifying key drivers in the CEA and conducting sensitivity
analyses on those drivers helps convey the expected range of results. When performing
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generalized, noproject specific analyses, presenting a range of vahtésr than a single point
value is done tocapture uncertainty due to price volatilities andiafaitity in emissions
throughout the life cycle of the present pavement classifications

Table 2.117 Parameters and framework for CEA of GHG reduction strategies

Property Description

Reduction category Approach to reducing GHG emissions

Scenario Specific strategy explored

Key driver(s) Primary parameters which dictate the emissions and costs
Key cost(s) Important unit costs antbst parameters

Emission range GWP for evaluated scenario based on LCA result

Cost range Cost(s) for evaluated scenario

Range of cost effectiveness values, measured in $/Mg €&ved (or

Cost effectiveness range equivalent)
Most cost effective (MCE) Roadway classificatiowhich providesestcost effectiveness

Parameters and value ranges evaluated in sensitivity analysis. Sens

Sensitivity paameters parameters often correspond with one or more key drivers.

Sensitivity ofMCE Range of cost effectiveness values for the determined best applicatit

2.7.1 CEA Scenarios and Data

The GHG reduction strategies presented in Section 2.6 are evaluated for their cost effectiveness.
Like with the reduction previous reduction analysis, it is important to note that these strategies
and results are based on average roadway and strudati@al This provides useful insight into

the economic feasibility of the evaluated stratedms generalizedscenarios but lacks the
accuracy that a projespecific analysis would provideSensitivity analyses are performed for
selected parameters imder to estimate a range of expected costs. A summary of the strategies
and the sensitivity parameters are presented in Tab® Zable 2.13summarizes the cost and

other data used in the CEAhe emissions data comes from the LCA presented in S&:on
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Table 2.127 Description of CEA scenarios and sensitivity analyses

Strategy Category Description Sensitivity analyse
Increased flyash Em.bogmed Replacement of cement with fly ash Fly ash unit cost
emissions cogs.
Transportation costs associated with - increased haul distance

White aggregate Albedo increased hauling distance. for white aggregates

Carrying costs associated with storing

EOL stockpiling Carbonation Annual carrying cost

crushed concrete aggregate - Exposure/storage time
Extra Fuel - - - Grinding unit cost
I . Grinding of mainline concrete surface: .
rehabilitation consumption - Concrete unit cost
MPEDG case Embodied Reduction of concrete and base - Concrete unit cost
study emissions thicknesses - Base unit cost

Table 2137 Costs and other data used to conduct the CEA for the GHG emission reduction strategig$Sl
units, seeTable A.13 for U.S. units)

Best Low High
Parameter estimate estimate estimate Reference (if applicable)
Cement ($/Mg) $102 USGS @0m)
Fly ash ($/Mg) $50 $25 $65 Tikalsky et al. (2011)
Truck transport ($/1g-km) $0.10
Extra aggregate haul (km) 50 0 200
Recycled concrete value ($/Mg) $7.43 USGS (2008
Annual carrying cas(%/Mg/yr) 25% 20% 40% Hendrickson (2008)
EOL carbonation duration (yr) 1 0.3 30
EOL carbonation% of calcination)  28% 20% 44% Doodoo et al(2009)
Grinding cost ($/rf) $4.31 $4.00 $5.00 Caltrans 2011)
Concrete pavement ($7n $212 $151 $273 Caltrans @011)
Aggregate base ($/n $83 $51 $114 Caltrans 2011)
Steel dowel bar ($/f $165 USGS (2010)

2.7.2 CEA Results

The cost effectiveness of the GHG reduction strategies are shdvigunes 2.16and2.17. The
solid barsrepresent the results usingetbestestimate data shown ihable 2.13 the error bars
representhe sensitivity to he low and highestimate data.Table 214 provides a synthesis of
the results. The costeffectivenessising the best estimate datange fromroughly (-$600/Mg
CO.e saved((-$540/t COe saved)for the MEPDG case studpn urban interstates to over
$1,000/Mg CQe saved$910/t CQe saved)or extra rehabilitatioron rural principal arterials.
This range is broadened even further when the low and high estimatesnsigered. Cost
effectiveness also varies between roadway classifications, indicatinghthatconomically
preferred reduction strategy may shift based on the intended applicimbe. that for clarity
purposes, the -gixis stops at $000/Mg CQe saved($910/t CQe saved)even though some
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points are above that threshol&trategies at that cost magnituale significantly higher than
estimated carbon prices and are tbossidered to babovereasonable costffectiveness limits.

The replacement of cemeewith fly ash is a welknown and highly utilized strategy to
reduce both emissions and costs. The results reflect this concept in the form of negative cost
effectiveness values for each of the roadway classifications. Thedigstte values range fimo
(-$43)i (-$34)/Mg CO.e saved(-$23) (-$15)/t CQe saved) Sensitivity to the price of fly ash
broadens the range te{1)i (-$27)/Mg CO.e saved(-$12) (-$37)/t CQe saved) The results
also showthat the cost effectiveness differs slightigtween theoadway classifications, with
high-volume roadways (i.e., those tiithicker concrete layers) havimgmoderatelybetter cost
effectiveness.This slight nonlinearity is due tine factthat the carbonation rate increases with
the addition of fly asl{fPamdakis 2000) Regardlessf this slight differencethe magnitude of
valued roughly (-$40)/Mg CO,e saved((-$36)/t COe saved) is an important indicator
describing the cost effectiveness of fly ash replacement.

The driving force behind the cost effectiveseof using white aggregates to increase
albedo is transportation distanc&ssuming an extra haul distance of 50 kilome(8ismiles)
the cost effectivenesangeis $1i $170/Mg COe saved$37i $150/t CQe saved)with the best
applications being on W-volume roadways Locally available white aggregate results in no
additional cost ($0/Mdor t) CO.e saved), while longistance haulingirasticallydecreases the
effectiveness of this reduction strate@180 $1,200Mg CO.e savedor $160$1,100/t CQe
saved. Since albedo is a surface property, pavements with high sudessto-concrete
thickness ratios will have better cost effectivenesdy the fine and coarsehite aggregates at
the top of the structure will contribute the albedo reductionConcrete overlayand twalift
concrete structuresald take advantage of this concept by utilizing the albedo benefits of white
aggregate while minimizing the fiwastedo white

Both the amount and cost of @8equestration by ElOstockpilingdepends on the length
of time the crushed concrete is exposed to the envirohn@ven a one year exposure, concrete
is estimated to sequester an additid2t®o of the calcinated C{Doodoo et al. 2009) With an
annual carrying cost of 2b of the recycled concrete value, one year of BRickpilinghas a
cost effectiveness oflf0Mg CO,e saved$91/t CQe saved)which is equal across all roadway
classifications. The rate of carbonation diminishes over time, resulting in reduced cost
effectiveness as thiength of exposure increase: while more ;G®sequestered, the mass per
year is reduced. A four month expostiree and an annual carrying cost of 20% cos38/8lg
CO.e saved$30/t CQe saved)while a 30year exposure time with an amal carrying cost of
40% @lmostcomplete carbonatiomear$3,000Mg CO,e saved$2,700/t CQe saved)

Adding an extra rehabilitation is a potentially costeffective method of reducing
emissions for higlvolume roadways although the results presented éeheseem to suggest
otherwise Since the roadways modeled in this research are for typical conditions across twelve
classifications, many outlying scenadosuch as those with high traffic volumes and/or high
IRI value®d are not fully captured by the scopktbis research.Adding an extra rehabilitation
for urbaninterstates hsa cost effectiveness ofl80Mg CO,e saved$160t COe saved)but
are only modeled fathe average traffic 09,000 vehicles per day. With volumes ranging up to
130,000 and higér on some urban interstates, extra rehabilitatiogould provide significantly
better cost effectivenedor pavement under different conditionsMoreover, the roadways
modeled here are in relatively good condition at year 10, which is when theehdtalitation is
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assumed to occuthe IRI at year 10 is 1.2 m/km (75 in/mi), with grinding assumed to reduce the
roughness to 1.0 m/km (63 in/mi)Roadways with higher preshabilitation IRl values will
benefit more from grinding, leading to larger enaasreductions and better cost effectiveness.

The MEPDG case studghows significant potential as a cedtective method of
reducing GHG emissions Avoiding overdesign essentially reduces the thicknesses of the
concrete and/or base layers, thus mitigathe costs and emissions from the associated materials
and processes. For the Oxnard case study described in S2@idime beskstimate cost
effectiveness ranged from$620) (-$370)/Mg CQe saved((-$560) (-$340)/t CQe saved)
indicating that emigen reductions are achieved alongside significant cost savings. Sensitivities
to material pricedroadened the range-%(90)i (-$260)/Mg CO,e saved or (-$720)i (-$240)4
COse saved but indicated the same magnitude of cost effectiveness. As with theestily
scenario, the results show that highaffic roadway classifications appear to offer better cost
effectiveness, but this is likely due to the assumption that construction cost is linearly
proportional to material unit prices. Further research aopqtlevel estimates can offer more
exact calculations regarding the cost effectiveness of structure optimization.
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Table 2.147 Summary of inputs and results for the cost effectiveness of GHGduction strategieqSI units, seeTable A.13 for U.S. units)

Increased flyash

White aggregates

EOL stockpiling

Extra rehabilitation

MEPDG case study

Reduction category

Key assumption(s)

Key driver(s)

Key cost(s)
Emissiors saved
(Mg CO,e saved{m)
Cost rangéper km)

Cost effectiveness range
($/Mg COse saved)

Most cost effective
(MCE)

Sensitivity parameters

Sensitivity of MCE
($/Mg COse saved)

Embodied emissions

10%A 30%fly ash
replacement

- Fly ash cost*
- Fly ash content

Fly ash cost: 50/Mg
641670
(-$29,000j (-$2,200)

(-$43)i (-$34)

Urban interstates

- Fly ash cost: $25
$65/Mg

(-$71)i (-$34)

Albedo

- 0.19 albedo increase
- 50 km extra distance

- Longer transportation
distance*

Albedo increasef
white aggregates

Transportation unit@st:
$0.10/Mg/km

150460
$6,000 $77,000

$41 $170

Rural local roads

Extra transportation
distance: D200 km

$0i $180

Carbonation

1-year EOL exposure

- Exposure time*
- Annual carrying cost*

Annual carrying cost:
25% of market value

321410
$3,200 $42,000
$100

Equal across all
classifications

- Exposure time: 4

PVI

Additional grinding at year 10

Grinding cost*
Concrete cost*
Grinding schedule

i Ro u g Amatlisgs
resistanceo

Grinding cost: $4.30/Mm
Concrete cost: $212fn

10i 810
$35,000 $140,000

$180i $7,400

Urban interstates

month, 1 year, 30 years - Grinding cost: $ $5/m?

- Annual carrying cost:
201 40%

$33 $3,000

- Concrete cos$151i $273/nf

$1507 $210

Embodied emissions

Equivalent design life as
AASHTO 693 d

- Material unit costs*
- M&R schedule
- Extent of overdesign

- Concrete cost: $212fn
- Base cost: $83/fn

89i 910
(-$560,000)1 (-$40,000

(-$620) (-$370)

Urban interstates

- Concrete: $151$273/nt
- Base: $51$114/Mg

(-$790)i (-$440)

* indicates that a sensitivity analysis is conducted for this driving parameter
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2.7.3 Discounting

One ofthe most influential elements of any LCCA is the discount rate. The discount rate
captures the timgalue of money and determines the present value of future dostgeneral,

the FHWA (Walls and Smith 1998jecommends using discount rates publishedh& most
current version of the White House Office of Management and Budget (OMB) Circtfdr A
(OMB 2010. Even with that guidance, 2908 survey found that there is no universal agreement
upon the discount rate value to be used for pavement projetes:asfencieadopt discrete real
ratesranging from3% to 5.3%, \kile a minority of states used either sensitivity or probabilistic
analyses to address the uncertainty regarding thgRatggaraju et al., 2008)To account fo

both the variability and uncertainty of the discount rate, this research conducts a sensitivity
analysis for a range ofalues, encompassing the current OMB rate (2,39p)cal DOT values

(31 5%), and undiscounted costs (0%)

The suitability and execumn of discounting in a CEA depends on the timing of the
evaluated reduction strategy. For evaluation of nhew and reconstructed pavements, discounting
should be applied based on established FHWA procedures for conducting an LCCA. For
instance, when evaluay the cost effectiveness of EGitockpiling a discount rate should be
applied to account for the time value of money. Since B@ktkpilingcosts occur 40+ years
after initial construction, thpresentdiscountedvalueis a better measure of agency tcios that
activity.

Reduction strategies for-situ pavements may not need to consider discounted costs in
the CEA. While the LCA results are tailored toward new and reconstructed concrete pavements,
some of the reduction strategies themselves canleedo existing pavements. In particular,
the extra rehabilitatioand EOLstockpilingare strategiethatcan be used to decrease the GHG
emissiongfor pavements that are currently in use. For example;be-temolished pavement
can use EOlstockpiling to reduce its emissions, but the costs should be discounted only for the
time period that the recycled concrete is stockpiled, wisignobably ongear or less

Figures 2.18and2.19show the CEA results for the best estimate values using a discount
rate of 2.3%. The error bars show the sensitivity to a 0% discount rate (which is equivalent to
the results presented Fgure 2.16andFigure 2.17 and a 5% discount ratelhe increasefly
ash, white aggregate, adEPDG case study scenariadl rely on changes during initial
construction, so discounting does not affect the cost effectivenesssti€ipilingandthe extra
rehabilitation occur in the future, resulting in a more favorable cost effectiveness for these
strategies when evaluated during thigial construction year. With a 2.3% discount rate, EOL
stockpilingdrops from the undiscounted value df(®Mg CO,e saved$91/t CQe saved}o
$39Mg CO,e saved$35/t CQe saved) Using a discount rate of 5%, the cost effectiveness is
further impoved to roughly $2/Mg CO,e saved$11/t CQe saved) The present value ektra
rehabilitation is also reduced, from I BOMg CO,e saved($160t COe saved)for the
undiscounted cost effectivenetss $140Mg COse ($130t COe savedusing a 2.3% discount
rate and to $10Mg CO,e saved$100t CO,e savedusing a 5% discount rate.

This analysis focuses on agency costs and thus uses discount rates as they are typically
employed in DOT decisiemaking frameworks. Another approach is to use a social discount
rate, which is often preferred when considering the social cost of carbon emissionSteirhe
Reviewuses a neazero social discount rate when evaluating climate change impacts (Stern
2007), although Nordhaus (2007) argues it should be higher to teitessent market data and
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comply with current economic models. McKins&yCompanyusea 7% social discount rate
when analyzing abatement cofBeyts et al. 2007) The IPCC discusses the lack of consensus
around this issue, both with respect to the appate value as well as the prospect of time
declining rates (IPCC 2007).In addition, this CEA uses an agency perspective on cost
abatement, thus adopting the LCCA approach that DOTs currently use in their deagiong
process. However, many abaternseanalyses (such as McKinsey & Company) use levelized
costs, particularly in the field of energy improvements where the concept was first established
(Meier 1984). This approach annualizes the economic impact over thef lifee reduction
strategy In order to equitably compare the results in this CEA with other abatement curves, it
may be necessary to convert the results to levelized costs using the data already provided.
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Figure 2.18 1 Cost effectiveress offive GHG reduction strategies for rural roadways using discounting
(discount rate is 2.3% for solid bars, and 0% and 5% for the min and max range, respectively)
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Figure 2.19 7 Cost effectiveness ofive GHG reduction strategies for urban roadways using discounting
(discount rate is 2.3% for solid bars, and 0% and 5% for the min and max range, respectively)

2.8 Discussion

This section includes two primary parts that serve to recapitulate all of S2c{iora summary

of the most relevant and interesting key findings that are drawn as conclusions, and (2)
gualitative discussion of the shortcomings of the above approach, as vezlbasnendeéuture
work.

2.8.1 Key Findings

The key contribution of thid. CA is the quantification of greenhouse gases embodied in the life
cycle of concrete pavements in thaited States This includes guantificationof emissions for
current practices, and a measurement of GHG reductions by comgisi@reductionscenarios
This is done fosix urban andix rural roadway classificationsll on a petkilometer(permile)
basis over a 40-year analysis period, and on aSU networkwide basis for each year
extrapolating 50 years into the futur&missions are quantified in absolute terms,(XeMg
COee per km) and in relative ternfise., percent of Cg2 relative to other lifeycle components)
so as toaccomplish the following(1) evaluatedifferent roadway classificationg2) show the
contibution of different components of the life cycknd (3) show the relative emissions from
each year of the analysis periotihe key findings from this section are summarized as follows:

1 The life-cycle GWP per kilometer(mile) of new concrete pavementas follows for the
twelveroadway classifications
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Table 2.157 Summary of life-cycle GWP per km (mi) for new concrete pavements

GWP (CQe) GWP (CQe)
Rural roadways Mg/km  t/mi Urban roadways Mg/km  t/mi
Interstates 3.8 6.7 Interstates 6.3 11.2
Other principal arterials 1.3 2.3 Otherfreewayséxpressways 4.1 7.3
Minor arterials 1.2 2.1 Other principal arterials 2.4 4.3
Major collectors 0.8 1.4 Minor arterials 1.3 2.3
Minor collectors 0.5 0.9 Collectos 1.0 1.8
Local roads 0.3 0.5 Local roads 0.6 1.1

1 The majority of emissions occur durittte materials phaseonstituting about 6% of
the total on urban interstate®% onrural interstates, and up to%/on rural local roads.
Cement productiohasthe largest single liteycle GHG catribution on all roads: from
45% on urban interstates, to%2n rural local roads.

1 Using a combined strategy of four reduction scendnatuding fly ash substitution,
whiter aggregate, carbonation through EOL manaagg, and more frequent concrete
rehabilitatior) life-cycle GWP per kilometer(mile) can be reduced by approximately
48% on the largest of roads (urban interstates) and by as much ag@%oon the
smallest of roads (rural local roads). In Oxnard,d2#e studythe MEPDG design
procedure leads to pavement designs that have LifdoeducedGWP.

1 The cost of employing the modeled reduction strategies ranges from implausibly high
(over $1000/Mg CQe savedor $910/t CQe savellto very cost effective-$600/Mg
CO,e savedor-$540t COe savell Strategies that reduce embodied emissions by
reducing natural resource demand (i.e., the fly ashEEIDG strategies) reduce both
costs and emissiorisr all roadway classifications to which they were appli€dher
strategiegwhite aggregate, EOstockpiling and extra rehabilitatiorshowed promise
for certain roadway classificationgut required additional costs for agencies to
implement. Projeescale analysesre necessary ttetermine theost effectiveessof
these strategiasnderspecific conditions.

1 The life-cycle GHG emissions for all new concrete pavements constructed in.gesU
approximately 2.87'g COse (3.1x10° t COse) per year, or about 0.94 of total emissions
in 2009.

2.8.2 Limitations and Future Work

The present LCA models a mutiered supply chain for a complex pavement network that has
within it many different sources of regional, temporal, and technological variability. This
undertaking inevitably involves many simplifying assumptions,ciwhave been documented
throughout this report. This allows the study to be reproducible, and allows for the reader to
understand the representativeness of the result. Just as it is important to be transparent about
what the study represents, the linbas of the present work are conveyed here for clarity and
completeness.
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2.8.2.1 Goal and Scope of LCA

Defining the goal of the LCA is an important framing step that enables the research to focus on a
clear question, but at the same time constrains the reseaemaorow domain. The first
limiting step is the focus on greenhouse gases. This is only one environimanciahthat a
product system imposes. The research field will benefit from a similar quantification of other
impact categories, such as land wgaterconsumptionenergy consumptiorgcotoxicity, human

health impactsnatural resource consumptiand social impacts. Also, by limiting the present
LCA to pavements alone rather than roadway transportation, it removes the need to account for
larger ystemic and societal effectsuch as induced traffic due to road expansion, increased
urban sprawl, and increased reliance on goods transport by vehicle rather than other more
efficient means. These broader sysiewel impacts could potentially trump ypeEment LCA
emissions entirely, since they have to do with the provision of transportation and housing, which
are the two of the largest sources of GHG in the entire U.S. ecq(d?dy2009.

Additionally, the extrapolation part of this study only considers new concrete
construction, without considering reconstruction of existmagdways becauselata for this was
not available througtFHWA Highway Statistic®r otherwise. This may overlook a large
proportion of annual concrete pavement construction. Another important point is that asphalt
and composite pavements are also ignored, which repréégmand 17% of the entire network
by lanekilometers(miles), respectively. While this was not the present focus, it is important not
to lose sight that the majority of pavements are asphalt, and many are also composites of asphalt
and concrete.

The eml of life is modeled using the simplified (and probably conservative) assumption
that the concrete is removed after 40 years. Other vigdleways after 40 years could be
continued routine maintenance if the concrete was still performing adequatelgreomtensive
rehabilitation(such asrack and seating or concrete overlaysit takes advantage of remaining
structural properties while restoring ride quality. Demolition at year 40 allowed this research to
evaluate the endf-life phase within the sipe, but admittedly ignored numerous other realistic
options that exist for concrete pavements.

2.8.2.2 Structure Derivation Procedure

Therepresentative structuréisat are here analyzed incorporate many assumptions in an attempt
to derive t he fdraacheofreadwayclassiticatiancTheuneesl to represent an
entire class of roadways using a single average structure is a necessary, but significant,
simplification: it inherently ignores the variability that may exist across that classification. For
instance, a single value was selected for all structures for the design life, flexural strength,
drainage coefficient, and elastic modulus of concrete. A single shoulder and foreslope
configuration is assumed for each roadway classification, and thatsoisno accounting for
additional parking lanes, turn lanes, median barriers, or other design elements. Other design
anomalies that are ignored include tunnels, bridges, and elevated highways. Apart from
geometry, material mixes and rehabilitation pr@etiare variable in practice, but simplified here.
One concrete mix design, one subbase and base design, and one rehabilitative treatment are
assumed. Admixtures are not accounted for, which include a variety of chemicals that change
the material propeds of the concrete, including watesducers, aientrainers, and others.
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2.8.2.3 Life Cycle Assessment Model

There are a simplifications used in theificle modeling procedure and data sources that could
be improved upon. For example, AASHTO guidance doctsree used to estimate lighting
requirementsfor the GHG reduction scenaridout these recommendations are likely an
overestimate of what is actually practiced, especially for rural applications. Another is the
influence that pavements have on vehiclel ftonsumption, which is a complex interaction that

is not fully understood by the science at present (Akbarian 208Ection 3 of this report
providesa first-order model for a particular piece of PVI, but does not provide a comprehensive
model for thephenomenon asawhol&or t hi s reason, strwuctural d
effect on air temperature and vehicle drag, are not included, but may be signifibargffect of
pavement roughness is included because the literature has providei@suémpirical evidence

of the effect, as well as reasonable bounds around its magnitude.

A single carbonation rate was used to estimate baseline emissions, and a single value was
used to estimate potential reductions through-a&Hde management. Thisgnores the
complexities of this phenomenon, including the influence of climate and moisture on the
carbonation rate and depth, as well as plogential influence that carbonation has dhe
durability of concrete pavements.

There are limitations to meding traffic delay usindgRealCost For example, when lanes
are closed for construction or repair work, oftentimes detours are set up to divert traffic, which is
not included inRealCost Also, since the model assumes the activity is symmetric on otk si
of the road, it is difficult to model closures on tleme roads. In practice, one lane is often
closed down at a time, and flagmen at either end of the workzone alternate the traffic flow in
both directions through the remaining open lane. Thisaestimated by specifying iRealCost
t hat #Ahalfodo of a | ane remains open during con

2.8.2.4 Opportunities for Reduction

While the presently analyzed opportunities for GHG reduction provide suggestions for low
hanging fruit, they do notearly exhaust an entire portfolio of opportunities that may exist. For
example, reducing embodied emissions through partial substitution of cement with coal fly ash is
just one of many potential scenarios. This can also be achieved through a varietyglesigns

that require less cement, mix design optimization for maximally reducing cement based on
performance requirements, or replacement with slag, amongst other strategies. Fly ash was
chosen because the traols in the life cycle could easily beeounted for, including increased
carbonation depth, and the attribution of emissions to fly ash for its production and
transportation.

Increased albedo is represented using white aggregates in the concrete mix. Other
options include using slag or whiteeroents, both of which will provide similar benefits to
albedo as using white aggregatdbeit with different lifecycle implications (e.g., high kiln
temperatures for white cement, reduced embodied emissions through replacement of cement with
slag) Another consideration for the albedo strategy is the reliance on the impact of radiative
forcing as the mitigations strategy. While this presents a significant opportunity to reduce the
carbon dioxide equivalence embodied in the pavement life cycle, a cafupdortant nuances
should be made explicit about the limitation of these results. Aside from the effects of urban
heat island effect and reduced lighting requirements, albedo largely impacts the effective GWP
by reflecting moret o6f thlee seadshdiadabmosphemne
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GHG emissions. While a relation has been derived to express this effect in terms of GHG
equivalence, it does not have to do with reducing the amount of GHGs emitted during the life
cycle, but rather ign instance of geoengineering the earth in order to manage incoming solar
radiation.

The MEPDG design procedure has been identified as an opportunity for redfesing
cycle GHG emissions by preventing overdesign. Concrete pavement thi¢haassterming
by AASHT & wéllas8 gther design elements (dowels, slab length, subgrade preparation,
subbase and base thickness and composition, etc.), are chosen to satisfy traffic, climate, and
subgrade conditions for a required service lifetirwever,long-term pavement performance
data collection programs have shown that concrete pavements can carry more loading than they
were designed fofMack 201Q. The analysis presented here is for a specific case study, so the
results may or may not be applicable to other locatioAscomprehesive evaluation of this
hypothesis is an area for future work to be done, which can also be evaluated with an LCA
framework as a way to optimize pavement design for reducing carbon emissions.

2.8.2.5 Cost effectiveness

The cost effectiveness results represent moagproximations for actual costs that DOTs may
incur for mitigating GHG emissions. Actual costs of integrating the modeled GHG reduction
strategies are highly variable and uncertain. The sensitivity analyses conducted in Section 2.7
are designed to cape potential costffectiveness ranges, but only capture a portion of the
possible data and other input permutations that ultimately affect agency costs. While the
accuracy could conceivably be increased by collecting better cost data (e.g., throayls,surv
more representative sources), costs are still highly variable across individual projects. The broad
goal and scope of this LCA precludes the use of prgjeetific data, so imprecision is an
expected feature of this CEA. Even with this drawbaclantjtying the GHG reduction costs
providesdecisionmakers with a magnitude estimate of the economic implications of reducing
GHG emissions.
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3 PAVEMENT-VEHICLE INTERACTION: PAVEMENT DEFLECTION’

Pavemenwehicle interaction (PVI) describes the effect of graent structural and surface
properties on vehicle fuelonsumption. While the mechanics of PVI are not well understood,
previous research has shown that this is a potentially important part of the pavement life cycle,
especially for higkraffic roadwaygSantero and Hoath2009). Various empirical studies have
looked at the impact of pavement deflection on fuel consumption; howeggritain focus has

been on a binary material view of asphalt versus concrete pavement, with no consideration of the
relatonship between pavement deflectemdits structure and material (Table 3.1).

Even though the effect of PVI on vehicle fuel consumption is small, its impact within a
full pavement life cycle can be significant due to the large number of vehiclesabeit tver
pavements. The change in vehicle fuel consumption between pavement structures due to PVI
becomes increasingly important for high volume traffic roadways and can surpass energy
consumption and emissions due to construction and maintenance ofatwveay system in its
lifetime. In general, roughnesand délection of a pavement are considered as the main
contributors to pavement vehicle interact{@antero and Horvath009).This sectionfocuses on
latter phenomenorhe impact of deflection on P\And its relation to fuel consumption.

This research uses a mechanistic approach to draw a relationship between pavement
structure and material with its deflection, and creates a link between pavement properties and the
impact of PVI on fuel consumptioiio achieve this goal, this study performs a model calibration
and validation for pavement deflection values, estimates fuel consumption caused by the
deflection basin, and compares the results to that of existing field data.

3.1 Literature Review

The existingliterature has establishdatat a link exists between pavement structure and fuel
consumptionfor instance, Zaniewslet al.(198) suggested the extreme example that it would
require much more fuel to drive 18@lometers 62 miles) at the same speedava gravel road

than over a newly paved road’hough less dramatic, measurements (as presented in Table 3.1)
have revealed potéal fuel consumption differences between flexible and rigid pavements. This
change in fuel consumptiois attributed to the gvement types tested, albeit overlooking the
structural and material properties of each pavement.

A significant hurdle is the measurement precision that is necessary due to the relatively
small change in fuel consumption proposed. Withike cumulative fueconsumption difference
between pavememypes can be large when measured over an entire service life, the impact for a
single vehicle is quite small; for instance, a study by Taylor and Patten (2006) suggests a
maximum fuel consumption difference betwdtaxible and rigid pavements of 0.007 liters per
vehiclekilometer (0.003 gallons per vehiehaile) for trucks. Measurements at this scale will be
highly influenced by external factors including local temperat(sesface, air, tire, etc.}jre
pressue, vehicle suspension dynamics, vehicle speed, and other variables. Small shifts in these
conditionscould affect fuel consumption at the same order as any pavypertdifferences a

" Research conducted with Professor Fraogef Ulm
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change in tire pressure BykPa { ps) can lead to a change in fusdnsumption by).005 liters
per vehiclekilometer 0.002 gallons per vehiclmile) (RMA 2010) In order to effectively
isolate the effect of pavemetype and structuren vehicle fuel consumption, all competing
factors must be precisely controlled aawdounted for in a given study

A recent report by the Lawrence Berkeley National Laboratory reviewed the existing
literature and determined that although there is stesfidence suggesting a difference between
different pavement structureshe aggregate asearch isoften conflicting and inconclusive
(Santero et al. 2010The authors conclude that a comprehensive mechanical model needs to be
developed before structurelated PVI is quantitatively included in aCA.

Table 3.1 summarizes the scope and ltgesiiom previous studies performed on the
impact of pavement type on vehicle fuel consumptiégure 3.1graphically presents the values
from each study after a critical review and a statistical analysis of their results. This figure shows
that a changein fuel consumption due to pavement type exists, howethare is high
uncertainty and high variability within the suggested values for the impact of PVI amongst
different studiesStudies that suggest there is no change in fuel consumption betweerothe tw
pavement types or that the change is found
Since flexible pavements have higher deflection, the fuel consumption on rigid pavements is
assumed to be a baseline @hd additional fuel consumption onxible pavements is reported
in this figure.

The first study that was performed in this regard observed a fuel consumption increase of
20% for heavy trucks offlexible pavements compared to rigid pavemef@aniewski et al.
1982) however, their results we statistically insignificant Since then, more detailed studies
have been performed that control for various vehicle parameters and estimate the increase in fuel
consumption on flexible pavements to bei 0.7 liters/100km(0.0i 0.3 gal/100mi)for a trudk
and Q0i 0.3 liters/100km(0.0i 0.1 gal/100mi)for a passenger car (Tayland Patten2006).
However these values depend on vehicle speed, loading, and surface tempRextargly, two
new studies by Yoshimoto et al. (2010) and Lenngren et al. (20%&)diso shown fuel savings
due to pavement type on concrete pavemértisse studies are not included in Table 3.1 and
Figure 3.1 as they were not publically available during the literature review process of this study.
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Table 3.1 1 List of major studies on the effect of pavement type on fuel consumption of vehicldscreased
fuel consumption on an asphalt pavement, compared to a concrete paveme(8! units, seeTable B.1for U.S.
units)

Increased Fuel

Speed IRl Value  consumption
Study Year VehicleType (km/hr) (m/km) (liter/200km)  Source
Zaniewski 1982 Trucks 16/110 1i6.7 5.918.5 Zaniewski et al. (1982)
Zaniewski 1982 Cars 161110 1i6.7 -0.771.5 Zaniewski et al. (1982)
NRC | 2000 Trucks 100 1i3.5 4.004.3 Taylor et al. (2000)
NRC | 2000 Trucks 60 1i3.5 1.611.7 Taylor et al. (2000)
NRC lI 2002 Trucks 100 1i3.5 1423 G.W. Taylor Consulting (2002)
NRC 1l 2002 Trucks 60 1i3.5 1.412.2 G.W. Taylor Consulting (2002)
NPC 2002 Trucks 80 - 0.04i .24 NPC (2@2)
De Graaff 1999 Trucks 90 - -0.210.2 De Graaff (1999)
NRC 11l 2006 Trucks 100 1 0.410.7 Taylor et al. (2006)
NRC 1l 2006 Empty Trucks 100 1 0.210.4 Taylor et al. (2006)
NRC 11l 2006 Full Trucks 60 1 0.410.5 Taylor et al. (2006)
NRC 1l 2006 Cars 100 1 0.210.3 Taylor et al. (2006)
U Texas 2009 Cars 60 2.75.1 0.4i0.9 Ardakani et al. (2009)
Michigan SU 2010 Trucks 60 - 1 Zaabar et al. (2010)
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Figure 3.1 7 Values reported by previous studies on theeffect of pavement type on fuel consumption of
vehicles in liters/100km(gal/100mi). Change in fuel consumption on an asphalt pavement compared to a
concrete pavement.
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3.2 Methodology

In order to understand the impact of deflection on vehicle fuel consumphiene, is a need to

relate material and structural parameters to deflection of a pavement, and then relate the modeled
deflection to change in fuel consumption. This section presents the deflection model and its
relationship with fuel consumption.

3.2.1 Model

There are several methods for modeling the dynamic response of a road pavement to moving
loads. The pavement can be modeled as a beam, a plate, or thgetopfla multilayer soll
system. The substructure can also be modeled as a system of elastg wghrgdpshpots, or a
homogeneous or layered halface. There are also various methods of modeling the pavement
material behavior: elastic, viscoelastic, wataturated poroelastic or even inelastic. The loads
are either presented as concentrated loadsdistributed loads with a finite width. These
conditions define the model and the predicted response, under certain material and Istructura
conditions The pavement deflection response can be calculated through analytical or numerical
methods such as theénite ElementMethod (FEM), or the Boundary Element Method (BEM).
Beskou and Theodorakopoul¢2010) review various models and solution strategies in more
detail

For the purpose of this study, the pavement system is modeled as a beam on damped
elasticsubgrade with the tire represented as a line load. This model is an idealized representation
of the dynamic interaction of pavements and vehicles, but proves to be effective for the purpose
of understanding, in first order, the relationship betwaarterid and structuratlements within
PVI and their impact on fuel consumptiodoreover, this model allows for creating scaling
relationships between these elements, to better understand their impacts, as preSausuhin
3.4.1.The limitations of this assnption with respect to integration in an LCA are discussed in
Section 3.4.4.

3.2.1.1 Beam onDamped Elastic Foundation

The deflection response of a beam to a moving load on an elastic, damped, and a viscoelastic
subgrade has been extensively studied. Tuslel 5 coming into attention recently in railway

and highway industries, as it is one of the simplest models and it provides a basic understanding
of various factors within the structural systg®un 2001) Figure 3.2 displays a schematic
representation of thisystem.

The beam on an elastic foundation represents various properties of a pavement. It draws a
relationship between pavement material propedfasp layer elastic modulus;, mass per unit
lengthm, and subgrade modulls; (referred to ak in the literaturg, along with thestructural
property of moment of inertig with deflectiony under an external load gfx,t). By assuming a
moving coordinate systermon the load (vehicle wheel) a relationship between deflection under
(and at distances awdrom) the load can be calculated. The governing equations of a beam on
an elastic foundation are presented\ppendixB.1 in Equations [B.1] to [B.4] in more detalil.
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Figure 3.21 Schematic representatio of a beam on damped elastic foundation under line load

3.2.1.2 SolutionStrategy

The governing equation of a beam on an elastic foundation can be solved either numerically or
analytically(Kim and RoesseP003 Sun 2001) To solve this equation analyticaltyhe theorem

of residue is employed. In this study, a solution strategy similar to tigatrg2001)is presented

in Appendix B.2

3.2.2 Model output example

Using the solution strategy presentedAppendix B.2, the model response for different input
parameterssi obtained. Assuming the input parameters suggdstddim and Roesset (2003),

the model response is obtainddgure 3.3 shows the deflection modekponse at distances
away from the loading zone; distance zero represents the tire location. The maliekegre

deflection corresponds to results obtaine&by and Roesset (2003) a&ain (2001).
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Figure 3.3 i Deflected shape from model response foEl=2.3 kN.n?, E=68.9 MPg m=48.2 kg/m q=70
kN/m, a=0.075 m, andV=9.525 m/s
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3.2.3 Relation to life cycle assessment model

The deflection response of a pavement system and its relationship to pavement structure and
material can be linked to change in fuel consumption using empirical studies. There are two
classes oftudies that can be used to draw such relationship: (1) by treating the deflection as
added grade or (2) as added roughness to the pavement surface.

Empirical studiesby Park and Rakha (2005), Boriboonsomsin and Bart (2009), and
Goodyear (2011) look ahé impact of change in road grade on fuel consumption; Zabaar and
Chatti (2010) looks at the impaet change in roughness on fuel consumptiorSéation3.4.3,
it is shown that using these relations suggests a reasonable change in fuel consumptgon for th
impact of deflection on PVI.

3.3 Results

Calibration and validation of the deflection model is performed against Falling Weight
Deflectometer (FWD) time history data recorded by the Long Term Pavement Performance
programof the FHWA (LTPP 2011) For the pupose of this studyiwelve datasets have been
selected of which nine correspond to asphalt and three correspond to concrete pavements. A
normalized load and deflection time history is presented in FigdrelBe first line in the graph
represents the ldeng versus time and each of the remaining lines represent deflection at a
certain time at various distancé® in meters)away from the loading zone. The wave arrival
time, measured between the maxima of two deflections, is used for model calibration. The
maximum deflection at various distances from the loading point is used for model validation.
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Figure 3.4 1 FWD time history obtained from field experiments by the LTPP program of FHWA (LTPP
2011
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3.3.1 Calibration

Considering the arrival time of wave signals at distances away from the loading paifrofne.
Figure 3.4 creates two wave regimes, shownFHigure 3.5 The first wave corresponds to a
distance 0D<0.3 m and travels with higher velocity, hencerglates to a higher elastic modulus
E; in the top layer. The second wave regime correspon@s@6 m, is a lower velocity wave
compared to the former, and creates a relationship with the subgrade nifdulus

The Rayleigh wave velocity is used to deterenthe top layer elastic modulis using
Equation [3.1], and the P wave velocity can be used to determine the subgrade rBgdsing
Equation [3.2].

For D<0.3 m (Top layer dominated):

'~<(| B

[3.1] O Cwp "W
For D>0.6 m (Sugrade dominated):

[3.2] 0O THO—®

‘<<| <

Values ofE; andEs, obtained from Equations [3.1] and [3.2] correspond closely t&the
andE; values reported by FHWA, and are presented in Table 3.2.
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Figure 3.5 17 Wave propagation in the upper layer and the subgrade of a pavement along with the signal
arrival time at various distances for an asphalt pavement
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Table 3.27 Top layer and subgrade modulus values from calibration and FHWA reported data

PVI DeflectionModel FHWA (LTPP 2011)
E Es E Es
Surface layer MPa (psi) MPa (psi) MPa (psi) MPa (psi)
1 3715 (5.4x10) 66  (9.6x10) 4279  (6.2x10) 82 (1.2x10)
2 2041 (3.0<10) 118  (1.7x10 2,358  (3.4x10) 97  (1.4x10%
3 3933 (5.7x10°) 83  (1.2x10) 4362  (6.3x10°) 64  (9.3x10°)
4 4721 (6.8x10) 120 (1.7x10 5342  (7.7x10) 113 (1.6x10%
Asphalt 5 6240 (9.1x10) 83  (1.2x10) 6,845  (9.9x10) 87  (1.3x10
6 6879 (1.0x10P) 66  (9.6x10) 7,304  (1.1x10P) 77 (1.1x10Y
7 3895 (5.6x10°) 83  (1.2x10) 4427  (6.4x10°) 71 (1.0x10%
8 2192 (3.2x10) 66  (9.6x10) 2568  (3.7x10°) 73 (1.1x10Y
9 3131 (4.5<10) 83  (1.2x109) 3646  (5.3x10) 68  (9.9x10°)
1 15041 (2.2x10P) 83  (1.2x109) 15489 (2.2x10°) 94  (1.4x10%
Concrete 2 18077 (2.6x100) 118 (1.7x10% 18490 (2.7x10P) 110 (1.6x10%)
3 16,035 (2.3x10P) 120 (1.7x10% 16432 (2.4x10°) 107 (1.6x10%)

3.3.2 Validation

After having calibrated the model to determine top layer and subgrade moduli, validation of the
deflection model is carried out against deflection values fthe FWD tests at various distances
away from the loading poinEigure 3.6shows the FWD experimental deflection values versus

the model predicted deflection values for the damped ardhomped casesssuming 20 cm (8

in) thick top layerand a 1 m(3.3 ft) unit width. Damping is used as a free parameter to create a
better model prediction of deflection values. It is observed that the experimental deflection and
predicted values from the model highly correspond for the damped and undamped cases, but are
refined in the case of the damped subgrdedgure 3.7represents an asphalt and a concrete
pavement 6s deflection basin as predicted by
observed that the model predictions match the experimental deflectonattceptable accuracy

due to the high Rvalues for both the damped and undamped cases.
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Figure 3.7 i1 FWD test vs. model prediction of the deflection basin for aoncrete (top) and anasphalt
(bottom) pavement

3.4 Discussion

After the model has been calibrated and validated, it is necetssafytainthe importance of
different parameters that affect fuel consumption due to the deflection of a pavement. To achieve
this goal, two scaling discussions are presented in this section, followed by a comparison of
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model predicted values and thosenfr empirical field measurements. These values are then
discussed regarding their implementation into pavement LCAs.

3.4.1 Scaling

As stated earlier, the beam on damped elastic foundation is an idealized model anéirattows
order understanding of the importenof different input parameters and their impact on
pavement deflection. The main input parameters that correspond to the pavement structure and
material, along with its response to an outside load are:

M: Loading weight

Ei: Top layer elastic modulus

Es: Subgrade modulus

h: Top layer thickness
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Figure 3.81 Representation of deflection and characteristic wavelength

It can be observed from the equations of beam on damped foundation and from the
model, thatdeflectionw, and characteristic wavelength as shown in Figure .8, have the
following relations with the above parameters:

33] 0x0 O ©O Q

34 0x0 O Q

GR is defined as the change in the pavemen

I ——
#  Concrete Sustainability Hub Page64
Massachusetts Institute of Technology

y



Methods, Impacts, and Opportunities in the Concte Pavement Life Cycle August 2011

[35] "O¥% —
plugging inw andLsinto Equation[3.5] gives:
[3.6] ™O¥Y0 ©O (] Q

This scaling relationship shows the importance of the loaMnglong with that of
material parameterg; and Es, and structural componemt It is shown that the pavement
thicknessh is of higher importance compared to the other parameters in reduction of the impact
of deflection within PVI.

3.4.2 Scaling of Fuel Consumption

The fuel consumption of a vehicle is in a direct relationship with the resisting forces that it has to
overcome to travadn a pavement. By defining the gradient forc&quation[3.7], a link can be
established between the instantaneous fuel consun{fiGh (Equation B.8]) and the pavement
properties as shown Bquation[3.9].

[3.7] Gradient Force =O0Y 0 C
[38] "O®OY 0 C

[3.9] OB O O Q
whereg is the acceleration of gravity.

To illustrate the importance of such a scaling relationship, various examples can be
represented. For example, if typavements are assumed with the same subgrade modulus, and
under the same load with modoff elasticty of E;; = 5,000 MPaandE, = 20,000 MPa, and
the same IFC ioursued, equation3[9] can be used to determine thickness ratios of the two
pavements:

[3.10] p

h

T o

[3.11] — —

Equation B.11] shows thaPavementl would haveto be 1.6 times thicker thaavement
2 to maintain the same instantaneous fuel consumption caused by deflection of the pavement
under the gradient force

3.4.3 Comparison with Field Data

As stated earlier, the added fuel consumption due to pavement defleatiome modeled as

added grade or added roughness to the roadway.silikesby Park and Rakha (2005),
Boriboonsomsin and Bart (2009), Goodyear (2011), and Zabaar and Chatti ¢&d¢dr@ntiate
between different vehicle classes and the impaetch orthe fuel consumption; hendegpacts

of PVI on passenger vehicles and trucks are considered in this section. The assumed weights of
both vehicle classes are drawn from their corresponding studies. Tables 3.3 and 3.4 present the
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change in fuel consumptiorud to deflection of the pavement modeled as added grade and as
added roughness respectively. It should be noted that the values suggested here are drawn from
the twelve FWD test data obtained from FHWA, and are not representative of all asphalt and
concreé pavements; only those studied here and shown in Table 3.2.

Table 3.37 Impact of deflection on fuel consumption modeled as added grade to the roadway assuming &8 20
mm (8 in) pavement, for pavements descried in Table 3.2

Change irfuel consumptionin literd100km (g&/100mi)

Concrete Asphalt
Vehicletype Min Max Min Max
Passenger 0.0034(0.0014 0.005(0.002) 0.0068(0.003) 0.08(0.03)
Truck 0.02(0.008) 0.023(0.01) 0.033(0.014) 0.14(0.06)

Table 3.47 Impact of deflection on fuel consumption modeled as addedughnessto the roadwayassuming a
200 mm (8 in) pavement, for pavements described in Table 3.2

Change irfuel consumptionin liters’100km (gal/100mi)

Concrete Asphalt
Vehicletype Min Max Min Max
Passenger 0.0058(0.002) 0.0064(0.003) 0.008(0.003) 0.11(0.046)
Truck 0.031(0.013) 0.043(0.02) 0.08(0.03) 0.26(0.11)

In these tables, the Min and Max values represent pavements withatiemum and
minimum deflections respectively. The influence of vehicle weight is clearly represented, with
trucks having significantly larger differences in fuel consumption. Comparing Table 3.3 with
Table 3.4, it is evident that modeling the impact ofl BY fuel consumption as added grade or
roughness produces results of the same order of magnitude.

Comparison of these values to previously performed empirical stikgsd 3.) shows
that the model suggests changes in fuel consumption due to P\& sartte order of magnitude
as suggested by some of the more recent studies. Aside from having related the impact of
pavement deflection on fuel consumption with regards to pavement structure and material, this
model uses a completely flat pavement with mflettion as a benchmark, which results in a
meaningfulcomparative approach for use in a pavement LCA

3.4.4 Usein LCA

In the previoussection, a comparison of model predictions and empirical field data showed that
the model is not only suggesting comparalakigs for change in fuel consumption, but it is also
creating a connection between the impact of pavement vehicle interaction and the material and
structures involved. However, as mentioned earlier, this study presents a simplified model that
rationalizesPVI in first order and does not capture all phenomena involved within it. For
instance, this model assumes that both asphalt and concrete pavements are continuous (i.e., no
joints). Moreover, the impacts of aging of the pavement such as cracking, risatitmg etc.

are not taken into account. It is important to note however, that the changes in fuel consumptions
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suggested by the model are conservative both for concrete and asphalt, and impacts of
aforementioned phenomena will increase fuel consumption.

In order to emphasize the importance of such small changes in fuel consumption, two
partial LCA scenarios are presented in this section. The pavement designs, traffic scenarios, and
the lifetime of the pavement, along with GHG emissions involved with ptady maintenance,
and rehabilitation of asphalt and concrete pavements are extfeatedithena (2006) The
Athenareport on theGWP and energy consumptiomh asphalt and concrete pavements presents
their assumptions with high transparency. However,dtignors ofthe Athenareport did not
consider the impacts of PVI within their results, and it is shown here that consideration of this
phenomenon would have a significant influence on the results

The scenarios used from Athena (20@6¢ thevalues forthe Canadian High Volume
Highway and that of the Canadian Arterial Highway constructed on a subgrade foundation
supporthaving a California Bearing Ratio (CBR) of Braffic volumes for the roadways are
50,000 and 15,000 AADT, respectively, both with 10%4ck traffic. The functional units for
both scenarios are two lak@ometers with 50 yeaanalysis periodsTo produce impacts of PVI
and changes in fuel consumption, minimum, average, and maximum values from3laldad
3.4 are used.

Figure 3.9 presda the values from Athena (2006) for both high volume and arterial
roadways in blue, and the average value for the impact of PVI (aggregated of trucks and cars) in
red for asphalt and concrete pavemgtite maximum and minimum ranges in impacts of PVI
areshown with the error barseflecting the range of stiffness values currently modeled for each
pavement typelt is clear that the impact of PVI is more significant for the highume freeway
than for the lowvolume arterial. Using the average valuestfa impact of PVI, it is seen that
PVl-related emissions go as high as that of embodied emissions in the case of the high volume
asphalt pavemenlt is necessary to note that the AADT on the higlume roadway is assumed
at 50,000 AADT for tweway trafic with two lanes in each direction; this traffic volume
corresponds with values suggested in section 13.2.1 of highway statistics (FHWA 2008) for daily
average vehicle per lane on urban interstates with an AADT of 13,355 per lane. On highways
with higher congestion values (AADT per lane) the impact of PVI would be even more
magnified.
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Figure 3.9 7 Use of model predicted values in an LCA. Production and M&R values are extracted from
Athena (2006)

3.4.5 Limitations and Future Work

The goal of this work has been to create a-brsier understanding of the impact of deflection
within pavement/ehicle interaction and the effect of structural and material properties on fuel
consumption. Even though more accuratedels and solution strategies for calculation of
pavement deflection exist, a beam on an elastic damped foundation is used to create scaling
relationships between structural and material properties of the pavement with changes in fuel
consumption. This dotion strategy proved to be sufficiently accurate for calculation of the
change in fuel consumption and its order of magnitude.

In order to create a more refined understanding of the impact of pavement deflection on
fuel consumption, more components néede added to the model to represent discontinuities,
aging, temperature effects, and other phenomena that can affect the pavement response.
Moreover, the combined effects of roughness and unevenness of the pavement with deflection
need to be accountedrfm order to capture pavemevehicle interaction and all its components
within the model.

Lastly, he new modeling approach to PVI defines a baseline for fuel consumption of
pavement structures in function of the relevant material and geometrical gasigneters. The
accuracy of the model relates to the mechanical model assumptions, such as straight pavement,
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neglecting of joints, agingand other factorsthus warrantingfurther validation through
extensive field measurements, particular for pavenusgigned according to MEPDG.

3.5 Conclusion

This study presents first-order mechanistic model that rationalizes the impact of deflection
within the pavementehicle interaction. The model has been calibrated and validated against
twelve falling weight defletometer time histories, previously performed by Ehél WA &T$P

program. This data has been used to develop a relationship between vehicle mass, layer stiffness,
layer thickness and vehicle fuel consumption. This relationship provides realistic estifnates
change in fuel consumption due to deflection when compared to prevmerstymed empirical

studies.

It was shown that the scaling of input parameters is critical, as it provides a quantitative
link between pavement design and its impact on PVhih@A. Such relationships demonstrate
the level of importance of each parameter on the final impact within an LCA, and can guide
pavement design for reduction of PVI related emissions.

The model provides a firgtrder estimate of the importance of varioustdas that affect
fuel consumption, and hence, an LCA. The impact of pavement deflection on fuel consumption
is magnified within a LCA of a highvolume roadway, and caexceed the impacts from the
materials, construction, and maintenaptesesof the pavement life cycle As such a model
matures to include more aspects of PVI, it can be implemented into design procedures and tools
such as MEPDG.
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4 DISCUSSION, CONCLUSIONS, AND RECOMMENDATIONS

Thisresearchdevelopsa comprehensive pavement life cycle assesg methodology and model

to quantify the greenhouse gas (GHG) emissions of pavements. The methada@pgied to
evaluate the concrete pavement life cycle duyantifying current emissions, identifyg
opportunities for improvements, and calcingtthe costeffectiveness of emissions reduction
strategies. Finally, to improve the supporting science for pavement LCAs, the impact of
pavement structurand material propertiesn pavemenvehicle interactions investigated.This
section reviews of the keéyndings and contributions and provides guidance as to where future
research can build upon the work presented here.

4.1 Summary of Findings and Contributions

Thisresearcthas advanced the field of life cycle assessment of concrete pavements in three key
areas: (1) methodology (2) quantification and (3) pavementehicle interaction. These
advancements provide the pavement communitf new knowledge and methods that can be
used to reduce the impacts of thavement infrastructure. The following summaszthe
contributions thaaremade with respect to each of the objectives presented in Section 1.1.

Methodologicaladvancementanprove the ability of future pavement LCAs to produce
accurate and comprehensive results. They also contribute to the palé€iAestandardization
process by putting fortiyoodpractice concepts and processes. Specific contributions to the
general methodology include the following:

1 Identifies and describes key transparency requirements for conducting pavement LCAs
and LCCAs (Tale 1.1), and transparently docunekey parameters for reproducibility
of results (Table 2.1 through 2.5, Tablé2 and tables in Appendix A)

1 Establishexomprehensive system boundaries that include each phdssomponenbf
the pavement life cycléFigure2.1), as well as a systematic approach for evaluating life
cycle variability across differembadwayclassifications

1 Applies the methodology to a specific proje@ection 2)in order to demonstrate the
execution of a god-practice concrete pavement LCA

The concrete pavement LCA conducted in Secti@uantifiescurrent performance and
identifies GHG reduction opportunities for concrete pavements. Specific contributions from the
LCA include the following:

1 Quantifieslife-cycle GHG emissions per k(mi) for concrete pavements farrange of
FHWA roadway classification@-igure2.2).

1 Demonstrateshe largest GHG contributions by lfeycle componentHigure 2.3), the
time series of emissiong={gures 2.4 and 2)pand the sensitivity of the results the
various input paramete(bigures 2.10 and 2.)1 Cement production is the largest single
CO,e contributor for each structure considered, although vehicle fuel consampti
related to pavement roughnessearly as large for highiolume roadways
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