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ABSTRACT 

 

MATTHEW TODD SHEFFIELD. Advancing the use of rigid pavements and concrete 

overlay pavement rehabilitation methods as targeted solutions for improving roadway resilience 

and sustainability. 

(Under the guidance of DR. TARA L. CAVALLINE) 

 

Climate change and extreme weather events increasingly threaten transportation 

infrastructure, necessitating resilient, sustainable, and cost-effective pavement solutions. This 

dissertation explores the feasibility of concrete overlays and rigid pavement systems as targeted 

strategies for enhancing pavement resilience and sustainability in vulnerable areas of the 

Southeastern United States, with a particular focus on North Carolina. 

The first study examined the construction industry’s capacity to support concrete overlay 

implementation. A survey of 19 Southeastern paving contractors revealed that 92% expressed 

moderate to high interest in completing overlays. However, the primary barrier identified was the 

lack of projects being let for bid. Additional concerns included traffic control, safety, and shortages 

of skilled labor. Notably, even contractors without prior overlay experience expressed a 

willingness to undertake such work. Expanding bid opportunities and increasing access to current 

construction guidelines may help overcome these barriers and broaden the adoption of overlays 

across the region. 

The second study included a life cycle cost analysis comparing full-depth asphalt, jointed 

plain concrete pavement (JPCP) of standard thickness, optimized JPCP, asphalt overlay 

rehabilitation, and unbonded concrete overlay (UBCO) rehabilitation strategies. Full-depth asphalt 

remained the most economical option when shoulder drains were required for rigid pavements. 

However, optimized JPCP became a cost-effective solution when shoulder drains were excluded—

particularly in wider (13-foot) lane scenarios due to material savings. While UBCO proved 
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competitive in some cases, its broader use was limited by cost variability. These findings suggest 

that current pavement policies requiring shoulder drains for rigid pavements should be reexamined, 

and that a more balanced, project-specific life cycle cost analysis framework is needed to foster 

fair competition between pavement alternatives.  Additional competition amongst pavement 

alternatives has been shown to reduce bid pricing, providing benefits to the state. Given the 

demonstrated resilience of concrete pavements in flood-prone areas, incorporating resilience 

considerations into the agency’s LCCA process would support more robust infrastructure planning 

and enhance the long-term sustainability and resilience of transportation networks. 

The third study included a life cycle assessment evaluating the environmental impacts of 

full-depth asphalt, JPCP, UBCO, and asphalt overlay alternatives. Optimized JPCP consistently 

achieved lower global warming potential (GWP) per lane mile, with reductions of up to 18.96% 

compared to full-depth asphalt. UBCO pavement sections also exhibited lower GWP   than asphalt 

overlays, with GWP reductions ranging from 3.75% to 52.42% per lane mile per year of extended 

life. These results demonstrate that rigid pavement alternatives can offer significant environmental 

benefits, particularly when designed for optimized performance and longevity. 

The fourth study developed a methodology for predicting flood vulnerable of roadway 

segments using geospatial datasets that are common to highway agencies. The methodology was 

applied using geospatial datasets for North Carolina Department of Transportation (NCDOT) 

Division 6 in Southeastern North Carolina. The developed methodology provides a systematic 

approach for identifying and quantifying flood prone roadway segments that can be used to support 

data driven decisions for infrastructure planning.  

Collectively, these studies highlight the importance of integrating contractor readiness, 

economic efficiency, and environmental sustainability into pavement decision-making. 
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Incorporating life cycle thinking into agency practices will help ensure that infrastructure 

investments are resilient, cost-effective, and aligned with long-term sustainability and climate 

adaptation goals.  
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CHAPTER 1: INTRODUCTION 

1.1 Overview 

Sustainability is a composite goal based on social, environmental, and economic 

awareness, which is better known as the triple bottom line (Brundtland 1987, Bamgbade et al., 

2019). The primary focus of sustainability in infrastructure is preserving and restoring the 

surrounding ecosystem, utilizing resources efficiently, and meeting the needs of society through 

the implementation of an engineered system. Several assessments can be utilized to measure the 

sustainability of an engineered system, which includes performance assessment, life cycle cost 

analysis (LCCA), and life cycle assessment (LCA) (Van Dam et al., 2015). Resilience is the ability 

of a system to withstand and recover from an extreme event. Resilient infrastructure can withstand 

the impacts of extreme climatic events and still maintain its functionality (Meyer et al., 2019). 

Both sustainability and resilience share the common goal of creating an engineered system to meet 

the needs of society over time, while also considering changing environmental and resource-

related factors. 

The North Carolina Department of Transportation’s (NCDOT) policy on resilience states 

that the department will deploy risk-based asset management and design strategies to assess the 

vulnerabilities and incorporate measures to mitigate disaster impacts and collaborate with federal 

and other state agencies on these efforts (NCDOT, 2021). The Federal Highway Administration 

(FHWA) resilience policy supports the funding of climate adaptation activities that are necessary 

to mitigate the risks that are associated with the impact from climate change. Climate adaptation 

activities include vulnerability assessments and design and construction of projects. (FHWA, 

2024) The identification of vulnerable roadway segments is critical to the creation of a resilient 

network. Both policies on resilience for the FHWA and the NCDOT focus on mitigating the 

impacts from extreme events by identifying vulnerable areas and implementing mitigation 
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measures. The FWHA’s policy on sustainability is rooted in the triple-bottom line concept and in 

terms of pavements a sustainable pavement is characterized as one that maintains its functionality, 

minimizes its impact on the surround ecosystem, economically utilizes financial, human, and 

environmental resources, and meets the basic needs of society (FHWA, 2017). The resilience 

policies for the NCDOT and FHWA and the FHWA’s policy on sustainable pavements both focus 

on maintaining functionality. These resilience policies emphasize a focus on identifying and 

treating vulnerable areas, whereas the policy on sustainability is an overarching concept that 

focuses on minimizing the economic, environmental, and social impacts. Weilant et al. (2019) 

noted that the framing of the problem is the most important item to consider when endeavoring to 

incorporate resilience into our transportation systems. Sustainability and resilience are interrelated 

with their focus on performance and functionality (Figure 1.1). 

 

Figure 1.1. Proposed Interrelation between Sustainable and Resilient Pavements 
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As roadways are maintained, reconstructed, and improved there is an opportunity to incorporate 

resilient measures to mitigate the effects of changing temperature and precipitation (Dylla and 

Hyman, 2018). The creation of resilient pavements requires the use of materials and methods that 

are less susceptible to moisture and temperature variations, which are referred to as resilient 

hardened solutions. The use of rigid pavement is a proven method for increasing the resilience of 

vulnerable sections of roadways. Depending on the situation, rigid pavements can be added to 

vulnerable areas by either using reconstruction or rehabilitation methods. Reconstruction is the 

replacement of all or most of the roadway structure, which involves standard rigid pavement 

construction techniques (Fick et al., 2021). Rehabilitation can involve adding a rigid pavement 

layer to the existing roadway structure, which is known as a concrete overlay (Fick et al., 2021). 

Concrete overlays are potentially one of the most cost-effective maintenance and rehabilitation 

approaches for existing pavement structures that can result in a resilient hardened roadway Gross 

et al., 2017, Fick et al., 2021). 

 

Alternative bid approaches in pavement design and construction offer significant benefits 

by fostering inter-industry competition, encouraging innovation, and promoting cost effective 

solutions. These approaches allow contractors to submit multiple design options, that typically 

include flexible and rigid pavement equivalents, giving agencies the flexibility to evaluate bids 

based on life cycle cost, performance, and contextual suitability rather than defaulting to a single 

pavement type. This strategy reduces institutional bias, promotes innovation in pavement design, 

and can lead to lower bid prices through increased competition among asphalt and concrete 

contractors. Studies have shown that alternative bidding processes improve bid participation, 
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reduce unit cost variability, and enhance the transparency of the selection process (Pittenger et al., 

2014; FHWA, 2015). Furthermore, allowing for equivalent designs in the bid process enables 

agencies to leverage local contractor expertise and material availability, which can further optimize 

project delivery and long-term performance. By embracing alternative bid approaches, 

transportation agencies can better align pavement design decisions with sustainability, resilience, 

and fiscal responsibility goals. 

 

1.2 Problem Statement 

The maintenance and rehabilitation of existing infrastructure has come to the forefront 

nationally in recent years. The American Society of Civil Engineers (ASCE) has recently indicated 

that that about 20% of highway pavements in America are in poor condition and need to be 

rehabilitated, but continual underfunding has led to an increased backlog (ASCE, 2021). The use 

of concrete overlays on existing pavements are potentially one of the most cost-effective 

maintenance and rehabilitation approaches for existing pavement structures (Gross et al., 2017, 

Fick et al., 2021). The use of portland cement concrete (“concrete”) can be traced back to 1901 

and by the mid-1980s concrete overlays had become a standard practice in some highway agencies 

(Fick et al., 2021). Concrete overlays have a relatively low maintenance service life of 20 years 

and many have provided up to 30 to 40 years of service (McGhee, 1994, Fick et al., 2021). 

Concrete overlays are characterized as a relatively thin layer of concrete that is added to an existing 

pavement to add structural integrity and eliminate any surface distresses that exist in the existing 

pavement. Concrete overlays can be bonded or unbonded, and constructed over either asphalt 

pavements, concrete pavements, or composite pavements.  Further discussion is presented in 

Chapter 2. 
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In a variety of roadway applications, rigid pavements and concrete overlays can be used as 

a targeted solution providing reduce maintenance and rehabilitation costs (Hunsucker and Meade, 

1995). In many situations, however, rigid pavements are not considered due to higher upfront costs 

than asphalt pavements, lack of industry stakeholders to support design/construction, or other 

factors.  Studies have shown that increased industry competition provides benefits to agencies in 

the form of lower costs, reduce bid variability, faster project delivery, improved quality, and 

encourages innovation in construction practices (Mack et al., 2023). Further research into 

optimized rigid pavement and concrete overlay design, construction, and sustainability-related 

costs and benefits will help to advance the implementation of these cost effective and sustainable 

rehabilitation solutions, which is the primary aim of this research project. Further discussion is 

presented in Chapters 3 and 4. 

From a resilience perspective, agencies use a variety of strategies and approaches to 

support project identification and prioritization for improvement and hardening.  In recent years, 

North Carolina (like many other states) have experienced an increase in frequency and intensity of 

extreme weather events, leading to many segments of roadways within the state’s network being 

vulnerable to flooding at a range of storm frequencies. As part of this work, a methodology was 

developed to identify flood-vulnerable roadway segments using geospatial data. The method was 

developed using NCDOT’s data for a southeastern division (Division 6).  However, the types of 

geospatial data used in this analysis are commonly used or collected by other agencies, and the 

methodology could prove useful to others looking to rapidly identify and inventory flood-

vulnerable roadways.  It could also be useful to support network-level project prioritization.  This 

work is presented in Chapter 5. 
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1.3 Research Objectives and Study Significance 

The objective of this research is to identify the implementation barriers that exist for rigid 

pavement and concrete overlay solutions in North Carolina and provide recommendations for 

improving pavement design and alternate pavement section analysis that will incorporate a greater 

focus on added resilience and sustainability.  The identification of the barriers that are hindering 

the implementation of rigid pavement and concrete overlay solutions, and subsequently providing 

information and solutions to support stakeholders will help to fill the knowledge gap between 

theory and implementation, which will help contractors, designers, and agencies advance this 

technology into practice. This combined work will help fill the knowledge gap that exists between 

theory and practice in rigid pavement and concrete overlay design, specification, and construction. 

The main objectives that this doctoral research aims to address are: 

1. Identify the barriers that are hindering the implementation of concrete overlay 

pavement rehabilitation solutions in North Carolina (and potentially other states). 

2. Quantify economic and environmental impacts and benefits associated with rigid 

pavement and concrete pavement overlay solutions and identify design and 

specification provisions that could support achieving benefits and limiting impacts. 

3. Develop recommendations to design guidelines to support broader implementation 

of rigid pavement and concrete overlay solutions. 

4. Develop a methodology for identifying and quantifying flood vulnerable roadway 

segments. It is noted that this portion of the work did not extend into recommending 

a particular type of resilience improvement or hardening approach but provides 

tools and guidance for agencies to identify segments within their network that could 

benefit from either flexible or rigid pavement improvements to improve resilience. 
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The results of this study provide information supporting holistic analysis of the impacts 

and benefits associated with a range of rigid and flexible pavement design alternatives.  Findings 

of the industry survey identified barriers and offered solutions to aid in the implementation of 

concrete overlay pavement rehabilitation methods as a targeted solution.  The analyses of monetary 

costs and environmental impacts of alternative pavement solutions over the design life provide 

useful examples that demonstrate the need for agencies to consider more robust performance 

metrics and whole-life performance in their decision-making.  Ultimately, adopting these 

approaches will support a more resilient and sustainable highway network.  Findings of this work 

may also promote additional consideration of rigid pavement alternatives, encouraging increased 

industry competition and the associated benefits. 
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CHAPTER 2: INSIGHTS INTO INCREASING THE IMPLEMENTATION OF CONCRETE 

OVERLAY REHABILITATION METHODS FOR HIGHWAY PAVEMENTS 

Sheffield, M. T., Cavalline, T. L., & Dean, G. (2023). Insights into Increasing the Implementation 

of Concrete Overlay Rehabilitation Methods for Highway Pavements. Transportation Research 

Record, 2677(3), 757-767. https://doi.org/10.1177/03611981221117539 

 

2.1 Abstract 

Concrete overlays provide a promising solution to extending pavement life, and are 

currently the focus of a Federal Highway Administration (FHWA) Every Day Counts (EDC) 

initiative.  Despite their potential benefits, concrete overlays are not commonly used in many areas 

of the United States, including the Southeast.  A survey of 19 paving contractors active in the 

Southeastern United States was performed to quantify recent concrete overlay projects performed 

by these contractors, to assess the capabilities of contractors to construct concrete overlays in this 

region, and to identify barriers to implementation of concrete overlays as well as opportunities to 

increase their use. Findings indicated contractors in the region either had extensive overlay 

experience or no experience constructing concrete overlays.  Regardless of the experience level of 

the contractor, the primary barrier to implementation is that this type of work is not being let for 

bid. Concerns about traffic control and safety was the second most important barrier among all 

contractors. Experienced contractors indicated the lack of available and skilled construction 

personnel were also key barriers. Inexperienced contractors cited concerns about the length and 

duration of construction was the third most important barrier. Respondents indicated an eagerness 

to bid on and complete overlays. The results of this study provide insight to regional state highway 

agencies, municipalities, and design engineers on the capabilities of concrete pavement contractors 

in the region to complete concrete overlay projects. Findings will help agencies understand the 

capabilities and concerns of concrete paving contractors and aid in informed decisions regarding 

overlays. 

https://doi.org/10.1177/03611981221117539
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2.2 Introduction 

Concrete overlays are characterized as a relatively thin layer of concrete that is added to an 

existing pavement to add structural integrity and eliminate any surface distresses that exist in the 

existing pavement. The use of portland cement concrete (“concrete”) can be traced back to 1901 

and by the mid-1980s concrete overlays had become a standard practice in some highway agencies 

(1). In 1994, the National Cooperative Highway Research Program (NCHRP) Synthesis of Practice 

204 indicated that concrete overlays have a relatively low maintenance service life of 20 years and 

many have provided up to 30 to 40 years of service (2). More recent surveys indicate similar or 

better service life for more recently constructed concrete overlays (3). Viewed by FHWA as a cost-

effective maintenance and rehabilitation approach for existing pavement structures, concrete 

overlays are a technology included in the Federal Highway Administration’s (FHWA) Every Day 

Counts 6 (EDC6) initiative in hopes of increasing adoption of this approach by state highway 

agencies (4).  

The type of concrete overlay that is most appropriate for an existing roadway depends upon 

the condition of the pavement structure. Concrete overlays are placed over an existing pavement, 

either bonded or unbonded to the pavement surface. Bonded concrete overlays are suitable for 

existing pavements that are in good to fair structural condition, while an unbonded concrete 

overlay is suitable for pavements in good to partially deteriorated conditions. Selection of an 

overlay rehabilitation choice preserves the existing pavement structure, minimizes impact on the 

environment, provides a continued return on the investment of the original pavement, and typically 

has a lower life-cycle cost compared to asphalt overlays with an equivalent design life (5, 6, 7). If 

constructed properly concrete overlays provide a sustainable and longer-lasting rehabilitated 

pavement section (1). 
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2.3 Background 

Bonded and unbonded concrete overlay approaches are used in different applications and 

are shown in Figure 2.1. Bonded concrete overlays are considered a preventative maintenance or 

minor rehabilitation solution for existing pavement sections, while unbonded concrete overlays 

are considered a minor or major rehabilitation solution for existing pavement sections (1, 4, 7). 

Bonded overlay solutions take advantage of the bonding that exists between the existing pavement 

and the newly placed overlay to create a monolithic pavement section. Bonded concrete over 

asphalt (BCOA) pavement, bonded concrete over composite (BCOC) pavement and bonded 

concrete over concrete (BCOC) pavement are the three bonded concrete overlay solutions. 

Unbonded concrete overlays are commonly used to rehabilitate existing pavements that have 

moderate to severe distresses. This approach considers the existing pavement to simply act as a 

base layer under the unbonded overlay, which serves to increase the structural capacity of the 

pavement structure. A bond breaker is often used to separate the existing pavement from the newly 

placed concrete overlay. Nonwoven geotextiles or a layer of hot mixed asphalt (HMA) or 

rubberized HMA are often used as bond breakers. Unbonded concrete overlays are typically 

between 4-11 inches in thickness (1). Unbonded concrete overlay of asphalt pavement (UCOA), 

unbonded concrete overlay of composite pavement (UCOC), and an unbonded concrete overlay 

of concrete pavement (UCOC) are the three common unbonded approaches used. 
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Figure 2.1. Concrete Overlay Systems 

 

2.4 Objectives and Research Significance 

Concrete overlays are currently a focus area of FHWA’s EDC6 program, with FHWA 

encouraging highway agencies to increase concrete overlay construction as a cost-effective, 

durable solution to increase the service life of our roadways (4). Increased use of concrete overlays 

will require the engagement of concrete paving contractors.  Currently, published information 

regarding the experience of concrete paving contractors with overlay solutions is sparse or 

outdated.  The purpose of this study was to characterize the regional use of concrete overlay 

solutions in the southeastern United States (US) construction market, identify the barriers as 

perceived by concrete paving contractors for the implementation of concrete overlay pavement 

rehabilitation methods on existing highways, and identify opportunities to increase the potential 

for concrete overlays to be selected as a pavement maintenance and/or rehabilitation approach. 

Specifically, the most relevant barriers that are hindering the use of concrete overlay approaches 
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are identified, knowledge that could be used to bridge the gap between concrete paving contractors 

and pavement designers and agencies. The information gathered in this study also defines the 

current state of implementation of concrete overlays in the Southeast US. 

 

2.5 Potential Barriers to Concrete Overlay Implementation  

2.5.1 Work Not Being Bid 

Paving contractors can only bid and build the pavement sections that are specified, 

designed, and let for bid by transportation agencies and other types of owners. State highway 

agencies and the concrete pavement industry are constantly evolving, and as people move through 

the hierarchy of organizations, information is lost due to promotions and retirements, which 

necessitates the need for continuing education at all levels (8). There are several concrete overlay 

design methodologies that have been developed for the different types of overlays and each 

methodology requires a different set of input variables (9).  A lack of technical competency and 

experience with regards to the design of concrete overlay by highway agencies and pavement 

engineers can be a barrier to implementation, since it is the highway agencies and engineers who 

will specify the method of rehabilitation to be used on a highway section (10).  

Concrete mixture design and proportioning for pavements has historically been performed 

using a heavy reliance on a stakeholder’s institutional knowledge.  Specification of concrete 

mixtures has historically taken a prescriptive approach, which had limited input from the 

contractor (11). The performance engineered concrete mixture (PEM) initiative has helped bring 

advances in mixture design, proportioning, and technology transfer to the industry.  The PEM 

approach encourages innovation and input from the contractor, but education at all levels is still 

needed (12).  If the highway agencies and pavement design engineers are not comfortable with 
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concrete overlay rehabilitation methods and the types of concrete mixtures required to support 

their construction, then overlays will not be specified for bid by paving contractors, hindering the 

implementation of this method of pavement rehabilitation. 

 

2.5.2 Construction Methods 

2.5.2.1 Existing Pavement Evaluation 

Concrete overlay solutions are typically used when an existing pavement has some level 

of distress that must be corrected. To ensure that the correct concrete overlay solution is selected, 

a survey of the existing pavement must be completed. The evaluation will provide critical 

information regarding the type and current condition of the in-place pavement layers, the presence, 

type, and level of distress in those layers, the structural condition of the pavement, and the 

remaining life of the pavement structure (13). Findings from the evaluation will help the designer 

to determine if a bonded or unbonded overlay solution is the most appropriate. The evaluation 

process typically includes several steps, with the specifics and the significance of each step in  the 

evaluation process varying from project to project (14, 15, 16). The highly recommended and 

optional steps in the pavement evaluation process can be summarized as (1): 

1. Collecting and reviewing historical data & records 

2. Performing a visual inspection of the site. 

3. Collecting and evaluating core samples (Optional) 

4. Conducting optional analyses (Project Dependent). 

5. Existing pavement evaluation report. 
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Ensuring that bonding occurs is critical to the performance of a bonded solution. 

Debonding can occur if the surface of the existing pavement is not in good condition, has not been 

properly cleaned, or has been improperly prepared. Similarly, debonding can occur if the thermal 

properties of the overlay are not similar to the thermal properties of the existing pavement. 

Although the evaluation of the existing pavement may not be a barrier to contractors, it could be a 

barrier to selection of an overlay solution by an agency if a sufficient knowledge of the existing 

pavement is not obtained due to economic, time, or other reasons. 

2.5.2.2 Paving Operations 

The construction methods required to produce a high-quality concrete pavement can be a 

perceived barrier to implementing concrete overlay solutions. To ensure that a quality concrete 

pavement is placed the paving equipment must be maintained and in good working order. During 

the paving operation the quality of the placed concrete should be monitored, and adjustments 

should be made in real time to avoid quality issues. Items that should be monitored include 

horizontal and vertical alignment control, edge slump, consolidation, dowel bar and tie bar 

placement, finishing, texturing, and curing. These items affect the overall performance of concrete 

pavement and should be included in the QC plan for the project (13). 

Additionally, the concerns about influence of weather conditions with maintaining quality 

and schedule during construction can be another perceived barrier. Proper planning for hot-

weather, cold-weather, and rain event placement should be completed by the contractor and 

accounted for in the QC plan.  The timing of joint sawing is another critical factor for producing a 

high-quality concrete pavement as a means for controlling cracking. The timing of saw cutting is 

dependent on the concrete properties, such as maturity and environmental conditions, such as 
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winds, humidity, and temperature. The monitoring of when to saw cut joints should also be 

considered in the QC plan (13).  

Concrete overlay construction will often require lane closures and a traffic control plan. 

The use of effective traffic control and lane closure strategies has been shown to help reduce the 

disruption that is created by overlay construction (17). The establishment of performance goals 

and measures for work zones, the use of project management software to optimize construction 

sequencing, and the use of intelligent transportation systems to dynamically manage traffic can 

also be used to mitigate the negative impacts of concrete pavement construction activities along 

an active road (17). Implementation and use of these systems, however, requires contractor 

resources, and therefore the creation and implementation of an effective and safe traffic control 

plan is another perceived barrier to implementing concrete overlay solutions. 

 

2.5.3 Construction Personnel 

The lack of skilled construction personnel and the lack of available construction personnel 

are also two potential barriers hindering the implementation of concrete overlays. The results of 

the 2020 Construction Outlook survey conducted by the Associated General Contractors of 

America (AGC) indicated that 81% of contractors are having difficulty filling both salaried and 

hourly craft positions. Additionally, the survey results indicate that the top two concerns of 

contractors were worker quality and worker availability (18). More specifically it was identified 

that entry and mid level positions in the construction industry in western North Carolina are in the 

highest demand, and inexperienced employees have a higher turnover rate than those with more 

experience (19). 
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2.5.4 Quality Control Requirements 

For all types of concrete pavements, including concrete overlays, monitoring and 

controlling the critical parameters of a concrete mixture, such as water to cement ratio, air-void 

system, and aggregate moisture content are vital for producing a concrete pavement that meets or 

exceeds the project specifications (13). Quality control (QC) and process control activities are used 

by the contractor to monitor the quality of a concrete pavement during the construction process.  

The creation of a project specific QC plan is critical for ensuring that successful and meaningful 

QC activities are carried out at the right times. A project specific QC plan should be comprehensive 

and cover all aspects of the concrete pavement construction process, and should outline the type 

and frequency of inspection, sampling, and testing that is needed to measure the various properties 

that are described in the project specification (20). 

Similar to QC plans for other pavements, a QC plan for concrete overlays should include 

preliminary material testing, equipment and process monitoring, testing of concrete, and should 

focus on the timely collection and response to early test results (21).  Agencies have reported that 

some contractors provide QC plans that lack sufficient detail to properly control the quality of the 

pavements they construct.  The creation of a project-specific QC plan could potentially be a barrier 

to the implementation of concrete overlays.  

For paving projects of all types, personnel who are involved in both QC and acceptance testing 

must be properly trained and most agencies require that the testing technicians have a proper 

certification (21). As previously mentioned, the construction industry is lacking skilled 

construction personnel, and therefore the lack of QC trained employees can be a barrier to the 

implementation of concrete overlays. 
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2.5.5 Fiber Reinforced Concrete 

The use of fiber reinforced concrete can be perceived as a barrier that hinders some concrete 

paving contractors from bidding on concrete overlay projects. The use of fibers in an overlay 

concrete mixture can improve concrete performance by increasing the concrete’s toughness, 

ductility, and flexural strength.  This improved concrete performance can support design of thinner 

panels with larger joint spacing. Additionally, fiber reinforced concrete has the ability to control 

differential movement and cracking that may develop within a concrete pavement panel. In one 

study, a fiber reinforced concrete overlays have been shown to provide better performance than a 

similar plain concrete overlay (22).  It should be noted that the use of fibers in an overlay concrete 

mixture does not replace the use of dowel bars, but can be used to replace tie bars in overlays 

between 4 and 5 inches in thickness (1, 16).   

Micro synthetic (microfibers, diameter < 0.012 in), macro synthetic (macrofibers, diameter > 

0.012 in), and steel fibers are the types of fibers that are often used in concrete mixtures. 

Macrofibers have been found to improve concrete performance by increasing the fatigue 

performance of the concrete when added in a sufficient dose (23). Additionally, the use of 

macrofibers can increase the joint spacing beyond conventional recommendations (24, 25). As 

such, macrofibers have been found to provide advantages in overlay concrete mixtures. Macro 

synthetic fibers are also preferred for use in overlays due their ability to distribute evenly in the 

mixture and are recommended for use in unbonded overlays that are 4 to 6 inches thick (1, 16).  

Fibers should be added continuously with the other materials during the batching process and 

should be monitored to avoid clumping. Roseler et al., (26) recommend a dosage rate between 3 

and 8 lbs/yd3 for macrofibers. The use of high doses of fibers can reduce the slump of the plastic 

concrete, which can be overcome with the use of a water reducer, such as polycarboxylate. The 

selection of the fiber type and dosage content should be a contractor decision that is based upon 
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the specified residual strength from the pavement engineer or highway agency (26). The use of 

fiber reinforced concrete requires additional technical capabilities and QC monitoring by the 

contractor.  Being unfamiliar or inexperienced with  use of fibers in concrete can hinder the ability 

of contractors to competitively pursue these types of overlay projects.  

 

2.6 Methodology 

2.6.1 Sample Description 

This survey was conducted in Spring 2021, and the target population of this study was 

concrete paving contractors that are located within or had a recent history of performing work in 

the Southeastern US. Nineteen concrete paving contractors who were either members or previous 

members of the Southeastern Chapter of the American Concrete Pavement Association (ACPA-

SE) were selected, comprising all contractors known to ACPA-SE to have the capabilities of doing 

overlay work. Overall, 15 of 19 of the contractors that were contacted responded to the survey, a 

response rate of 78.9%. Of the responses, 3 respondents did not completely finish the survey, but 

data provided from these partial surveys were included in this summary statistics.  

During the survey the respondents were asked if their company had any concrete overlay 

experience. The respondents were categorized as either “experienced” or “inexperienced” based 

upon the response to that particular question. Of the contractors who completed the survey 58.3% 

(7 of 12)  of the respondents were categorized as “experienced”. The remaining 41.7% (5 of 12) 

of the respondents were categorized as “Inexperienced”. 

 

2.6.2 Materials and Methods 

Each of the participants of this study completed a two-part questionnaire about their 

concrete overlay experience, and their evaluation and perception about the potential 
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implementation barriers for concrete overlay solutions. The implementation barriers section of the 

questionnaire utilized a 5-point Likert scale, where 1 represented that the perceived barrier was 

“Not Important” and 5 represented that the perceived barrier was “Most Important”. The collected 

data were quantitatively and qualitatively analyzed to determine the perception of concrete overlay 

solution implementation barriers as perceived by concrete paving contractors. The data collected 

from the perceived barriers was statistically analyzed using the Wilcoxon signed-rank sum test to 

determine if a statistical significance exists between the experienced and inexperienced contractor 

barrier rankings. The results from the statistical analysis were used to identify if there is a 

difference in the perceived implementation barriers among the population of experienced and 

inexperienced concrete paving contractors, which will help the industry have a better 

understanding of how to increase the use of concrete overlay paving methods. The Wilcoxon 

signed-rank sum test is a nonparametric test that is used for two dependent samples to determine 

if the samples are from two different populations (27). 

 

2.7 Results and Discussion 

2.7.1 Background Demographics 

The respondents who indicated that their company has completed overlay work were 

asked some additional demographic questions about the type and quantity of overlay that has 

been completed The respondent was categorized as “experienced” if they indicated that their 

company had completed concrete overlay work in the past 10 years in the United States (US), 

otherwise the respondent was categorized as “not experienced” (Figure 2.4). Of the experienced 

contractors, seven (7), four (4), three (3), two (2), and two (2) indicated that they have completed 

a state, airport, county, private, and city/municipal overlay project in the past, respectively, 

shown in Figure 2.2. 
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Figure 2.2. Types of Overlay Projects 

 

One of the experienced contractors indicated having a high level of experience with the 

completion of twenty plus overlay projects with all of them being located in Minnesota, Iowa and 

Missouri (Figure 2.3). The second most experienced contractor indicated that their company had 

completed ten overlay projects with the projects being located in North Carolina, South Carolina, 

Texas, Oklahoma, and Kansas (Figure 2.3). The remaining experienced contractors indicated that 

they have completed between one (1) and four (4) overlay projects. Of the contractors experienced 

in overlay construction, 87% indicated that they have completed an overlay project in the 

southeast. 
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Figure 2.3. Location of Respondent Overlay Work in US 

 

Figure 2.4. Number of overlay projects completed in the past 10 years in the US 

 

The experienced contractors were asked to indicate the average size of the overlay project 

that had been completed in the past ten years. Respondents indicated that 43% of the overlay 

projects were between 2,501 and 10,000 square yards, 28% were between 10,001 and 50,000 

square yards (SY), and 29% were between 50,001 and 100,000 SY. This indicates that overlay 
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projects over the past ten years have been small in terms of pavement area, but this also indicates 

that the overlays are being utilized as a targeted solution (Table 2.1).  

The experienced contractors were asked to indicate if the overlay projects in the past ten 

years have been related to an intersection or interchange (Table 2.1). 57% indicated that none of 

the overlay projects were related to an intersection or interchange, 29% indicated that between 1 

and 3 overlay projects were intersection or interchange related, and 14% indicated that between 4 

and 6 overlay projects were intersection or interchange related. These responses indicated that 

while overlay projects have been targeted solutions, they have not been targeted solutions for the 

rehabilitation of intersection or interchange pavements.  

The experienced contractors were also asked what percentage of concrete paving projects 

included concrete overlay work in the past ten years, 72% indicated that no more than 10%, 14% 

indicated between 11-20%, and 14% indicated more than 20% (Table 2.1). The responses from 

this question indicate that concrete overlay work does not represent a significant share of concrete 

paving contracts.  

The experienced contractors were asked if they had constructed concrete overlays over 

asphalt pavement, concrete overlays over concrete pavement, or others that were not specified in 

the question (Table 2.1). These contractors indicated that 4 concrete overlays over asphalt 

pavement, 5 concrete overlays over concrete pavement, and 1 other unspecified concrete overlay 

type had been constructed in the past 10 years. These data indicated that concrete overlays have 

been equally used to rehabilitated existing asphalt and concrete pavements. 
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Table 2.1. Demographic Results 

Percentage of Paving Projects that included 

overlay work in the past 10 years 

 Average Area of Overlay Project in the past 10 

years 

Category Number of 

Responses 

 Category Number of 

Responses 

More than 20% 1  2,501 to 10,000 SY 3 

11% to 20% 1  10,001 to 50,000 SY 2 

0% to 10% 5  50,001 to 100,000 SY 2 

How many overlay projects awarded to your 

company in the past 10 years were intersection or 

interchange related? 

 Of the concrete overlay projects your company 

constructed over the past 10 years how many 

utilized structural fibers? 

Category Number of 

Responses 

 Category Number of 

Responses 

4 to 6 1  4 to 6 1 

1 to 3 2  1 to 3 1 

None 4  None 5 

What type of concrete overlay has your company 

constructed in the past 10 years? 

 How many overlay projects in the past 10 years 

were intersection or interchange related? 

Category Number of 

Responses 

 Category Number of 

Responses 

Concrete Overlay over 

Asphalt Pavement 

4  4 to 6 1 

Concrete Overlay over 

Concrete Pavement 

5  1 to 3 2 

Other 1  None 4 

 

2.7.2 Perceived Barriers 

The next section of the survey included a list of factors that could be viewed as potential 

barriers to concrete overlay construction, and contractors were asked to use a 5-point Likert scale, 

where 1 represented that the perceived barrier was “Not Important” and 5 represented that the 

perceived barrier was “Most Important” to rank the barriers.  Results from this section are 

presented in Table 2.2 and Figure 2.5. 

The demographic data provided by the 19 contractors indicated that there could be two 

statistically distinct populations in the concrete paving contractors serving the Southeast US.  This 

possibility was explored using the Wilcoxon Rank Sum test. The result of the Wilcoxon Rank Sum 

test is used to determine if the two sets of data are from the same or different populations by 

comparing the result to the critical statistic for the data set. The critical statistic for “Other 

concerns” was 7 and the remaining barriers had a critical statistic of 21. There were only eight 



25 

 

 

contractors that responded to “Other concerns,” which created a lower critical statistic due to the 

sample size. The null hypothesis for these data is that the medians of the two populations are equal 

and the alternative hypothesis is that the medians are not equal for the two populations. The 

Wilcoxon Rank Sum result is not greater than or equal to the critical statistic for all of the measured 

barriers, as shown in Table 2.2, this test indicated that there is not significant evidence to claim 

that two separate populations exist in this study. Although the difference in contractor experience 

was not found to be statistically significant, responses were grouped by “experienced with concrete 

overlays” and “not experienced with concrete overlays” respondents in Figure 2.5. 

Regardless of the level of experience with concrete overlays the barriers to implementation 

were similarly ranked by the concrete paving contractors. The lack of projects that are being let 

for bid was the most highly ranked (most significant) barrier at 4.1 out of 5 (Table 2.1).  

Interestingly, the average rating of inexperienced contractors for “work not being bid” was 4.6, 

much higher than the 3.7 rating provided by experienced contractors. The “not experienced with 

concrete overlays” group of contractors had only three responses to the “Other concerns” section 

of the survey with one of the respondents ranking this barrier as the most important. That contractor 

stated “Concrete overlays would be a simple cost-effective solution for restoring heavily traveled 

asphalt roads. The construction method used to complete these projects would be more simplified 

and "fast track" than traditional concrete paving construction projects. This would allow for more 

competitive pricing when choosing between asphalt and concrete.” Based on other comments 

provided in the open response question, contractors in the study indicated that they are eager and 

ready to construct concrete overlay solutions. One particular respondent noted that none of the 

identified implementation barriers are insurmountable and the contractors just need opportunities 

to bid and build more overlay projects. 
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Table 2.2. Perceived Implementation Barriers Results 

 

Perceived Barrier 

Average Rating Wilcoxon 

Rank Sum 

Test Result Experienced Inexperienced Overall 

Work not being bid 3.7 (1st) 4.6 (1st) 4.1 (1st) 39.5 

Concerned about traffic control and safety 2.7 (2nd Tied)  2.8 (2nd)   2.8 (2nd)  44.5 

Lack of available construction personnel 2.7 (2nd Tied)  1.4 2.2 (3rd Tied)  56.5 

Lack of skilled construction personnel 2.4 (3rd)  1.8 2.2 (3rd Tied)  51 

Construction is too long and has too many 

phases 
1.6 2.6 (3rd)  2.0 38 

Weather/Climate concerns with 

maintaining the schedule 
2.0 1.8 1.9 46.5 

Specifications are not clear 1.6 2.2 1.9 40 

Lack of QC trained employees 1.7 2.0 1.8 44.5 

Weather/Climate concerns with 

maintaining quality 
2.0 1.6 1.8 49 

Unfamiliar with fiber reinforced concrete 1.7 1.8 1.8 45.5 

Other concerns 1.6 2.3 1.4 22 

The need for a project specific QC plan 1.4 1.4 1.4 46.5 

Unfamiliar with the required construction 

methods 
1.1 1.6 1.3 44 
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Figure 2.5. Barriers to Overlay Implementation as Perceived by Contractors 

 

The survey responses indicated that the second most significant implementation barrier 

was concerns about traffic control and safety (Table 2.2 and Figure 2.5). Traffic control and safety 

are fundamental elements that must be considered when developing a safe, project-specific work 

zone strategy, which is also is highly dependent upon the construction sequence. Taylor et al. (28) 

noted that there are numerous easy to follow construction staging approaches for concrete 

overlays, but when the schedule necessitates acceleration a system approach that considers work 

zone safety, traffic requirements, and key construction elements should be used to develop a 

construction staging plan. These authors also explained that the required traffic maintenance 

criteria should be clearly outlined in the project specifications and the contractor should be given 
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the responsibility to carry out the project to meet the accelerated schedule and traffic maintenance 

requirements, which allows for the contractor to innovate, plan, and execute the project in a more 

efficient manner (28). 

Concrete overlays are often laid with adjacent lanes of traffic still remaining open. The 

clearance that must be maintained around the paving machine is one of the issues that contributes 

to maintaining a safe and effective work zone. These clearances reduce the lane width that is 

available for the adjacent lane of traffic during the construction process. The required amount of 

clearance that is needed is based upon the manufacturer and model of the concrete paving machine. 

Construction agencies and design engineers should not specify a particular piece of paving 

equipment, but the job specifications should allow the contractor to choose the most appropriate 

paving machine for the job (29). The use of stringless concrete paving machines reduces the 

required amount of clearance that is needed and eliminates the trip hazard that is created with the 

use of strings, hubs, and stakes that are required for a traditional concrete paving machine. The 

amount of time that the adjacent traffic must be safely maintained is influenced by the amount of 

work that must be completed prior to the paving operation and the required cure time that must be 

achieved. Fick (29) noted that all concrete overlay projects should be accelerated and should open 

to traffic in 48 to 72 hours from concrete placement, which requires the design of an appropriate 

concrete mixture that will achieve the proper amount of strength in the shortened time frame. The 

use of a stringless concrete paver system can eliminate up to 1 to 4 days per mile of prepaving 

work due to the elimination of setting up the traditional string control system (30, 31, 32). 

Providing the contractor with the freedom to incorporate innovation in the construction process 

will allow for the perceived barrier of traffic control and safety to become less of a barrier to 

implementation.  
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On average, the third most significant implementation barrier was the lack of available 

construction personnel, with the lack of skilled construction personnel ranked fourth. The lack of 

available construction personnel is an industry wide issue. Al-Bayati et al. (19) noted that the 

creation of a certified career pathway for those entering the construction workforce can help to 

improve the overall recruitment and retention. It is noted that these two barriers were rated notably 

higher by contractors experienced in overlay construction than the contractors inexperienced in 

overlay construction. 

Contractors inexperienced in overlay construction rated barriers of construction being too 

long and having too many phases, specifications are not clear, and lack of QC trained employees 

of higher significance (2.6, 2.2, and 2.0, respectively) than the contractors experienced in overlay 

construction did (1.6, 1.6, and 1.7, respectively).  The length and complexity of overlay projects, 

as well as the clarity of specification provisions could be considered by design professionals.  

Conversely, contractors could aim to enhance their capabilities through training and technology 

transfer tools such as the concrete overlay guide recently updated by the National Concrete 

Pavement Technology Center (1).  These barriers could also be overcome simply by gaining 

additional experience if more overlay projects are let to bid. The lack of QC trained employees 

may be somewhat linked to the general shortages in construction personnel.  This shortage could 

potentially also be addressed by an increased focus on QC training.  New publications on concrete 

paving QC may help bridge this gap (21). 

The final question asked on the survey was whether the respondent was interested in  

bidding on overlay projects.  As shown in Figure 2.6, the responses clearly indicated that concrete 

paving contractors in the southeast US are eager to bid on overlay projects. 
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Figure 2.6. Concrete Paving Contractors Interest in Bidding on Concrete Overlay Projects 

 

2.8 Conclusion 

Concrete overlays present highway agencies and designers with a cost effective and 

sustainable pavement rehabilitation method. 92% of the contractors who were surveyed indicated 

a moderate to high level of interest in completing this type of work, which indicates that contractors 

are likely to bid these projects if let by agencies. Furthermore, the survey results indicated that the 

top barrier that is hindering this work is that it is not being specified. Concerns with traffic control 

and safety was identified as the second most significant implementation barrier. Recently 

published guidance contains a number of recommendations regarding traffic control and safety, 

and may provide a means to overcome this barrier for many contractors. Additional experience 

with concrete overlay construction could also allow contractors to become more familiar with the 

traffic control and safety protocols that are recommended. A shortage of workers, particularly 

skilled workers, in the construction industry were also identified as significant barriers. Strategies 

to increase the construction workforce are being implemented by many agencies, 

industry/professional organizations, and other entities. The concrete paving contractors surveyed 

indicated a high willingness to bid on and complete this type of work. With more experience in 

concrete overlay construction, many of the other barriers identified in this study may be mitigated 
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or eliminated.  However, to gain the needed experience, the most significant barrier identified, 

which is the lack of projects being let for bid and construction, must be overcome.  A follow-up 

study to determine the concrete overlay implementation barriers that exist with the highway 

agencies and designers could help further promote use of concrete overlay solutions. 
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CHAPTER 3: IMPROVING PAVEMENT SUSTAINABILITY AND RESILIENCE IN 

NORTH CAROLINA: A PAVEMENT LIFE CYCLE COST ANALYSIS CASE STUDY 

In progress, to be Submitted to the Transportation Research Record. 

Matthew Sheffield, UNC Charlotte, Gauhar Sabih, PhD, Middle Tennessee State University, and 

Tara Cavalline, PhD, UNC Charlotte 

3.1 Abstract 

Pavements are essential to transportation infrastructure, critically important for sustaining 

our daily economic and societal needs. Pavements must be designed and constructed to withstand 

a wide variety of traffic loads and climatic conditions. Climate change and extreme weather events 

negatively affect the condition and functionality of pavement networks, with impacts varying by 

location due to differences in pavement design and construction, pavement condition, and 

exposure among other factors. The effects of climate change and extreme weather have caused 

flooding and inundation of many roadways, resulting in numerous pavement failures. This has 

driven a growing focus on creating resilient infrastructure, including the use of rigid pavement 

sections in flood prone areas. The higher cost of these solutions require justification through a 

performance and economic analysis. 

In this study, a life cycle cost analysis (LCCA) of rigid and flexible pavement design is 

conducted using the North Carolina pavement design procedure to develop equivalent performance 

across alternatives.  Initial and long-term costs were evaluated using deterministic and probabilistic 

methods. The findings suggest that optimized jointed plain concrete pavement (O-JPCP) can be a 

cost-effective alternative in widened lane configurations without shoulder drains.  Unbonded 

concrete overlays (UBCO) also proved to be competitive when rigid pavement pricing remained 

stable. The high variability in rigid pavement pricing remains a concern. Probabilistic LCCA 

results revealed that including shoulder drains significantly influences the cost-effectiveness. 

Rigid pavements with high truck traffic volume are required to have shoulder drainage in 
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accordance to the North Carolina pavement design guidance. In this study, the LCCA for the rigid 

pavement alternatives were analyzed with and without shoulder drainage to determine it impact 

on the cost-effectiveness of rigid pavement.  Full-depth asphalt (FDA) was the most economical 

option in over 80% of cases when shoulder drains were included, while rigid alternatives became 

more competitive when drains were excluded.   These results underscore the need for a balanced 

approach in pavement design requirements and competitive bidding environments to enhance 

sustainability, resilience, and cost-effectiveness in pavement investments. 

KEYWORDS: Life cycle cost analysis, pavement resilience, pavement design, pavement type 

selection processes, rigid pavement, concrete pavement, concrete overlays 

  



37 

 

 

3.2 Introduction 

Over the past few decades, North Carolina has been affected by several extreme weather 

events that have resulted in critical infrastructure, such as roads and bridges, being inundated with 

flood waters. As a result, the design and construction of resilient infrastructure has become 

increasingly desirable to the North Carolina Department of Transportation (NCDOT) and other 

agencies in recent years. Resilient infrastructure is defined as infrastructure that can withstand the 

impacts of extreme climatic events and still maintain its functionality (1). The combination of 

performance assessments, life cycle cost analysis (LCCA), and life cycle assessment (LCA) are 

critical inputs to making resilient-based pavement decisions. This work aimed to perform a case 

study analysis of the performance, and life cycle cost, of two recent pavement designs with similar 

traffic spectra expected over the design service lives. 

 

3.3 Literature Review 

3.3.1 Sustainability and Resilience in Infrastructure 

Sustainability is a composite goal based on social, environmental, and economic 

awareness, which is better known as the triple bottom line (2). In general, sustainable construction 

is a collaborative effort between the owner, designers, constructors, and operators of the built 

environment that seeks to minimize the negative impact on the natural environment by reducing 

energy and water consumption, reducing greenhouse gas and waste production, improving air and 

water quality, and increasing the overall quality of the indoor environment. The primary focus of 

sustainability in infrastructure is preserving and restoring the surrounding ecosystem, utilizing 

resources efficiently, and meeting the needs of society through the implementation of an 

engineered system. Several assessments can be utilized to measure the sustainability of an 

engineered system, which includes performance assessment, LCCA, and LCA (3). 
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Resilience is the ability of a system to withstand and recover from an extreme event. 

Resilient infrastructure can withstand the impacts of extreme climatic events and still maintain its 

functionality (1). Sustainability and resilience focus on performance and life cycle costs (4). 

Sustainability and resilience are interrelated with their focus on performance and functionality 

(Figure 3.1). 

 
Figure 3.1. Proposed Interrelationship between Sustainable and Resilient Pavements 

 

As roadways are reconstructed and upgraded there is opportunity to incorporate resilient 

measures to mitigate the effects of changing temperature and precipitation (5). The construction 

of resilient pavements requires the use of materials and methods that are less susceptible to 

moisture and temperature variations, which are referred to as resilient hardened solutions. Resilient 
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hardened solutions include the use of concrete overlays, full-depth reclamation (FDR), and the use 

of hardened or cement-treated materials (6). 

 

3.3.2 Sustainability and Resilience of Asphalt and Concrete Pavements 

Concrete overlays offer several advantages over asphalt overlays. A properly designed, 

constructed, and maintained concrete overlay solution can have a service life in excess of 20 years 

and can be adaptable to a broad range of pavement conditions (7, 8). In comparison, asphalt overlay 

solutions typically have a service life between 5-15 years depending on the climate and overlay 

thickness (9). Asphalt overlay rehabilitation solutions typically have a lower initial cost than 

concrete overlays, but it has been found that concrete overlays are more economically efficient 

than asphalt overlays in the long term (10). Concrete pavements have a higher solar reflective 

index (SRI) than asphalt pavements (11). A higher SRI helps to reduce the urban heat island effect 

and reduce the amount of artificial lighting that is needed in an area at night (12). Concrete paving 

is also considered a sustainable paving option due to its lower life cycle cost (11), its reduction in 

noise production during use (13), its recyclability (7), and its ability to lower the amount of 

embodied energy that is required to produce a mixture through the incorporation of supplementary 

cementitious materials (SCMs) into the mixture design (14). Concrete overlays can help to create 

resilient “hardened” highway sections in areas that are prone to floods and fires (15, 16). After 

Hurricane Katrina over 200 miles of asphalt pavements had to be rehabilitated in Louisiana due to 

the loss of strength from the submerged conditions, and conversely the concrete pavements in the 

same areas experienced very little loss of strength (17). Pavements in flood prone areas are often 

placed back into service too early, which results in subgrade rutting (Figure 3.2).  
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Figure 3.2. Vehicle Load Distribution into pavement structures (6) 

 

Hardened sections that include concrete overlays in flood prone areas allow for a rapid 

restoration of traffic without compromising the long-term performance of the section. Intersections 

and interchanges are often highly susceptible to high levels of pavement distress and deterioration 

due to the starting and stopping actions of traffic. The use of concrete overlays as a targeted 

solution in these areas can help to reduce maintenance and rehabilitation costs for those sections 

of highway (18, 6). The improved skid resistance and light reflectivity could also benefit motorists 

who are traversing these intersections, providing safety benefits. 

 

3.3.3 LCCA Background 

Life cycle cost analysis (LCCA) is an economic analysis technique that is used to compare 

the total cost of various design options over their entire lifespan by considering both long-term and 

short-term factors. This method of economic analysis enables the assessment of competing 

alternatives to achieve the greatest return on investment by identifying the most cost-effective 
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option. The inputs for an LCCA can be classified into the following categories: initial decisions, 

cost estimates, and assumptions. 

 

3.3.4 Pavement LCCA 

The initial decision inputs for a pavement LCCA require the identification of pavement 

design strategies to be considered, determining the performance periods and timing of activities, 

and selecting an appropriate analysis period (19). The cost estimation inputs for a pavement LCCA 

are categorized into agency costs and user costs. Agency costs encompass expenses borne by the 

agency throughout the project's lifespan, covering engineering, construction, maintenance, 

rehabilitation, administrative costs, and salvage value. User costs encompass expenses incurred by 

the user during the use of the facility under normal operation, construction, maintenance, or 

rehabilitation periods (20). The NCDOT requires an LCCA for any pavement section that is longer 

than one mile and has an initial traffic loading greater than 10,000 vehicles per day (21).  

The Federal Highway Administration (FHWA) recommends that the analysis period for a 

pavement LCCA be at least 35 years to sufficiently capture the long-term cost differences (20). 

Additionally, the FHWA recommends the use of Present Value (PV) as the preferred indicator of 

economic efficiency for pavement LCCAs (19). More specifically, the NCDOT requires a 45-year 

present value analysis of flexible and rigid pavements with a design life of 30 years using the 30-

year Real Treasury interest rate as published by the Office of Management and Budget (21). 

The Real Cost LCCA tool was developed by the FHWA and is designed to compute and 

analyze the life cycle cost for pavements. This tool was designed to incorporate increased user 

costs that result from work zone delays along with the standard agency and user costs that are 

associated with an LCCA using both deterministic and probabilistic approaches which enables a 

more comprehensive understanding of the economic implications for each pavement option (22). 
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The alternative bid process for pavement selection is a proven method of increasing 

competitiveness and attracting more paving contractors to the bidding process. For the alternative 

bid process to be effective, asphalt and concrete pavements must be given equal treatment with the 

use of a transparent and fair application of engineering and economic principles to accurately 

represent life cycle costs for the different pavement options (23). LCCA is a tool used to aid with 

the decision-making process regarding the selection of a material or construction method. An 

LCCA for pavement selection requires the use of accurate data from existing records and involves 

obtaining factors like discount rate selection, agency and non-agency cost quantification, data 

acquisition, asset deterioration modeling, and considering user costs during construction and 

rehabilitation (24).  A number of researchers have utilized LCCA techniques to compare flexible 

and rigid pavements (25, 26, 27). In a recent analysis by the Massachusetts Institute of Technology 

(MIT) of state DOT bid tabulations from 2009 to 2014 revealed that no state spent less than 70% 

of their paving budget on asphalt, and over 90% of all paving projects are bid with only one 

material, which indicates that virtually there is no competition among asphalt and concrete paving. 

The MIT study also determined that the materials prices for asphalt and concrete are influenced 

by an inter-industry relationship and if an agency were to increase their concrete paving budget to 

30% there would be approximately a 10% and 11% reduction in material prices for asphalt and 

concrete, respectively (28). 

Ferrebee and Mack (2024) explored the benefits of fostering competition between the 

asphalt and concrete paving industries to reduce costs and improve project efficiency. Increased 

competition leads to lower unit costs and reduced cost variability, benefiting both materials. For 

example, in states where concrete pavement market share increases from 1% to 25%, concrete 

costs could drop by 29%, while asphalt costs could decrease by 8%. Additionally, the volatility of 
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asphalt prices, which have experienced fluctuations exceeding 40% annually over the past 50 

years, reinforcing the need for alternative materials to stabilize costs. Strategies to enhance 

competition include programmatic planning to ensure a balanced paving program, implementing 

alternate pavement bidding, and setting specific material usage targets. Ultimately, encouraging 

competition between pavement materials can lead to significant cost savings and more sustainable 

infrastructure investment (29).  The LCCA protocol presented in the NCDOT pavement design 

manual utilizes only asphalt rehabilitation methods which does not allow for competition among 

asphalt and concrete pavements.  

The LCCA procedure outlined in the NCDOT pavement design manual is a deterministic 

approach to quantifying the life cycle cost for pavement options, which does not consider the risk 

and variability that are synonymous with the input values. Several researchers have utilized a 

probabilistic approach to determining life cycle cost using Monte Carlo simulations techniques 

(30, 26, 31, 32, 33). The inputs needed for an LCCA follow a random distribution and the 

utilization of a Monte Carlo simulation allows for the random selection of these values within their 

defined distribution. This probabilistic approach is simulated to obtain a large set of possible 

outcomes, which provides the decision maker with the distribution of possible outcomes. 

 

3.3.5 Background on MEPD 

The AASHTO mechanistic-empirical pavement design (MEPD) methodology is a 

comprehensive framework that considers a wide range of inputs that affect the overall performance 

of a pavement (34). The design input for the MEPD includes traffic load spectra, climate data, and 

material properties. These inputs are used to perform mechanistic and empirical analysis to model 

the expected performance, which is translated into an estimate of physical pavement distresses for 

a pavement design. For flexible pavements, the pavement distresses that are quantified include 
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longitudinal cracking, transverse cracking, fatigue cracking, rutting, and international roughness 

index (IRI) values with respect to time. For rigid pavement the pavement distresses that are 

quantified include faulting, cracking, punchouts, and IRI values with respect to time. Agencies and 

engineers often use locally calibrated or project-specific inputs for the software and use the outputs 

from the MEPD simulations to assess the performance of a proposed pavement design (35). It is 

important to recognize that the AASTHO 93 design methodology used by the NCDOT does 

incorporate climatic consideration through the drainage coefficients, material coefficients, and 

subgrade support assumptions 

 

3.4 Methodology 

3.4.1 Pavement Design Methodology 

This study focused on two recent NCDOT highway projects, from which two pavement 

design scenarios from two highway classifications with different traffic spectra (Table 1) were 

developed. Project R-2530B was let for bid in October 2019, and project HE-0011 was let for bid 

in October 2023. Project R-2530B is classified as an urban/rural arterial regional tier highway, and 

project HE-0011 is classified as a principal arterial statewide tier highway. The annual average 

daily traffic (AADT), and the annual average daily truck traffic (AADTT) for these two projects 

are similar (Table 3.1). Utilizing the AADT and AADTT values the number of equivalent single 

axle loads (Design ESAL) was calculated for both flexible and rigid pavements using the 

procedure described by the NCDOT (21). It is important to note that these projects were selected 

because they are not candidates for an LCCA by NCDOT pavement design standards and they 

represent the typical classification of roadway that experiences vulnerability to extreme climatic 

events. Additionally, with one of the projects being much longer than the other it will give us a 

comparison of how scale of a project can impact the LCCA.  
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Additionally, the number of cumulative trucks was computed in the AASTHOWare software using 

the AADT, the total percentage of truck traffic, and the NCDOT standard truck traffic spectra for 

each project. 

Table 3.1. Summary of Traffic Inputs for Initial Design 

Project 
Lane 

Miles 

AADT 

2025 

% 

Duals 

% 

TTST 

AADTT 

2025 

Design ESALs 

(AASTHO 93-

NCDOT Flexible) 

Design ESALs 

(AASTHO 93-

NCDOT 

Rigid) 

Cumulative 

Trucks 

(AASTHO 

ME) 

R-2530B 27.6 17,940 6% 4% 1,794 11,954,616 15,999,411 12,975,800 

HE-0011 0.8 13,839 5% 5% 1,384 9,895,338 13,360,632 10,010,300 

 

Each of the pavement design options was designed as equivalent sections in terms of 

predicted failure at the specified design life with the same traffic spectrum and design life (Tables 

3.2, 3.3, 3.4, 3.5 and 3.6). For each of the two projects included in the study, one of the rigid 

pavement design scenarios is based on AASHTO 1993 empirical design methodology as described 

in the NCDOT Pavement Design Manual, and the other rigid design scenarios are based on 

AASTHO MEPD methodology for optimizing the thickness of the rigid pavement. All of the rigid 
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pavement options were designed as jointed plain concrete pavement (JPCP) with 1.25-inch 

diameter dowel bars, and 12 ft joint spacing. Additionally, for each of the rigid design scenarios a 

12 ft wide lane and 13 ft wide lane were explored while maintaining a constant dowel diameter of 

1.25 in and joint spacing of 12 ft. The design options included the original flexible pavement 

design, and four alternative rigid designs. For both projects the four rigid design options consisted 

of one rigid pavement designed utilizing the AASTHO 93 design methodology as described in the 

NCDOT Pavement Design Manual (21), and three rigid design pavement designs utilizing the 

AASTHO ME design methodology with three different base course options. The three AASTHO 

ME design options consisted of 6 in of aggregate base course (ABC), 3 in of B25.0 Asphalt base 

course, and 6 in of cement treated aggregate base course (CTABC). 

 

Table 3.2. Pavement Design Options 

Project Original Design Rigid Design 

Option 1 

Rigid Design 

Option 2 

Rigid Design 

Option 3 

Rigid Design 

Option 4 

R-2530B 

3 in of S9.5C 

4 in of I19.0C 

3 in of B25.0C 

10 in of JPCP 

6 in of ABC 

Optimized JPCP 

Thickness 

6 in of ABC 

Optimized JPCP 

Thickness 

3 in of B.25.0 

Optimized 

JPCP Thickness 

6 in of CTABC 

HE-0011 3 in of S9.5C 

4 in of I19.0C 

5 in of B25.0C 

9.5 in of JPCP 

6 in of ABC 

Optimized JPCP 

Thickness 

6 in of ABC 

Optimized JPCP 

Thickness 

3 in of B.25.0 

Optimized 

JPCP Thickness 

6 in of CTABC 

 

These pavement design options were then modeled and simulated using the AASTHOWare 

Mechanistic-Empirical (ME) software to predict their terminal performance (Table 3.3, 3.4, 3.5, 

& 3.6). NCDOT specific design inputs for materials and traffic spectra for truck traffic were used 

in the simulation of each of the pavement options. An LCCA following the NCDOT Pavement 

Design Manual was then performed on each pavement section to determine the most cost-effective 

selection for each of the selected projects.
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Table 3.3. Summary of JPCP Thickness with Slab Width=12 ft for Project R-2530B 

Design Option 
Base 

Material 

Base 

Thickness 

(in) 

JPCP 

Thickness 

(in) 

Terminal IRI 
JPCP Transverse 

Cracking  
Mean Joint Faulting 

Predicted 

(inch/mile) 

Reliability 

(%) 

Predicted 

(% slabs) 

Reliability 

(%) 

Predicted 

(inch) 

Reliability 

(%) 

Standard Design ABC 6 10 79.24 100 0.13 100 0.03 100 

Alternative Design 
ABC 6 8.5 80.28 100 7.01 97.28 0.03 100 

ABC 6 8 86.61 100 25.15 42.62 (Fails) 0.03 100 

          

Alternative Design 
B25.0  3 8.5 80.67 100 8.98 92.84 0.03 100 

B25.0  3 8 90.30 100 33.70 23.89 (Fails) 0.03 100 

          

Alternative Design 
CTABC 6 9 79.50 100 4.63 99.81 0.03 100 

CTABC 6 8.5 81.40 100 11.77 84.57 (Fails) 0.03 100 

 

Table 3.4. Summary of JPCP Thickness with Slab Width=13 ft for Project R-2530B 

Design Option 
Base 

Material 

Base 

Thickness 

(in) 

JPCP 

Thickness 

(in) 

Terminal IRI 
JPCP Transverse 

Cracking  
Mean Joint Faulting 

Predicted 

(inch/mile) 

Reliability 

(%) 

Predicted 

(% slabs) 

Reliability 

(%) 

Predicted 

(inch) 

Reliability 

(%) 

Standard Design ABC 6 10 78.05 100 0.13 100 0.00 100 

Alternative Design 
ABC 6 7.5 78.27 100 4.72 99.78 0.00 100 

ABC 6 7 80.91 100 14.90 74.20 (Fails) 0.00 100 

          

Alternative Design 
B25.0  3 7.5 78.43 100 5.84 100 0.00 100 

B25.0  3 7 82.72 100 19.81 58.13 (Fails) 0.00 100 

          

Alternative Design 
CTABC 6 7.5 78.63 100 6.92 97.43 0.00 100 

CTABC 6 7 83.76 100 22.41 50.25 (Fails) 0.00 100 
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Table 3.5. Summary of JPCP Thickness with Slab Width=12 ft for Project HE 0011 

Design Option 
Base 

Material 

Base 

Thickness 

(in) 

JPCP 

Thickness 

(in) 

Terminal IRI 
JPCP Transverse 

Cracking  
Mean Joint Faulting 

Predicted 

(inch/mile) 

Reliability 

(%) 

Predicted 

(% slabs) 

Reliability 

(%) 

Predicted 

(inch) 

Reliability 

(%) 

Standard Design ABC 6 9.5 79.69 100 1.41 100 0.03 100 

Alternative Design 
ABC 6 8.5 80.45 100 6.44 98.20 0.03 100 

ABC 6 8 85.83 100 22.84 48.99 (Fails) 0.03 100 

          

Alternative Design 
B25.0  3 8.5 80.45 100 7.29 96.76 0.03 100 

B25.0  3 8 87.42 100 26.94 38.05 (Fails) 0.03 100 

          

Alternative Design 
CTABC 6 9 79.86 100 4.32 99.90 0.03 100 

CTABC 6 8.5 81.40 100 10.84 87.48 (Fails) 0.03 100 

 

Table 3.6. Summary of JPCP Thickness with Slab Width=13 ft for Project HE 0011 

Design Option 
Base 

Material 

Base 

Thickness 

(in) 

JPCP 

Thickness 

(in) 

Terminal IRI 
JPCP Transverse 

Cracking  
Mean Joint Faulting 

Predicted 

(inch/mile) 

Reliability 

(%) 

Predicted 

(% slabs) 

Reliability 

(%) 

Predicted 

(inch) 

Reliability 

(%) 

Standard Design ABC 6 9.5 78.50 100 0.13 100 0.00 100 

Alternative Design 
ABC 6 7.5 78.69 100 4.48 99.86 0.00 100 

ABC 6 7 81.12 100 14.20 76.56 (Fails) 0.00 100 

          

Alternative Design 
B25.0  3 7.5 78.76 100 5.03 99.62 0.00 100 

B25.0  3 7 81.92 100 16.48 68.92 (Fails) 0.00 100 

          

Alternative Design 
CTABC 6 7.5 79.04 100 6.71 97.78 0.00 100 

CTABC 6 7 84.14 100 22.24 50.74 (Fails) 0.00 100 
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3.4.2 LCCA Methodology 

An estimated initial deterministic construction cost per linear foot of pavement for each of 

the options was determined. Additionally, the estimated deterministic cost per linear foot of 

pavement for the specified maintenance and preservation activities as outlined in the NCDOT 

pavement design manual was determined. The initial deterministic construction costs for each of 

the design options were estimated utilizing each of the project’s bid tabulation summaries that are 

provided on the NCDOT central letting website (36). The deterministic unit cost for rigid pavement 

construction was obtained from analyzing the NCDOT bid tabulation summaries for rigid 

pavement from 2019 to 2023 (Figure 3.3), which have been adjusted for inflation. This analysis 

related the unit cost per square yard per inch of thickness ($/SY/Inch) to the project size in square 

yards (SY). Based upon this analysis, a large fluctuation exists in rigid pavement unit cost that is 

associated with project size with a larger variation in unit cost occurring with smaller projects. 

 
Figure 3.3. Rigid Pavement Deterministic Unit Cost (2019-2023) 

 

The analysis of the rigid pavement bid tabulations revealed that most projects over 11,500 

SY required a field laboratory to support quality assurance (QA) and quality control (QC) testing. 
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The cost associated with the field laboratories for QA had high variability. This data was analyzed 

to determine a unit cost per SY (Figure 3.4). 

 
Figure 3.4. Rigid Pavement Field Lab Deterministic Unit Cost (2019-2023) 

 

The typical pavement preservation activity unit cost in North Carolina were obtained from the 

NCDOT website (Table 3.7). 

 

Table 3.7. Estimated Pavement Preservation Deterministic Unit Costs 

Pavement Type Preservation Treatment Estimated Unit Cost 

Flexible Crack Sealing $3500/day 

Flexible/Composite Mill and Replace 1 Lift & 1 Lane $175/ton 

Flexible Shoulders Chip Seal, Slurry Seal, Fog Seal $4/SY 

Flexible Open Graded Friction Course (OGFC) or Ultra Thin 

Bonded Wearing Course (UTBWC) 

$10/SY 

Rigid Clean & Reseal Joints $4500/day 

Rigid Repair Expansion Joint $4000/day 

Rigid UTBWC $10/SY 

Rigid Diamond Grinding $4000/day 

 

The deterministic unit cost for flexible pavement patching was determined from analyzing the 

NCDOT bid tabulations for 2024 (Figure 3.5). 
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Figure 3.5. Flexible Pavement Patching Unit Cost (2024) 

 

Using this reported cost and a discount rate of 4.33% the resurfacing cost per linear foot 

for each project was determined. Additionally, all historical unit costs used in this analysis were 

adjusted to 2024 values using the average inflation rate of 3.8%. The NCDOT LCCA procedure 

outlines specific rehabilitation efforts at specific time intervals for HMA and rigid pavements 

(Table 3.8). HMA pavements in North Carolina are resurfaced with a thin layer of HMA at year 

12 and year 23. At year 17 the joints in a rigid pavement are saw cut and resealed, and 1% of the 

lanes are patched. Additionally, for rigid pavement at year 30, 1% of lanes are patched and an 

ultrathin bonded wearing course overlay is applied or 1% patching with diamond grinding is 

performed on the rigid pavement with dowels and 15 ft joint spacing. 

It should be noted that Project HE-0011 used in this case study was let for bid as a full 

depth asphalt pavement without shoulder drainage and Project R-2530B was let for bid as a full 

depth asphalt pavement with very minimal shoulder drainage. According to the NCDOT Interim 

Pavement Design Manual, concrete pavement alternatives for roads with an Average Daily Truck 
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Traffic exceeding 2,000 vehicles per day must include either jointed concrete pavement with tied 

concrete shoulders or jointed concrete pavement with a widened (13-foot) outside lane and flexible 

shoulders, both requiring a 3-inch drainage layer and a 1.25-inch asphalt separator layer, with 

continuous shoulder drain usage necessary when permeable asphalt drainage layers are used, while 

shoulder drains should be considered for projects with average daily traffic of 15,000 and heavy 

truck percentage greater than 5% and are highly recommended for projects with average daily 

traffic of 40,000 and heavy truck percentage greater than 15% (21). Given this guidance, the LCCA 

for each of alternative rigid pavement design options were analyzed with the inclusion of shoulder 

drains to conform with the design guidance and without shoulder drains to provide a fair 

comparison for pavement materials.  
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Table 3.8. NCDOT LCCA Pavement Activities (21) 

Time to 

Treatment 
Flexible Pavements Rigid Pavements 

0 Years Initial Construction Cost with a 30 Year 

Design Life 

Initial Construction Cost with a 30 Year 

Design Life 

12 Years Mill and Replace 1.5 in of surface course and 

fog seal shoulders 
- 

17 Years 

- 

Saw and reseal joints and patch 1% of travel 

lanes. Fog seal asphalt shoulders with 1% 

patching. 

23 Years Mill and replace 1.5 in of surface course, 

including shoulders 
 

30 Years 

- 

1% patching. Overlay with ultrathin bonded 

wearing course with a 10-year life. 1% 

patching with diamond grinding will be 

considered on concrete with dowels and 15 

ft joint spacing 

34 Years Mill and add structure to achieve 20 more 

years of life. For high volume, replace milling 

with intermediate course and overlay with 2 

lifts of surface course. For lower volume, 

replace milling with intermediate course and 

overlay with 1 lift of surface course. 

For curb and gutter, 5% full depth patching, 

mill 3 in and replace with surface course. 

- 

40 Years - 5.5 in asphalt overlay with life of 20 years. 

45 Years Salvage value of 45% of year 34 treatment Salvage value of 75% of year 40 treatment 

 

Since the rehabilitation efforts are at different time intervals the net present values for each 

type of pavement were computed using the following equations (EQ 1 and EQ 2). 

 

Net Present Value for HMA Pavements 

𝑁𝑃𝑉 = 𝑅0 +∑
𝑅11𝑛+1

(1 + 𝐼)𝑡11𝑛+1
 

4

𝑛=1

 (𝐸𝑄 1) 

Where: 

 𝑅0 = 𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐼𝑛𝑣𝑒𝑠𝑡 in dollars 

 𝑅11𝑛+1 = 𝐼𝑛𝑣𝑒𝑠𝑡 𝑎𝑡 𝑇𝑖𝑚𝑒 11𝑛 + 1 years in dollars 

 𝐼 = 𝐷𝑖𝑠𝑐𝑜𝑢𝑛𝑡 𝑅𝑎𝑡𝑒 
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Net Present Value for Rigid Pavements 

 

𝑁𝑃𝑉 = 𝑅0 +∑
𝑅17𝑛+17

(1 + 𝐼)𝑡17𝑛+17
 

4

𝑛=1

 (𝐸𝑄 2)  

Where: 

 𝑅0 = 𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐼𝑛𝑣𝑒𝑠𝑡 in dollars 

 𝑅17𝑛+17 = 𝐼𝑛𝑣𝑒𝑠𝑡 𝑎𝑡 𝑇𝑖𝑚𝑒 17𝑛 + 17 𝑦𝑒𝑎𝑟𝑠 in dollars 

 𝐼 = 𝐷𝑖𝑠𝑐𝑜𝑢𝑛𝑡 𝑅𝑎𝑡𝑒 

 

As an alternative for the final rehabilitation effort in the LCCA, a 6-inch unbonded concrete 

overlay was designed to be installed at year 34 for the flexible pavement option, and at year 40 for 

the rigid pavement options. The average cost of a 24-foot wide concrete overlay is $4.22/yd2/inch 

of thickness (37). 

Utilizing historical bid data from the NCDOT, a probabilistic Monte Carlo simulation was 

performed to determine the likelihood of each design scenario being the most cost-effective option. 

A distribution for each of the unit cost inputs were determined using the historical bid tabulation 

data (Table 3.9). A probabilistic LCCA was computed by randomly sampling each unit cost from 

its assigned distribution. A probabilistic LCCA result for each design option was computed 10,000 

times. 

  



55 

 

55 
 

Table 3.9. Probabilistic Distributions of Unit Prices 

Item Unit Distribution 

Type 

Mean Mode Median Standard 

Deviation 

Maximum Minimum 

B25.0 Asphalt 

Mix 

$/Ton Triangular $77.20 $62.30 $75.37 $10.76 $107.65 $62.00 

I19.0 Asphalt 

Mix 

$/Ton Triangular $75.86 $65.17 $74.38 $8.72 $100.16 $63.51 

S9.5C Asphalt 

Mix 

$/Ton Uniform $61.19 N/A $61.19 $12.18 $82.29 $40.09 

Asphalt for 

Plant Mix 

$/Ton Triangular $624.31 $767.48 $641.68 $101.24 $337.96 $767.48 

Prime Coat $/Gallon Triangular $7.49 $5.99 $7.31 $1.06 $10.50 $5.99 

Mill 1.5 in $/SY Triangular $2.14 $1.47 $2.06 $0.47 $3.46 $1.47 

Mill 3 in $/SY Triangular $4.62 $1.95 $4.30 $1.89 $9.98 $1.95 

Fog Seal 

Shoulder 

$/SY Triangular $0.46 $0.62 $0.48 $0.11 $0.62 $0.15 

Asphalt 

Patching 

$/Ton Triangular $159.82 $116.03 $154.50 $30.96 $247.39 $116.03 

Saw & Reseal 

Joints 

$/LF Triangular $4.38 $2.39 $4.14 $1.41 $8.38 $2.39 

PCC Paving $/SY/Inch Triangular $12.94 $9.37 $12.27 $5.80 $28.60 $0.87 

PCC Field Lab $/SY Pert $1.43 $0.17 $1.15 $1.06 $7.73 $0.17 

 

3.5 Results 

3.5.1 Deterministic LCCA Results 

For Project R-2530B the deterministic LCCA results indicate that full depth asphalt (FDA) 

with an asphalt overlay (AO) is the most cost-effective option when jointed plain concrete 

pavement (JPCP) includes shoulder drains. In 12-foot lanes, FDA with AO has a net present value 

(NPV) of $175.40 per linear foot of lane, while the most competitive rigid pavement alternative, 

8.5" optimized JPCP (O-JPCP) with 6" aggregate base course (ABC) and AO, has an NPV of 

$180.54 per linear foot of lane, reflecting a 2.93% cost increase (Table 3.10). Similarly, in 13-foot 

lanes, FDA with AO remains cost-effective option at $189.97 per linear foot of lane, but the 

lowest-cost option is the 7.5" O-JPCP with 6" ABC and AO, which has an NPV of $176.95 per 

linear foot, which demonstrates that optimized JPCP designs can be a cost-competitive option 

when increased lane widths allow for thickness reductions (Figure 3.6). 
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However, when shoulder drains are not included, the cost-effectiveness of rigid pavement 

improves significantly. In 12-foot lanes, the 8.5" O-JPCP with 6" ABC and AO drops to $143.86 

per linear foot, making it 25.5% more cost-effective than the same design with shoulder drains 

(Figure 3.7). Likewise, in 13-foot lanes, the 7.5" O-JPCP without shoulder drains is the most 

economical JPCP alternative at $140.27 per linear foot, a substantial 26.1% reduction in cost 

compared to the same JPCP option with shoulder drains (Figure 3.7). These results demonstrate 

that removing shoulder drains improves the competitiveness of rigid pavement options, making 

them viable alternatives to flexible pavement solutions. 

For Project HE-0011, a two-lane roadway covering 0.8 lane miles, FDA with AO remains 

the most cost-effective option, with an NPV of $135.14 per linear foot for 12-foot lanes and 

$147.42 for 13-foot lanes regardless of the inclusion of shoulder drains. Even with optimized 

thickness, JPCP alternatives are significantly more expensive, with the lowest-cost JPCP 

alternative, 8.5" O-JPCP with 6" ABC and AO in 12-foot lanes, having an NPV of $211.86 per 

linear foot, representing a 43.7% increase over FDA (Figure 3.7). This substantial cost difference 

highlights the economic advantage of asphalt pavement, particularly in lower-volume, shorter road 

segments such as HE-0011. 
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Figure 3.6. Project R-2530B Deterministic LCCA Results 

 
Figure 3.7. Project HE-0011 Deterministic LCCA Results 

 

3.5.2 Probabilistic LCCA Results 

The results of the probabilistic LCCA results for Projects R-2530B and HE-0011 revealed 

that the inclusion of shoulder drains in rigid pavement designs significantly influences cost 
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effectiveness. In Project R-2530B, when shoulder drains were included the full depth asphalt 

(FDA) emerged as the most cost-effective choice in 75.32% of cases. However, when shoulder 

drains were not considered with the rigid design options then rigid pavement alternatives become 

the most cost-effective option 99.55% of the time (Figure 3.8). Similarly, in Project HE-0011, 

FDA was the most cost-effective option 77.73% of the time when shoulder drains were included 

on the rigid alternatives, but when they are excluded the rigid options because the more economical 

choice 68.64% of the time (Figure 3.9). 

Among the rigid pavement alternatives, the optimized jointed plain concrete pavement (O-

JPCP) options performed significantly better when shoulder drains were not included in the LCCA. 

In Project R-2530B, O-JPCP was the most economical option in 78.84% of cases when shoulder 

drains were omitted, but figure dropped significantly to 7.98% when shoulder drains were 

considered for the rigid pavement options (Figure 3.8). A similar trend was observed in Project 

HE-0011, where O-JPCP was the most cost-effective option in 51.33% of cases without shoulder 

drains, but its cost-competitiveness declined to 14.24% when shoulder drains were included 

(Figure 3.9). These findings suggest that the inclusion of shoulder drains suppresses the cost 

benefits of optimized rigid pavement solutions. 

The cumulative probability analysis of Project R-2530B also reinforced the impact of lane 

width and pavement selection on cost-effectiveness. For a 13 ft wide lane, the 7.5-inch O-JPCP 

with 6 in of aggregate base course (ABC) and an asphalt overlay rehabilitation at 40 years had a 

63% probability of being the lowest cost option, while the FDA with an asphalt overlay 

rehabilitation at 34 years had a 37% probability (Figure 3.11). For a 12 ft wide lane an 8.5-inch O-

JPCP with 6 in of ABC with an asphalt overlay at 40 years had only a 25% probability of being 

the lowest-cost option, whereas the FDA with an asphalt overlay at 34 years had a 75% probability 
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(Figure 3.10). In Project HE-0011, the FDA with an asphalt overlay at 34 years consistently 

remained the most economical choice (Figure 3.12 & 3.13). These finds indicate the wider lanes 

enable reductions in JPCP thickness, which improves the cost efficiency of these options when 

shoulder drains are not considered. 

This study further examined the high variability in rigid pavement unit pricing and its 

implication for rehabilitation strategies. North Carolina, like many states, constructs far more lane 

miles of asphalt pavement than rigid pavement. As such, those markets have consistent monthly 

lettings with asphalt pavement which enables that sector of the industry to maintain a well-trained 

workforce and production efficiencies, sometimes at the expense of healthy competition, which is 

often evident by the low number of bidders in certain market areas. Unlike FDA, which 

demonstrated minimal cost variation and stable pricing, rigid pavement units cost exhibited 

significant fluctuations, leading to uncertainty in long-term cost planning. In Project R-2530B 

without considering shoulder drains, 12 ft wide lane rigid pavement options with a 6-inch UBCO 

rehabilitation at 40 years was the lowest cost option in 20.04% of cases, and in 13 ft wide lanes 

the rigid pavement options with a 6-inch UBCO was the lowest cost option in 13.92% of cases 

(Figure 3.8). Similarly, in Project HE-0011 without the consideration of shoulder drains, 12 ft wide 

lanes rigid pavement options with a 6-inch UBCO were the lowest cost option in 4.67% of cases, 

and 13 ft wide lane rigid pavement options with a 6-inch UBCO were the lowest cost option in 

2.42% of cases (Figure 3.9). These results indicate that UBCO can be competitive, and its cost 

competitiveness will improve with a lower variability in unit pricing. 

This study also examined the effect of lane width on optimized JPCP thickness, which 

revealed that an increase in lane width from 12 ft to 13 ft leads to significant materials savings. 

Constructing one lane-mile of 10-inch JPCP at a 12 ft lane width requires 1956 cubic yards of 
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concrete, whereas an 8.5 in JPCP alternative requires 1,663 cubic yards, representing a 16.51% 

reduction in concrete volume. Expanding the lane width to 13 ft allowed for a reduction in 

optimized JPCP thickness to 7.5 in, further lowering material usage to 1,589 cubic yards per lane-

mile, which corresponds to an 18.76% reduction in concrete volume. 
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(a) Probability of Being the Lowest Life Cycle Cost Alternative without Shoulder Drains 

 

 

(b) Probability of Being the Lowest Life Cycle Cost Alternative with Shoulder Drains 

Figure 3.8 Project R-2530B Probabilistic LCCA Results 
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(a) Probability of Being the Lowest Life Cycle Cost Alternative without Shoulder Drains 

 

 

(b) Probability of Being the Lowest Life Cycle Cost Alternative with Shoulder Drains 

Figure 3.9 Project HE-0011 Probabilistic LCCA Results 
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Figure 3.10. Project R-2530 Probability Distributions and Cumulative Probability Plots (12 

ft lane width) 

 

Figure 3.11. Project R-2530 Probability Distributions and Cumulative Probability Plots (13 

ft lane width) 
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Figure 3.12. Project HE-0011 Probability Distributions and Cumulative Probability Plots 

(12 ft lane width) 

 

Figure 3.13. Project HE-0011 Probability Distributions and Cumulative Probability Plots 

(13 ft lane width) 
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3.6 Discussion 

These findings underscore the importance of considering shoulder drainage requirements, 

lane width, and material cost variability when selecting pavement alternatives. The results suggest 

that O-JPCP is a viable cost-effective alternative when shoulder drains are not required, 

particularly where lane width optimization allows for the reduction in concrete thickness. 

Conversely, FDA remains the most stable and predictable choice when shoulder drains are 

necessary for rigid pavements, given its consistent unit pricing. The study also highlights that 

UBCO, while potentially competitive in specific scenarios, is not a consistently viable alternative 

due to the high variability in unit pricing.  

Research sponsored by NCHRP on drainage of both rigid and flexible pavements has 

indicated that drainage layers and structures may not be supporting improved performance of either 

type of pavement (38, 39, 40).  In fact, the key finding of NCHRP Project Report 583, in which 

the subsurface drainage impacts on the pavement performance of SPS-1 and SPS-2 field sections 

were analyzed, was, “these tests and analyses did not identify any aspect of the behavior or 

performance of the HMA and PCC pavement structures in the SPS-1 and SPS-2 experiments that 

could be shown to have been improved by the presence of subsurface pavement drainage. Instead, 

the measures of pavement behavior and performance analyzed for these pavements - namely, 

deflection response, roughness, rutting, faulting, and cracking - were found to be influenced by the 

stiffness, rather than the drainability, of the base layers (40).” Studies have also demonstrated that 

many shoulder drains (and other drainage layers) are not functioning as designed, and become 

ineffective for a variety of reasons, particularly when they are not adequately maintained and 

become clogged (41, 42). One of the key findings of the series of field studies of pavement 
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drainage systems included in NCHRP Project 1-34 was that “design features may often be more 

cost effective than positive subsurface drainage features (42).” 

For a fair and consistent comparison of pavement alternatives, equivalent systems must be 

considered for analysis. The analysis of alternatives that are not truly equivalent does not provide 

the agency with a clear indication of which system is the most economical choice over the life 

cycle. Both projects used in this case study would not qualify as candidates for an LCCA under 

the current NCDOT pavement design standards, but these results indicated that a project with less 

than 10,000 vehicles per day are potentially excellent candidates for rigid pavement. The findings 

of this study suggest that O-JPCP and UBCO have the potential to be cost-effective solutions for 

reconstructing and hardening vulnerable roadway segments, but this is highly depended upon rigid 

pavement unit cost variability as seen in Figure 3.3. 

 

3.7 Conclusion 

This study evaluated the life cycle cost effectiveness of various pavement alternatives 

under different design conditions. The results indicate that FDA remains the most-effective 

solution when shoulder drains are required for rigid pavement options. However, when shoulder 

drains are not required for rigid pavement options O-JPCP emerged as a viable and cost-effective 

alternative, particularly in the 13-foot wide lane scenarios where the optimized thickness 

reductions lead to material savings. The decision to require shoulder drains for most rigid 

pavements while not requiring them for flexible pavements should be revisited by the agency, 

particularly considering that several research studies that question their need when appropriate 

design features are incorporated, and question their effectiveness, particularly when not regularly 

maintained.  Additionally, the use of prescribed treatment schedules and the exclusion of viable 

options is limiting innovation. To improve fairness and competition the NCDOT should consider 
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removing the time to treatment from the LCCA methodology. Furthermore, the use of a 

probabilistic approach will help to account for the high variability that exist in certain unit cost, 

currently the methodology outlines a deterministic approach that is hindering fair competition.  

Findings of an FHWA project analyzing incremental costs and performance benefits of features of 

concrete pavements resulted in the authors cautioning against adding features to a design without 

understanding the trade-offs between performance benefits and costs (43).   

This study further highlighted that UBCO can be a competitive rehabilitation option in 

select case, but its cost-effectiveness is hindered by the high variability in rigid pavement unit 

pricing, likely an artifact of the lower number of rigid pavement projects let for bid in this state. 

The results also emphasize the need for agencies to adopt a more balanced approach to pavement 

selection, ensuring fair competition between asphalt and concrete alternatives. The current 

NCDOT LCCA framework only considers asphalt rehabilitation strategies (concrete overlays are 

not a solution included in the framework), limiting the potential for rigid pavement to be 

considered as cost-effective alternatives. The results suggest that projects with lower traffic 

volumes and shorter lengths may actually benefit from O-JPCP and UBCO solutions if cost 

variability is lowered. Additionally, the study reinforces the importance of considering lane width 

optimization as a strategy to enhance the cost efficiency for rigid pavement alternatives. For 

vulnerable road segments the choice between asphalt and rigid pavements must be carefully 

evaluated based on long-term performance, maintenance needs, and economic efficiency, which 

should be incorporated into a LCCA framework that is project specific rather being an overarching 

LCCA framework. Further research is needed to explore strategies for reducing rigid pavement 

cost fluctuations, such as increasing the number of rigid pavement projects let for bid.  Improved 

competition has been shown to lower bid costs for both asphalt and concrete pavements (29).  A 
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modification in how pavement design and rehabilitation decisions are made could help to foster a 

better inter-industry relationship among asphalt and concrete in this state and surrounding region.  

Since concrete pavements have been shown to provide resilience in flood-prone areas, the 

integration of resilience considerations into the agency’s LCCA process would advance resilient 

infrastructure planning and improve the long-term sustainability of transportation networks.  
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CHAPTER 4: IMPROVING PAVEMENT SUSTAINABILITY AND RESILIENCE IN 

NORTH CAROLINA: A PAVEMENT LIFE CYCLE ASSESSMENT CASE STUDY 

Matthew Sheffield, UNC Charlotte, Gauhar Sabih, PhD, Middle Tennessee State University, and 

Tara L. Cavalline, PhD, UNC Charlotte 

4.1 Abstract 

Pavements are a crucial part of the transportation infrastructure system in the United States, 

playing a key role in supporting the daily economic and societal needs of the country, and they 

must be designed and built to withstand various traffic loads and environmental conditions. 

However, climate change and extreme weather events pose a growing threat to pavement networks 

across the U.S., with impacts differing by location due to variations in pavement design, 

construction quality, and environmental exposure. In many areas, including North Carolina, United 

States, the effects of climate change have been increasingly evident over the past few decades, 

leading to severe flooding and the subsequent failure of many roadways. Inundation from flooding, 

coupled with the use of high-water vehicles during emergency response and recovery efforts, has 

often exacerbated pavement and subgrade damage. In recent years, the focus has shifted toward 

creating resilient infrastructure to withstand the impacts of climate change and extreme weather. 

One proven approach for enhancing roadway resilience in flood-prone areas is the use of rigid 

pavement sections. However, there is a need to quantify the benefits of resilient infrastructure in 

terms of environmental impact to justify the investment in rebuilding damaged pavements or 

hardening existing roadways. 

In this study, a Life Cycle Assessment (LCA) was conducted to evaluate the environmental 

trade-offs associated with different pavement design options, particularly comparing rigid and 

flexible pavement sections. Using a state highway agency’s pavement design procedure, pavement 

sections were developed to achieve equivalent performance over the desired service life. The 
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LCAs provide comprehensive evaluations of the environmental impacts associated with each 

alternative, including initial construction, long-term maintenance, and rehabilitation needs, 

allowing for a holistic view of each option's lifecycle performance. The findings from this 

assessment provide valuable insights into the environmental sustainability of various pavement 

solutions. By quantifying the trade-offs between different pavement designs, this study provides 

essential data to inform decision-making for resilience-focused transportation projects. It will help 

ensure that infrastructure investments in flood-prone areas are not only cost-effective but also 

environmentally responsible. Ultimately, this approach emphasizes the importance of integrating 

life cycle thinking into the design and construction of resilient transportation infrastructure to 

better prepare for the effects of climate change. 

 

KEYWORDS: Life cycle assessment, pavement resilience, pavement design, concrete, asphalt, 

rigid, flexible 
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4.2 Introduction 

In recent years, the state of North Carolina in the United States has faced numerous extreme 

weather events, leading to flooding that severely impacted critical infrastructure like roads and 

bridges. This has prompted the North Carolina Department of Transportation (NCDOT) and other 

agencies to prioritize the design and construction of resilient infrastructure, which can withstand 

extreme climatic events while maintaining functionality (Meyer et al., 2019). Performance 

assessments, life cycle cost analysis (LCCA), and life cycle assessment (LCA) are essential tools 

in making informed, resilience-based pavement decisions. In this study LCAs were conducted to 

compare the environmental impacts of rigid and flexible pavement designs, following the 

NCDOT’s pavement design procedure. The LCAs evaluated the environmental trade-offs, 

considering construction, maintenance, and rehabilitation over the service life of each pavement 

type. The findings provide critical insights into the sustainability of these options, helping to guide 

environmentally responsible decision-making for resilience-focused transportation projects in 

flood-prone areas. This approach highlights the importance of incorporating life cycle thinking 

into infrastructure design to prepare for climate change impacts. 

 

4.3 Literature review 

4.3.1 Sustainability and Resilience in Infrastructure 

Sustainability comprehensively integrates social, environmental, and economic 

considerations, (often referred to as the “triple bottom line”), when seeking to reduce the impact 

of the built environment on the natural environment (Bamgbade et al., 2019). The successful 

creation and operation of sustainable infrastructure requires a collaborative effort among the 

stakeholders to reduce energy and water consumption, reduce greenhouse gas emissions and waste 

production, and improve air and water quality. Sustainability in infrastructure primarily 
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emphasizes the protection and restoration of natural ecosystems, the efficient use of resources, and 

the fulfillment of societal need through a well design engineered system. The sustainability of a 

system is assessed with performance assessments, LCCA, and LCA (Van Dam et al., 2015). 

Resilience, in contrast, refers to a system's capacity to endure and quickly recover from disruptive 

events. Infrastructure designed with resilience in mind can continue to operate effectively during 

and after extreme weather or other challenging conditions (Meyer et al., 2019). Although 

sustainability and resilience are distinct concepts, they are deeply interconnected with both 

emphasizing long-term performance and cost-effectiveness throughout a system’s service life 

(Lounis et al., 2016). Their relationship is illustrated in Figure 4.1. 

 
Figure 4.1. Proposed Interrelationship between Sustainable and Resilient Pavements 

 

Projects to modernize, rehabilitate, and reconstruct roadways create prime opportunities for 

embedding resilience strategies, particularly as climate variability introduces more frequent 
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extreme weather events. The addition of resilient hardened solutions to pavement systems reduces 

the vulnerability of pavement infrastructure to environmental stressors. A few resilient hardened 

solutions that are utilized in pavement systems include concrete overlays, full-depth reclamation 

(FDR), and the use of cement-stabilized or hardened base materials (Fick et al. 2021; Reeder et al. 

2019; Mack et al., 2023). 

 

4.3.2 Pavement LCA Background 

An LCA is a technique that is used to evaluate the environmental impact of a product, 

process, or system throughout its entire life cycle, which starts at raw material extraction and 

extends to end-of-life disposal. The Federal Highway Administration (FHWA) Life Cycle 

Assessment Pave (LCA Pave) tool is a comprehensive framework designed to evaluate the 

environmental impact of pavement systems throughout their entire life cycle. LCA Pave is built 

on ISO 14040 and 14044 standards and follows the FHWA Pavement LCA Framework. 

Environmental impacts are modeled using the TRACI 2.1 methodology, with global warming 

potential (GWP) serving as the primary metric (FHWA, 2021). An LCA for pavements can be 

framed under several boundary conditions, depending on the objectives of the study: 

• Cradle-to-gate includes all processes from raw material extraction through production and 

onsite placement, which are defined as the A1–A3 stages. This is the system boundary 

adopted by LCA Pave, focusing on upstream environmental impacts associated with 

materials, transportation, and construction (FHWA, 2021). 

• Cradle-to-laid extends cradle-to-gate by including construction site preparation, placement, 

and curing processes, often through A4 and A5 modules. While not fully captured in LCA 

Pave by default, these may be approximated through user-defined modules (Cooper & 

Mukherjee, 2024). 
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• Cradle-to-grave includes the entire pavement life cycle—from raw material extraction 

through construction, use, maintenance, rehabilitation, and end-of-life disposal or 

recycling. This comprehensive boundary is essential for long-term sustainability 

comparisons and is the preferred scope for full environmental policy development and 

comparative LCA studies (Santero et al., 2011; Zapata & Gambatese, 2005). 

Understanding these boundaries is critical for interpreting LCA results and aligning them 

with agency goals. Cradle-to-gate assessments, such as those performed with LCA Pave, are 

particularly useful during the design and procurement phase, while cradle-to-grave studies are 

more suitable for long-range planning and carbon reduction strategies (Rangelov et al., 2022). 

LCA Pave integrates cradle-to-laid and cradle-to-grave assessments, accounting for raw material 

extraction, transportation, manufacturing, construction, maintenance, and end-of-life disposal or 

recycling (Senseney & Quintero, 2024). The LCA Pave tool includes preloaded libraries across 

six categories: materials, equipment, transport, waste, fuels, and electricity. These data are based 

on publicly available and government vetted life cycle inventory (LCI) datasets. Material 

emissions for cement, fly ash, slag, silica fume, and aggregates are based on industry-average 

Environmental Product Declarations (EPDs), such as those published by the Portland Cement 

Association (PCA) and reviewed within the Federal LCA Commons (PCA, 2021; Marceau et al., 

2007). Fuel and electricity data are sourced from the National Renewable Energy Laboratory 

(NREL) U.S. Life Cycle Inventory (LCI) Database and National Energy Technology Laboratory 

(NETL) emissions models (NREL, 2020; NETL, 2020). Transportation emissions are modeled 

using ton-kilometer energy and emissions factors, which consider both transport distance and 

mode. These data are drawn from the NREL LCI Database, supplemented by USEPA’s eGRID, 

FHWA background research, and Federal LCA Commons transport modules (FHWA, 2021; 
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Cooper & Mukherjee, 2024; ACLCA, 2020). Users can import facility specific EPDs and 

customize transport distances, fuel types, and material quantities to reflect local conditions.  By 

leveraging LCI data and EPD data, the tool enables transportation agencies to assess the 

environmental footprint of different pavement types and identify more sustainable roadway 

solutions (Amarh et al., 2024). 

The FHWA LCA Pave tool only considers the life cycle stages of material production, 

pavement design, construction, maintenance and preservation, and end of life. The usage life cycle 

stage is not considered by the FHWA LCA Pave tool (Figure 4.2). 

 
Figure 4.2. Life-cycle stages considered in the FHWA LCA Pave tool (adapted from 

FHWA, 2021) 

 

LCA Pave has been used in real-world case studies, demonstrating its effectiveness in evaluating 

the life cycle sustainability of concrete and asphalt pavements. As an example, a case study using 

LCA Pave on a concrete pavement reconstruction project in Colorado revealed how different 

material choices impact emissions and environmental performance over time (Senseney & 
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Quintero, 2024). State transportation agencies in Alabama, Louisiana, Mississippi, and Virginia 

have piloted FHWA LCA Pave to incorporate sustainability metrics in their pavement 

management practices (Amarh et al., 2024). As agencies continue to prioritize sustainable 

pavement solutions, FHWA LCA Pave remains a critical tool for evaluating long-term 

environmental and economic trade-offs in roadway construction and maintenance.  LCA are 

typically performed as either a cradle-to-laid, which is a partial analysis, or a cradle-to-grave, 

which is a complete analysis (Table 4.1). 

Table 4.1. LCA Stages (adapted from Senseney et al., 2023) 

LCA Type LCA Substage How is this assessed? 

 A1-Material Extraction Material EPD information per 

unit quantity of material 

(i.e., Environmental Impact 

per Ton) 

A2-Transport to Plant 

A3-Production 

A4-Transport to Site Transport Vehicle EPD per 

unit quantity of material mile 

(i.e., Ton-Miles) 

A5-Construction Construction equipment EPD 

and utilization in labor hours. 

B1-Asset Use Not considered in the FHWA 

LCA Tool 

B2-Maintenance Construction equipment EPD 

and utilization in labor hours. 

Material EPD information per 

unit quantity of material. 

B3-Repair 

B4-Rehabilitation 

B5-Replacement 

B6/B7-Operation Energy & Water Usage Not considered in the FHWA 

LCA Tool 

C1-Demolition Demolition equipment EPD 

and utilization in labor hours. 

Material EPD information per 

unit quantity of material. 

C2-Tranport to Processor 

C3-Waste Processing 

C4-Disposal 

 

The LCA Pave tool categorizes the data into materials, equipment, waste, transport, 

mixture designs, and activities. The data for these categories includes properties, environmental 

impact indicators, and metadata. Environmental impact indicators are used to estimate the 

material's environmental impact. A few examples of environmental indicators include the 
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contribution to acidification, ecotoxicity, eutrophication, fossil fuel depletion, global warming, 

human health, ozone depletion, and smog formation. Under the mixture design category, the data 

from materials, equipment, waste, and transport are used along with quantities to assess the impact 

of a particular mixture that will be used. The activities category is a user-developed database that 

describes the pavement life cycle activities, such as construction, maintenance, and rehabilitation 

efforts. 

The Social Cost of Carbon (SCC) is an economic valuation used to estimate the 

comprehensive damages caused by emitting one metric ton of CO2 into the atmosphere. It accounts 

for a wide array of climate-related impacts such as increased healthcare cost due to pollution, 

decreased agricultural productivity, damage from extreme weather events, and rising sea level. 

The EPA currently estimates SCC at $51 per metric ton of CO2 as a benchmark value for policy 

and regulatory analysis (EPA, 2023). Additionally, the EPA estimates that 1 passenger vehicle 

emits approximately 4.6 metric tons of CO2/year (EPA, 2018). The use of SCC and the estimated 

CO2 emission of a passenger care can help to put the results of an LCA into context. 

4.3.3 Sustainable Benefits of Flexible and Rigid Pavements 

Flexible or asphalt pavements, which are typically constructed use a hot mix asphalt 

(HMA) design mixture, are considered sustainable due to their lower initial energy consumption, 

recyclability, and adaptability to different climates and traffic conditions. Recent studies have 

indicated that incorporating recycled asphalt pavement (RAP) and the use of warm-mix asphalt 

technologies can significantly reduce the carbon footprint of asphalt pavements (Hossain et al., 

2022). The ability to reuse and repurpose asphalt materials allows for flexible pavements to be 

maintained and rehabilitated with minimal raw material consumption, which reduces the 

environmental impact over time. While full-depth asphalt (FDA) pavements require frequent 

maintenance and resurfacing, this maintenance cycle allows for a portion of the existing asphalt 
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pavement to be recycled into the resurfacing mix which leads to lower demand for virgin materials 

(Batouli et al., 2017). Research suggests that flexible pavements can be adapted to varying climate 

conditions, temperature fluctuations, and different traffic loads due to their structural flexibility 

and relative ease of rehabilitation (Gee & Schmitz, 2024). This adaptability allows flexible 

pavements to be resilient to certain vulnerabilities. These characteristics demonstrate how flexible 

pavements meet the goals of sustainability. 

Rigid or concrete pavements are also considered a sustainable option due their long-term 

durability, lower maintenance requirements, and extended service life, which minimizes 

environmental impact over their full life cycle. While concrete pavements have a higher initial 

environmental impact due to portland cement production, their extended longevity and reduced 

resurfacing requirements lead to fewer emissions over time (Taylor et al., 2019). Additionally, 

advancements in supplementary cementitious materials (SCMs) and carbon capture technologies 

are helping mitigate the environmental burden of concrete production, making rigid pavements a 

viable long-term sustainable choice (Taylor et al., 2019).  

To ensure that the most sustainable and cost-effective pavement type is selected, agencies 

must conduct a life cycle cost analysis (LCCA) and life cycle assessment (LCA) on various 

pavement alternatives (Van Dam et al., 2015).  LCCA allows for the quantification of economic 

sustainability by analyzing initial construction costs, maintenance expenses, rehabilitation cycles, 

and user costs over the pavement’s lifespan. LCA assesses environmental impacts, including 

material extraction, manufacturing, transportation, construction, maintenance, and end-of-life 

disposal or recycling. By integrating LCCA and LCA, agencies can make informed decisions that 

align with the three pillars of sustainability. 
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Concrete overlays have distinct advantages over traditional asphalt overlays (AO). If  

properly designed, constructed, and maintained, a concrete overlay solution can typically achieve 

a service life in excess of 20 years, and is adaptable to a wide range of existing pavement conditions 

(Harrington et al., 2014, Fick et al., 2021). Traditional asphalt overlay solutions can typically have 

a service life between five and fifteen years, which is influenced by climatic conditions and the 

overlay thickness of the overlay (Ritchie, 1986; FHWA, 2019). Although asphalt overlay 

rehabilitation solutions typically have a lower initial cost, concrete overlays have been shown to 

be more economically efficient in the long term when maintenance, preservation costs, and 

expected service life are considered. (Jung et al., 2022). From an environmental perspective, 

concrete pavements possess a higher solar reflective index (SRI) compared to asphalt pavements, 

which helps to reduce heat absorption and the urban heat island effect (Van Dam et al., 2011), and 

decreases the reliance on artificial lighting at night (Gadja and VanGeem, 2001). Concrete 

pavements are characterized as sustainable pavement options due to their lower life cycle cost 

(Van Dam et al., 2011), reduced traffic noise (Rasmussen et al., 2012), recyclability (Harrington 

et al., 2014), and the ability to incorporate SCMs, thereby reducing embodied energy from 

production (Van Dam and Taylor, 2009). Concrete overlays also enhance pavement resilience 

especially within vulnerable road segments that are flood or fire prone (Khan et al., 2017; Mack, 

2020). Known as a resilient hardened solution, concrete overlays are capable to maintain their 

structural integrity even in extreme environmental stress. For instance, following Hurricane 

Katrina’s landfall in the southern United States, many miles of asphalt pavements in Louisiana 

required substantial repairs due to flooding, whereas concrete pavements exhibited minimal loss 

of strength in the same areas (Gaspard et al., 2007). Pavements in flood prone areas are often 
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reopened or used prematurely by motorists and recovery support traffic, which results in subgrade 

weakening and rutting (Figure 4.3).  

 

 

Figure 4.3. Vehicle Load Distribution into pavement structures (Mack et al., 2023) 

The utilization of concrete overlays in vulnerable areas allows for quicker restoration of traffic 

operations without sacrificing long term pavement performance. Intersections and interchanges 

endure high stresses from frequent vehicle stops and starts and directional changes, which can 

rapidly deteriorate a pavement’s condition. The strategic use of concrete overlays in these high 

stress zones can substantially decrease maintenance expenses and enhance the pavement longevity 

(Hunsucker and Meade, 1995; Mack et al., 2023). 

4.4 Methodology 

This study focused on two recent NCDOT highway projects, from which two pavement 

design scenarios from two highway classifications with different traffic spectra (Table 2) were 

developed. Project R-2530B was let for bid in October 2019, and project HE-0011 was let for bid 

in October 2023. Project R-2530B is classified as an urban/rural arterial regional tier highway, and 

project HE-0011 is classified as a principal arterial statewide tier highway. These projects were 
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selected because they represent the classification of roadway that experiences vulnerabilities to 

extreme weather and they are on opposite ends of the spectrum in terms of size, which provides 

an opportunity to examine how project size can impact an LCA. Both of these projects are in the 

piedmont region of North Carolina. The annual average daily traffic (AADT), and the annual 

average daily truck traffic (AADTT) for these two projects are similar (Table 4.2). 

 

Table 4.2. Summary of Traffic Inputs for Initial Design 

Project Lane Miles AADT-2025  % Duals % TTST AADTT-2025  

R-2530B 27.6 17,940 6% 4% 1,794 

HE-0011 0.8 13,839 5% 5% 1,384 

 

Each design scenario consists of two pavement design options based on AASHTO 1993 

empirical design methodology as described in the NCDOT Pavement Design Manual. Three rigid 

pavement alternatives were designed and optimized utilizing AASHTO mechanistic empirical 

(ME) methodology. Each of the pavement design options were designed as equivalent sections 

with the same traffic spectrum and design life (Table 4.3). The original design for Project R-2530B 

is a flexible pavement consisted of 3 inches (in) of HMA mix S9.5C, 4 in of HMA mix I19.0C, 

and 3 in of HMA mix B25.0C, and the original design for Project HE-0011 was a flexible pavement 

consisting of 3 in of HMA mix S9.5C, 4 in of HMA mix I19.0C, and 5 in of HMA mix B25.0C. 

The rigid pavement alternatives for both projects consisted of a jointed plain concrete pavement 

(JPCP) that was either over an aggregate base course (ABC), an asphalt base mixture, such as 

B25.0C, or a cement treated aggregate base course (CTABC). 
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Table 4.3. Pavement Design Options 

Design Options for Lane Width of 12 Feet 

Project Original Design 
Standard Rigid 

Design 

Optimized 

Rigid Design 1 

Optimized Rigid 

Design 2 

Optimized 

Rigid Design 3 

R-2530B 

3 in of S9.5C 

4 in of I19.0C 

3 in of B25.0C 

10 in of JPCP 

6 in of ABC 

8.5 in of JPCP 

6 in of ABC 

8.5 in of JPCP  

3 in of B25.0 

9 in of JPCP 

6 in of CTABC 

HE-0011 

3 in of S9.5C 

4 in of I19.0C 

5 in of B25.0C 

9.5 in of JPCP 

6 in of ABC 

8.5 in of JPCP 

6 in of ABC 

8.5 in of JPCP  

3 in of B25.0 

9 in of JPCP 

6 in of CTABC 

Design Options for Lane Width of 13 Feet 

Project Original Design 
Standard Rigid 

Design 

Optimized 

Rigid Design 1 

Optimized Rigid 

Design 2 

Optimized 

Rigid Design 3 

R-2530B 

3 in of S9.5C 

4 in of I19.0C 

3 in of B25.0C 

10 in of JPCP 

6 in of ABC 

7.5 in of JPCP 

6 in of ABC 

7.5 in of JPCP  

3 in of B25.0 

7.5 in of JPCP 

6 in of CTABC 

HE-0011 

3 in of S9.5C 

4 in of I19.0C 

5 in of B25.0C 

9.5 in of JPCP 

6 in of ABC 

7.5 in of JPCP 

6 in of ABC 

7.5 in of JPCP  

3 in of B25.0 

7.5 in of JPCP 

6 in of CTABC 

 

A cradle-to-grave LCA of 1 lane mile of length for each pavement option was then 

performed utilizing the FHWA LCA Pave software to determine the pavement alternative with the 

least environmental impacted in terms of global warming potential (GWP) per lane mile for each 

of the selected projects. Using material quantities, haul distances to the construction site (Table 

4.4), and cradle-to-gate EPDs and LCI data for the construction materials and equipment (Table 

4.5) the total environmental impact was determined for each the major life cycle activities of each 

pavement type (Table 4.6). 
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Table 4.4. LCA Project Specific Inputs 
Project Input Quantity Units 

R-2530B 

Typical HMA Haul Distance 12 Miles 

Typical Aggregate Haul Distance 12 Miles 

Typical Ready-Mix Haul Distance 8 Miles  

Average Concrete Recycling Haul Distance 35 Miles 

    

HE-0011 

Typical HMA Haul Distance 32 Miles 

Typical Aggregate Haul Distance 15 Miles 

Typical Ready-Mix Haul Distance 6 Miles  

Average Concrete Recycling Haul Distance 45 Miles 

 

Table 4.5. Preloaded Materials and Equipment EPDs in FHWA LCA Pave 

Material/Equipment 

Type 

AP 

(kg of SO2 eq) 

EP 

(kg N eq) 

GWP 

(kg CO2 eq) 

ODP 

(kg CFC-11 eq) 

POCP 

(kg O3 eq) 

HMA 0.268 0.0124 58.6 5.28E-9 4.68 

Ready Mix Concrete 0.86 0.28 200 6.49E-6 16.97 

UTBWC No Data No Data No Data No Data No Data 

Generic Construction 

Equipment 

(75<HP>750) 

0.2351 0.0148 73.14 2.48E-9 8.34 

Generic Construction 

Equipment 

(75<HP>750) 

0.0624 0.0039 13.83 4.70E-10 2.22 

Milling Machine 0.1606 0.0101 49.97 1.70E-9 5.7 

Roller 0.0946 0.006 20.95 7.11E-10 3.36 

Paver 0.1345 0.0085 41.83 1.42E-9 4.77 

Offsite Recycled-

Concrete 

0.0083 0.0005 2.6 8.81E-11 0.2963 

Offsite Recycled-

Asphalt 

0.0083 0.0005 2.6 8.81E-11 0.2963 

End Dump Truck 0.0003 2.05E-5 0.1008 3.42E-12 0.0115 

Ready Mix Concrete 

Truck 

0.0003 2.05E-5 0.1008 3.42E-12 0.0115 
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Table 4.6. Pavement Life Cycle Activities 

Year Flexible Pavement Rigid Pavement 

0 Initial construction with a 30-year design life Initial construction with a 30-year design life 

12 Mill and replace 1.5 in of surface course and fog 

seal shoulders 

- 

17 - Saw and reseal joints and patch 1% of travel 

lanes. Fog seal shoulders with 1% patching 

23 Mill and replace 1.5 in of surface course, 

including shoulders 

- 

30 - 1% patching. Overlay with ultrathin bonded 

wearing course (UTBWC) with a 10-year life. 

34 Mill and add structure (asphalt or unbonded 

concrete overlay) to achieve 20 more years of 

life 

- 

40 - 5.5 in asphalt overlay or 6 in unbonded concrete 

overlay with life of 20 years 

45 Mill and replace 1.5 in of surface if asphalt 

overlay was used at year 34. 

- 

50 Pavement removed and recycled Pavement removed and recycled 

 

An LCA was performed to assess the impacts of two different rehabilitation types. The use 

of a 5.5 in thick asphalt overlay (AO) and a 6 in thick unbonded concrete overlay (UBCO) were 

used. Each of these rehabilitation options provide a similar expected life extension to a pavement, 

but they are not truly equivalent rehabilitation methods because they vary in terms of construction 

cost, construction methods, maintenance demands, and performance. (Table 4.7). These aspects 

will be considered in the LCA to determine the true impact of each of these rehabilitation methods. 

 

Table 4.7. Expected Extended Life from Overlay Treatments 

Overlay Type Existing Pavement Existing Pavement Age Expected Extended Life 

5.5 in AO FDA 34 years 15-20 years 

5.5 in AO JPCP 40 years 15-20 years 

6 in UBCO FDA 34 years 18-25 years 

6 in UBCO JPCP 40 years 20-30  years 

 

Material quantities were determined via a quantity take off for each of the project, and 

productivity rates for each construction method were determined using RS Means construction 

data. Productivity rates and material quantities were used to estimate equipment hours for 
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construction, maintenance and preservation, rehabilitation, and removal activates for each of the 

projects (Gordian, 2023) (Tables 4.8, 4.9, 4.10 & 4.11). 

 

Table 4.8. Project R-2530 Labor Hours for 12-ft Lanes 
Work Item Quantity Unit Productivity 

Rate 

Est. Labor 

Hours 

Original Design-12-ft Lanes 

4 in of HMA Mix B25.0 (Mainline) 242,880 SY 0.021 5,101 

4 in of HMA Mix I19.0 (Mainline) 242,880 SY 0.021 5,101 

3 in of HMA Mix S9.5Ct 242,880 SY 0.02 4,858 

Prime Coat 242,800 SY 0.002 486 

Milling 1.5 in of Flexible Pavement 242,880 SY 0.009 2,186 

1.5 in of HMA Mix S9.5Ct 242,880 SY 0.012 2,915 

Fog Sealing Flexible Pavement Shoulders 38,492 SY 0.003 116 

Milling 3 in of Flexible Pavement 242,880 SY 0.009 2,186 

3 in of HMA Mix S9.5Ct 242,880 SY 0.02 4,858 

Milling 3 in of Flexible Pavement (Mainline) 242,880 SY 0.009 2,186 

Removing 8 in of Flexible Pavement (Mainline) 38,492 SY 0.009 347 

Rigid Pavement Options-12-ft Lanes 

4 in of HMA Mix B25.0 (Shoulder) 38,492 SY 0.021 809 

4 in of HMA Mix I19.0 (Shoulder) 38,492 SY 0.021 809 

3 in of HMA Mix S9.5C (Shoulder) 38,492 SY 0.02 770 

10 in of JPCP (Mainline) 194,304 SY 0.011 2,138 

6 in of ABC 61,206 Tons 0.025 1,531 

Saw and Seal Joints 510,078 LF 0.076 28,766 

7.5 in of JPCP (Mainline) 194,304 SY 0.0085 1,652 

6 in of CTABC 194,304 SY 0.009 1,749 

3 in of HMA Mix B25.0t 61,206 Tons 0.025 1,531 

1% Full Depth Patching 242,880 SY 0.018 4,372 

UTBWC 17,496 SF 300 59 

3 in Lift of HMA Mix S9.5C (5.5 in Overlay) 194,304 SY 0.004 778 

2.5 in Lift of HMA Mix S9.5C (5.5 in Overlay) 194,304 SY 0.02 3,886 

6 in UBCO 194,304 SY 0.018 3,498 

Mill 1.5 in of S9.5C 194,304 SY 0.008 1,555 

Removing 8 in of Flexible Pavement (Mainline) 194,304 SY 0.009 1,749 

Milling Flexible Pavement Shoulders 194,304 SY 0.012 2,332 

Remove 5.5 in AO 194,304 SY 0.009 1,749 

Remove B25.0 Base 194,394 SY 0.157 30,520 
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Table 4.9. Project R-2530 Labor Hours for 13-ft Lanes 
Work Item Quantity Unit Productivity 

Rate 

Est. Labor 

Hours 

Original Design-13-ft Lanes 

4 in of HMA Mix B25.0 (Mainline) 259,072 SY 0.021 5,441 

4 in of HMA Mix I19.0 (Mainline) 259,072 SY 0.021 5,441 

3 in of HMA Mix S9.5Ct 259,072 SY 0.02 5,182 

Prime Coat 259,072 SY 0.002 519 

Milling 1.5 in of Flexible Pavement 259,072 SY 0.009 2,332 

1.5 in of HMA Mix S9.5Ct 259,072 SY 0.012 3,109 

Fog Sealing Flexible Pavement Shoulders 38,492 SY 0.003 116 

Milling 3 in of Flexible Pavement 259,072 SY 0.009 2,332 

3 in of HMA Mix S9.5Ct 259,072 SY 0.02 5,182 

Milling 3 in of Flexible Pavement (Mainline) 259,072 SY 0.009 2,332 

Removing 8 in of Flexible Pavement (Mainline) 259,072 SY 0.009 2,332 

Rigid Pavement Options-13-ft Lanes 

4 in of HMA Mix B25.0 (Shoulder) 38,492 SY 0.021 809 

4 in of HMA Mix I19.0 (Shoulder) 38,492 SY 0.021 809 

3 in of HMA Mix S9.5C (Shoulder) 38,492 SY 0.02 770 

10 in of JPCP (Mainline) 210,496 SY 0.011 2,316 

6 in of ABC 61,206 Tons 0.025 1,531 

Saw and Seal Joints 510,078 LF 0.076 28,766 

7.5 in of JPCP (Mainline) 210,496 SY 0.008 1,684 

6 in of CTABC 61,206 Tons 0.025 1,531 

3 in of HMA Mix B25.0t 210,496 SY 0.018 3,789 

1% Full Depth Patching 18,945 SF 300 64 

UTBWC 210,496 SY 0.004 842 

3 in Lift of HMA Mix S9.5C (5.5 in Overlay) 210,496 SY 0.02 4,210 

2.5 in Lift of HMA Mix S9.5C (5.5 in Overlay) 210,496 SY 0.018 3,789 

6 in UBCO 210,496 SY 0.008 1,684 

Mill 1.5 in of S9.5C 210,496 SY 0.009 1,895 

Removing 8 in of Flexible Pavement (Mainline) 210,496 SY 0.009 1,895 

Milling Flexible Pavement Shoulders 38,492 SY 0.009 347 

Remove 5.5 in AO 210,496 SY 0.009 1,895 

Remove B25.0 Base 210,496 SY 0.009 1,895 

Rigid Pavement Removal 210,496 SY 0.157 33,048 
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Table 4.10. Project HE-0011 Labor Hours for 12-ft Lanes 
Work Item Quantity Unit Productivity 

Rate 

Est. Labor 

Hours 

Original Design-12-ft Lanes 

3 in lift of HMA Mix B25.0 (Mainline) 9,314 SY 0.018 168 

2 in lift of HMA Mix B25.0 (Mainline) 9,314 SY 0.014 131 

4 in of I19.0 HMA Mix (Mainline) 9,314 SY 0.021 196 

3 in of S9.5C HMA Mix (Mainline) 9,314 SY 0.02 187 

Milling 1.5 in of Flexible Pavement 7,451 SY 0.009 68 

1.5 in of HMA Mix S9.5Ct 7,451 SY 0.012 90 

Fog Sealing Flexible Pavement Shoulders 1,863 SY 0.003 6 

Milling 3 in of Flexible Pavement 7,451 SY 0.009 68 

3 in of HMA Mix S9.5C 7,451 SY 0.02 149 

Removing 6 in of Flexible Pavement (Mainline) 7,451 SY 0.009 68 

Removing 6 in of Flexible Pavement (Mainline) 7,451 SY 0.009 68 

Rigid Pavement Options-12-ft Lanes 

3 in lift of HMA Mix B25.0 (Shoulder) 1,863 SY 0.018 34 

2 in lift of HMA Mix B25.0 (Shoulder) 1,863 SY 0.014 26 

4 in of HMA Mix I19.0 (Shoulder) 1,863 SY 0.021 39 

3 in of HMA Mix S9.5C (Shoulder) 1,863 SY 0.02 38 

9.5 in of JPCP (Mainline) 7,451 SY 0.011 82 

6 in of ABC 2,432 Tons 0.025 61 

Saw and Seal Joints 10,277 LF 0.076 782 

8.5 in of JPCP (Mainline) 7,451 SY 0.0085 64 

9 in of JPCP 7,451 SY 0.009 68 

6 in of CTABC 2,432 Tons 0.025 61 

3 in of HMA Mix B25.0t 7,451 SY 0.018 149 

1% Full Depth Patching 927 SF 300 4 

UTBWC 7,451 SY 0.004 30 

3 in Lift of HMA Mix S9.5C (5.5 in AO) 7,451 SY 0.02 149 

2.5 in Lift of HMA Mix S9.5C (5.5 in AO) 7,451 SY 0.018 135 

6 in UBCO 7,451 SY 0.008 60 

1.5 in of HMA Mix S9.5C 7,451 SY 0.009 68 

Milling Flexible Pavement Shoulders 1,863 SY 0.009 17 

Remove 5.5 in AO 7,451 SY 0.009 68 

Remove B25.0 Base 7,451 SY 0.009 68 

Rigid Pavement Removal 7,451 SY 0.157 1,170 
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Table 4.11. Project HE-0011 Labor Hours for 13-ft Lanes 
Work Item Quantity Unit Productivity 

Rate 

Est. Labor 

Hours 

Original Design-13-ft Lanes 

3 in lift of HMA Mix B25.0 (Mainline) 9,935 SY 0.018 179 

2 in lift of HMA Mix B25.0 (Mainline) 9,935 SY 0.014 139 

4 in of I19.0 HMA Mix (Mainline) 9,935 SY 0.021 209 

3 in of S9.5C HMA Mix (Mainline) 9,935 SY 0.02 199 

Milling 1.5 in of Asphalt 8,072 SY 0.009 73 

1.5 in of S9.5C HMA Mixt 8,072 SY 0.012 97 

Fog Sealing Flexible Pavement Shoulders 1,863 SY 0.003 6 

Milling 3 in of Flexible Pavement 8,072 SY 0.009 73 

3 in of S9.5C HMA Mix (Mainline) 8,072 SY 0.02 162 

Removing 6 in of Flexible Pavement (Mainline) 8,072 SY 0.009 73 

Removing 6 in of Flexible Pavement (Mainline) 8,072 SY 0.009 73 

Rigid Pavement Options-13-ft Lanes 

3 in lift of HMA Mix B25.0 (Shoulder) 1,863 SY 0.018 34 

2 in lift of HMA Mix B25.0 (Shoulder) 1,863 SY 0.014 26 

4 in of HMA Mix I19.0 (Shoulder) 1,863 SY 0.021 39 

3 in of HMA Mix S9.5C (Shoulder) 1,863 SY 0.02 38 

9.5 in of JPCP (Mainline) 8,072 SY 0.011 89 

6 in of ABC 2,634 Tons 0.025 66 

Saw and Seal Joints 10,277 LF 0.076 782 

7.5 in of JPCP (Mainline) 8,072 SY 0.008 65 

6 in of CTABC 2,634 Tons 0.025 66 

3 in of HMA Mix B25.0 (Mainline base)t 8,072 SY 0.018 146 

1% Full Depth Patching 729 SF 300 3 

UTBWC 8,072 SY 0.004 33 

3 in Lift of HMA Mix S9.5C (5.5 in AO) 8,072 SY 0.02 162 

2.5 in Lift of HMA Mix S9.5C (5.5 in AO) 8,072 SY 0.018 146 

6 in UBCO 8,072 SY 0.008 65 

1.5 in of S9.5C 8,072 SY 0.009 73 

Milling Flexible Pavement Shoulder 1,863 SY 0.009 17 

Remove 5.5 in AO 8,072 SY 0.009 73 

Remove B25.0 Base 8,072 SY 0.009 73 

Rigid Pavement Removal 8,072 SY 0.157 1,268 

 

4.5 Results 

Results of the LCA are presented in graphical form in Figures 4.4 and 4.5  .   
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Figure 4.4. GWP for 12-ft lane width design options for Project R-2530B 
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Figure 4.5. GWP for 13-ft lane width design options for Project R-2530B
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The LCA results for project R-2530B reveal that JPCP options can provide a significant 

impact in minimizing environmental impact in terms of GWP per lane mile of pavement. For 

Project R-2530B the three pavement designs with the lowest overall GWP per lane mile are the 

12-ft lane width 8.5 in JPCP with 6 in of ABC with an asphalt overlay (AO), the 13-ft lane width 

7.5 in JPCP with 6 in of ABC with an AO, and the 13-ft lane width 7.5 in JPCP with 6 in of cement 

treated aggregate base coarse (CTABC) with an AO (Figure 4.4 & 4.5). Each of these JPCP design 

options provide an 18.96%, 18.28%, and 13.42% reduction in GWP per lane mile respectively, in 

comparison to the original pavement design of a 12-ft lane width FDA with an AO. To put these 

GWP reductions into context, they equate to $10,252 in avoided climate damages or the equivalent 

of removing 925 passenger vehicles from the roadway for one year; $9,883 or 891 vehicles; and 

$6,617 or 597 vehicles, respectively. The three pavement design options with the lowest 

construction phase GWP per lane mile for project R-2530B are the 13-ft lane width 7.5 in JPCP 

with 6 in of ABC, and the 12-ft lane width 8.5 in JPCP with 6 in of ABC, and the 13-ft lane width 

7.5 in JPCP with 6 in of CTABC with 365,067 kg CO2 eq per lane mile, 379,822 kg CO2 eq per 

lane mile, and 416,628  kg CO2 eq per lane mile,, respectively (Figure 4.4 & 4.5). The maintenance 

and perseveration GWP per lane for a 12-ft lane width FDA, 12-ft lane width JPCP, a 13-ft lane 

width FDA, and a 13-ft lane width JPCP is 60.07%, 22.30%, 59.32%, and 22.97% of the initial 

construction GWP, respectively. 

The GWP per lane mile for the 5.5 in AO for the 12-ft lane width FDA options was 266,478 

kg CO2 eq per lane mile, and for the 13-ft lane width FDA options was 295,073 kg CO2 eq per 

lane mile (Figure 4.4 & 4.5). The GWP per lane mile for the 5.5 in AO for the 12-ft lane width 

JPCP options was 260,401 kg CO2 eq per lane mile, and for the 13-ft lane width JPCP options was 

282,108 kg CO2 eq per lane mile (Figures 4.4 & 4.5). In comparison, the GWP per lane mile for 
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the AO for the 12-ft lane width JPCP and the 13-ft lane width JPCP 2.28% and 4.39% lower than 

the AO for the 12-ft lane width FDA and 13-ft lane width FDA design options, respectively. This 

difference can be attributed to the required milling operation that must take place with the FDA 

options. The GWP per lane mile for the 6 in UBCO on the 12-ft lane width FDA option, the 13-ft 

lane width FDA option, 12-ft lane width JPCP, and the 13-ft lane width JPCP were 324,896 kg 

CO2 eq per lane mile, 348,686 kg CO2 eq per lane mile, 319,438 kg CO2 eq per lane mile, and 

342,933 kg CO2 eq per lane mile, respectively (Figure 4.4 & 4.5). These results indicate that the 

application of an UBCO over an existing JPCP products a slightly less GWP per lane mile in 

comparison to the application of an UBCO over an existing FDA, which can also be attributed to 

the milling operation that is required for the FDA. 

Results for the LCAs performed on alternatives for project HE-0011 are shown in Figures 

4.6 and 4.7. 
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Figure 4.6. GWP for 12-ft lane width design options for Project HE-0011 
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Figure 4.7. GWP for 13-ft lane width design options for Project HE-0011
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The LCA results for project HE-0011 reveal that the optimized JPCP design options 

provide a significant reduction in environmental impact. For project HE-0011 the three pavement 

options with the lowest overall GWP per lane mile are the 12-ft lane width 8.5 in JPCP with 6 in 

of ABC with an AO, the 13-ft lane width 7.5 in JPCP with 6 in of ABC with an AO, and the 12-ft 

lane width FDA with an AO (Figure 4.6 & 4.7). The 12-ft lane width 8.5 in JPCP with 6 in of ABC 

and an AO and the 13-ft lane width 7.5 in JPCP with 6 in of ABC and an AO in comparison to the 

original pavement design of 12-ft lane width FDA represents a 1.92% and 1.22% reduction in 

GWP per lane mile, respectively.  To put these GWP reductions into context, they equate to $1,718 

in avoided climate damages or the equivalent of removing 7 passenger vehicles from the roadway 

for one year; $1,086 or 5 vehicles, respectively.  The three pavement design options with the lowest 

construction phase GWP per lane mile for project HE-0011 are the 12-ft lane width FDA, the 13-

ft lane width 7.5 in JPCP, and the 12-ft lane width 8.5 in JPCP with 833,570 kg CO2 eq per lane 

mile, 871,789 kg CO2 eq per lane mile, and 899,063 kg CO2 eq per lane mile,, respectively (Figure 

5 and 6). The maintenance and perseveration GWP per lane for a 12-ft lane width FDA, 12-ft lane 

width JPCP, a 13-ft lane width FDA, and a 13-ft lane width JPCP is 50.02%, 17.43%, 49.46%, and 

17.80% of the initial construction GWP, respectively. 

The GWP per lane mile for the 5.5 in AO for the 12-ft lane width FDA options was 388,453 

kg CO2 eq per lane mile, and for the 13-ft lane width FDA options was 413,406 kg CO2 eq per 

lane mile. The GWP per lane mile for the 5.5 in AO for the 12-ft lane width JPCP options was 

378,594 kg CO2 eq per lane mile, and for the 13-ft lane width JPCP options was 402,822 kg CO2 

eq per lane mile (Figure 4.6 & 4.7). In comparison, the GWP per lane mile for the AO for the 12-

ft lane width JPCP and the 13-ft lane width JPCP 2.54% and 2.56% lower than the AO for the 12-
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ft lane width FDA and 13-ft lane width FDA design options, respectively. This difference can be 

attributed to the required milling operation that must take place with the FDA options. 

 

The GWP per lane mile for the 6 in UBCO on the 12-ft lane width FDA option, the 13-ft 

lane width FDA option, 12-ft lane width JPCP, and the 13-ft lane width JPCP was 586,783 kg CO2 

eq per lane mile, 640,961 kg CO2 eq per lane mile, 576,924 kg CO2 eq per lane mile, and 630,376 

kg CO2 eq per lane mile,  respectively (Figure 4.6 & 4.7). These results indicate that the application 

of an UBCO over an existing JPCP products a slightly less GWP per lane mile in comparison to 

the application of an UBCO over an existing FDA, which can also be attributed to the milling 

operation that is required for the FDA. 

 

4.8 Discussion 

When comparing the application of AO to UBCO, results indicate that the AO in its initial 

application produces a lower GWP per lane mile than the UBCO. As indicated in the comparison 

of the maintenance and preservation phase for the FDA and JPCP the AO will produce more GWP 

per lane mile than the UBCO in the same similar trend as the FDA. Additionally, as noted in Table 

4 the expected extended life of an AO and UBCO are not equal and must be considered. 

Considering these relationships, the maintenance and preservation (M&P) GWP per lane mile can 

be estimated to determine an approximate GWP per lane mile per year of extended pavement life 

(Tables 4.12 & 4.13). 

  



101 

 

101 
 

Table 4.12. Estimated Total GWP for Pavement Rehabilitation Methods for Project R-

2530B 

Design Option Lane 

Width 

(ft) 

Avg 

Extended 

Life 

(years) 

Construction 

(GWP/Lane 

Mile) 

Estimated 

M&P 

(GWP/Lane 

Mile) 

Total  

(GWP per 

Lane Mile) 

Approx. 

GWP per 

Lane Mile per 

year of 

extended life 

5.5 in AO over 

FDA 

12 17.5 266,478 160,068 426,546 24,374  

6 in UBCO over 

FDA 

12 21.5 324,896 72,444 397,340 18,481  

5.5 in AO over 

FDA 

13 17.5 295,073 175,044 470,117 26,864  

6 in UBCO over 

FDA 

13 21.5 348,686 80,087 428,774 19,943  

5.5 in AO over 

JPCP 

12 17.5 260,401 156,417 416,818 23,818  

6 in UBCO over 

JPCP 

12 25 319,438 71,227 390,665 15,627  

5.5 in AO over 

JPCP 

13 17.5 282,108 167,353 449,461 25,683  

6 in UBCO over 

JPCP 

13 25 342,933 78,766 421,699 16,868  

 

Table 4.13. Estimated Total GWP for Pavement Rehabilitation Methods for Project HE-

0011 

Design Option Lane 

Width 

Avg 

Extended 

Life 

(years) 

Construction 

(GWP/Lane 

Mile) 

Estimated 

M&P 

(GWP/Lane 

Mile) 

Total  

(GWP per 

Lane Mile) 

Approx. 

GWP per 

Lane Mile per 

year of 

extended life 

5.5 in AO over 

FDA 

12 17.5 388,453 194,299 582,752 33,300  

6 in UBCO over 

FDA 

12 21.5 586,783 102,304 689,087 32,051  

5.5 in AO over 

FDA 

13 17.5 413,406 204,475 617,881 35,307  

6 in UBCO over 

FDA 

13 21.5 640,961 114,070 755,031 35,118  

5.5 in AO over 

JPCP 

12 17.5 378,594 189,367 567,961 32,455  

6 in UBCO over 

JPCP 

12 25 576,924 100,585 677,509 27,100  

5.5 in AO over 

JPCP 

13 17.5 402,822 199,240 602,062 34,404  

6 in UBCO over 

JPCP 

13 25 630,376 112,186 742,562 29,702  
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The GWP per lane mile per year of extended life for Project R-2530B and HE-0011 are shown 

graphically in Figures 4.8 and 4.9, respectively. 
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Figure 4.8. Approximate GWP per Lane Mile per Year of Extended Life for Pavement Rehabilitation Methods for Project R-

2530B 

 
Figure 4.9. Approximate GWP per Lane Mile pe Year of Extended Life for Pavement Rehabilitation Methods for Project HE-

0011 
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For both projects the 12-ft lane UBCO over JPCP produces the least amount of 

GWP per lane mile per year of extended life (Figure 4.8 & 4.9). An analysis of the 

construction, and maintenance and preservation phases of the AO and UBCO rehabilitation 

method for Project R-2530B and HE-0011 indicates that the application of an UBCO 

reduces the GWP per lane mile per year of extended life by approximately 24.18% to 

34.39% and 3.75% and 16.50%, respectively, in comparison to an AO. 

 

4.9 Conclusion 

In this study, the environmental impacts of several pavement design alternatives for 

two highway projects in North Carolina, United States, were evaluated by performing a 

cradle to gate life cycle assessment of global warming potential case study. Each of these 

projects carried similar traffic in terms of spectra and volume, and both projects were 

located in the same region of North Carolina. The results of this study indicate that JPCP 

design configurations with an optimized thickness consistently outperformed the standard 

FDA and JPCP design configurations in terms of GWP per lane mile of pavement. The 

three pavement alternatives with the lowest total GWP per lane mile in Project R-2530B 

were optimized JPCP design alternatives, which represented an 18.96%, 18.28%, and 

13.42% reduction in total GWP per lane mile when compared to the original FDA design. 

Similarly, on Project HE-0011 two of the optimized JPCP design alternatives had a lower 

total GWP per lane mile in comparison the original FDA design, which represented a 

1.92% and 1.22% reduction in total GWP per lane mile. 

Additionally, this study evaluated the GWP potential of UBCO and AO pavement 

rehabilitation methods. The results highlighted that a 6 in UBCO consistently outperformed 
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a 5.5 in asphalt overlay in terms of GWP per lane mile of pavement per year of extend life. 

The application of an UBCO on Project R-2530B resulted in a reduction between 24.18% 

and 52.42% in GWP per lane mile per year of extend life in comparison to the use of an 

AO. On Project HE-0011 the use of an UBCO resulted in a reduction between 3.75% and 

16.50% in GWP per lane mile per year of extend life in comparison to the uses of an AO.  

Typically, highway agencies only perform LCCA on pavement alternatives to determine 

the most cost-effective options and often do not assess the environmental impact of these 

alternatives using LCA or other approaches. Flexible pavements are often viewed as a more 

environmentally friendly option due to their typical lower GWP impact in the cradle to laid 

phases in comparison to a typical rigid pavement. Further research is needed to further 

explore the total environmental impact of JPCP configurations and UBCO rehabilitation 

methods in terms of fossil fuel depletion, eutrophication potential, acidification potential, 

ozone depletion potential, and smog formation potential. 

By quantifying the environmental trade off between pavement alternatives, this 

study provides valuable insights to highway agencies to support sustainable and resilience 

focused roadway network planning. With the incorporation of life cycle thinking (LCA and 

LCCA) into pavement and rehabilitation decisions can ensure that these infrastructure 

investments, especially in climate vulnerable and flood prone area are not only cost 

effective but also align with sustainability and climate adaption goals.  
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CHAPTER 5: METHODOLOGY FOR IDENTIFICATION OF FLOOD 

VULNERABLE ROADS:  A CASE STUDY USING SOUTHEASTERN NORTH 

CAROLINA 

Matthew Sheffield, UNC Charlotte, Matheus Jesus Ribeiro Araujo, North Carolina State 

University, Tara L. Cavalline, PhD, UNC Charlotte, B. Shane Underwood, PhD, North 

Carolina State University 

5.1 Abstract 

The resultant pavement failures have been exacerbated by emergency response 

operations, where roadways were reopened quickly or used by heavy vehicles while still 

submerged, further damaging the pavement and subgrade. In this study, a methodology 

was developed that can be used to identify and quantify flood-vulnerable roadway 

segments using data available to state highway agencies.  The methodology was developed 

using data obtained by the North Carolina Department of Transportation (NCDOT), 

focusing on a Division in southeast North Carolina (Division 6). In North Carolina, climate 

change has manifested primarily through hurricanes, including notable events like 

Hurricanes Fran, Floyd, Matthew, Florence, and Tropical Cyclone 8-2024, which have 

caused extensive flooding and damage to roadways. The methodology developed relies 

upon the ground surface digital elevation model (DEM), spatial roadway dataset, and the 

predicted flood surface extend raster dataset, which is used to compute the predicted flood 

inundation depth along roadway geometry to identify and quantify impacted roadway 

segments by road classification and storm return period. These datasets are commonly 

available to many state highway agencies, and therefore this methodology could be useful 

to other agencies interested in identifying flood-vulnerable roadway segments and 

performing network analysis.  Results of applying the analysis method using data available 

for Southeastern North Carolina show that interstates remain unaffected across all return 
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period scenarios, reflecting their robust design standards, while non-system and secondary 

routes exhibit the highest levels of inundation and segment impacts, particularly in 

Robeson and Bladen counties. NC routes display moderate vulnerability, whereas US 

routes demonstrate relatively strong resilience.  These findings support the integration of 

flood risk into transportation planning and investment prioritization to enhance 

infrastructure durability in flood-vulnerable regions. 

5.2 Introduction 

Flooding poses a significant threat to the resilience and functionality of 

transportation infrastructure, particularly in regions prone to heavy rainfall and extreme 

weather events. Division 6 of the North Carolina Department of Transportation (NCDOT), 

which includes Bladen, Columbus, Cumberland, Harnett, and Robeson counties, has 

experienced recurring flood events in recent years. Understanding the relationship between 

roadway classification, flood return periods, and predicted inundation depths is essential 

for developing effective mitigation and adaptation strategies. In this study, predicted 

flooding impacts across multiple storm return periods were analyzed, focusing on how 

different classification of roads perform under extreme hydrologic conditions. By 

identifying the most vulnerable segments, particularly in frequently impacted counties, the 

findings aim to inform future infrastructure investment and highlight the potential benefits 

of incorporating resilient pavement and hardening solutions. 

5.3 Literature Review 

Geographical information systems (GIS) have become an essential tool in the 

prediction of vulnerabilities in transportation networks. The integration of predicted flood 

extended and elevation data with digital elevation models (DEMs) of the ground and spatial 

datasets of roadways has allowed for the prediction of inundation impacts on roadway 
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infrastructure.  Over the past decades, many state highway agencies have developed GIS-

based tools . The integration of DEMs within GIS platforms allow agencies to perform 

terrain-based modeling and analysis to identify vulnerable areas in the transportation 

network. 

5.3.1 Roadway Classifications 

The roadway classification system utilized by the NCDOT provides a framework 

for organizing and managing the extensive network of roadways that exist in the state. This 

classification is based on function, jurisdiction, and maintenance responsibility. The 

NCDOT categorizes roads into Interstates, US routes, NC routes, secondary routes, and 

non-system routes (NCDOT, 2021). The classification along with the functional 

classification established by the Federal Highway Administration (FHWA), which groups 

roads into arterial, collector, and local functions based upon the role in mobility and access 

of the given road (FHWA, 2013). Interstates and US routes are the backbone of the nation’s 

roadway network and are designed to accommodate high-speed, regional, and interregional 

movement. NC Routes are state-maintained highways are critical for regional travel and 

economic development. Secondary routes serve local traffic between rural areas and urban 

centers, and are often two-lane facilities and may include state-maintained subdivision 

roads and rural connectors (NCDOT, 2021). Non-system routes fall outside the state-

maintained system and are managed by municipalities or private entities. These roads often 

serve residential or agricultural areas and may lack the design standards of higher-tier 

classifications routes (FHWA, 2013). 

5.3.2 Rainfall Return Periods 

Rainfall return periods describe the statistical frequency at which a particular 

intensity or amount of rainfall is expected to occur. These return periods are typically 
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described by the Nth year storm, which describes the probability of occurrence. For 

example, a 100-year storm describes a rainfall event that has a 1/100 or 1% chance of 

occurring in a given year (FHWA, 2021). Rainfall return periods are used in conjunction 

with intensity-duration-frequency (IDF) data that is recorded by the National Oceanic and 

Atmospheric Administration (NOAA) for locations to estimate runoff quantities and 

predict flood inundation extends within a watershed (NOAA, 2013). These data are used 

for hydrologic and hydraulic modeling tools, such as the Hydrologic Engineering Center-

Hydrologic Modeling System (HEC-HMS) and the Hydrologic Engineering Center- River 

Analysis System (HEC-RAS), to simulate precipitation, runoff, and flood plain response 

of a given watershed (USACE, 2000, USACE, 2021). These estimates are then used to size 

drainage and stormwater management infrastructure and ensure that infrastructure such as 

buildings, bridges, and roadways are above the floodplain (FHWA, 2017, EPA 2021). 

5.3.3 Flood Inundation Mapping 

One of the main elements of GIS-based flood prediction is the use of DEMs to 

represent the ground surface elevation, thereby capturing the elevation of the roadway. 

DEMs provide the necessary topographic context for assessing the relationship between 

the predicted flood water surface elevations and the existing terrain. Tools within ArcGIS 

such as spatial analysis routes are useful in assessing the exposure and vulnerability of 

infrastructure (ESRI, 2021). These workflows allow for raster-based comparisons between 

flood surface elevation layers and ground elevation data, pinpointing areas where water 

levels exceed the surface elevations of roadways. These are proven methods that are 

utilized by the Federal Emergency Management Agency (FEMA) for the delineation of the 

floodplain maps (FEMA, 2020). Flood inundation mapping is typically conducted with the 

use of outputs from hydrologic models, such as HEC-RAS, which is used to simulate the 
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hydrologic response of a river system to various return period of rainfall events. The use 

of GIS allows for the flood elevation outputs to be intersected with DEMs to generate a 

spatially explicit predicted flood depth (USACE, 2021). GIS has been applied with DEMs 

and predicted flood extends to evaluate the exposure of roadways to flood events under 

different rainfall scenarios (NCDOT, 2018, Lin et al., 2020). These workflows allow for 

raster-based comparisons between flood surface elevation layers and ground elevation data, 

which enables the identification of roadway segments that are vulnerable to inundation. 

The identification of vulnerable segments will allow for proactive planning by agencies to 

help prioritize road segments for elevation improvements or culvert expansions. 

5.4 Methodology 

This study focused on roadway segments in Bladen, Cumberland, Columbus, 

Harnett, and Robeson counties in North Carolina, which is Highway Division 6 of the 

NCDOT (Figure 5.1). This area of North Carolina varies in elevation with the upper reach 

of Harnett County being around 255 ft above mean sea level and low-lying areas in Bladen 

and Columbus Counties being at 0 ft (at mean sea level) (Figure 5.1). 
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Figure 5.1. NCDOT Division 6 DEM 

This area has been impacted by several extreme weather events in recent years, which have 

caused numerous flooded roadways. Utilizing the DEM for the Division 6 area and the 

predicted flood water extend and elevations of riparian areas for 10 year, 50-year, 100-

year, and 500-year storms, an inundation level was computed for reoccurrence interval 

using ArcGIS Pro. The roadways within Division 6 were classified by their highway 

administrative classification and the total lane miles for each were quantified (Table 5.1). 

 

Table 5.1. Roadway Classification Breakdown in NCDOT Division 6 

Classification Total Lane Mileage 

Interstates 544.14 

US Routes 950.23 

NC Routes 1,984.78 

Secondary Routes 10,094.50 

Non-System Routes 4,524.35 

Total 18,098.00 
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The predicted inundation levels for each of reoccurrence intervals was spatially 

joined in ArcGIS Pro to the roadway classifications to identify the predicted flooded 

roadway segments. The length of the predicted roadway segments was then computed 

utilizing ArcGIS Pro (Figure 5.2). 

 

Figure 5.2. Flooded Roadway Identification Process 

 

The process for determining the number of predicted flood occurrences by road 

classification, the estimated length of flooded segments by road classification, and the 

geographical location of each occurrence is listed below in a number sequence. 

1. The first step involved in the computing of the predicted inundation level is to 

compare the DEM to the flood surface raster dataset. This is accomplished by use 

the spatial analyst “Minus” tool to subtract the DEM and the flood surface 

elevation, which creates a new raster dataset that reflects inundation levels. The 

resulting flood inundation depth raster contains cell values that represent the 

predicted flood inundation depth across the study area (Figure 5.3). 

Flooded Roadway Segments

• Number of Occurrences by Road Classification

• Length of Flooded Segments by Road Classification

• Geographical Location of each occurrence

Roadway 
Segments

Ground 
DEM

Predicted 
Flood 

Elevations
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Figure 5.3. ArcGIS Pro 3D Analyst Minus Tool (Adapted from Ersi, 2025) 

 

2. The predicted flood inundation depth raster and the division boundary was then 

clipped to produce a predicted flood inundation depth raster for the division 

(Figure 5.4). 

 

Figure 5.4. 50-Year Storm Predicted Flood Inundation Depth Raster for Division 6 

 

3. Using the roadway dataset, each road classification was sorted into its own layer 

using the “Select by Attributes” command. 
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4. For each classification of roadway, random points were then generated along the 

roadway geometry at 10 feet spacing to match the raster pixel size using the “Create 

Random Points” command. 

5. Using the spatial analyst tool “Extract Values to Points” the inundation values from 

the predicted flood inundation depth raster were extracted to the roadway points. 

6. The roadway points were then filtered to retain those with positive inundation 

values using the “Select by Attributes” command. 

7. The predicted flood inundation depth raster was then converted to an integer type 

raster to allow the for the predicted flood raster to be converted into a shapefile 

using the “Raster to Polygon” geoprocessing command.  This command will allow 

for the roadway polylines to be clipped to the predicted flood extends. 

8. The roadway polylines were then clipped to the predicted flood inundation depth 

shapefile using the “Clip” geoprocessing command (Figure 5.5). 

 

Figure 5.5. Division 6 NC Routes clipped to the 50-Year Flood Extend 
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9. The filtered roadway points were then spatially joined back the clipped roadway 

polylines using the “Spatial Join” tool with the “Join One to Many” option selected 

to account for multiple points along each road segment (Figure 5.6). 

 

Figure 5.6. Spatial Join Command Dialog Screen 

10. The joined inundation depth data was then aggregated using the “Dissolve” tool to 

compute the average inundation depth for each road segment (Figure 5.7). The 

dissolve tool is used to aggregate the predicted flood data into the statistical fields 

of mean, minimum, and maximum. 
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Figure 5.7. Dissolve Command Dialog Screen 

11. The predicted flooded roadway segments were then filtered by the “Select by 

Attributes” command to filter out the roadway segments with a mean inundation 

depth greater than zero. These selected segments create the Predicted Flooded 

Roadway Segments dataset (Figure 5.8). 
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Figure 5.8. Predicted Flooded NC Routes in a 50-Year Storm in Division 6 

 

12. Steps 1 through 11were repeated for each of the return intervals included in this 

case study analysis (10-Year, 25-year, 50-year and 500-year). 

13. The attribute table for the predicted flood road segments was then exported to a 

table and subsequently exported to an Excel file to allow for further analysis and 

the construction for graphs and charts. 

5.5 Results and Discussion 

The number of impacted roadways within Division 6 are shown in Figure 5.9, and the 

average predicted flood depth is shown in Figure 5.10. The total number of impacted lane 
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miles by road classification and return period, and the total number of affected lanes miles 

by road classification and location are shown in Figure 5.11 and 5.12, respectively. 

Figure 5.9. Division 6 predicted number of impacted roadways by classification  

 

Figure 5.10. Division 6 predicted flood depth by classification and return period 
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Non System
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10 Year Storm 0 1 2 12 28

25 Year Storm 0 2 8 28 49
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Figure 5.11. Division 6 predicted flooded lane miles by location 

 

Figure 5.12. Division 6 predicted flooded lane miles by location & classification 

 

These results reveal that Interstates show no predicted inundation across all return 

period scenarios, which reflects the more robust design standards utilized with this 

classification of roadway. In contrast, non-system routes are consistently impacted by all 

Bladen Columbus Cumberland Harnett Robeson

10 Year Storm 15.07 5.32 1.85 0.00 31.80

25 Year Storm 20.10 10.03 1.80 1.65 28.08

50 Year Storm 28.21 10.16 2.28 1.85 31.51

500 Year Storm 28.21 10.16 2.28 2.06 31.51

0.00

5.00

10.00

15.00

20.00

25.00

30.00

35.00

T
o
ta

l
F

lo
o
d
e
d
 L

a
n
e
 M

ile
s

0 5 10 15 20 25 30 35

Bladen

Columbus

Cumberland

Harnett

Robeson

Bladen

Columbus

Cumberland

Harnett

Robeson

Bladen

Columbus

Cumberland

Harnett

Robeson

Bladen

Columbus

Cumberland

Harnett

Robeson

1
0

 Y
e

a
r

2
5

 Y
e

a
r

5
0

 Y
e

a
r

5
0

0
 Y

e
a
r

Lane Miles Affected by Flooding

Interstate

US Route

NC Route



 

126 
 

return period scenarios with 28 segments impacted in a 10-year event and increasing to 51 

with the 500-year event. Additionally, non-system routes exhibited the greatest predicted 

inundation depth with a predicted depth of 2.49 feet in a 10-year event and increasing to 

3.63 with a 500-year event. These trends indicate a high level of vulnerability, which is 

likely due to lower design standards for this classification of roadway in comparison to 

high priority roads, such as Interstates. A non-system route is not maintained by the 

NCDOT and would fall under the purview of a local government agency, or private 

community.  

In a 10-year event, 12 segments of secondary routes were impacted, and this 

increased to 36 segments with a 500-year event. The average inundation depths for 

secondary routes rises from 1.68 feet with a 10-year event to 2.21 feet with a 500-year 

event. These results for secondary routes suggest that there is a moderate level of 

vulnerability. NC routes, which are maintained by the NCDOT, had 12 impacted segments 

in a 10-year event and 11 in a 500-year event. The average predicted inundation depth 

along NC routes was 1.50 feet in a 10-year event and 3.61 feet in a 500-year event. These 

results indicate the while these routes are more resilient to flooding than non-system and 

secondary routes, they do have some vulnerability in certain areas.  

US routes demonstrated the least exposure to flooding among the non interstate 

classifications with only 1 to 3 impacted across all return period scenarios. The results for 

US routes suggest that they have better resilience characteristics to flooding. Based on the 

number of impacted roads by location, Robeson County is the most consistently impacted 

across all return periods. Secondary and non-system routes are the most impacted 



 

127 
 

classification in Robeson County. Bladen County is the second most impacted, particularly 

in NC and secondary routes.  

5.6 Conclusion 

In this study, a methodology for predicted roadway segments vulnerable to flooding 

was developed using datasets commonly managed by state highway agencies. This 

methodology was developed using a dataset of geospatial data from Southeastern North 

Carolina available from NCDOT. This methodology provides a systematic approach for 

identifying and quantifying flood prone roadway segments and can be used to support data-

driven decision making for infrastructure planning. Since many other local, state, and 

federal agencies maintain similar geospatial databases, a similar approach could be used 

by other agencies and their industry partners to identify flood-vulnerable roadway 

segments. 

The analysis of roadway flooding in Division 6 in Southeastern North Carolina 

across multiple return periods highlights a clear pattern of vulnerability based on road 

classification and location. Interstates consistently demonstrated full resilience to 

inundation in this analysis, which reflects the more robust design standards associated with 

this classification of road. In contrast, non-system routes had the highest predicted 

vulnerability, with the greatest number of impacted segments and the highest predicted 

inundation depths. This underscores the risks associated with lower-tier roads that lack 

state oversight. Secondary routes also exhibit significant exposure, particularly in Robeson 

and Bladen Counties, where repeated inundation across return periods suggests the need 

for targeted mitigation strategies along secondary and non-system routes. NC routes, while 
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generally more resilient, still show notable predicted flood depths in severe events, 

indicating that even state-maintained infrastructure may require localized upgrades. US 

routes demonstrated the least exposure among non-interstate classifications, affirming the 

benefit of their higher design standards and regional significance. Impacted road segments 

identified in this study are excellent candidates for resiliency upgrades using flexible or 

rigid pavement approaches (FHWA, 2015; Mack et al, 2023). Ultimately, these findings 

highlight the importance of integrating flood risk into transportation planning, especially 

for vulnerable counties like Robeson and Bladen, and prioritizing investments in lower-tier 

roadways that serve as critical connectors for local communities. 

The methodology presented here provides a valuable analysis tool to support 

network-level analysis and long-term infrastructure planning.  Pavement engineers are 

often not fluent in hydrology and often do not have access to methods for identifying 

vulnerabilities. This methodology bridges the gap between hydrology and pavement 

engineering. 

This methodology is limited by the accuracy for the input data and the use of simple 

roadway geometry that represents the roadway centerline. The simplified geometry does 

not account for road width or elevation profiles. Additionally, the predicted flood extend 

represents a static flood surface and does not account for the dynamic nature of flooding 

events. Future work should incorporate higher resolution and time-series flood models, and 

integrate more detailed roadway geometry. 
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CHAPTER 6: CONCLUSION 

6.1 Introduction 

The use of resilient hardened solutions, such as concrete overlays, enhances 

structural integrity while supporting sustainable infrastructure development by minimizing 

resource use and reducing long-term maintenance requirements. Concrete overlays are a 

viable strategy for rehabilitating aging and vulnerable highway infrastructure, which aligns 

with the broader goals of improving resilience and sustainability in highway infrastructure 

(Van Dam et al., 2011; Vandenbossche et al, 2014; Taylor et al., 2016; Fick et al., 2021; 

FHWA, 2021). Conventional rigid pavement designs, especially with the use of optimized 

thickness, have also been shown to provide sustainability and resilience performance 

benefits in a number of applications.  

This research study aimed to address the knowledge gaps associated with the 

implementation of rigid pavement and concrete overlay solutions for enhancing pavement 

resilience and sustainability in North Carolina and potentially other locations. Identifying 

the barriers hindering the widespread adoption of these techniques and quantifying the 

environmental and economic benefits associated with rigid pavement and concrete 

overlays  provided valuable insights that will help to bridge the gap between theoretical 

knowledge and practical application. The findings of this research can help provide 

confidence that targeted rigid pavement and concrete overlays solutions, particularly in 

vulnerable areas, can significantly extend the service life of existing pavements, reduce 

maintenance costs, provide sustainability benefits, and improve resilience to extreme 

weather events. 

This dissertation examined the intersection of sustainability and resilience in 

pavement rehabilitation strategies, with a particular focus on the implementation, economic 
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viability, and environmental impacts of rigid pavement and concrete overlay solutions in 

North Carolina. Through a three-paper structure, this work contributed to the growing body 

of knowledge supporting the use of rigid pavement and overlay pavement strategies as a 

tool to advance sustainable transportation infrastructure in the face of climate vulnerability 

and long-term maintenance challenges. 

 

6.2 Implementation Findings 

The first study identified contractor perceptions regarding the implementation of 

concrete overlays and found a high level of industry interest in adopting these methods. 

Notably, 92% of contractors expressed a moderate to high willingness to bid on concrete 

overlay projects, contradicting the assumption that industry resistance is a key barrier. 

Instead, the primary challenge lies in the lack of projects being specified and let for bid. 

Secondary barriers, such as traffic control concerns, safety issues, and a shortage of skilled 

workers, can be addressed through experience, training, and the adoption of current 

guidance. These findings highlight the importance of not only specifying more concrete 

overlay projects, but also ensuring that stakeholders have the resources and confidence to 

implement them effectively. 

 

6.3 Economic Findings 

The second study evaluated the life cycle cost effectiveness of rigid and flexible 

pavement options under varying design conditions. Results showed that full-depth asphalt 

(FDA) remains the most cost-effective option when rigid pavement shoulder drains are 

required. However, when drains are not necessary, optimized jointed plain concrete 

pavement (O-JPCP) becomes a competitive and sometimes preferable solution, particularly 
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in narrower lane width scenarios. The study also found that unbonded concrete overlays 

(UBCO) can be a viable rehabilitation option, although their competitiveness is currently 

limited by high unit cost variability. A key policy implication is the need to revise design 

and bid frameworks to enable more equitable comparisons between rigid and flexible 

alternatives. More inclusive LCCA framework could support broader adoption of resilient 

pavement types while encouraging competitive pricing in both concrete and asphalt 

markets. 

 

6.4 Environmental Findings 

The third study extended this investigation to the environmental dimension by 

conducting a cradle-to-gate LCA of various pavement alternatives. The findings indicate 

that optimized JPCP configurations outperformed traditional FDA and standard rigid 

designs in terms of GWP, with reductions ranging from 1% to nearly 20%. Additionally, 

UBCO rehabilitation solutions consistently offered significant reductions in GWP per lane 

mile per year of extended life compared to asphalt overlay options, up to 52% in some 

cases. These results reinforce the perception that rigid pavements can provide sustainability 

advantages over other types of pavements and emphasize the need for life cycle thinking 

in pavement design and policy decisions. Incorporating both LCCA and LCA into design 

frameworks ensures that agencies balance cost and climate impact when selecting 

pavement strategies, especially in flood-prone or climate-vulnerable areas. 

Taken together, the results of this dissertation affirm the critical role that rigid 

pavement and concrete overlays can play in building a more resilient and sustainable 

transportation system. The findings reinforce that barriers to implementation are largely 

systematic and policy-related, rather than technical or industry-based. Life-cycle 
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approaches to analysis of alternative designs provide data to support identification of the 

most appropriate pavement solution for each given application. With appropriate 

specification practices, updated design guidance, and performance-based procurement 

frameworks, highway agencies can leverage rigid pavements and concrete overlays as an 

effective solution in a range of applications, providing reduced maintenance costs, lower 

environmental impacts, and strengthened network resilience. 

 

6.5 Vulnerability Study Findings 

 The fourth study included development of a methodology for agencies to use 

geospatial data to identify flood-vulnerable roadway segments. Use of the method to 

analyze southeastern North Carolina geospatial data available from NCDOT revealed a 

clear stratification of flood vulnerability by road classifications in Division 6 across all 

return intervals. Interstates demonstrated a full resilience to flooding across all return 

periods, which is likely due to their robust design standards. Non-system routes exhibit the 

greatest flood risk, with the highest number of impacted segments and the highest predicted 

inundation flood depths. Secondary routes also showed a significant exposure to 

inundation, particularly in Robeson and Bladen counties, where recurring inundations 

suggest a need for targeted mitigation efforts in these areas. NC routes showed a moderate 

vulnerability, while US routes exhibited the least exposure among the non-interstate routes. 

This methodology not only proved effective in identifying and quantifying predicted flood 

roadway segments, but also highlighted patterns of regional vulnerability. 

6.5 Future Research and Recommendations 

This research shows that highway agencies could significantly improve the 

sustainability and resilience of pavements by adopting a life cycle approach to pavement 
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design decisions. Agencies should consider the revision of pavement design policies and 

specifications to better align with sustainability and resilience goals. A few 

recommendations for improvement include: 

• Design methodology-Agencies should consider transitioning toward the utilization 

of AASHTO Mechanistic-Empirical (ME) Design methodology to capture the 

benefits of optimized pavement design. ME pavement design enables agencies to 

better align pavement designs with site specific conditions that includes traffic, 

materials, and environmental factors, which results in more efficient and longer 

lasting pavements. 

• LCCA Framework- Agencies should consider ensuring their LCCA framework 

includes the use of optimized JPCP and concrete overlay rehabilitations. The 

inclusion of these methods would potentially help improve the interindustry 

competition among flexible and rigid pavements in certain markets, potentially 

lowering prices. Specifically, the NCDOT should consider adopting the following 

LCCA methodology changes: 

o Probabilistic approach to determine the most probable lowest cost option. 

The probabilistic approach would account of the high variability that exist 

in certain unit prices, where as the deterministic approach that is currently 

used is more favorable to materials that do not have a high cost variability. 

o The incorporation of LCA results in terms of their monetary impacts 

through the use of a metric similar to the social cost of carbon. 

o Incorporate vulnerability studies and resilience into the framework to 

encourage different targeted solutions options to be thoroughly considered 
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and assessed. Sections that are vulnerable to flooding are typical less than 1 

mile in length which does currently qualify for an LCCA by current 

NCDOT standards. 

• Reconsider the default use of shoulder drains for rigid pavement. Several studies 

have indicated the effectiveness of shoulder drains are often limited by proper 

maintenance. This study identified that the cost competitiveness of rigid pavement 

options can be impacted by an agency’s decision to require the use of shoulder 

drains in rigid pavements while not requiring them in flexible pavements. In order 

to support a more competitive market among flexible and rigid pavements this 

specification should be revisited. Additionally, the NCDOT should consider the 

incorporation of alternative bid provisions that allow contractors to propose 

equivalent pavement designs, such as rigid pavement sections without shoulder 

drains, when supported by sound engineering justification. This would encourage 

innovation, promote cost-effective solutions, and foster a more balanced and 

competitive bidding environment between asphalt and concrete pavement 

alternatives. 

• Addition of LCA to support decision-making. Agencies should consider adding an 

LCA framework to their pavement design policies and specifications. The 

incorporation of this framework will allow for agencies and designers to make 

better informed decisions regarding pavement selections that are not solely cost 

driven decisions. Additionally, the incorporation of a metric to monetize the 

environmental impact will place some context to the results. 
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• Addition of vulnerability studies to support transportation planning decision-

making. Agencies should consider the integration of flood vulnerability analysis, 

enabled by methodologies such as the one developed as part of this work, into long-

range transportation plans, and asset management systems to support resilience-

focused investment decisions. Incorporating this type of analysis will help identify 

the roadway segments most at risk from flooding and extreme weather events, 

allowing agencies to more effectively prioritize and justify the selection of 

hardening alternatives. This targeted approach ensures that limited resources are 

directed toward infrastructure solutions that enhance long-term performance, 

reduce lifecycle costs, and improve the overall resilience of the transportation 

network. 

 

Future research is needed to expand beyond the traditional focus of global warming 

potential (GWP) to a more holistic evaluation that would include other environmental 

impacts such as acidification potential, fossil fuel depletion, eutrophication, smog 

formation, and ozone depletion, providing a complete environmental profile of pavement 

alternatives. Additionally, future research is needed to incorporate higher-resolution data, 

time-series flood modeling, and more detailed roadway geometry to improve the precision 

and reliability of vulnerability assessment methodology presented in this dissertation. 

Finally, agencies are encouraged to integrate climate vulnerability considerations directly 

into pavement planning. By utilizing risk maps that highlight regions prone to flooding, 

extreme heat, or freeze thaw cycles, designers can prioritize the use of resilient materials 

such as optimized JPCP or unbonded concrete overlays in these vulnerable segments of the 
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roadway network, thereby aligning infrastructure investment with climate adaptation goals 

and justifying the upfront cost which can often be greater than flexible pavement 

alternatives.   
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