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EXECUTIVE SUMMARY 

Life cycle assessment (LCA) offers a comprehensive approach to evaluate and improve the 

environmental impacts of pavements. This research explores and advances three key areas 

relevant to the pavement LCA field: methodology, quantification, and the supporting science.  

First, a general pavement LCA methodology is put forth that describes the concepts necessary to 

develop and conduct a comprehensive pavement LCA.  Second, the methodology is applied to 

the concrete pavement life cycle in order to quantify current emissions, identify opportunities for 

improvements, and calculate the cost effectiveness of emission reduction strategies.  Finally, to 

improve the supporting science for pavement LCAs, a mechanistic model is developed that 

relates pavement structural and material properties to vehicle fuel consumption. 

Development of a standardized pavement LCA framework is essential in order to 

increase the accuracy and consistency of the LCA approach.  This research supports ongoing 

standardization efforts by proposing good-practice concepts for conducting any pavement LCA.  

Regardless of an individual projectôs goal and scope, good practice stipulates that pavement 

LCAs use a comprehensive life-cycle perspective and provide an adequate level of transparency 

with regards to the data, functional units, and other important LCA parameters.  Adopting a life-

cycle perspective ensures that short term gains do not come at the expense of long-term deficits.  

Drawing boundaries to include all phases of the pavement life cycleðmaterials, construction, 

use, maintenance, and end of lifeðallows for a representative characterization of cumulative 

environmental impacts over the life of a pavement. 

The general methodology is applied to concrete pavements in order to evaluate the 

impacts of this infrastructure system and demonstrate the application of good-practice pavement 

LCA.  Greenhouse gas (GHG) emissions (characterized using global warming potential) in the 

concrete pavement life cycle are quantified for twelve functional units, which collectively 

evaluate average conditions for each major roadway classification in the United States.  These 

results are used to estimate national GHG emissions caused by new concrete pavement 

construction each year.  The functional units also serve as baselines to identify and quantify 

GHG emission reduction opportunities, both for the mass of reduced emissions and the 

accompanying cost effectiveness.  Among the evaluated reduction strategies, the two that reduce 

embodied emissions (increased fly ash and reduced overdesign) demonstrate simultaneous cost 

and emission savings, ranging as high as hundreds of dollars saved per ton of CO2e reduced.  

Scenarios also exist where increasing albedo, promoting end-of-life carbonation, and decreasing 

vehicle fuel consumption through reduced pavement roughness will effectively reduce GHG 

emissions at costs comparable to the current price of carbon in the global market. 

The accuracy and comprehensiveness of any pavement LCA is limited by the ability of 

the supporting science to quantify the environmental impacts.  Pavement-vehicle interaction 

(PVI) represents a significant knowledge gap that has important implications for many pavement 

LCA studies.  In order to fill this gap, a first-order mechanistic model is developed that 

rationalizes the impact of deflection within PVI.  The model provides a relationship between 

vehicle mass, material stiffness, structural thickness, and vehicle fuel consumption.  The 

continued development of this model will provide insight into the level of importance of each 

deflection-related PVI parameter and ultimately help guide pavement design for reduction of 

vehicle emissions associated with pavement structure and material properties. 
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1 INTRODUCTION 

The construction, operation, and maintenance of the United States roadway system are 

responsible for substantial energy and resource consumption. The two primary types of 

pavements are concrete and asphalt pavements, which together make up approximately 4.2 

million kilometers (2.6 million miles) of paved public roads in the United States (FHWA 2008). 

In addition to the need for continually maintaining public roads, this network has been growing 

each decade, requiring substantial investment for maintenance and new construction. This vast 

network has major environmental and economic impacts for the nation and the planet. 

The cumulative environmental impact of the road network is unknown, though significant 

greenhouse gases are released during the construction and operation of pavements. Annually, 

320 million metric tons (350 million tons) of raw materials go into the construction, 

rehabilitation, and maintenance of this system (Holtz and Eighmy 2000). The current system of 

paved roads in the United States handles a volume of traffic on the order of five trillion vehicle-

kilometers (three trillion vehicle-miles) per year, or about 13 billion vehicle-kilometers (8.2 

billion vehicle-miles) per day (US DOT 2008).  Due to high energy demand, road transport 

contributed the most greenhouse gases (GHGs) of any transport mode in 2007, accounting for 

83% of emissions from the transportation sector and 27% of all emissions in 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 dramatic growth 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 decades will likely follow a similar path toward greater concern 

for sustainability, and several ñgreenò rating systems are currently under development for 

pavements (e.g., Greenroads (2011); FHWA (2011)).  

Improving the sustainability of pavements requires a better understanding of how this 

infrastructure impacts the natural environment.  Products and services have impacts throughout 

their life, beginning with raw materials extraction and product manufacturing, continuing 

through construction, operation and maintenance, and finally ending with a waste management 

strategy.  Conventional environmental assessments often overlook one or more of these phases, 

leading to conclusions based on incomplete results.  Life cycle assessment (LCA) can be used to 

evaluate all phases of the life cycle, providing a comprehensive analysis of the environmental 

burden of this infrastructure system.  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 research is to increase the ability of LCA to evaluate, quantify and 

help reduce the life-cycle impacts of concrete pavements.  This is accomplished through three 

primary objectives: 
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1. Develop a comprehensive methodology that puts forth good-practice concepts for 

conducting a pavement LCA; 

2. Use the developed methodology to quantify GHG emissions for concrete pavements, 

identify strategic opportunities for reducing emissions, and calculate the cost 

effectiveness of the reduction strategies; 

3. Improve the science which supports pavement LCAs by developing a first-order 

mechanistic pavement-vehicle interaction (PVI) model that relates fuel consumption to 

pavement material and structural properties. 

This document promotes a transparent methodology to evaluate the environmental impacts of 

pavements.  From a methodology perspective, the intent is to promote good practice application 

of LCA for pavements, thus providing guidance to the pavement community on the development 

and adoption of standardized pavement LCA protocols.  The application of this methodology for 

a specific concrete pavement LCA study serves two purposes: (1) it demonstrates the approach 

and execution of the developed methodology, and (2) it provides a quantitative analysis of GHG 

emissions in the concrete pavement life cycle.  Lastly, it is important to acknowledge that the 

completeness of a pavement LCA is limited by the quality of the supporting science.  Building 

on a previously identified knowledge gap, this research explores the relationship between 

pavement structure and material properties with fuel consumption by developing a first-order 

mechanical model that helps describe the PVI phenomenon. 

1.2 General Methodology 

LCA can be used for any number of purposes.  The flexible analysis framework and quantitative 

approach make LCA useful for establishing environmental footprints, comparing alternative 

systems, validating and marketing ñgreenò claims, and identifying opportunities for improvement 

within the life cycle.  Arguably the strongest applications are those centered on reducing 

environmental impact.  LCA can be used to generate comprehensive and scientifically-defensible 

strategies for lowering emissions, reducing waste, and minimizing energy, water, or natural 

resource consumption. Furthermore, the life-cycle approach ensures that near-term 

improvements do not come at the expense of long-term deficits.  Adopting such robust reduction 

strategies is the key to establishing an effective path towards reaching environmental 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 14040:2006 ï Principles and Framework (ISO 2006a) and ISO 14044:2006 ï 

Requirements and Guidelines (ISO 2006b), which together outline many fundamental concepts 

relevant to developing and conducting an LCA study.  ISO breaks the LCA framework into four 

stages: goal and scope definition, inventory analysis, impact assessment, and interpretation.  

Figure 1.1 depicts these stages and their interrelations.  More information regarding the details of 

each stage can be found in the ISO documents, which are an essential resource for any LCA 

practitioner. 
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Figure 1.1 ï General LCA framework (including four core stages) put forth by the International 

Organization for Standardization (ISO 2006a) 

 

Data for LCAs come from a wide variety of sources, including government databases, 

industry reports, system models, and first-hand collection.  Since the entire life cycle is being 

analyzed, the volume of necessary data is often large and overwhelming.  LCA software 

packages, such as GaBi (PE International 2011), SimaPro (PRé Consultants 2011), and EIO-LCA 

(CMU 2011), not only provide a modeling framework, but also include an abundance of life-

cycle data on materials and industrial processes.  These types of packages are generally 

proficient at quantifying upstream impacts for commodities by including large databases, but 

third-party information is often necessary to combine these data in appropriate ways and to 

evaluate niche products and processes that are not included in the databases.  External models, 

such as those describing building energy consumption, vehicle dynamics, or electricity 

generation, are commonly used to complement the core LCA model and provide spatial, 

temporal, and system-specific data.  Such models are particularly useful when characterizing the 

operation phase of the life cycle. 

The ISO 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 discretion and 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 product-specific standardized frameworks 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 notable framework gaps and 

inconsistencies amongst existing studies, including issues with the functional units, system 

boundaries, goals, scopes, and data (Santero et al. 2010).  Initiatives aimed at identifying 

framework deficiencies and improving the evaluation process for pavement LCAs are underway, 
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such as the 2010 Pavement LCA Workshop (UCPRC 2010) and the Federal Highway 

Administrationôs Sustainable Pavements Program (FHWA 2010).  These collaborative efforts 

will help improve the robustness and uniformity of pavement LCAs, but a universally accepted 

standardized framework is still under development. 

The most crucial methodological decision in a pavement LCA is the selection of system 

boundaries.  From a life-cycle perspective, boundaries should be drawn so that all relevant 

processes are included in the assessment.  When one or more relevant processes are arbitrarily 

excluded, the quality and confidence of LCA results are jeopardized, as excluded phases and 

components can have a large impact on the results (Santero 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 boundaries will  be adjusted as necessary to reflect the current state of the science.  

The specific boundary used for this research is discussed in Section 2.2. 

 

 

Figure 1.2 ï Suggested system boundaries (including life-cycle phases and components) for pavement LCA  

(Santero et al. 2011) 

 

The goal and scope of the pavement LCA also plays an important role in determining 

proper system boundaries.  Needs differ between pavement LCAs and it is difficult to establish a 

one-size-fits-all boundary system.  For instance, a project-level comparative assessment may 

draw system boundaries that exclude lighting, carbonation, or other components that are assumed 

to be equal amongst competing alternatives.  Likewise, a policy-level assessment focusing on 

regional reduction strategies may exclude onsite equipment due to its relatively small impact.  

The goal and scope also affect other LCA characteristics, such as the functional unit (including 

the analysis period), environmental outputs, and data sources.  For instance, evaluating the water 

use impact of long-life pavements in California requires a different approach than establishing a 

carbon benchmark for local pavements across the United States.  Whereas policy-level 
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assessments may rely on national averages and other generalities, project-level assessments 

should be performed using specific design inputs and location-based data.  Assessments that 

compare design alternatives should pay close 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 accurately and consistently characterize 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 asphalt life-cycle impacts (Santero 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 problems statements 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 

draw 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 cost analysis (LCCA) can evaluate the economic impacts of pavements in various 

ways.  For example, LCCA can be used to compare alternative designs, evaluate payback periods 

for proposed improvements, or calculate the cost-effectiveness of environmental improvement 

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 important environmental issues, LCCA 

provides the necessary economic context to implement those solutions into the marketplace. 

The framework for conducting an LCCA for pavements is established by the Federal 

Highway Administration (FHWA).  While the pavement LCA framework is currently 

standardized only on general levels (i.e., the ISO documents), LCCA has accepted protocols 

specific to pavement projects.  The Life-Cycle Cost Analysis in Pavement Design (Walls and 

Smith 1998), Life-Cycle Cost Analysis Primer (FHWA, 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 assumptions.  State agencies have largely adopted the FHWA LCCA 

framework; for example, the California Department of Transportation (Caltrans) has developed 

protocols based on the FHWA framework, supplementing California-specific data as necessary 

(Caltrans 2010). 

This research uses LCCA to evaluate the cost effectiveness of GHG 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 alternatives (standard 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 valuable contribution, regardless of 

the numerical results or conclusions. Documenting assumptions, disclosing data sources, and 

clearly defining goals and scopes serve to establish the framework, or individual methodology, 

that is used for a particular study.  Häkkinen and Mäkelä (1996), Stripple (2001), and Athena 

(2006) are examples of pavement LCAs that provide reasonably transparent methodologies.  

While the boundary decisions, functional units, and other study-specific decisions are subject to 

critique, transparent methodologies allow for the audience to understand the rationale behind the 

authorsô decisions, leading to more robust conclusions and reproducible results.  

Table 1.1 describes 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 particular analysis approach.  Detailing the process by which each element is 

determined will help future research build upon the contributed knowledge and framework 

developments.  This research prioritizes transparency by providing descriptions, values, and 

rationales for each of the elements listed in Table 1.1 as they relate to the project goals and 

scope.  While the results and conclusions provide a snapshot of the role that LCA and LCCA can 

play in producing more sustainable solutions, the methodology offers a foundation for future 

research to build upon.  In particular, it is recommended that other pavement analyses adopt a 

similar level of transparency in order to promote best practices in the future. 
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Table 1.1 ï Basic transparency requirements to assist in the understanding and reproducibility of pavement 

LCAs and LCCAs 

Analysis Type Item Description 

Pavement LCAs 

and LCCAs 

Goal 

The purpose and audience of the study.  The goal helps frame the problem being solved and 

defines the scope of the study (e.g., functional unit, system boundaries, necessary data sources 

project- or policy-level scope). 

Functional unit 

The reference that all inputs and outputs are normalized against in order to evaluate the stated 

goal.  The functional unit ensures that pavements are evaluated and compared against equivalent 

design and serviceability parameters.  Typical functional unit definitions minimally include traffic 

volume and relevant dimensions (e.g., lane-kilometer, centerline-kilometer). 

Analysis period 

The time period over which the functional unit is evaluated.  The analysis period should be chosen 

in order to effectively achieve the stated goals.  Following LCCA precedent, a rule of thumb is to 

include at least one rehabilitation activity in the analysis period.  Comparative LCAs should ensure 

that the analysis period adequately captures differing features between compared alternatives (e.g., 

differing maintenance and rehabilitation (M&R) frequency and intensity). 

Structural designs 

The relevant details regarding the pavement design.  Structural design details provide additional 

context relative to the functional unit for each design alternative.  Layer thicknesses, traffic 

loading, material properties, location, and other parameters are necessary inputs to the life-cycle 

inventory (LCI) stage, and can be determined using various pavement design methodologies. 

M&R schedules 

The activities and timing of maintenance and rehabilitation (M&R) activities over the analysis 

period.  Most pavements will require several M&R activities over the analysis period.  M&R 

schedules can be determined through various sources, such as Department of Transportation 

(DOT) protocols and standard practices (e.g., Caltrans (2010)).  Advanced designs tools, such as 

MEPDG, can help to define when M&R trigger levels are reached. 

Pavement LCAs 

LCA system 

boundaries 

The phases and components considered in the LCA.  System boundaries for pavement LCAs will 

change based on the goal and scope of the study.  Beginning with a comprehensive set of life-cycle 

phasesðmaterials, construction, use, maintenance, and end of lifeðand adjusting based on the 

needs of the study will ensure that system boundaries are systematically, rather than arbitrarily, 

determined. 

LCI 

environmental 

factors (EFs) 

The factors linking processes and materials to environmental outputs.  Each source of 

environmental output should be connected by an EF to an input defined in the functional unit, 

structural design, M&R schedule, or other system-defining data.  The EF units depend on the input 

and output that are being linked: for the example of a CO2 output, materials EFs might be in Mg 

CO2/Mg material, or transportation EFs in Mg CO2/Mg-km traveled.  EFs are found in journals, 

reports, LCI databases, process-specific models, and other sources. 

LCIA 

methodology 

The method used to transform LCI results into impact categories.  The life-cycle impact 

assessment (LCIA)  stage improves the LCI results by presenting the impact in terms of damage to 

the natural environment, human health, or natural resources.  LCI results are converted to one or 

more midpoint categories (e.g., climate change) through characterization factors (e.g., global 

warming potential), which normalize similar pollutants to a single metric (e.g., CO2, CH4, N2O, 

and other GHGs to CO2e).  Various models, databases, and reports are available to assist in the 

characterization process, including TRACI (EPA 2011), IPCC (2007), and CML (2011). 

Pavement LCCAs 

LCCA system 

boundaries 

The types of costs considered in the LCCA.  Pavement LCCAs can include agency and/or user 

costs within the system boundaries.  Agency costs are the costs incurred by the DOT (or other 

owner) for the construction, M&R and end-of-life activities.  User costs are the costs incurred by 

the public (e.g., drivers, residents) and are typically limited to costs related to traffic delay due to 

construction activities, although accident costs are sometimes included as well.  A wider system 

boundary may include user costs related to noise or property values.  More information on LCCA 

costs can be found in FHWA (2003) and Curry and Anderson (1972). 

Discount rate 

The value (or range) used to model the time value of money.  The discount rate is used in LCCAs 

to convert future costs to present costs.  The FHWA recommends using the White House Office of 

Management and Budget (OMB) Circular 94 to estimate the discount rate, which currently 

recommends a 2.3% rate (OMB 2010).  However, state DOTs typically use a range of 3ï5% in 

LCCAs (Rangaraju et al. 2008).  Given the uncertainty and variability of the discount rate, it is 

recommended that a sensitivity analysis be conducted for a range of discount rate values. 

Costs 

The material, activity, and user unit costs.  The LCCA should include the unit costs for each of the 

materials, activity, and/or user costs in the system boundary.  Unit costs are available through a 

variety of sources, depending on the type of cost being evaluated.  Common sources include 

general materials inventories (e.g., USGS (2011)), DOT databases (e.g., Caltrans (2011)), or 

relevant industry organizations. 
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1.3 Overview of Existing Research 

A review of the existing pavement LCA research is useful in establishing the current state of the 

practice.  Between the published record and publically-available tools, a foundation has been laid 

for conducting a pavement LCA.  Identifying the strengths and weaknesses of the existing 

research ensures that 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 pavement 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 organizations, and academic 

institutions.  Aside from providing discrete solutions to explicitly defined problems, the methods 

and outputs considered in each studyðincluding the goals, scopes, and resultsðoffer insight 

into the types of issues being addressed, the comprehensiveness of the analyses, and the 

knowledge gaps that need to be filled in order to provide more robust conclusions. 

A 2010 report conducted by the Lawrence Berkeley National Laboratory (LBNL) 

reviewed the literature to evaluate the overall utility of existing research and provide 

recommendations for filling identified gaps (Santero et al. 2010).  The report finds that most 

studies are project-specific and that the conclusions are not necessarily generalizable to scenarios 

outside of the defined scope.  Moreover, system boundaries are not comprehensively drawn to 

include potentially influential elements of the life cycle, such as the use phase.  The conclusions 

across different studies are often in disagreement, most notably when comparing different 

pavement materials (i.e., asphalt versus concrete); for instance, while most pavement LCAs 

quantify energy consumption, studies often contradict one another regarding whether asphalt or 

concrete is more energy-intensive over the life cycle.  In summary, LBNL concludes that the 

existing literature provides useful data and establishes an approach to quantifying certain aspects 

of the pavement life cycle, but its utility in decision-making processes is limited by the 

aforementioned and other shortcomings. 

 Viewed from a holistic perspective, the existing literature 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 inconsistencies across study 

methodologies. Amongst other improvements, standardization will ensure that system 

boundaries are comprehensively drawn for a given goal and scope.  The continual advancement 

of the supporting science is a critical element as well, since pavement LCAs are only as accurate 

as the underlying data and relationships.  Filling knowledge gaps (e.g., mechanistic pavement-

vehicle interaction models, improved carbonation data, better understanding of project-level 

albedo impacts) will improve the accuracy of 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 tools expedite and simplify the assessment process.  Built-in databases and 

established process relationships allow LCAs 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 of pavement LCA models are discussed in the literature (e.g., Stripple 

(2001); Huang et al. (2009)), but often refer to internal models used for specific projects.  This 

overview focuses on publically-available tools, evaluating their scope in order to quantify the 

current state of the practice. 

Table 1.2 li sts six pavement LCA tools available to the public.  These represent the 

current state of the practice with regards to LCA tools available to pavement engineers and other 

practitioners.  Rather than attempt to be an exhaustive set of all tools measuring the 

environmental impact of pavements, this list includes only those LCA-based tools that could be 

effectively evaluated through their use and/or supporting documentation.  There are a number of 

LCA tools and models that include pavements within their general scope (e.g., BEES, SimaPro), 

but are not specific to pavements and do not define themselves as pavement LCA tools. 

  

Table 1.2 ï Publically-available pavement 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 Federation GUI all types IRF (2011) 

GreenDOT AASHTO spreadsheet all types AASHTO (2010) 

PaLATE University of California, Berkeley spreadsheet all types Horvath (2004a) 

PE-2* Michigan Technical University web-based all types MTU (2011) 

*beta version, not yet released 

 

The bulk of pavement LCA tools are focused on embodied emissions, transportation, and 

construction processes.  Table 1.3 shows the phases and components that are included within the 

system boundary of each tool.  It should be noted that without a standardized pavement LCA 

framework (as discussed in Section 1.2.1), definitions of phases and components will vary 

between tools.  Table 1.3 evaluates the tools with respect to the system boundaries set in this 

research.  The use phase and traffic delay are generally excluded from the boundaries of existing 

tools.  The notable exception is PE-2, which calculates emissions from traffic delay caused by 

construction and maintenance activities.  The addition of traffic delay impacts is important in 

that it begins to expand the boundaries beyond the typical, materials-centric perspective.  

GreenDOT also includes the use phase components of lighting and vehicle operation emissions, 

but does not differentiate impacts based on pavement properties. 

The general omission of the use phase and the traffic delay component of the construction 

and maintenance phases indicates the difficulty of generalizing these elements of the pavement 

life cycle.  Whereas individual LCA studies benefit from well -defined 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 LCA studies.  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 scientific 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 complicated algorithms than for the 

embodied emissions, transportation, and construction processes. 

 

Table 1.3 ï Life-cycle phases and components of reviewed pavement LCA tools 
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The set of publically-available pavement LCA tools offer pavement engineers and other 

practitioners a streamlined approach to evaluating the environmental impact of certain life-cycle 

phases.  Assuming that the data and imbedded process relationships are accurate, the embodied 

emissions, transportation, and construction processes can be effectively modeled using one or 

more of these tools.  Future research could validate the tools against one another, comparing 

inputs and outputs in order to determine their agreement.  With respect to conducting a 

comprehensive LCA, tools can expedite the assessment process for more established phases and 

components while requiring LCA experts to integrate the more complex and uncertain processes, 

such as albedo and PVI.  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. 

Materials 

Construction 

Use 

Maintenance 

End-of-Life 
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2 GREENHOUSE GAS IMPACTS AND OPPORTUNITIES FOR 
CONCRETE PAVEMENTS 

This section uses life cycle assessment to quantify greenhouse gas emissions in the concrete 

pavement life cycle.  GHG emissions, characterized by their global warming potential, are 

quantified for a number of purposes, including quantifying emissions for current practices, 

estimating national emissions for all new concrete pavements, and evaluating potential GHG 

emission reduction strategies.  

2.1 Goal 

The current research evaluates the life-cycle GHG emissions associated with new and 

reconstructed concrete pavements.  GHG emissions are characterized using global warming 

potential (GWP) characterization factors.  Each relevant phase and component of the pavement 

life cycle is investigated and quantified in order to quantify current emissions and identify 

opportunities for emission reductions.  The initial quantification establishes 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 

related, but independent, road designs are analyzed.  These designs represent each FHWA 

roadway classification, ranging from rural local roads to urban interstates.  This allows for an 

evaluation of multiple roadway functions and offers the capacity to estimate impacts across the 

entire U.S. pavement network.  The specific objectives of the project are as follows: 

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

pavements. 

2. Quantify life-cycle GHG emissions in order to capture (a) each FHWA roadway 

classification, and (b) all relevant life-cycle phases. 

3. Quantify life-cycle GHG emissions of all concrete pavements that are constructed 

each year in the U.S. 

4. Identify and quantify strategies for GHG reductions for each roadway classification; 

estimate the cost-effectiveness of the reduction strategies using LCCA principles. 

These objectives will 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 work, such as expansion of reduction strategies, analysis of new pavement 

technologies, and evaluation of proposed environmental policies. 

This research is intended for a broad audience.  The general concepts and conclusions can 

help decision-makers in industry organizations and governmental agencies adopt more 

sustainable pavement design practices.  LCA practitioners, pavement engineers, and other 

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 study analyzes the GHG emissions of new and reconstructed concrete pavements.  In 

general, the scope is drawn to include processes that are relevant to the pavement itself, thus 

excluding larger issues related to roadway transportation.  The decision to build a roadway where 

one did not previously exist involves a dynamic and complex set of economic and environmental 

impacts related to increased mobility and accessibility.  While these are important issues, 

focusing on pavement-specific impacts allows for a more refined and specific study, which 

ultimately may be used in broader assessments 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 meet the objectives presented in Section 2.1. 

2.2.1 Functional Units and Pavement Structures 
The functional unit is a reference unit that allows for consistent comparisons between different 

products and comparison of results across different studies.  This research adopts multiple 

functional units in order to characterize the various classifications of concrete pavement 

roadways in the United States.  Representative structures for each FHWA roadway classification 

are developed and analyzed over one centerline-kilometer (centerline-mile)
*
 for the respective 

traffic loadings presented in Tables 2.1 and 2.2.  Centerline lengths are used so that each of the 

twelve classifications (six rural and six urban) can be evaluated based on their cross-sectional 

geometric and material design.  The number of lanes, average passenger and truck traffic, and 

lane widths for rigid pavements are taken from Highway Statistics 2008 (FHWA 2008).  Based 

on this data, structures are derived using American Association of State Highway Officials 

(AASHTO) pavement design methods (AASHTO 1993; AASHTO 2004).  Summaries of the 

analyzed roadways are found in Tables 2.1 and 2.2, assumed parameters based on FHWA and 

AASHTO design methods are found in Table A.1, and corresponding material masses are found 

in Tables A.10 and A.11.  A step-by-step breakdown of the FHWA data and derivation of the 

AASHTO ó93 design procedure is found in Loijos (2011).  While still commonly used, it should 

also be noted that the AASHTO ô93 design procedure is considered outdated, since the more 

robust, climate-specific MEPDG and related mechanistic-empirical methods now exist (Portland 

Cement Association 2009).  The potential GHG emission reductions that are possible due to 

switching from AASHTO ô93 to MEPDG are evaluated in Section 2.6.1.6. 

The concrete mix uses 335 kg/m
3
 (567 lb/yd

3
) of cementitious material (90% portland 

cement, 10% coal fly ash), a water-to-cement ratio of 0.45, and crushed aggregate for the 

remaining material, with a density of 2,350 kg/m
3
 (147 lb/ft

3
) (ACPA 2011).  The fly ash 

substitution value is based on an estimated national average utilization of fly ash and cement in 

concrete in 2008 (ACAA 2009; USGS 2010).  It is important to note that the 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 averages), a project-specific concrete LCA should acknowledge 

that a minimum 15% replacement rate is probably more realistic and corresponds to many state 

DOTs thresholds (ACPA 2011).  Moreover, supplementary cementitious materials (SCMs) other 

                                                 

* Results are given in both International System of Units (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 results to variable levels of other SCMs.  

 

Table 2.1 ï Analyzed pavement designs: rural roadways (SI units, see Table A.8 for U.S. units) 

 

Interstate 

Principal 

arterial 

Minor 

arterial 

Major 

collector 

Minor 

collector Local 

Function definition       

AADT (vehicles/day)
(1)

 22,074 6,414 3,084 1,219 574 177 

AADTT (trucks/day
(2)

 4,415 706 308 85 40 12 

Total lanes 4
(3)

 2 2 2 2 2 

Lane width (m) 3.7 3.7 3.7 3.4 3.4 2.7 

Corresponding AASHTO design      

Shoulder width (m) 

1.2 / 

3.0
(4)

 2.4 2.4 1.8 1.5 0.6 

Concrete thickness (mm) 292 203 191 152 127
(7)

 102
(7)

 

Base thickness (mm) 152 152 152 152 0 0 

Steel dowel diameter (mm)
(8)

 38 32 - - - - 

 

Table 2.2 ï Analyzed pavement designs: urban roadways (SI units, see Table A.9 for U.S. units) 

 

Interstate Freeway 

Principal 

arterial 

Minor 

arterial Collector Local 

Function definition       

AADT (vehicles/day)
(1) 

78,789 53,809 19,631 9,729 4,221 980 

AADTT (trucks/day)
(2) 

6,303 2,152 785 389 169 39 

Total lanes 6
(3)

 4
(3)

 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 / 3.0
(4)

 2.4
(5)

 2.4
(5)

 2.4
(5,6)

 2.1
(5,6)

 

Concrete thickness (mm) 305 279 216 178 165 127
(7)

 

Base thickness (mm) 152 152 152 152 0 0 

Steel dowel diameter (mm)
(8)

 38 38 32 32 - - 
1 AADT: annual average daily traffic (two way) 
2 AADTT: annual average daily truck traffic (two way) 
3 Two carriageways with separating median 

4 Inner / outer shoulder width. Includes aggregate in concrete, base, and foreslope elements.  Minimum foreslope of 4H:1V is used. 
5 Urban curb and gutter design with no foreslope 
6 Shoulders are parking lanes 
7 These pavements are thinner than some states allow.  However, the AASHTO ó93 design procedure was still followed to remain consistent.  
8 Dowel length is 0.46 m, lateral spacing is 0.23 m, steel density is 7,850 kg/m3, and concrete slab length is 4.6 m.  

 

The analysis period begins at initial construction and continues through 40 years of 

operation, which includes two rehabilitation activities (at years 20 and 30), and ends at recycling 

and disposal at the end of life (EOL).  Concrete rehabilitation includes 4% slab replacement and 

complete surface grinding.  While concrete pavements often 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 responses in surveys 

conducted by FHWA and Mississippi DOT of other state DOT LCCA procedures, which reflect 

agenciesô experience on how long pavements can predictably last (Rangaraju et al. 2008; MDOT 
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2007).  While a 40-year analysis period is appropriate for this study, the results and conclusions 

for comparative LCAs (such as those comparing asphalt and concrete alternatives) may be more 

sensitive to the analysis period.  For such studies, it is important the analysis period appropriately 

captures any differences in expected service life, as well as differences 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 significantly 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 significant variation within each 

roadway classification, making it difficult to adopt a single representative structure.  For 

instance, urban interstates routinely support between 30,000 and 130,000 vehicles per day 

(FHWA 2008), but the weighted average (79,000) is used in this analysis.  Such a method is 

appropriate given the project goals stated in Section 2.1, but may also fail to adequately capture 

the impacts caused by atypical structures within each classification.  Project-specific analyses are 

better suited to accurately quantify the impacts associated with a particular, well-defined 

pavement. 

2.2.2 System Boundary 
Figure 2.1 presents a simplified flow chart that illustrates the phases and components included 

within the system boundaries for this study.  Each phase of the life 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 any LCA, 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 insignificant (generally less than one percent of 

overall life-cycle emissions).  For example, these exclusions include capital goods production 

(excavation and paving machinery, production plant equipment, oil refinery infrastructure, etc.), 

production of roadway lighting hardware, road paint production and application, and joint 

sealant.  Upstream emissions associated with fuel and electricity production for cement 

manufacturing are not included, because of their omission in the antecedent study (Marceau et al. 

2006).  However, these upstream emissions are included in other processes in the life cycle.  

Given the goal of this assessment to establish general quantifications and identify opportunities 

for emission reductions, the loss of accuracy associated with excluding these elements is 

considered acceptable. 

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 roughness increases 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.  Deflection-based fuel consumption is excluded from this section due 

to the assumption that deflections do 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 of 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 lighting, which 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 different baselines in order to capture 

fuel consumption, albedo, and lighting differences between pavement types.  Depending on the 

goal scope, the baselines established for this study may not be applicable to subsequent studies. 

 

Figure 2.1 ï Flowchart representing a simplified version of the MIT pavement LCA model (note: figure 

excludes transportation and upstream emissions, which are considered in the system boundary)  
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2.2.3 Impact Assessment Method 
GHG emissions are normalized using their global warming potential, as measured in carbon 

dioxide equivalents (CO2e). GWP is a common characterization method to evaluate the impacts 

of GHG emissions on climate change. This research uses the Centre for Environmental Studies 

of the University of Leidenôs ñCMLò method for GWP characterization (CML 2011), which 

cites the 2007 ñFourth Assessment Reportò by the Intergovernmental Panel on Climate Change, 

and has been updated to reflect the latest IPCC data (PE International 2011).  This assumes a 

100-year time horizon for greenhouse gas perpetuity, which is a convention amongst regulations, 

such as the Kyoto Protocol (IPCC 2007).  The procedure for characterization and normalization 

of GWP impacts involves deriving the radiative forcing and decay rate of each of the recognized 

greenhouse gases in terms of their equivalence to carbon dioxide (IPCC 2007).  For example, 

methane has a characterization factor of 25, meaning it has 25 times the effect on global 

warming potential than carbon dioxide over the 100-year time horizon.  While climate change is 

a preeminent environmental issue, it is important to acknowledge that other impact categories 

(e.g., human health impact, water consumption, energy consumption) need to be considered 

within a comprehensive sustainability framework for pavements. 

2.3 LCA Modeling  

This section presents the LCA modeling approach used to evaluate the GHG emissions of 

concrete pavements.  The modeling framework, data sources, calculations, and assumptions are 

summarized and presented. To accurately represent all materials and processes within the system 

boundary over the 40-year analysis period, each of the five pavement life-cycle phases are 

considered: materials, construction, use, maintenance, and end of life recycling and disposal. 

2.3.1 Building the MIT LCA Model 
The LCA software GaBi (version 4) by PE International is used as the analysis platform (PE 

International 2011).  GaBi allows for creating life-cycle models, generating life-cycle inventories 

for the model, comparing different scenarios, and conducting basic statistical analysis. The 

platform allows for data to be extracted from the existing database, as well as for outside data to 

be incorporated to create unique industrial processes from scratch.  Through this customization 

process, the pavement life cycle can be comprehensively evaluated based on the best information 

available in the literature, external models, and other sources. 

One of the primary benefits of GaBi for the present purpose is that the modeling of 

industrial processes and environmental flows into and out of these processes can be 

parameterized, so 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 distributions and scenarios.  For example, the pavement 

albedo is defined as parameter ñalbedoò in the GaBi model, with a nominal value of 0.325, and a 

range of variation can be specified for the variable as well, which for concrete pavement albedo 

generally ranges from 0.25ï0.40 (ACPA 2002).  Parameterization enables an understanding of 

how the resulting life-cycle impacts change under a variety of different scenarios, such as a range 

of different pavement designs. 

Additionally, parameterization within GaBi allows for estimation of variability and 

includes a sensitivity analysis tool that enables understanding of the sensitivity of the results to 
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variation of the input parameters.  Since this variation is expressed as a percentage in GaBi, a 

limitation is that this assumes all parameters vary equally in the positive direction as in the 

negative direction, as well as being uniformly distributed.  In actuality, the distribution of values 

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

still offers value and is provided in Section 2.5.   

2.3.2 Inventory Data 
The life-cycle inventory data for the analysis is taken from various sources, including the 

published literature and LCI databases. Creating an LCA model for a large, complex system, 

such as an interstate highway, requires thousands of individual data points, and the current study 

uses the best available data. Tables 2.3 through 2.5 summarize the key values used in this 

research. As with all LCI data, values and sources differ between studies, and the selection of the 

present data sources are the most up-to-date, peer-reviewed, comprehensive in scope, temporally 

representative of 2008, and geographically representative of the U.S.  However, it is important to 

note that there 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 CO2e factor used here represents average U.S. emissions based 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 implemented.  Section 2.5 performs sensitivity 

analyses to account for the uncertainty and variability of cement and other factors in the LCA.  

The sensitivity tests the influence of the various input parameters within a reasonable range of 

possible alternative values. 

 Table 2.3 summarizes the GWP emission factors for pavement materials and onsite 

equipment used in construction.  Table 2.4 summarizes the transportation emission factors and 

distances for paving materials.  Table 2.5 summarizes the key parameters for components of the 

maintenance and use phase of the life cycle.  Although efforts have been made to obtain accurate 

and representative data, the broad scope of this assessment necessitates the use of generalized 

and average numbers.  Project-specific analyses will often have access to information that can be 

used to better characterize the 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 independently.  A detailed description and 

derivation of the data used in this research is found in Loijos (2011). 
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Table 2.3 ï Inventory data for significant materials and construction processes  

Material GWP emissions factor
1
 Source 

Aggregate/Recycled 

concrete crushing 
0.0032 kg CO2e/kg aggregate Zapata and Gambatese (2005)

2 

Concrete mixing 0.0004 kg CO2e/ kg concrete
 

Zapata and Gambatese (2005)
2 

Cement 0.928 kg CO2e/kg cement
 

Marceau et al. (2006) 

Fly ash 0.01 kg CO2e/kg fly ash
 

PE International (2011) 

Steel dowels 1.24 kg CO2e/kg steel
 

Worldsteel (2011)
2 

Onsite equipment 0.0025 kg CO2e/kg concrete placed/removed
 

Zapata and Gambatese (2005)
2 

Water 0.005 kg CO2e/kg water PE International (2011) 

Landfill of concrete
3
 0.02 kg CO2e/kg waste concrete PE International (2011) 

Diesel fuel (input) 
0.46 kg CO2e/L (2.8 lbs CO2e/gal) well-to-tank 

3.17 kg CO2e/L (26.5 lbs CO2e/gal) well-to-wheels 
PE International (2011) 

Gasoline (input) 2.56 kg CO2e/L (21.4 lbs CO2e/gal) well-to-wheels PE International (2011) 

Electricity (input) 0.79 kg CO2e/kWh PE International (2011) 
1 U.S. units for masses are proportional, i.e. 1 kg CO2e/kg material equals 1 pound CO2e/pound material 
2 CO2e emission factor value was derived from data reported in the given source 
3 50% concrete is landfilled at end of life, 37% is closed-loop recycled as aggregate, and 13% is open-loop recycled for unrelated purposes such 

as general fill (no burden or credit is assigned for open-loop recycling) (Kelly 1998). 

 

Table 2.4 ï Transportation distances and modes for all materials at each step in life cycle 

Material 
Truck distance 

[% by mode] 

Rail distance 

[% by mode] 

Barge distance 

[% by mode] 

Emission factor
1
 89  (0.29) 31  (0.10) 34  (0.11) 

Aggregate
2
 50 km (31 mi) [61%]  510 km (315 mi) [27%] 170 km (110 mi) [12%] 

Cement
3
 170 km (104 mi) [94%]   1000 km (620 mi) [3%] 5000 km (3100 mi) [0.5%] 

EOL concrete, recycled 

and virgin aggregate
2
 

50 km (31 mi) [100%]      -      - 

Steel dowels
2
 590 km (366 mi) [100%]      -      - 

Ready mix concrete
2
 40 km (25 mi) [100%]      -      - 

1PE International data.  SI units in g CO2e/Mg-km and U.S. units in pounds CO2e/t-mile in parentheses 
2Adapted from BTS (2007).  Aggregate transport used as proxy for demolished concrete transport. 
3 Percentage by mode and import distance estimated from USGS (2009).  Average truck transport from Miller and Osborne (2010). 

 

 

  



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

Concrete Sustainability Hub  Page 19 
Massachusetts Institute of Technology  
 

Table 2.5 ï Summary of key input parameters for the maintenance and use phases 

Life-cycle 

component 
Key factors Key sources 

Rehabilitation 
4% full depth repair and diamond grinding at years 20 and 30. 

1,576 L diesel/ln-km per diamond grinding activity (670 gal /ln-mi) 

Rangaraju et al. (2008) 

MDOT (2007) 

IGGA (2009) 

Albedo 

Baseline albedo a = 0.33. 

Radiative forcing: 2.55 kg CO2e/0.01 decrease in albedo/m
2 
(0.53 

pound CO2e/0.01 decrease. in albedo/ft
2
) 

Urban Heat Island: 4.85 x 10
-3
 kg CO2e/0.01 decrease in albedo/m

2
 

(1.0 x 10
-3
 kg CO2e/0.01 decrease in albedo/ft

2
) 

Akbari (1999) 

Rosenfeld et al. (1998) 

Carbonation 

Carbonation rate (k)
1
: 1.58 mm/y

(1/2)
 (0.06 inch/y

(1/2)
) 

Depth of carbonation: Ὠ ὯЍὸ 
Carbonation reinitiates at each rehabilitation 

Lagerblad (2006) 

Pavement 

roughness 

Cars: 4.2% increase in gasoline fuel / increase in IRI by 4 m/km (250 

in/mi). 

Trucks: 2.8% increase in diesel fuel / increase in IRI by 4 m/km (250 

in/mi) 

Zaabar and Chatti (2010) 

Traffic delay 

RealCost used to estimate the traffic delay 

10 hr daytime closure, 10 hr nighttime on urban interstate and other 

freeway 

Multi-lane: 1 lane closed each direction, 2-lane: 0.5 lane closed each 

direction 

RealCost inputs can be found in Table A.2 

RealCost model (FHWA 

2010) 

Caltrans (2010) 

Pavement 

lighting
2
 

Ů = 100,000 lumens/kW 

MIavg = 9; 8; 9; 8; 6; 5 lumens/m
2
 

t = 160,600 hours 

AASHTO (2005) 

1 Carbonation rate varies widely in the literature (see Gajda (2001), Galan et al. (2010), Lagerblad (2006), and Khunthongkeaw et al. (2005), for 

example), and depends on material properties and exposure conditions.  1.5 mm/y(1/2) represents 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 assumptions, but no GWP 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 reduce the lighting demand due to 

increased reflectivity, so these differential changes from the base case are accounted for in the albedo strategy in Section 2.6.  Average 

maintained illuminance (MIavg) is the following order: interstates; other fwy/expy; other principal arterial; minor arterial; collector; local road. 

 

2.4 GHG Emission LCA Results 

This section presents the results from the modeling methodology outlined in Section 2.3.  The 

results include an estimation of the life-cycle GWP for each of the twelve roadway 

classifications, broken down by the impact associated with each life-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 40-year analysis period.  A sensitivity analysis is used to evaluate the variation in 

these results due to traffic volume (and the associated structural requirements), traffic delay, as 

well as numerous other pavement life-cycle parameters.  Lastly, each representative structure is 

extrapolated across all lane-kilometers (lane-miles) in its respective roadway classification in 
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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, for twelve different classifications of new 

concrete pavements are presented in Figures 2.2 and 2.3.  Figure 2.2 presents the results in 

absolute terms, while Figure 2.3 presents the results by the percent contribution from each phase.  

These quantify the GWP for new concrete construction, not reconstruction, although the data and 

results can be extended to reconstruction with only minor modifications.  The results establish a 

baseline for seeking reduction opportunities, and the scope 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 asphalt pavements.  Additionally, the system 

boundary and allocation procedure have been chosen so as to capture impacts of the decision to 

build a pavement, not the decision to 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 roughness.  Since the contribution from 

the carbonation component is negative, the totals for all pavements in Figure 2.3 are the vertical 

extent minus the carbonation.  These results are representative for typical scenarios within each 

roadway classification, although the results for a given project may differ from those of the 

broader class.  This variability has largely been captured and is presented in Section 2.5. 

Total life-cycle GWP range from 340 Mg CO2e/km (600 t CO2e/mi) on the rural local 

road to 6,300 Mg CO2e/km (11,000 t CO2e/mi) on the urban interstate.  The wide difference is 

largely due to the fact that interstates are much more massive structures, both in terms of the 

thickness of 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) wide lanes each, and 

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 the variation across structures, which also 

affects the fuel consumed due to roughness and traffic delay. 

When looking at the life-cycle GWP contributions for each road type, the first notable 

feature is that cement production emissions are the largest contribution for every one of the 

twelve structures.  The contribution of cement production ranges from 45% (for the urban 

interstate) to 72% (for the rural local road) of the total life-cycle emissions.  The second largest 

contribution is fuel consumed from roughness in every case except for the rural minor collector, 

and local road, and the urban local road, where end of life disposal is the second largest 

contribution.  For numerical results for all roadway classifications, see Tables A.4 through A.7 in 

Appendix A. 
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Figure 2.2 ï Life-cycle GWP per km (mi) of new concrete pavements for twelve roadway classifications 
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Figure 2.3 ï Percent contribution to overall life-cycle GWP by life-cycle component for  new concrete 

pavements for twelve roadway classifications 
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2.4.2 Time series emissions 
While the majority of life-cycle GHG emissions are due to initial production and construction at 

the beginning of the analysis period, carbonation and fuel consumption due to roughness 

continuously affect the life cycle over the use phase, and several one-time events after 

production (rehabilitation, traffic delay, and end-of-life demolition, transport, recycling and 

disposal).  This is shown for the two cases of rural and urban interstates in Figures 2.4 and 2.5. 

The initial emissions in year one (from materials extraction, production, and pavement 

construction) dominate the time series of emissions, at 67% of the total contribution for the rural 

interstate and 56% for the urban interstate.  The second largest one-time contribution is from 

end-of-life demolition, transport, recycling and disposal, contributing 12% and 10% for the rural 

and urban interstate, respectively.  This largely comes from 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 cases where 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 carbonation at the end of life, which is evaluated in the GWP reduction strategies of 

Section 2.6. 

As can be seen in the figures, carbonation is more active initially after new construction 

and each rehabilitation activity, and then the effect slows.  The reverse is true for roughness 

related emissions, which increase up until diamond grinding occurs.  GHG emissions from 

diamond grinding and traffic delay at each rehabilitation event contribute between 1ï2% of life-

cycle GWP for both roads. 
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Figure 2.4 ï Life-cycle GWP per km (mi) per year over the 40-year analysis period for a rural  interstate built 

in 2008  

 

Figure 2.5 ï Life-cycle GWP per km (mi) per year over the 40-year analysis period for an urban interstate 

built in 2008 

0

200

400

600

800

1000

1200

1400

0

100

200

300

400

500

600

700

800

900

2008 2018 2028 2038

G
W

P
/m

i 
(t

 C
O

2
e
) 

G
W

P
/k

m
 (

M
g

 C
O

2
e
) 

Year 

0

200

400

600

800

1000

1200

1400

0

100

200

300

400

500

600

700

800

900

2008 2018 2028 2038

G
W

P
/m

i 
(t

 C
O

2
e
) 

G
W

P
/k

m
 (

M
g

 C
O

2
e
) 

Year 

2700 

2600 

3600 

3700 

4600 

6400 

End-of-life demolition, 

recycling, and disposal 

Carbonation (decreasing rate) 

and fuel consumption from 

roughness (increasing rate) 

Production and construction 

End-of-life demolition, 

recycling, and disposal 

Carbonation (decreasing rate) 

and fuel consumption from 

roughness (increasing rate) 

Production and construction 

Percent of total 

Diamond grinding 

and traffic delay 

Diamond grinding 

and traffic delay 

Percent of total 

67% 

33% 

44% 
56% 



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

Concrete Sustainability Hub  Page 25 
Massachusetts Institute of Technology  
 

2.4.3 Extrapolation Across the U.S. Network 
The results representing each of twelve roadway classifications are extrapolated based on the 

number of lane-kilometers (lane-miles) of that classification in order to obtain a national estimate 

for the annual GHG emissions due to new concrete pavement construction.  Table 2.6 shows the 

length of each of the five primary classifications, as 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 each roadway 

classification, as well as adjustments for lane counts and lane widths by using mean rather than 

mode values (see Table A.1 in Appendix A), the results in Figure 2.6 represent an estimate of the 

GHG emissions of all new concrete roads built on average per year in the U.S. 

 

Table 2.6 ï Extent of concrete network in 2008, and average annual growth rate for period of 1999ï2008 in 

extent of entire network (FHWA 2009) 

 Roadway classification 2008 Length,  km (mi) Annual growth rate 

Interstates/Other freeways 49,519 (30,770) 0.49% 

Other principal arterials 73,033 (45,381) 0.47% 

Minor arterials 65,654 (40,796) 0.60% 

Collectors 113,941 (70,800) 0.03% 

Local roads 224,442 (139,462) 0.39% 

 

These emissions total 2.8 Tg CO2e (3.1 ×10
6
 t CO2e) per year, or approximately 0.04% of 

total U.S. annual GHG emissions (EPA 2009).  While this is a small proportion of overall 

national GHG emissions, this approximation does not account for a large proportion of the 

pavement network (namely asphalt pavements or asphalt rehabilitation on concrete pavements), 

nor the emissions from vehicle and goods damage, nor the potential impact of consequential 

effects of construction, such as induced road transport traffic. Understanding the order of 

magnitude of the GHG emissions for pavements provides further justification of the importance 

of improving pavement LCA studies. 

In sum, the rural network contributes 1.3 Tg CO2e (1.4×10
6
 t CO2e) per year (48% of 

total), and the urban network contributes 1.4 Tg CO2e (1.6×10
6
 t CO2e) per year (52% of total).  

Urban interstates themselves contribute 0.5 Tg CO2e (0.6×10
6
 t CO2e) per year (18% of total).  

The relatively large contribution from interstates is due to the massive structures and higher 

proportion of concrete lane-kilometers (lane-miles) relative to asphalt lane-kilometers (lane-

miles) on this roadway classification.  Collector roads on both rural and urban networks have the 

smallest contribution to the national emissions due to the fact that growth is negligible (0.03% 

per year) on this roadway classification. 
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Figure 2.6 ï Average annual life-cycle GWP from all new concrete pavements in the U.S. by roadway 

classification for 1999ï2008 
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Figure 2.7 ï Cumulative life-cycle GWP for all new concrete pavements in the U.S. for 2009ï2050 on five 

major roadway classifications.  Extrapolation based on average growth rate of each classification 

 

2.5 Sensitivity Analysis 
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estimate the GWP associated with concrete pavements.  In order to provide a more robust 

assessment, sensitivity analyses are used to capture the uncertainty and variability of the input 

data.  Three sensitivity aspects are explored: (1) traffic volume variability within each roadway 

classification; (2) timing of traffic closures; and (3) overall sensitivity to input parameters. 

2.5.1 Traffic Volume 
One of the variables that the results are most sensitive to is the traffic volume that the pavement 

structure supports.  The results in Section 2.6 assume an average traffic volume and associated 

concrete pavement structure for each roadway classification, when in reality the pavement 

thickness, number of lanes, width of shoulders, and fuel consumption due to roughness, all vary 

according to traffic volume.  The derivation of representative high- and low-end structures is 

explained in Loijos (2011).  The variability of GWP for each roadway classification in Figure 2.8 

span between the first and fifth sextiles of AADT, which approximates one standard deviation 

from the mean.  Some of the roadway classifications show large variability, including the rural 

interstate, urban interstate, urban other freeway/expressway, urban other principal arterial, and 

urban minor arterial.  This is partially because of large traffic variability on these networks, but 

also because the number of lanes in the representative structures changes, which accounts for the 

asymmetry in many of the error bars. 
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Figure 2.8 ï Life-cycle GWP ranges per km (mi) for twelve roadway classifications based solely on variation 

in AADT  on each classification 

 

2.5.2 Traffic Closures 
The results are also sensitive to lane closure timing.  For the general assessment, it is assumed 

that the pavement construction is done in order to appropriately balance construction costs and 

user costs, and so traffic queues are avoided by closing lanes during the night rather than the day.  

In reality, daytime closures are sometimes unavoidable because of emergencies, budgetary 

constraints, demanding traffic conditions, or other complicating factors.  The effect of daytime 

closures and the subsequent traffic queuing can have a dramatic impact on the life-cycle GHG 

emissions.  Daytime closures (modeled using RealCost) are shown on the urban network in 

Figure 2.9, where traffic queues account for a large majority of the traffic delay component.  

Queues do not form on any of the rural roads, and so the results do not vary significantly and are 

not shown.  The ñother life-cycle componentsò comprise the results presented in Section 2.4.  

 It should be noted that this is for the purpose of demonstrating the potentially dramatic 

impact of suboptimal closure practices, and as such the modeled lane closure events occur during 

both rehabilitative activities and initial construction.  The lane closure for initial construction 

applies to lane expansions on existing roads, 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 constitute 7ï8% of the overall traffic delay 
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emissions for daytime closures on all roadway classifications, with 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 2,200 Mg CO2e/km (3,900 t CO2e/mi), and comprises 

26% of the total life-cycle emissions for 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 by RealCost during peak daytime traffic, which contributes an additional 6,500 Mg 

CO2e/km (11,000 t CO2e/mi) to the life cycle, constituting 61% of total emissions. 

 

Figure 2.9 ï 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 parameters discussed in Section 2.3, a sensitivity analysis of the 

results is performed.  The results tend to be sensitive to certain set of parameters, but the 

sensitivity also depends on the roadway classification of concern.  For example, the variable 

influence of climatic zone on pavement roughness is likely important to the total GWP on a high-

traffic volume urban interstate, but not so on a local road where fuel consumed due to roughness 

has a small life-cycle contribution. 

In the following sensitivity analyses, the traffic volume parameter was held fixed because 

of its heavy influence on the pavement design: the AASHTO ó93 design equations depend 

heavily on expected traffic volume and traffic composition.  These equations are not, however, 

operational in the GaBi model and the structures are input separately from the design procedure.  
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Similarly, traffic delay is measured using RealCost and not included in the following sensitivity 

analysis.  Hence, the sensitivity to traffic was analyzed separately in Sections 2.5.1 and 2.5.2.   

The sensitivity analysis results are presented for the rural and urban networks in Figures 

2.10 and 2.11.  The graph shows the sensitivity of results to variation from the nominal value that 

is normally used to calculate the results.  Although the distribution of parameter data may not be 

normal in all cases, a normal distribution was assumed to estimate the ñsensitivity variation.ò  It 

approximates one standard deviation from the nominal value (ɛ ± ů), such that approximately 

68% of available data points are within this interval.  In some cases the variation is estimated.  

Only those parameters which exceed an effect of 2% on a majority of the roadway classifications 

are included in the sensitivity results.  They are sorted according to rural ñminor arterialsò and 

urban ñother principal arterialsò from most influential parameter (at top) to least influential 

parameter (at bottom).  For the change in results displayed in Figures 2.10 and 2.11, the 

corresponding parameters, nominal value, and sensitivity variation are presented in Table 2.7. 

 

Table 2.7 ï Most influential model parameters, their nominal value, and the sensitivity variation (derived 

from available representative data (Loijos 2011)) 

Parameter Name Nominal Value Sensitivity Variation  

Concrete thickness In Tables 2.1-2.2 10% 

Pavement albedo 0.33 (unitless) 8% 

Outer shoulder width In Tables 2.1-2.2 33% 

Lane width In Tables 2.1-2.2 9% 

IRI @ 20 years In Table A.3 11% 

Car fuel increase from IRI 1.05%/1 m/km (0.02 in/mi) 25% 

Cement emission factor 0.928 kg CO2e/kg (0.928 lb CO2e/lb) 8% 

Agg. % by rail 27% 93% 

Agg. truck distance 50 km (31 mi) 24% 

# Rehabilitation events 2 22% 

  

It can be seen that the results become more sensitive to certain parameters as one moves 

from smaller to larger roads (such as change in the international roughness index (IRI) over the 

first 20 years), while other parameters are more important on the smaller roads (e.g., outer 

shoulder width, carbonation rate, pavement albedo).  This is primarily due to the fact that the 

parameters to which the results are more sensitive correspond to those life-cycle components that 

contribute a larger proportion of the overall emissions.  In general, smaller roads are sensitive to 

parameters which relate to materials production, 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 traffic-related parameters, since the 

roughness and traffic delay components comprise a larger proportion of overall emissions.  There 

are also variations across roadway classifications that are due to different nominal values in the 

parameters.  These include number and width of lanes, number and width of shoulders, lighting 

requirements, and roughness. 
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Figure 2.11 ï Sensitivity of life-cycle GWP to ten most influential 

parameters on six urban roadway classifications 
Figure 2.10 ï Sensitivity of life-cycle GWP to ten most influential 

parameters on six rural roadway classifications 
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2.6 GHG Emission Reduction Opportunities 

The LCA results presented in Section 2.5 provide a foundation to identify and evaluate 

opportunities for reducing the life-cycle GHG emissions of concrete pavements.  Reductions in 

in GHG emissions can be achieved in various ways, including through material improvements 

and using less emission-intensive materials; using pavement designs that remove overdesigned 

thicknesses and features; and improving manufacturing and construction processes.  This section 

explores four broad reduction approaches: (1) reducing embodied emissions; (2) increasing 

albedo; (3) increasing carbonation; and (4) reducing the impacts of PVI.  Within each of these 

approaches, strategies can be identified that offer specific opportunities to 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 set of options, but 

rather a demonstrative list of potential improvement pathways.   

 

Table 2.8 ï Potential GHG emission reduction strategies for concrete pavements 

Reduction category Strategy More Information 

Embodied emissions 

SCMs: - fly ash* 

- GGBFS 

- silica fume 

- others 

Section 2.6.1.1 and  

Tikalsky (2010) 

two-lift paving CP Tech (2010a) 

Darwin-ME/MEPDG designs* Section 2.6.1.6 

roller compacted concrete CP Tech (2010b) 

virgin aggregate substitutes  Horvath (2004b) 

limestone additions Thomas et al. (2010) 

reduced processing energy Worrell and Galitsky (2008) 

Albedo and urban 

heat island 

white aggregate* Section 2.6.1.2 

white cement Levinson and Akbari (2002) 

GGBFS Boriboonsomsin (2007) 

pervious concrete Kaloush et al. (2008) 

photocatalytic cement Guerrini (2010) 

two-lift paving (high albedo materials in top surface) CP Tech (2010a) 

Carbonation 

EOL stockpiling*  Section 2.6.1.3 

EOL: embankments Collins (2010) 

EOL: subbases  Collins (2010) 

pervious concrete Haselbach and Ma (2008) 

PVI 

extra rehabilitation* Section 2.6.1.4 

stringless pavers CP Tech (2011c) 

improved smoothness stability Perera et al. (2005) 

incentives for reduced initial smoothness Perera and Kohn (2002) 

Stiffer pavement structures Section 3 

* evaluated in this research 
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This section consists of two parts: the first part presents the methodology for quantifying 

the GHG reduction strategies and its accompanying assumptions, and the second part presents 

the numerical results for the GHG reduction scenarios as compared to the baselines that were 

established in Section 2.4. 

2.6.1 Evaluation Methodology 
Four distinct and one combined GHG reduction strategy scenarios are quantified in this research: 

reducing embodied emissions through fly ash replacement of cement; increasing albedo with 

white aggregates; increasing carbonation through end-of-life waste concrete management; 

reducing fuel consumption by adding an extra rehabilitation activity; and a combined scenario 

that evaluates all of these reduction strategies simultaneously. 

A sixth, location-specific strategy is used to evaluate the effect that overdesign has on 

embodied emissions.  This is evaluated as a separate case study due to the dependence of 

pavement design on climate conditions.  A summary of key parameter data and assumptions is 

found in Table 2.10 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 rather an exploratory set of opportunities.  The objective is the 

quantify a limited set of strategies and demonstrate an approach that can later be used to evaluate 

a larger set of reduction strategies, such as those listed in Table 2.8.  Also of note is that these 

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 strategies in order to gain insight into the 

magnitude of possible GHG reductions. 

2.6.1.1 Reducing Embodied Emissions: Increased Fly Ash 

Embodied emissions are those released during the manufacturing and construction of paving 

materials.  These emissions can be reduced by using less natural resources, substituting less 

emission-intensive materials, or otherwise reducing production emissions (e.g., more efficient 

processes).  Concrete pavements can reduce embodied emissions in numerous ways, including 

optimizing mix and structure 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 SCMðcoal fly ashðin the concrete mix design.  Fly ash is already widely used in the 

in the concrete industry, as noted by the 10% inclusion in the baseline mix.  An increase from 

10% to 30% fly ash replacement is modeled here to exemplify the possible reduction from one 

embodied emissions reduction strategy.  An online database of state DOT practices reports that 

five of 19 agencies allow for up to 30% replacement of cement with fly ash, so this value is used 

to represent an aggressive-yet-realistic reflection of the potential use of fly ash in concrete 

pavements (ACPA 2011).  Partial substitution of cement with fly ash at 10% and 30% 

replacement has been shown experimentally to increase the carbonation coefficient (the rate of 

carbonation) by about 5% and 10% respectfully (Lagerblad 2006), which is accounted for here. 

2.6.1.2 Increasing Albedo: White Aggregates 

Albedo measures the fraction of incoming solar radiation that is reflected by the pavement 

surface.  Increasing albedo reduces the impacts from both the urban heat island effect and direct 




























































































































