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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
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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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