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1 INTRODUCTION 

1.1 Background Information 

1.1.1 U.S. Infrastructure 

The American Society of Civil Engineers (ASCE) periodically issues infrastructure report cards 

that reflect the well-being of U.S. infrastructure of all kinds, and the latest issue in 2017 rated the 

overall infrastructure condition as D+. As with specific types of infrastructure, shown in Table 1, 

bridges, wastewater, and rails have witnessed a gradual improvement since the beginning of the 

21st century, while ratings of roads have remained at the range of “D-” and “D+” during the same 

period, despite all the remedial efforts to preserve road infrastructure. The rating of “D” for roads 

is given based on the following facts (ASCE 2017): 

 More than 40% of America’s urban interstates were congested in 2014; 

 A total of 6.9 billion hours were wasted because of traffic delay, which equals 42 hours 

per driver and resulted in 3.1 billion gallons of wasted fuel in 2014. The cost associated 

with wasted time and fuel added up to $160 billion;  

 21% of highway pavement sections were in poor condition in 2015 and the backlog of 

rehabilitation needs was still increasing. Driving on these roads costs U.S. motorists 

$120.5 billion in extra vehicle repairs and operations in 2015; and  

 Traffic fatalities increased by 7% from 2014 to 2015, as 35,092 people died on America’s 

roads.  

Infrastructure 1988 1998 2001 2005 2009 2013 2017 

Bridge - C- C C C C+ C+ 

Wastewater C D+ D D- D- D D+ 

Rail - - - C- C- C+ B 

Road C+ D- D+ D D- D D 
Table 1 Overall Condition Ratings from ASCE Infrastructure Report Card 
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 It is also concluded that U.S. highway systems have been underfunded for years, which 

has resulted in an $836 billion backlog of highway and bridge capital needs. To make the 

situation worse, construction costs of roads are rising faster than infrastructure funding, and 

some states in the last five years have de-paved roads – converting asphalt roads to gravel roads 

where traffic is low in rural areas – to reduce material uses and maintenance needs (ASCE 2017).  

On the other hand, Federal Highway Administration (FHWA) estimated that the benefits 

of making improvements on road infrastructure, including reduced maintenance costs, relieved 

delays, reduced fuel consumption and emission, and improved safety, outweigh the costs of 

maintenance, repair, and rehabilitation (MRR) practices by a ratio of 5.2:1 (ASCE 2017). This 

shows that keeping the road infrastructure in a state of good repair is not only required as a 

foundation for a modern society, but also preferred from an economic perspective. Therefore, the 

ASCE (2017) recommends that appropriate measures are taken in order to raise the grade of road 

infrastructure by increasing funding, raising the federal motor fuels tax, alleviating congestion, 

prioritizing maintenance activities, improving user safety, and making innovations in all phases 

of the infrastructure life cycle.  

1.1.2 Transportation Infrastructure Asset Management 

The American Association of State Highway and Transportation Officials (AASHTO) published 

Transportation Asset Management Guide: A Focus on Implementation in 2011. This guide was 

intended to direct agencies in successfully implementing transportation asset management at all 

levels in the organization through good management, effective leadership, and achieving the 

right organizational culture.  

Transportation asset management (TAM), or transportation infrastructure asset 

management (TIAM) includes the systematic, coordinated planning and programming of 
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investments or expenditures, design, construction, maintenance, operation, and evaluation of 

physical transportation infrastructure assets and related facilities. TAM covers activities 

associated with providing and maintaining transportation infrastructure assets at an acceptable 

level for the public, users, or owners (Uddin et al. 2013). A typical TAM system includes two 

interrelated levels: the network level for deficiency and need analysis, strategy evaluation, and 

regional prioritization; and the project level for detailed data processing, technical and economic 

analysis of alternatives, and implementation.   

The most commonly used methodology for network-level TAM is benefit/cost analysis 

where benefits associated with transportation infrastructure improvement from various 

perspectives (e.g. user cost savings due to relieved congestion) are evaluated and compared 

against costs of implementing the improvement. On the other hand, for project-level TAM the 

tools and methods used for alternative analysis and decision-making, such as decision trees and 

matrices, checklists, and rating systems, vary greatly from one agency to another. 

1.1.3 Sustainability in Transportation Asset Management 

The concept of sustainable development was first raised by the Brundtland Report in 1987, 

where sustainable development was defined as the development that meets the needs of the 

present without compromising the ability of future generations to meet their own needs. So far, it 

is widely acknowledged that human activities have exerted tremendous environmental impacts 

by consuming non-renewable energy sources and emitting excessive amounts of greenhouse 

gases into the atmosphere which disturb the nature’s carbon cycles.  

In the United States, the transportation sector was responsible for 27.7% of total energy 

consumption and 27% of CO2 emissions in 2015 (LLNL 2016; USEPA, 2016). Therefore, 
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following a sustainable development approach in managing transportation infrastructure assets 

plays an important role in the overall sustainability of human activities.  

The AASHTO guide (2011) dedicated one section named “Acting Sustainably” to discuss 

how transportation agencies may sustainably manage infrastructures that support economic 

growth, enable community interactions, and affect the environment. The guide provided 

definitions of sustainability pertaining specifically to transportation agencies under the following 

triple bottom line:  

 Economic sustainability refers to the impact the agency has on the economics of the 

region and not the finances of the agency itself; 

 Social sustainability refers to fair and beneficial business practices toward the community 

and state that balance benefits and repercussions of activities such as maintenance and 

construction across sociodemographic audiences; and  

 Environmental sustainability is the agency’s commitment to protect the environment as 

much as possible by doing no harm or at least by limiting its environmental impacts.  

It is also perceived that energy usage, resource depletion, climate change, and other 

environmental issues are likely to drive changes in transportation activities and agency decision-

making. Therefore, as more transportation agencies begin to appreciate the importance of 

sustainability and seek for improvement in sustainable development, it is becoming more 

important to develop a transportation infrastructure asset management framework following the 

triple bottom line of sustainability that can support the decision-making of public agencies.  
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1.2 Problem Statement and Need for Research 

The aging infrastructure creates increasing economic, social, and environmental impacts on 

agencies and users in the United States. In order to improve the current condition of 

infrastructure, more frequent maintenance, repair, and rehabilitation (MRR) activities are 

expected to take place in the near future. Therefore, infrastructure management frameworks that 

support agency decision-making processes are expected to play a more central role.  

While significant advancements have been achieved in accelerated construction of 

bridges using prefabricated elements, accelerated methods, and other innovative techniques and 

equipment, the MRR activities for roadways are still mostly undertaken by traditional methods, 

resulting in high user costs and environmental impacts due to prolonged traffic disruptions. To 

improve current practices, an infrastructure management framework for roadways with the 

capability of evaluating non-traditional techniques including accelerated methods is needed to 

support decision-making of public agencies.  

Because of their broader scope, network-level road infrastructure management systems 

usually take into consideration benefits such as user cost saving, user emission reduction, and 

other social or environmental factors. On the other hand, at the project level, existing decision 

support frameworks including software programs, department guidelines, and decision trees and 

matrices are mostly agency oriented and cost driven; insufficient attention has been paid to the 

social and environmental impacts of project-level decisions. In addition, existing decision 

support tools utilized by public agencies were mostly developed in late 1990s or early 2000s and 

have not been updated in a timely manner. These tools incorporate very few alternatives using 

non-traditional techniques and fail to cover a sufficient number of important factors from 

different perspectives for the selection of alternatives.  
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Meanwhile, some non-traditional MRR techniques such as intelligent compaction do not 

have unified design procedures or measures of reporting; and each project has been performed 

differently based on specific conditions. This makes it challenging for public agencies to adopt 

these techniques due to a lack of frameworks that can quantitatively analyze their overall impacts 

and justify their implementation at a project level.  

As a result, there is a need for a project-level roadway infrastructure management 

framework that comprehensively covers various MRR techniques, considers multiple factors 

from the economic, social, and environmental aspects in decision-making, and provides 

quantitative analysis on a life-cycle basis to evaluate the sustainability of alternatives.  

1.3 Research Questions, Goals, and Objectives 

With the research needs identified, the following two major research questions are formulated: 

(1) how can various economic, social, and environmental factors be considered in project-level 

decision-making, and (2) how can project-level maintenance, repair, and rehabilitation 

alternatives be evaluated using a life-cycle approach? 

Therefore, the goal of this research is to develop a project-level roadway infrastructure 

management framework to assist public agencies in the selection of the most appropriate 

maintenance, repair, and rehabilitation alternatives, especially non-traditional alternatives 

including accelerated methods, under the triple bottom line of sustainability. Roadway 

infrastructure is selected as the research subject due to its high importance in overall 

infrastructure assets and a lack of innovation in project-level infrastructure management 

practices compared to other types of infrastructure.  

To achieve the research goal, the following research objectives were accomplished:  
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 Investigate current practices of transportation agencies in infrastructure management and 

sustainability;  

 Study traditional and non-traditional roadway MRR techniques including accelerated 

methods, such as warm mix asphalt (WMA) overlay, cold-in-place recycling (CIR), full 

depth reclamation (FDR), intelligent compaction (IC), and precast concrete pavement 

system (PCPS);  

 Evaluate project-level alternatives considering various economic, social, and 

environmental factors;  

 Analyze project-level alternatives with a life cycle approach according to the triple 

bottom lines of sustainability through life cycle assessment and life cycle cost analysis.  

1.4 Research Methodology 

The proposed project-level infrastructure management framework consists of two decision 

flowcharts (one for flexible pavements and the other for rigid pavements), a multi-criteria 

decision making (MCDM) model, and a life cycle assessment (LCA) and life cycle cost analysis 

(LCCA) model. A schematic diagram of the overall framework is shown in Figure 1.  

The MCDM model includes a total of twelve factors from technical, economic, social, 

and environmental perspectives to make preliminary project-level decisions. Weights of the 

criteria are determined by the survey results by Salman et al. (2017) through analytical hierarchy 

process (AHP) and analytical network process (ANP).  

The LCA-LCCA model further evaluates project-level alternatives and makes decisions 

according to the agency’s sustainability goals and performance measures. Software programs and 
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databases including GREET®1, MOVES2, and Athena Pavement LCA are used for life cycle 

assessment while survey results by Salman et al. (2017), RSMeans 20163, and other 

miscellaneous cost sources are used for LCCA, respectively.  

 

Figure 1 Project-level Decision Support Framework Schematic Diagram 

Demonstration case studies (two for the MCDM model and two for the LCA-LCCA 

model) are used to elaborate on the proposed decision support framework, while validations are 

performed through expert opinions for the decision flowcharts and MCDM model, and through 

literature contrast for the LCA-LCCA model.  

                                                 
1 Greenhouse gases, Regulated Emissions and Energy in Transportation (GREET®) model by Argonne national 

laboratory (ANL) is a life cycle inventory database of transportation fuels and other products. 
2 MOVES (Motor Vehicle Emission Simulator) by EPA estimates emissions from mobile sources. 
3 RSMeans by GORDIAN® estimates construction costs. 
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1.5 Discussion, Conclusions, and Future Studies 

This research is expected to fill the gap of a comprehensive project-level roadway infrastructure 

management framework under the triple bottom line of sustainability and to provide suggestions 

to public agencies regarding the contents and approaches needed for project-level decision-

making. It also takes an initiative to evaluate non-traditional MRR techniques, including 

accelerated methods, and to improve commonly used MCDM methods in modeling problems 

associated with infrastructure management decision-making.  

The proposed decision support framework is capable of quantifying the overall and 

specific impacts of project alternatives using non-traditional MRR techniques including 

accelerated methods. Results of the demonstration case study for the LCA-LCCA model show 

that compared to traditional techniques, project alternatives using HIPR, CIR and FDR 

significantly reduce life cycle costs and environmental impacts, while the WMA overlay and IC 

alternatives deliver limited overall impact reductions. PCPS also considerably lowers 

environmental impacts. These findings are in good consistency with existing literature. Using 

this framework, public agencies should apply their own data, study the economic, social, and 

environmental impacts of project alternatives, and make decisions based on agency goals, 

objectives, and performance measures to improve the overall sustainability.  

The IC project alternatives can be revisited once additional benefits of applying 

intelligent compaction are reported. Future studies may expand this decision support framework 

by including more criteria in MCDM and analyzing more roadway, vehicle, and fuel types for 

LCA-LCCA model.   
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2 LITERATURE REVIEW 

2.1 Infrastructure Asset Management and Sustainability 

With limited funding and an increasing backlog of rehabilitation requirements, transportation 

agencies need to plan MRR work to achieve optimum cost effectiveness, and this is one of the 

major objectives of infrastructure asset management. Infrastructure asset management (IAM) 

includes the systematic coordinated planning and programming of investments or expenditures, 

design, construction, maintenance, operation, and evaluation of physical infrastructure assets and 

related facilities. It covers all the activities associated with providing and maintaining 

infrastructure assets at a level of service acceptable to the public, users, or owners. An 

infrastructure asset management system (IAMS) coordinates and enables the execution of these 

activities so that the use of available funds is optimized and the performance and preservation of 

infrastructure assets and provision of services are maximized (Uddin et al. 2013).  

An overall framework for an IAMS is shown in Figure 2. IAM efforts are undertaken at 

two interrelated levels: the program/network/system-wide level and the project/section level. 

Both levels have respective components, objects, and external constraints that are usually beyond 

the control of agencies. The scope of an IAMS depends on the network size and service 

boundaries under the agency’s jurisdiction. While an IAMS has a generic scope across all types 

of infrastructure, particular models, methods, and procedures are different from one to another 

(Uddin et al. 2013). Therefore, there are IAMSs specifically developed and utilized for 

roadways, bridges, underground utilities and others. Figure 3 shows a two-level IAMS 

framework for roadway pavement management (Haas 1994).  
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Figure 2 Overall framework for infrastructure asset management  

Adapted from Uddin et al. (2013) 

 

 

Figure 3 Operating levels of pavement management and major activities  

Adapted from Haas (1994) 
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2.1.1 Network-Level Infrastructure Asset Management 

At the network level, focuses are placed on deficiency and need analysis, strategy evaluation, 

and regional prioritization. General frameworks and guidelines for network-level IAMS have 

been provided by American Association of State Highway and Transportation Officials through 

the AASHTO Transportation Asset Management Guide: A Focus on Implementation (2011). The 

guide covers both managerial and technical aspects of infrastructure asset management and is 

expected to assist decision makers at state, county, and municipal levels in achieving IAM goals. 

Federal Highway Administration (FHWA) also urged the development and adoption of 

Transportation Asset Management Plans (TAMP) for state departments of transportation (DOT) 

as a response to the clause that states, “Each State is required to develop a risk-based asset 

management plan for the National Highway System to improve or preserve the condition of the 

assets and the performance of the system” (23 U.S.C. 119(e)(1), MAP-21 § 1106).  

Several studies have been conducted recently on IAMS for different types of 

infrastructure assets on a network level. To name a few, Zhang et al. (2013) developed a 

network-level IAMS for pavements; Arif et al. (2016) proposed a multi-criteria decision support 

framework for MRR of bridges; Chuang et al. (2006) presented a decision-making framework 

for underground sewer pipelines; Bhattachar et al. (2007) proposed a framework for inventory 

and inspection of culvert infrastructure; Salman and Salem (2012) developed a risk assessment 

tool for managing wastewater collection lines; and Bernhardt et al. (2003) generated an IAMS 

for geotechnical assets based on the general framework by FHWA. It should also be noted that 

some IAMSs proposed for one type of infrastructure asset may be utilized to analyze other 

assets, and there are also other research (Hsieh and Liu 1997; Sadek et al. 2003; Hastak et al. 

2005; ASME 2009) on IAMSs in general without referring to specific types of infrastructure.  
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2.1.2 Project-Level Infrastructure Asset Management 

At the project level, on the other hand, IAM performances vary greatly depending on the types of 

infrastructure and the operations of responsible public agencies. As a result, there are not as 

many studies specifically on the project-level IAM as those on the network-level IAM, while 

some decision support frameworks developed primarily for network-level prioritization are 

reported to be able to provide project-level analysis for the selection of alternatives. Other than 

the network-level IAMS research discussed before, Elbehairy et al. (2009) proposed a bridge 

management system that achieves both network-level and project-level optimization.  

In the context of pavement IAMS at the project level, as shown in Figure 3, after the 

network-level prioritization is completed and the sections of roadway to be maintained, repaired, 

or rehabilitated are identified, regional transportation agencies will continue to plan and execute 

corresponding activities. Commonly used tools that can assist regional transportation agencies in 

developing and evaluating alternatives include public and/or private software programs, 

department-specific guidelines, decision trees, and decision matrices, all of which may be part of 

the pavement management system (PMS) utilized by the agency. Most software programs allow 

agencies to analyze different maintenance strategies under different budget scenarios, and some 

feature integration with geographic information system (GIS) to provide visualization of 

infrastructure assets.  

Guidelines, decision trees, and decision matrices are usually developed according to the 

specific characteristics of the roadway infrastructure managed by the agency. Figure 4 shows a 

decision matrix used by NYSDOT for project-level management of flexible pavement 

infrastructure (Hicks et al. 2000), in which a total of seven alternatives are included and 

information regarding traffic and distress are considered in decision-making process. These types 
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of decision trees and matrices usually provide limited numbers of alternatives and consider few 

factors other than pavement distress types and severities.  

 

Figure 4 NYSDOT decision matrix on alternative preventive maintenance treatments 

 

Economic analysis is usually performed to determine the viability and timing of a project 

and to achieve maximum cost effectiveness once a project has been selected and budgeted. The 

basic principles of economic analysis at network level and project level are the same, but the 

amount of detail and information is more extensive at the project level where alternatives are 

developed and compared with each other. Uddin et al. (2013) suggest that it is highly important 

to include the costs and benefits over the entire life cycle of an infrastructure asset from as many 

aspects, such as agency, user, and environment, as possible in the economic analysis, so that non-

traditional alternatives that may not be selected based on initial cost alone can be justified.  
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2.1.3 Sustainable Practices in Transportation Infrastructure Asset Management 

The AASHTO (2011) guide pointed out that transportation agencies need to understand the 

effect of transportation services on the environment and that of climate change on transportation 

infrastructure. Another guide was developed through the National Cooperative Highway 

Research Program (NCHRP) in 2011 to assist transportation agencies in identifying and applying 

sustainability performance measures. These guides provide frameworks in which transportation 

agencies could develop appropriate infrastructure asset management plans and make necessary 

adjustment to existing managerial and organizational structures to incorporate sustainability at an 

enterprise/network/program level.  

 Commonly used sustainability-oriented decision support tools for agencies’ decision-

making in infrastructure management are self-evaluation or third-party certification sustainability 

rating systems that evaluate the overall sustainability of projects under the triple bottom line 

through credit assignment. A selection of sustainability rating systems discussed in the AASHTO 

guide (2011) is provided in Table 2.  

It is observed that these sustainability rating systems mostly use points or ordinal 

rankings to describe project sustainability, and scoring procedures rely largely on subjective 

evaluation. Therefore, the results of such a rating system, either in the form of total scores or 

corresponding levels of achievement, bear limited practical implications beyond the system 

itself. On the contrary, a framework that quantifies the economic, social, and environmental 

impacts in their original forms provides agencies with more accurate and meaningful results, 

which facilitates the achievement of agencies’ sustainability goals and objectives following the 

AASHTO guide.  
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Table 2 Selected Sustainability Rating Systems 

Rating Systems Developed by Key Characteristics References 

INVEST (Infrastructure Voluntary 

Evaluation Sustainability Tool) 

v1.2 

FHWA 

Self-evaluation tool, 68 criteria in three categories (system planning for 

states, system planning for regions, project development, operations and 

maintenance, and Innovative) 

FHWA (2017) 

ENVISION v2.0 

Institute for 

Sustainable 

Infrastructure 

Self-evaluation tool; 60 sustainability criteria from five categories (quality 

of life, leadership, resource allocation, natural world, and climate & risk). 

Five levels of achievement for each criteria (improved, enhanced, superior, 

conserving, and restorative). Maximum total points: 809.  

Institute for 

Sustainable 

Infrastructure 

(2017) 

Sustainable Transportation Access 

Rating System (STARS) 

North American 

Sustainable 

Transportation 

Council 

Third-party certification; 29 credits in six categories (integrated process, 

access, climate and energy, ecological function, cost effectiveness analysis, 

and innovation) 

Hurley (2010) 

Greenroads v1.5 

University of 

Washington, 

CH2M HILL 

Voluntary rating system; 37 credits that total 108 points plus 10 more 

custom points with 1 to 5 points under each credit out of seven components 

(ecology, equity, economy, extent, expectations, experience, and exposure) 

University of 

Washington 

(2011) 

Green Leadership in Transportation 

and Environmental Sustainability 

(GreenLITES) v2.1.0 

NYSDOT 

Self-certification; similar to Greenroads with five categories (sustainable 

sites, water quality, materials and resources, energy and atmosphere, and 

innovation/unlisted)  

NYSDOT 

(2017) 

Illinois Livable and Sustainable 

Transportation System and Guide 

(I-LAST) v 2.02 

IDOT, ACEC-IL4, 

and IRTBA5 

Percentage-based evaluation tool; 20 credits in eight categories (planning, 

design, environmental, water quality, transportation, lighting, materials, and 

innovation) 

IDOT (2012) 

Building Environmentally and 

Economically Sustainable 

Transportation-Infrastructure-

Highways (BE2ST-in-Highways) 

University of 

Wisconsin-

Madison 

Customizable weighting tools using analytical hierarchy process; nine 

criteria; stakeholders can select weights and credits based on relative 

importance 

University of 

Wisconsin-

Madison (2017) 

Green Guide for Roads 

Transportation 

Association of 

Canada 

Self-evaluation tool; three-point ranking (high, medium, low) of 13 areas.   

Transportation 

Association of 

Canada (2015) 

GreenPave 

Ministry of 

Transportation of 

Ontario, Canada 

Points-based system, similar to Greenroads and GreenLITES with 

customization for Ontario 

Chan et al. 

(2013) 

                                                 
4 American Council of Engineering Companies-Illinois  
5 Illinois Road and Transportation Builders Association 
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2.2 Roadway Maintenance, Repair, and Rehabilitation Techniques 

Pavement preservation activities are generally categorized into preventative maintenance, routine 

maintenance, repair, rehabilitation, and reconstruction activities. Other terms such as restoration 

and remodeling are also used interchangeably. Uddin et al. (2013) provide definitions of these 

different actions:  

 Maintenance is the set of activities required to keep a component, system, 

infrastructure asset, or facility functioning as it was originally designed and 

constructed to function.  

 Preventive or proactive maintenance, or preservation, is performed to 

retard or prevent deterioration or failure of a component or system; 

 Corrective or reactive maintenance is performed to repair damage and/or 

to restore infrastructure to satisfactory operation or function, after failure. 

 Routine maintenance is any maintenance done on a regular basis or 

schedule. In nature it is generally preventive, but it can also be corrective.  

 Rehabilitation is the act or process of making possible a compatible use for a 

property through repair, alternations, and additions, while preserving those 

portions or features that convey its historical, cultural, or architectural values.  

 Reconstruction is the act or process of depicting, by means of new construction, 

the form, features, and detailing of a non-surviving site, landscape, building, 

structure, or object, for the purpose of replicating its appearance at a specific 

period of time and in its historic location.  
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In this research, non-traditional MRR techniques refer to the processes and procedures 

that achieve goals and objectives of maintenance, repair, and rehabilitation with reduced 

economic, social, and/or environmental impacts in comparison to the traditionally used 

techniques, In some states, non-traditional techniques have been performed more extensively 

than others, as different public agencies in the United States vary greatly in the adoption of non-

traditional MRR techniques.  

As maintenance and repair techniques usually result in relatively small overall impact, 

more emphasis has been exerted on improving rehabilitation/reconstruction techniques for 

roadways. Therefore, non-traditional MRR techniques covered in this study are mostly 

rehabilitation techniques including warm mix asphalt (WMA) overlay, cold-in-place recycling 

(CIR), full depth reclamation (FDR), innovative compaction (IC) for flexible pavements, and use 

of precast concrete pavement systems (PCPS) for rigid pavements. The traditional techniques, as 

the counterparts of non-traditional ones, are hot mix asphalt (HMA) overlays and hot-in-place 

recycling (HIPR) for flexible pavements and use of cast-in-place (CIP) concrete for rigid 

pavements. This research also covers maintenance and repair treatments such as crack seal, 

asphalt patching for flexible pavements, and crack repair and diamond grinding for rigid 

pavements. Detailed information on traditional and non-traditional techniques is provided in the 

following subsections.  

2.2.1 Traditional Techniques 

2.2.1.1 Crack Seal and Joint Seal 

Crack seal is used for addressing cracks on asphalt pavement surfaces to reduce infiltration of 

water into the pavement through cracks and slow surface deterioration. The most commonly used 

materials in crack sealing procedures are bituminous sealants. Sealants are usually formulated 
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with bitumen, a polymer modifier such as styrene-butadiene-styrene, and recycled-rubber 

powder (Wang et al. 2012). Crack seal is capable of treating minor to moderate cracking 

problems at an acceptable cost, but it usually makes very limited extension to the service life of 

asphalt pavement. Joint Seal for concrete pavement is performed out of the same consideration 

as crack seal for asphalt pavement. It is needed when missing or de-bonded sealants or seal joints 

containing incompressible objects are present (FHWA 2005).  

2.2.1.2 Patching 

Pavement patching is performed by removing a distressed area and then backfilling with new 

asphalt or concrete mixture, which addresses local pavement deficiencies. Patching is also 

needed if areas of distresses exist while the entire pavement section requires rehabilitation as a 

pre-overlay repair method (Li and Wen 2014).  

2.2.1.3 Hot Mix Asphalt Overlays 

Hot Mix Asphalt (HMA) Overlays replace the top layers of deteriorated asphalt pavement with a 

new hot mix asphalt layer typically with lift thickness of from 1.25 to 2 inches, which 

substantially increases the service life of pavement (by eight to ten years). On other occasions, 

HMA overlays of thinner lifts, from 0.5 to 1.25 inches, are used to achieve higher cost efficiency 

if thin overlays are effective in addressing pavement distresses (Wilson et al. 2015).  

2.2.1.4 Diamond Grinding 

Diamond grinding is a concrete pavement restoration technique that addresses faulting and 

roughness irregularities to restore rideability, increase surface macro-texture, reduce noise, and 

improve safety, which is typically used in conjunction with other concrete pavement 

rehabilitation techniques. The reduction of slab thickness by diamond grinding is generally 
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between 3/16 and ¼ inch, and the effect on service life due to reduction of thickness is reported 

to be negligible (Correa and Wong 2001).   

2.2.2 Warm Mix Asphalt 

Warm mix asphalt (WMA) refers to asphalt mixtures that are produced at lower temperatures 

than those typically used in the hot mix asphalt (HMA) production, usually by 50°F or more. 

This is achieved through asphalt foaming technologies or by using organic or chemical additives.  

First introduced in Europe in the late 1990s, WMA was intended to reduce greenhouse 

gas emissions while providing mixtures with similar strength, durability, and performance 

characteristics as traditional HMA because of the substantially reduced production temperature 

(Bonaquist 2011). The first WMA pavement in the United States was constructed in 2004, 

followed by a large number of field trials (West et al. 2014).  

Benefits of using WMA as a substitute of traditional HMA include reduced fuel use and 

plant emissions, improved working conditions, better workability and compaction, extended 

paving season due to increased potential for cool weather paving, and increased amount of 

allowable reclaimed asphalt pavement to be used (Anderson et al. 2008).  

2.2.3 Cold-in-Place Recycling  

Cold-in-place recycling (CIR) refers to a rehabilitation process in which the existing pavement 

materials are reused in-place without applying heat. This technique proves to be very effective in 

addressing asphalt pavement deficiencies such as cracking, rutting, bumping and shoveling (Gao 

et.al 2014).  

Specific steps of performing CIR include milling up the existing asphalt pavement, sizing 

the aggregates, mixing with an emulsified asphalt or active filler, placing the new asphalt mix, 
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and compacting the materials. Recycling agents such as lime, fly ash, cement, lime kiln dust, 

foamed asphalt, or asphalt emulsion are used for the CIR technique in order to achieve proper 

binding in the asphalt mixture. Foamed asphalt is produced when asphalt cement is heated and 

pumped through an expansion chamber on the cold recycling unit, where a small amount of cold 

water is injected and vaporized, causing the asphalt cement to rapidly foam (Lane and Lee 2014).  

Shorter construction periods, reduced transportation and production of virgin materials, 

and reduced fuel consumptions and greenhouse gas emissions are the most widely recognized 

benefits of using CIR. Meanwhile, because of the absence of heating, reclaimed asphalt 

pavement materials in CIR are subject to minimum aging, making it possible to perform another 

CIR treatment once the previously CIR-treated pavement reaches the end of its service life (Lane 

and Lee 2014).  

2.2.4 Full Depth Reclamation 

Full depth reclamation (FDR) is the process where the entire thickness of the distressed 

pavement and a pre-determined amount of the subbase layer or base layer are uniformly 

pulverized and mixed together to form a stabilized base course. This rehabilitation technique is 

typically used when (1) target pavement sections demonstrate extensive structural distresses, (2) 

deficiencies occur at lower layers of the pavement, or (3) pavement sections reach the end of 

their service lives (Swiertz 2015). Stabilizing agents used in FDR are essentially the same as 

recycling agents used in CIR such as active fillers, asphalt emulsion, and foamed asphalt, which 

aim at restoring the mechanical deficiencies of reclaimed materials and improving the structural 

characteristics of the base or subbase layer.  

The main advantage of FDR technique is that it eliminates potential structural 

deficiencies in lower layers of asphalt pavement, which contribute to the formation of reflective 
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cracks and other distresses resulting from base or subbase layer problems. Therefore, when 

severe structural failure occurs, FDR is usually a preferable option to conventional rehabilitation 

techniques from a life-cycle perspective because of the reduced future maintenance costs (Bocci 

et.al 2012). As one of the recycling techniques, FDR also decreases the use and transportation of 

virgin materials, resulting in reduced construction costs and greenhouse gas emissions.  

2.2.5 Intelligent Compaction 

Intelligent compaction (IC) technique refers to the process where compaction is monitored and 

controlled by instrumentations to achieve more uniformed compaction and 100% coverage of the 

compacted area rather than through the point measurements of traditional stiffness and density 

tests for quality assurance. Intelligent compaction was introduced in the United States in 2004 

following its successful implementation in Europe, but its adoption has been relatively slow ever 

since (Mooney et al. 2010).  

Major components of an IC system include a global positioning system (GPS), 

accelerometer, infrared temperature sensor, processing software, visual display, and data storage 

(Mooney et al. 2010). Through the functionalities of these system components, IC allows paving 

contractors to closely monitor the stiffness of the materials being compacted in order to minimize 

variability in the end product. As a result, fewer roller passes are needed to achieve the desired 

level of compaction, which leads to optimized labor utilization, shortened construction time, 

reduced fuel consumption, and minimized equipment wear-and-tear.  

IC also offers identification of the areas that have not been properly compacted so that 

reworking of the defective compaction can be planned before additional layers are placed to 

avoid problems in subsurface layer once compaction is completed. This reduces maintenance 

requirements and generates construction records for future reference, making it a favorable 
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addition to traditional paving process from a life-cycle perspective. Meanwhile, one limitation of 

IC application is that there is not yet an industrial standard on the generation and reporting of 

compaction information (Savan et al. 2015).  

2.2.6 Precast Concrete Pavement Systems 

Unlike the traditional cast-in-place process, precast concrete pavement (PCP) systems use 

concrete slabs fabricated off-site and transported to the project site to construct or rehabilitate 

rigid pavement sections. Precast concrete slabs are usually installed on prepared foundations, and 

no on-site curing is needed to achieve sufficient strength. Construction can take place during off-

peak hours or even overnight for minimum disturbance to traffic. As a result, PCP systems are 

most suitable for the rehabilitation of rigid pavements serving heavy traffic for congestion 

reduction considerations.  

Other than shortening of the construction schedule, PCP systems also allow a higher 

standard of quality and fabrication because concrete slabs and panels are manufactured off-site 

with potentially improved quality control, which reduces future maintenance needs and increases 

infrastructure service life (FHWA 2017).  

In summary, non-traditional MRR techniques for roadways may reduce construction 

costs, duration, fuel consumption, greenhouse gas emission, and use of virgin materials. More 

importantly, these techniques are most likely going to create life cycle cost savings, which could 

be a good justification of their implementation.  

Table 3 shows the documented benefits of non-traditional MRR techniques for roadways.  
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Table 3 Summary of Benefits of Non-traditional MRR Techniques for Roadways 

Benefits WMA CIR FDR IC PCPS 

Construction Cost Savings √  √   

Life-Cycle Cost Savings √ √ √ √ √ 

Accelerated Construction  √  √ √ 

Improved Working Condition √ √    

Improved Quality   √ √ √ 

Reduced Fuel Consumption √ √ √ √  

Reduced GHG Emissions √ √ √ √  

Reduced Virgin Materials  √ √   

 

2.3 Multi-Criteria Decision-making Methods 

Multi-criteria decision-making (MCDM) refers to making decisions in the presence of multiple, 

usually conflicting, criteria (Tzeng and Huang 2011). In the context of project-level 

infrastructure asset management, one example is that accelerated construction techniques for 

roadways may on one hand incur higher agency costs because of extra labor and equipment but 

will, on the other hand, reduce user costs due to a shortened construction schedule and alleviated 

congestion in the vicinity of work zone. Therefore, maintenance, repair, and rehabilitation 

techniques and alternatives have profound impacts on the economy, society and environment, 

and it is highly recommended that decision makers take important factors from all aspects into 

consideration.   

Based on the review from Mardani et al. (2015), the most commonly used MCDM 

methods since 2000 are the Analytical Hierarchy Process (AHP), Analytical Network process 

(ANP), Technique for Order Performance by Similarity to Ideal Solution (TOPSIS), and 

ELimination Et Choix Traduisant la REalité (ELECTRE). There are also many other studies 

using hybrid methods by combining two or more basic MCDM methods or other updated and 

improved MCDM methods.  
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2.3.1 Analytical Hierarchy Process 

Analytical Hierarchy Process (AHP) is a flexible pairwise comparison model developed by Saaty 

(1970). It can be used to model a wide range of problems in an easily understandable way, while 

incorporating logic, intuition, experience, judgment, and personal values in the analysis and 

considering all factors to reach to a final conclusion.  

AHP starts with defining hierarchies to structure the problem so that a clear 

understanding of relationships is obtained and factors can be identified and compared on the 

same platform. Factors are categorized in groups that logically relate to the higher level so that 

the relative importance of each factor and group can be calculated. Once the hierarchic structure 

with major factors is developed, priorities are assigned to elements for each criterion on the 

higher level followed by a weighting process on the lower level. 

To list a few applications of AHP in construction and project management, Gudienė et al. 

(2014) evaluated factors affecting construction projects in Lithuania; Salem (2013) modeled 

decisions on accelerated bridge construction; Raviv et al. (2017) analyzed the risk potential of 

safety incidents, and Inti et al. (2016) used modified AHP to support decision-making processes 

in pavement design selection.  

Benefits of using AHP include the ability to model various unstructured problems with 

ease, the similarity to the natural tendencies of the human rational thinking process, the 

capability of measuring intangible factors, and flexibility of customization by adjusting relative 

priorities to match the changing goal (Saaty 1982). AHP, however, works with the assumption 

that one element is independent from other elements on the same level and on lower levels. This 

may not be in strict consistency with the nature of the problem to be modeled.  
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2.3.2 Analytical Network Process 

Analytical network process (ANP) provides a general framework in the form of a network for 

dealing with decisions without making assumptions about the independence of higher-level 

elements from lower level elements and about the independence of the elements within a level as 

in a hierarchy. The difference between the two MCDM methods regarding composition is shown 

in Figure 5.  

In ANP, one needs to make judgment regarding the relative importance of two elements, 

similar to the pairwise comparison process in AHP, and also regarding their relative influences 

on a third element with respect to a criterion (Saaty 2004). In this manner, with more intensive 

calculation requirements, ANP is capable of analyzing the dependency between and among 

alternatives and criteria, and it is believed to provide more accurate modeling results under 

complex decision-making conditions.  

 

Figure 5 Hierarchy and Network 

General steps in modeling MCDM problems using ANP include (Saaty 2004): (1) 

development of a decision model structure, (2) conducting pairwise comparisons on clusters and 

nodes, (3) forming the supermatrix that includes relative weights of sub-matrices from pairwise 

comparison results, (4) normalizing supermatrix to obtain stochastic columns, and (5) raising the 

supermatrix to limiting powers until the weights have converged. 
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Because of the capability of modeling interdependencies of elements, especially the 

feedback effect from low-level factors to high-level factors, the ANP method is adopted in 

decision environments where influences of criteria and alternatives on each other cannot be 

overlooked. For example, Zhou and Yang (2011) assessed risk associated with a new campus 

construction project with fuzzy ANP; Atmaca and Basar (2012) used ANP to evaluate 

alternatives of different types of power plants considering various factors including economy, 

technology, and sustainability; and Xu et al. (2015) analyzed interrelationships of factors 

affecting sustainable building energy efficiency retrofit.   

2.3.3 Technique for Order Performance by Similarity to Ideal Solution 

The basic principle of the Technique for Order Performance by Similarity to Ideal Solution 

(TOPSIS) method proposed by Hwang and Yoon (1981) is that the chosen alternative has the 

shortest distance from the ideal solution and the farthest distance from the negative ideal solution 

to reflect the optimization by decision-making. Major procedures of TOPSIS method include 

developing normalized and weighted normalized decision matrices, determining the ideal and 

negative-ideal solutions, and calculating separation measures and relative closeness to the ideal 

solution (Opricovic and Tzeng 2004).  

 This method is particularly suitable for decision-making scenarios where a large number 

of attributes and alternatives are present with objective and quantitative data (Shih et al. 2007). 

For example, Srdjevic et al. (2004) evaluated water management scenarios with TOPSIS; Janic 

(2003) applied TOPSIS in the selection of high-speed transport systems; and Cheng et al. (2002) 

used TOPSIS to analyze solid waste management.   
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2.3.4 ELimination Et Choix Traduisant la REalité  

Since the development of the ELimination Et Choix Traduisant la REalité (ELECTRE) method 

by Roy (1968), there have been many versions of ELECTRE method with different operations 

and targeted types of problems, but the fundamental concepts of these versions are the same: 

thresholds and outranking. In the original ELECTRE method, the decision maker will specify an 

indifference threshold and a weak preference threshold to indicate the different levels of 

preferences in evaluating two alternatives. Then each criterion is examined for concordance or 

discordance with the determination of preference and has a concordance index calculated to form 

a matrix of preferences and alternatives.  

The effectiveness and accuracy of analysis depends heavily on the assignment of 

threshold values. One advantage of the ELECTRE method is its direct use of objective/numerical 

data while most other MCDM methods rely on subjective/nominal data from decision maker 

preferences (Buchanan et al. 1998).  

Popular application areas for the ELECTRE family include natural resources and 

environmental management, business management, energy management, design, mechanical 

engineering and manufacturing, and construction engineering (Govindan and Jepsen 2016). 

Examples related to infrastructure asset management include evaluation of transport projects by 

Tsamboulas, et al. (1999), risk assessment of pipelines by Brito et al. (2010), and evaluation of 

cross-country transport-sustainability by Bojkovic et al. (2010).  

Table 4 summaries characteristics, advantages, and limitations of MCDM methods. 

Based on the research objectives, ANP is the most suitable method because of its capability of 

analyzing interdependencies among factors from a triple bottom line of sustainability. 
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Meanwhile, using AHP allows users to customize the decision support tool due to ease of use 

and understanding. TOPSIS is less applicable because there are usually not a great number of 

project alternatives for analysis. Determination of threshold values for ELECTRE method is also 

challenging, making it inappropriate for this research.  

Table 4 Characteristics of Common MCDM Methods 

Methods AHP ANP TOPSIS ELECTRE 

Feature Hierarchy structure; 

weights assigned to 

each criterion 

Network form; 

model influences 

among elements 

Select the one with 

shortest distance to 

ideal solution 

Use thresholds and 

outranking to evaluate 

alternatives 

Advantage Ease of use and 

understanding 

Can analyze 

dependencies 

Good for large number 

of alternatives 

Direct use of numerical 

data 

Limitation Assumption of 

independence 

High complexity Number of alternatives  Dependent on threshold 

values 

 

2.4 Life Cycle Assessment and Life Cycle Cost Analysis 

2.4.1 Life Cycle Assessment 

Life cycle assessment (LCA) is a “cradle-to-grave” approach for assessing products and systems 

by evaluating the environmental impacts resulting from all stages throughout the entire life cycle. 

A typical LCA, also known as a process-based LCA, defined by EPA and ISO 14040, consists of 

four components including goal definition and scoping, inventory analysis, impact assessment 

and interpretation. If conducted properly, LCA allows users to compare all major environmental 

impacts of different alternatives and avoid biased results due to certain portions of environmental 

impacts being excluded from the study. Therefore, users of LCA need to have a well-defined 

scope and complete and up-to-date data in order to produce accurate final results, which makes 

the performance of an LCA highly resource intensive (SAIC 2006).  


