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Abstract 

Transportation Asset Management (TAM) practices have gained popularity in the United 

States and worldwide with the aim to provide the required level of service for the transportation 

infrastructure network in the most cost-effective manner. However, TAM is a complex decision-

making process because many objectives and different perspectives, often producing conflicting 

goals, must be considered.  

This dissertation presents a Multi-Objective Sustainable (MOS) model to integrate 

economic, social, and environmental sustainable objectives into TAM decision-making. The 

objective is to develop a holistic multi-objective asset management approach integrating 

environmental and social sustainability related performance measures with traditional indicators, 

such as asset condition and agency cost, in order to improve the current decision making process 

in asset management practices. Examples of sustainable performance measures for TAM are on-

road vehicle emissions, pedestrian safety, and multimodal livability. In the MOS model, the 

environmental sustainability objective is to improve air quality by reducing on-road vehicle 

emissions, measured by CO2 emission savings and the social cost of CO2. The economic 

sustainability objective is to improve local employment by providing jobs, measured by new jobs 

created as a result of maintenance scenarios. The focus of social sustainability is to foster 

community livability through two objectives: by preservation of the multimodal transportation 

system, measured by the condition of bikeways and crosswalks; and also by improving safety of 

vulnerable road users, measured by improvements in pedestrian crossing opportunities. The 

Quality Deployment Matrix (QFD) is proposed for selection of the performance measures.  

MOS can be used by transportation agencies to evaluate different scenarios in the context 

of Target-Driven or Budget-Driven decisions. An application of the MOS model is demonstrated 

in a case study for the Metropolitan Transportation Commission (MTC) in the San Francisco Bay 

Area, CA.  



 vii 

The implementation of MOS-TAM can help agencies to prioritize projects for funding 

while considering the needs of motorized vehicles, bicyclists and pedestrians. MOS enhances the 

traditional TAM methods and improves the communication to stakeholders by providing helpful 

insights of the environmental and social consequences of TAM decisions. It helps to answer 

questions like: How much CO2 emissions can be saved by timely maintenance? Which locations 

are high-risk for pedestrians and how can marked crosswalks be implemented in the most cost-

efficient manner? How can new bike lanes be implemented in the most cost-efficient manner? 

How many new jobs will be created by maintenance and construction activities? What are the 

levels of funding for motorized and non-motorized transportation infrastructure assets? 
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Chapter 1: Introduction 

Transportation Asset Management (TAM) practices have been gaining popularity in the 

United States (U.S.) and worldwide enabling transportation agencies to make more cost-effective 

investment decisions to maintain the transportation infrastructure at desired condition levels. 

Transportation infrastructure consists of pavements, bridges, sidewalks, bikeways, pavement 

markings, signs, traffic signals, crosswalks, curb ramps, and many other assets. State 

Departments of Transportation, as well as local transportation agencies operate with a limited 

budget, so it is crucial to be able to estimate the future condition and budget needed to maintain 

the transportation infrastructure in good state of repair. In a holistic view, also ensuring safety for 

all road users, improving quality of life and supporting local economy are crucial, leading to a 

sustainable transportation system. Therefore, a question arises: what is sustainability in the 

context of transportation asset management? In general terms, sustainable development is 

defined as a “development that meets the needs of the present without compromising the ability 

of future generations to meet their own needs” (Brundtland 1987). Sustainability can be also seen 

as a triple bottom line of economic, social and environmental dimension (Elkington 1997). 

However, sustainability considerations are often not included in the transportation asset 

management decision making process.  

In modern Transportation Asset Management, sustainability consideration of social and 

environmental effects of transportation investments on communities should be integrated with 

the traditional cost-effectiveness and performance-based analysis. With sustainability, the 

decision situation becomes even more complex as many perspectives, often producing 

conflicting goals, need to be addressed. Furthermore, with the growing transportation funding 

gap, climate change issues and high numbers of road fatalities, it is vital not only to maintain the 

infrastructure at a certain condition, but also include incentives to promote environmental and 

social sustainability into the decision making. Inclusion of social and environmental factors into 

transportation planning is an emerging issue that this dissertation will focus on. 
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1.1 History of Transportation Asset Management 

According to the American Association of State Highway and Transportation Officials 

(AASHTO), Transportation Asset Management (TAM) is “a strategic and systematic process of 

operating, maintaining, upgrading and expanding physical assets effectively throughout their 

lifecycle.” TAM evolved from Pavement Management’s fundamental principles and practices. 

The need for a systematic maintenance of pavements arose from the boom of highway 

construction during 1950s and 1960s. President Eisenhower’s Federal-Aid Highway Act of 1956 

gave the impulse for building thousands of miles of paved roads. Back then, cities were 

struggling with income inequality reflected in neighborhoods, so planners were encouraged to 

solve these problems by building highways through those problematic parts of the city instead of 

building highways on the outskirts (Stromberg 2016) and as a result, "federally funded 

construction of highways demolished tens of thousands of housing units each year [in 1960s], 

the majority in low-income and minority communities” (USDOT 2016). The significant number 

of miles of new paved roads resulted in a need to maintain them in an acceptable condition in the 

most cost-effective manner. The AASHTO Road Test marked the beginning of Pavement 

Management in 1950s. During the 1970s, Pavement Management Systems (PMS) received 

increasing attention of academia and State Departments of Transportation (DOTs) as an 

approach to support funding allocation decisions.  

First, PMS started as a pavement inventory with condition assessment to identify sections 

in need of maintenance and prioritize funding allocation using the “worst-first” approach. Later, 

it was demonstrated that it is more cost-effective to maintain pavements in good condition than 

allow them to deteriorate (Witczak 1987), since the cost of rehabilitation or reconstruction can be 

6 to 10 times more expensive than timely preventive maintenance (Galehouse et al. 2006). 

With the advancement of computers in 1980s, pavement management was able to assist 

transportation agencies in solving more complicated problems. About 10 years later, 

management systems for other assets, such as bridges, emerged with condition prediction 

models, methods to identify asset needs over the planning period, and alternative maintenance 
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strategies to evaluate. Moving Ahead for Progress in the 21st Century (MAP-21) is a 

transportation bill that took effect in 2012, and mandates that pavements and bridges are 

maintained through a TAM process (AASHTO 2011). The National Bridge Investment Analysis 

System (NBIAS), developed by the Federal Highway Administration (FHWA) is a popular tool 

for bridge management among DOTs. The most popular tools for pavement management in local 

agencies include StreetSaver® (also referred to as MTC-PMS) developed by Metropolitan 

Transportation Commission (MTC) in Oakland, California, and MicroPAVER developed by US 

Army Corps of Engineers. Both PMS have been traditionally focus on pavements, however 

StreetSaver® is developing modules for other assets, such as curb ramps, signs, and traffic 

signals.  

1.2 Problem Description 

The problem is that not considering the economic, environmental, and social aspects in the 

TAM funding allocation decisions leads to a limited view of the complex situation. As the quote 

says, “you cannot manage what you do not measure” (Politico 2016). The decision situation 

becomes even more complex as many objectives, often in conflict, need to be addressed. 

Performance measures that illustrate the progress towards the agency’s objectives are also an 

important factor and need to be chosen wisely with data availability and collection cost in mind. 

Overall, there is not a uniform definition of sustainability in transportation asset management and 

the incorporation of sustainability principles into a multi-objective model is not well structured 

and clear yet. 

According to the International Infrastructure Management Manual (2006), “the purpose 

of TAM is to meet a required level of service, in the most cost effective manner, through the 

management of assets for present and future customers.” As Amekudzi (2011) indicated, 

“transportation infrastructure investments have long-lasting implications not only on the 

transportation system but also on the larger environmental, economic, and social systems with 

which transportation interacts.” Currently, the majority of TAM tools focus on minimizing the 
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agency costs required to maintain asset in a certain condition which provides a rather limited 

view of the complex situation. There are three specific aspects that are currently left out in the 

TAM decision-making: 

 Economic aspects: Transportation asset groups (such as pavements, pavement markings, 

curb ramps) are often managed independently and there is rarely any coordination in 

maintenance practices between them which results in higher life-cycle costs.  

 Environmental aspects: Transportation projects may have negative impacts on the 

environment, including air pollution, noise pollution, water pollution, as well as depletion of 

non-renewable resources, that need to be considered in the decision making process in order 

to mitigate them. Timely maintenance is important in order to maximize asset service life. 

Environmental sustainability in TAM can be addressed by including the real cost in the 

decision making, which involves not only the agency expenditures, but also social costs. 

 Social aspects: TAM tools mostly focused on motorized road users, leaving out bicyclists 

and pedestrians, which results in disproportional funding allocation to assets that serve these 

groups. Road safety for pedestrians and cyclists should be considered in the initial design as 

well as during the asset lifecycle, which gives an opportunity to consider improvements of 

high-risk roadways in TAM to improve sections either dangerous by design or by condition. 

Ultimately, road safety translates into social sustainability by providing a transportation 

system safe for all road users. Livability is another social sustainability topic. Livability is 

about improving the access to transportation systems that offer multiple modes, increasing 

mobility and quality of life, providing connections between points of interest in a vibrant 

community while fostering safety, health and well-being and equity principles. It is crucial 

that TAM, as an approach for transportation funding allocation, considers these aspects. 

 

In the broader context, TAM faces additional challenges resulting from limited funding, 

congestion, environment, social trends, technology, and transportation policy, which are 

discussed in Chapter 2.2. 
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1.3 Research Objectives 

This research has the objective of developing a holistic multi-objective asset management 

approach integrating environmental and social sustainability related performance measures with 

traditional indicators (e.g. asset condition and agency cost) in order to improve the current 

decision making process in asset management practices. The relationship between TAM 

principles, sustainability aspects in transportation and the research objectives is shown in Figure 

1.1. 
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Figure 1.1: Relationship between TAM, Sustainability Aspects in Transportation 

and Research Objectives. 

The four specific objectives of this study are to: 

1. Identify performance measures for TAM to assess the environmental and social impact. 

2. Use of the Quality Function Deployment Matrix to select performance measures that 

support environmental and social sustainability goals and objectives established by 

transportation agencies. 

3. Develop a performance-based multi-objective sustainable (MOS) model for TAM. 

4. Apply the multi-objective sustainable model in a case study for Metropolitan 

Transportation Commission (MTC) in San Francisco Bay Area, CA. 
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The multi-objective asset management model will improve decision making and 

contribute to a better allocation of funds while taking into account the preservation of the asset 

condition, providing a high-quality transportation infrastructure as well as including 

environmental and social factors. 

This dissertation will focus on enhancing a traditional TAM, typically based on agency 

cost and asset condition. Environmental and social factors will be incorporated into the 

traditional decision making process, resulting in a multi-objective sustainable model for 

transportation asset management practices which addresses the social and economic effects of 

transportation investments on communities and environment.  

1.4 Scientific Contributions 

TAM would benefit from implementing the sustainability principles into the decision 

making process. Accounting for the consequences of transportation assets on the environment 

and society would lead to a more holistic approach in transportation funding allocation. 

Transportation agencies will benefit from the implementation of this model in the 

following ways: 

• Sustainable multi-objective model will help to address the needs of not only motorized 

users but also pedestrians and cyclists, contributing to a safer environment. 

• Considering possible reduction of vehicle emissions due to pavement condition will lead 

to pavement maintenance plans that will have less negative impact on air quality and drivers 

benefit with fuel savings. 

• Considering crash data and livability rating in a transportation asset management system 

can lead to funding allocation to streets that need an improvement in safety and livability, either 

by improving the asset condition or by implementing other safety and livability improvements.  
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1.5 Research Limitations 

The research approach is based on the following assumptions: 

(1) There are several aspects for economic, environmental and social sustainability in 

transportation, including effectiveness; wider economic benefits; air, noise, water, and 

light pollution; community livability; accessibility; and equity. However, for the purpose 

of this research, the economic sustainability is measured by creation of new jobs, agency 

expenditures and level of funding for non-motorized modes, the environmental 

sustainability is measured by on-road CO2 emissions and the social cost of CO2, social 

sustainability aims to foster livability by improving pedestrian safety and preserving 

multimodal transportation infrastructure. 

(2) State transportation agencies manage highway and interstate infrastructure, while local 

transportation agencies manage transportation infrastructure in urban areas. This model is 

aimed towards local transportation agencies, as it focuses on transportation sustainability 

in urban settings. Since the social sustainability framework discussed in this dissertation 

focuses on non-motorized road users and highways and interstates have a limited or no 

access for non-motorized road users, other performance measures would be necessary to 

assess the social sustainability. However, the framework for environmental sustainability, 

which estimates emissions based on pavement condition, could be easily applied to 

highways and interstates. 

(3) In the environmental framework for emission estimation, pavement condition index (PCI) 

is converted to international roughness index (IRI), while the conversion is not exact due 

the relationship between these indices. The emission model used also does not account for 

stop and go waves and idling. Lastly, the traffic volume is assumed to be constant during 

the 10-year analysis period. The last two aspects could be addressed by using a more 

complex model, such as the MOVES model by the FHWA. However, the complexity of 

the emissions model calculations may significantly increase the time and memory 
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requirements needed to run a pavement maintenance scenario, which is not desired for 

many local agencies. 

(4) In the safety module of the social sustainability framework, only the implementation of 

marked crosswalks was considered for safety improvement. However, often there are 

other measures needed in order to address existing safety issues, such as warning signs, 

additional lighting, change in road geometry, road diet, bulb-outs, median islands and 

others. Expert judgement usually decides what the most appropriate improvement is 

because there are many factors to consider. 

1.6 Dissertation Structure 

This dissertation is organized into six chapters: 

Chapter 1 introduces the topic of sustainability in the TAM decision-making process. 

Background and research objectives are also described in this Chapter. 

Chapter 2 includes a comprehensive literature review of sustainability in transportation, 

legislature support for sustainable transportation, and definitions, goals, objectives and 

performance measures for economic, environmental, and social sustainability. 

Chapter 3 introduces the Quality Function Deployment matrix and explains how to select 

performance measures using the matrix in the context of a multi-objective sustainable model. 

Chapter 4 describes the multi-objective sustainable (MOS) model for transportation asset 

management. The MOS model includes performance measures to address economic, 

environmental, and social sustainability aspects in the context of target-oriented decisions or 

budget limitations. 

Chapter 5 shows an application of the MOS model in a case study for the Metropolitan 

Transportation Commission (MTC) in the San Francisco Bay Area, CA. 

Chapter 6 summarizes the conclusions of this research, emphasizes the contribution of 

the study, and provides recommendations for future research. 
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Chapter 2: Sustainability in Transportation Asset Management: Challenges, 

Goals, Objectives, and Performance Measures 

This chapter aims to summarize the literature review on sustainability in transportation, 

challenges for sustainable TAM, and the goals, objectives and performance measures that 

transportation agencies can use on the way to a sustainable transportation system. 

2.1 Sustainability in Transportation 

Sustainability was first mentioned in 1987 when the General Assembly of United Nations 

called for “a development that meets the needs of the present without compromising the ability of 

future generations to meet their own needs” (Brundtland 1987). The reason for such action was 

urgent environmental issues of “a warming globe, threats to the Earth's ozone layer, deserts 

consuming agricultural land” (Brundtland 1987) that made the United Nations call for change. 

A sustainable system can be defined as a system that meets present and future needs while it: 

• “Preserves and restores environmental and ecological systems, 

• Fosters community health and vitality, 

• Promotes economic development and prosperity, and 

• Ensures equity between and among population groups and over generations.” (Ramani et al. 

2013) 

“Transportation has significant economic, social, and environmental impacts” (ADD40 

2008) and therefore it is crucial to manage transportation assets with sustainability in mind. 

Figure 2.1 shows examples of sustainability challenges in the transportation sector.  
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Figure 2.1: Sustainability Challenges in Transportation. (after ADD40 2008, Atkins 2008, 

Marsden 2015). 

Economic challenges include transportation system effectiveness as well as efficiency, 

together with resilience to extreme weather events and overall reliability of the network. There 

are various costs involved: agency costs of the transportation infrastructure including 

construction and maintenance; user costs ranging from vehicle, insurance, vehicle operating, 

fuel, tolls, or costs of transportation by other means, such as mass transit or bicycle; social cost 

including impacts of the transportation system on air quality as well as public health and quality 

life; but also wider economic benefits.  

Social challenges tied to transportation refer to community livability, overall safety, 

human health as well as affordability and accessibility for users of all ages and abilities. 

Transportation infrastructure also influences aesthetics, community cohesion, and livability.  

Environmental challenges related to transportation include the mitigation of local and 

global air pollution caused by combustion and energy production, leading to climate change. 

There is also noise pollution, water pollution, light pollution and hydrologic impacts due to 

rainwater runoff that may cause degradation of the ecological system, and animals living in it. 

Economic, social, and environmental sustainability challenges are often interconnected. 

For example, a collision causes economical loss due to property damage, healthcare costs, and 
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reduced productivity. Road closures after a collision also cause traffic congestions, increasing 

fuel consumption and vehicle emissions, resulting in environmental and “social costs from pain 

and reduced quality of life” (ADD40 2008). 

In general terms, sustainable transportation “includes effective and efficient system 

performance, with positive impacts on the social quality of life, economic competitiveness and 

the preservation of the natural environment” (Amekudzi 2011). 

The European Union defines a sustainable transportation system as one that: 

• “Allows the basic access and development needs of individuals, companies and societies to be 

met safely and in a manner consistent with human and ecosystem health, and promotes equity 

within and between successive generations; 

• Is affordable, operates fairly and efficiently, offers choice of transport mode, and supports a 

competitive economy, as well as balanced regional development; 

• Limits emissions and waste within the planet's ability to absorb them, uses renewable resources 

at or below their rates of generation, and, uses non-renewable resources at or below the rates of 

development of renewable substitutes while minimizing the impact on the use of land and the 

generation of noise” (Rosengren 2001). 

Also the contribution to economic growth is important for sustainable transportation. 

Investments into transportation infrastructure play a vital role in sustainability, since these 

choices have profound economic, environmental and social effects. The transportation system 

influences transportation choice, travel time, vehicle operating costs, as well as safety of all road 

users (Forkenbrock and Weisbrod 2001). It also has effect on traffic noise levels, visual quality 

of a neighborhood, as well as community cohesion, economic development and property values 

(Forkenbrock and Weisbrod 2001). 

NCHRP Report 541 (2005) concluded that several DOTs and MPOs consider 

environmental sustainability in their decisions, however they mostly focus on “what happens 

during project development (with respect to environmental impacts) than with developing more 

environmentally sensitive plans” (Amekudzi and Meyer 2005).  
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Ideally, sustainability in transportation should be measured by six sub-objectives: 

• “economic efficiency 

• livable streets and neighborhoods 

• protection of the environment 

• equity and social inclusion 

• safety” (Black et al. 2011). 

The performance in these sub-objectives can be quantified in monetary or non-monetary 

terms; or measured qualitatively (Black et al. 2011).  

Incorporating sustainability aspects into TAM decision-making can help to address 

challenges that transportation decision-makers face. 

2.2 Challenges for Transportation Asset Management 

The following section discusses the current and future challenges from limited funding, 

congestion, environment, society, technology, and their impact on expectations of what TAM 

should be capable of in order to help transportation agencies in funding allocation decisions. 

The expected service life of transportation assets ranges from several months for 

pavement markings, to 100 years for bridges (UK Highways Agency, 2011).  Therefore, it is 

crucial that TAM systems are ready to face current and future challenges caused by changes in 

environment, technology and society to ensure that the new infrastructure planned today, as well 

as the existing infrastructure maintained, will meet the needs of tomorrow.  

2.2.1 Limited Funding 

The major source of funding for highway infrastructure is the income from gas tax which 

consists of federal (18.4 cents) and state (ranging from 12 to 50 cents). The federal gas tax has 

not been adjusted for inflation since 1993 and the purchasing power has declined. Also the 

vehicle miles travelled (VMT) are no longer growing every year and vehicle fuel efficiency has 

improved. As a result, user charges (including gas tax and vehicle registration fees) were able to 

fund only 45% of the highway spending in 2010 and the remaining 55% of the funding had to be 
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transferred from other sources, such as the General Fund (USDOT 2016). Even so, the highway 

infrastructure has been underfunded in the long term. According to the ASCE Infrastructure 

Report Card, the condition of roads in the U.S. is D, meaning poor condition (ASCE 2013). The 

optimal budget to meet the highway needs is estimated at $77 billion, while only $34 billion is 

actually funded (USDOT 2016). Many states, such as Wyoming, New Hampshire, 

Massachusetts, and Maryland have adjusted their state gas taxes to generate more revenues 

(USDOT 2016). Other potential revenue sources include charging road users tolls or mileage 

fees.  Value capture can be another stream of revenues, especially in urban areas where new 

transportation infrastructure increases land value, and this newly created value can be charged to 

property owners who benefit from the new infrastructure.  

The major challenge here for TAM is to allocate the available funding in the most 

efficient manner. Since the transportation infrastructure consists of many assets, including 

pavements, signs, pavement markings, sidewalks, transit infrastructure and many more, it is 

crucial that transportation agencies and metropolitan planning organizations have a tool to 

predict the asset condition under budget-restricted scenarios with a cross-asset allocation, as well 

as estimate the impacts of the funding allocation on environment and society in the long term. 

2.2.2 Congestion 

According to predictions of Beyond Traffic 2045 (USDOT 2016), between 2015 and 

2045 the population in the United States will grow by 70 million, reaching 390 million people. 

“FHWA forecasts show vehicle miles traveled (VMT) per capita remaining relatively stable, and 

overall VMT increasing by 23 to 27 percent over the next 30 years” (USDOT 2016). Currently, 

the average annual time lost in traffic is 41 hours which costs the society $121 billion or $800 

per commuter in wasted time and fuel (USDOT 2016). Until 2005 the VMT per capita increased 

every year however since 2006 the VMT per capita has been declining. This change can be 

caused by economic recession, as well as changes in the ways people commute. 
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Limited funding resources force agencies to carefully choose between new construction 

projects (that will consequently increase the overall network maintenance costs in the future) and 

maintenance of existing infrastructure. A phenomenon of induced traffic demand was recognized 

by FHWA in early 2000s, showing that building new highways and widening congested roads 

does not help from congestion, “because any increase in highway capacity is quickly filled up 

with additional traffic” (FHWA 2012a). 

2.2.3 Environment 

Due to high levels of driving per capita, “in 2012, transportation sources directly 

accounted for 28 percent of total U.S. greenhouse gas emissions” (USDOT 2016) and over half 

of those emissions came from “passenger cars and light-duty trucks” (EPA 2016). That is more 

than double of the levels that transportation globally accounts for (13 percent) (USDOT 2016).  

Carbon dioxide (CO2) is the major greenhouse gas resulting from petroleum combustion (EPA 

2016). As gases trap heat in the atmosphere, the Earth’s surface gets warmer. Year 2015 was the 

warmest year on record since 1880, with average temperatures 1.33° F above the 20th century 

average (NOAA 2016). There are several consequences of changing climate for transportation. 

As the temperature will continue rising, the U.S. road network will be more likely to be impacted 

by extremes in rainfalls, temperatures, hurricanes, floods and also by gradual changes in 

temperature and sea level.  The occurrences of unusual and extreme weather patterns are 

virtually certain to become more frequent and severe over the time as the global warming and 

climate change continue IPCC (2007). “Higher average temperatures will raise maintenance 

costs across all modes. High temperatures accelerate the deterioration of pavement on roads 

and runways, and cause failures of railroad tracks. Heavy trucks are more prone to tire 

blowouts in conditions of high heat” (USDOT 2016). 

TAM can play a role both in mitigation and adaptation to climate change. Maintaining 

roads in good condition and smooth can improve fuel economy and decrease emissions. Also 

allocating transportation funding to infrastructure that promotes walking, cycling and public 
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transit can encourage more efficient forms of transportation that produce less or no emissions. 

Adaptation activities can include updating deterioration curves of assets within the TAM systems 

to provide reliable condition predictions.  

2.2.4 Society 

Also changes in society will impact the way we travel. The percentage of workforce 

population continues declining, as the generation of baby boomers is reaching retirement age. 

“By 2045, there will be an estimated 81 million Americans older than 65 making up 21 percent 

of the population”, which is twice as much as today (USDOT 2016). Many of these seniors will 

likely have a limited ability to drive due to vision, mental or physical limitations (USDOT 2016), 

and probably will seek other ways to get around, such as transit and safe infrastructure for 

walking. Cities with active transportation options are attractive also to young working 

professionals. “A survey conducted by the American Planning Association found that only 8% of 

Millennials would prefer to live in an auto-dependent suburb” (USDOT 2016). It can be caused 

by the increasing cost of car ownership, which is four times higher than in 1975 (AAA 2015). 

Economic recession during 2007-2009 and gas prices reaching up to $4/gal during 2008-2014 

(USDOT 2016) can contribute to the fact that people drive less.  

There are also new social trends. Mobile app taxi services such as Uber Technologies, 

Inc. and Lyft, and car sharing services such as Zipcar and urban bike sharing services 

supplement public transit and allow people to find a suitable and more affordable transportation 

mode for various trips without the need to own a vehicle. The most significant travel trips, to 

workplace and to shopping centers are also changing. Due to advancement in telecommunication 

technology an increasing number of Americans work from home at least one day per week 

(USDOT 2016) and purchases made online are also increasing, as in 2014 the 7% of all retail 

sales were made online (UDOT 2016) and this number is expected to grow. Consequently, this 

behavior is likely to cause reduction in shopping trips, while possibly increasing truck traffic. 
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Housing trends are also changing, as smaller homes closer to amenities are becoming more 

attractive than single family homes in suburbs.  

People are also motivated by overall health benefits to choose active transportation, such 

as weight loss and lower Body Mass Index compared to people who drive to work (Andersen 

2016). Additionally, the World Health Organization indicates that adults “should do at least 150 

minutes of moderate-intensity aerobic physical activity” and encourages non-motorized transport 

as one of the key factors in diabetes type 2 prevention (WHO 2016). Overall, there is an apparent 

shift in attitudes about travel, towards reducing environmental footprint and taking advantage of 

health and mental benefits of an active transportation. Currently, walking accounts for more than 

10 percent of all trips (including work and leisure) (USDOT 2016). Walking and bicycling to 

work accounts for 2.8 and 1 percent respectively, and these numbers have been rising in the last 

years after a continuous decrease in previous decades. The effect is more apparent in large cities. 

“More than 10 percent of commuters walk to work in four American cities - Boston, Washington 

D.C., New York, and San Francisco. These cities also have very high public transit usage for 

commuting trips: New York at 56 percent, Washington, DC at 38 percent, San Francisco at 34 

percent, and Boston at 33 percent. Portland, Oregon had the highest share of cycling 

commuters: 6.1 percent” (USDOT 2016). With a rising number of vulnerable road users in the 

streets, it is crucial to ensure safety for all road users. While car fatalities have been on a decline, 

pedestrian and bicyclist fatalities in urban areas have rising since 2009 (USDOT 2016). Several 

cities in the U.S. have joined the multi-national Vision Zero movement to prevent road user 

fatalities by innovation in planning, engineering and education. 

Consequently, there is an increasing need for TAM to focus on other assets than only 

pavements, in order to be able to satisfy the needs of all road users, not only drivers. By 2045 

there will be tens of thousands of new bike infrastructure (USDOT 2016), therefore there is an 

urgent need for TAM to include these assets in the decision-making. Currently 2% of total 

federal transportation spending goes towards pedestrian and bicyclist facilities (USDOT 2016), 

which may seem low, however costs of infrastructure for active transportation are much lower 
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and deterioration due lighter loads is slower. TAM needs to consider bicycle traffic in its 

deterioration models, as they cause less damage than heavy motorized vehicles while being very 

sensitive to certain distresses such as cracking. Local agencies deciding the level of spending for 

each mode will find useful a cross-asset, multi-modal, cost-benefit analysis within TAM for 

estimating impacts of funding allocation. Also project coordination among various assets and 

various modes within a street block for the most cost-effective maintenance will be needed.  

2.2.5 Technology 

Corporate Average Fuel Economy (CAFE) standards have played an important role since 

1975 in setting up the minimum fuel efficiency for vehicles sold in the U.S. To complement the 

existing standards for light duty vehicles, standards for medium and heavy duty trucks were 

recently added to encourage increasing fuel efficiency among new model years and reduce 

emissions. Vehicles with lowest emissions, such as hybrids and electric vehicles, are still in 

minority compared to conventional vehicles, however it may change since the Tesla 3, an 

affordable electric vehicle with more than 325,000 pre-orders worldwide will enter the market in 

2018 (Tesla 2016). For comparison, at the end of 2014 there were total of 665,000 electric 

vehicles worldwide, representing 0.08% of total passenger cars (IEA 2016). 

With technology progress vehicles will also be able to communicate with other vehicles 

as well as the infrastructure to warn about “weather conditions, traffic, upcoming work zones, 

and even potholes” (USDOT 2016). “Automated vehicles could also make driving more 

accessible to people with disabilities, the young, and older adults” (USDOT 2016). 

As self-driving vehicle technology depends on good condition pavement markings and 

signs, the challenge for TAM will be to maintain these assets in an acceptable condition. 

Additionally, real-time traffic and transit data will be utilized not only for navigation but also for 

observing the travel behavior and apply the patterns in planning.  
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2.2.6 Transportation Policy 

The current transportation policy has been evolving since the beginning of 20th century 

and has an impact on the way we view transportation today as well as on the challenges TAM is 

facing. Federal policies and funding opportunities indirectly determine the type of projects local 

transportation agencies will prioritize. TAM, as a decision-making approach, has to reflect all 

federal requirements, because non-compliant agencies could potentially lose its funding. Table 

2.1 shows an overview of U.S. transportation bills and related legislature and their major goals 

related to TAM and sustainability. 

Table 2.1: U.S. Legislation and Their Effect on TAM and Sustainability. 

U.S. Legislation Major points related to TAM and sustainability 

National Environmental Policy Act (NEPA) of 

1969 

Set the standard of preparing Environmental Impact 

Statements (EIS) for major federal projects 

(Kershner 2011) 

Clean Air Act (1970) Focused on air pollution, established pollutant 

standards for vehicle tailpipe emissions. 

Amendments followed in 1990. 

The Surface Transportation and Uniform 

Relocation Assistance Act (STURAA, 1987) 

Environmental commitments for highway 

construction. (Weingoff undated) 

Congestion Mitigation and Air Quality 

Improvement (CMAQ) 

“Implemented to support surface transportation 

projects and other related efforts that contribute 

air quality improvements and provide congestion 

relief” (FHWA 2015) 

The Intermodal Surface Transportation Efficiency 

Act (ISTEA, 1991) 

Local governments can fund transit, rail, pedestrian 

and bicyclist projects to mitigate environmental 

pollution. (BTS 1991) Congestion Mitigation and 

Air Quality Improvement program (CMAQ) 

“implemented to support surface transportation 

projects and other related efforts that contribute 

air quality improvements and provide congestion 

relief.” (FHWA 2015) 

The National Highway System Designation Act 

(NHSDA, 1995) 

Preventive maintenance on highways found cost-

effective and eligible for federal assistance. CMAQ 

reauthorized. (FHWA undated) 

The Transportation Equity Act for the 21st Century 

(TEA-21,1998) 

Aimed for livable communities with multi-modal 

transportation options, calls for including 

pedestrian and bicyclist infrastructure into nation’s 

transportation system. (Slater 1999) 
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Table 2.1: U.S. Legislation and Their Effect on TAM and Sustainability. (continued) 

U.S. Legislation Major points related to TAM and sustainability 

The Safe, Accountable, Flexible, Efficient 

Transportation Equity Act: A Legacy for Users 

(SAFETEA-LU, 2005) 

Largest investment in the U.S. history ($244 

billion), focused on improving highway safety and 

environmental protection. Repair and maintenance 

prioritized over new construction. Safe Routes to 

School program enacted. (FHWA 2005a) 

Moving Ahead for Progress in the 21st Century Act 

(MAP-21, 2012) 

Agencies required to measure effectiveness of 

transportation investments (USDOT 2012). 

Established Transportation Alternatives (TAP) 

Program that focuses on walking and bicycling 

infrastructure. 

Fixing America’s Surface Transportation Act 

(FAST Act, 2016) 

Allowed using highway safety funds for pedestrian 

safety improvements. Added non-motorized 

performance measures (DOT 2016) 

Moving Ahead for Progress in the 21st Century (MAP-21) a transportation bill that took 

effect in 2012 and authorized spending in surface transportation for two years. Under MAP-21, 

state departments of transportation and local metropolitan planning organizations are required to 

establish a set of performance measures for more efficient investment decision-making in 

categories including safety, infrastructure condition, congestion reduction, system reliability, 

freight movement and economic vitality, environmental sustainability and reduced project 

delivery delays, as Table 2.2 shows (USDOT 2012). 

Table 2.2: MAP-21 Performance Goals and Performance Measures. (§1203; 23 USC 150(b), 

FHWA 2016a) 

MAP-21 Goal 

area 

MAP-21 National goal Performance measures 

(* signifies a proposed measure) 

Safety To achieve a significant reduction in 

traffic fatalities and serious injuries on all 

public roads 

 Number of fatalities / serious injuries 

 Rate of fatalities / serious injuries per 

100 million VMT 

 Number of non-motorized fatalities 

and non-motorized serious injuries 

Infrastructure 

condition  

To maintain the highway infrastructure 

asset system in a state of good repair 
 Percentage of pavements in good / 

poor condition (Interstate / non-

Interstate National Highway 

System)* 

 Percentage of National Highway 

System (NHS) bridges classified as 

in good / poor condition* 
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Table 2.2: MAP-21 Performance Goals and Performance Measures. (§1203; 23 USC 150(b), 

FHWA 2016a) (continued) 

MAP-21 Goal 

area 

MAP-21 National goal Performance measures 

(* signifies a proposed measure) 

Congestion 

reduction  

To achieve a significant reduction in 

congestion on the National Highway 

System 

Annual hours of excessive delay per 

capita* 

System reliability

  

To improve the efficiency of the surface 

transportation system 
 Percent of the Interstate System / 

non-interstate NHS providing for 

reliable travel times* 

 Percent of the Interstate System / 

non-interstate NHS where peak hour 

travel times meet expectations* 

Freight 

movement and 

economic vitality

  

To improve the national freight network, 

strengthen the ability of rural 

communities to access national and 

international trade markets, and support 

regional economic development 

 Percent of the Interstate System 

mileage providing for reliable truck 

travel times* 

 Percent of the Interstate System 

mileage uncongested* 

Environmental 

sustainability  

To enhance the performance of the 

transportation system while protecting 

and enhancing the natural environment 

 Total emission reductions* 

Reduced project 

delivery delays  

To reduce project costs, promote jobs 

and the economy, and expedite the 

movement of people and goods by 

accelerating project completion through 

eliminating delays in the project 

development and delivery process, 

including reducing regulatory burdens 

and improving agencies’ work practices 

[Not available as of April 2016] 

Fixing America's Surface Transportation Act (FAST Act), is a five-year authorization for 

fiscal years 2016 to 2020. This bill makes financing support of transit, walking and bicycling 

infrastructure more accessible. For the first time in history, state departments of transportation 

and metropolitan planning organization are required to accommodate safely and adequately all 

road users, including non-motorized users such as pedestrians and bicyclists of all abilities. 

Additionally, new performance measures are being discussed, such as measures of climate-

related pollution from transportation, enhancing the performance-based program of MAP-21 

(Grunwald 2016). Also states form legislature that aims for sustainable transportation in the long 

term. For example, the California Transportation Plan 2040 (CTP2040) aims “to provide a 

statewide transportation system capable of meeting mobility, safety, sustainability, and economic 



 21 

objectives in the fight against climate change” (Caltrans 2016). The policy framework of the 

CTP2040 is shown in Figure 2.2.   

 

Figure 2.2: California Transportation Plan 2040 (CTP2014) Framework (Caltrans 2016). 
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The CTP2040 framework includes six goals addressing economic, social and 

environmental sustainability (Caltrans 2016): 

 Improvement in multimodal mobility and accessibility for all people by managing and 

operating an efficient integrated system, by optimizing system performance through 

strategic investments, and by providing viable and equitable multimodal choices including 

active transportation (Caltrans 2016).  

 Preservation of the multimodal transportation system by applying sustainable preventive 

maintenance and rehabilitation strategies, by evaluating multimodal life-cycle costs in 

project decision making, and by adapting the transportation system to climate change 

(Caltrans 2016). 

 Support for a vibrant economy by supporting transportation choices that enhance economic 

activity, as well as freight mobility, reliability, and global competitiveness; and by seeking 

sustainable and flexible funding to maintain and improve the transportation system 

(Caltrans 2016). 

 Improvement in public safety and security by reducing fatalities, serious injuries, and 

collisions; and by providing for system security, emergency preparedness, response, and 

recovery (Caltrans 2016). 

 Fostering livable and healthy communities and promoting social equity by expanding 

engagement in multimodal transportation planning and decision making, integrating 

multimodal transportation and land use, and integrating health and social equity in 

transportation planning and decision making (Caltrans 2016). 

 Practice of environmental stewardship by integrating environmental considerations in all 

stages of planning and implementation; by conserving and enhancing natural, agricultural, 

and cultural resources; by reducing greenhouse gas emissions and other air pollutants; and 

by transforming to a clean and energy-efficient transportation system (Caltrans 2016). 
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There is an apparent trend towards sustainable transportation on the federal and state 

level, however a project-level TAM that would incorporate sustainability performance in its 

scenarios is currently missing. For example, environmental sustainability can be pursued on 

project level via well-maintained smooth pavements which can result in lower on-road vehicle 

exhaust emissions. Several studies (Watanatada et al. 1987, FHWA 2000, Chatti and Zaabar 

2010, Lidicker at el. 2013, Greene at al. 2013) suggest a tangible relationship between pavement 

roughness and fuel consumption. Consequently, fuel consumption can be used for an estimation 

of emissions (Chatti and Zaabar 2010). Social sustainability in transportation can be reflected by 

creating livable neighborhoods that encourage non-motorized forms of transportation and are 

safe for all users regardless of age and ability. Streets play a significant role not only in 

transportation but also in the quality of life. Streets are the single largest public asset in every 

city, therefore the way they are designed and maintained directly affects the way they are used 

and by whom. There is a significant shift towards alternative modes of transportation through 

accommodating pedestrians, cyclist and mass transit in the urban roadways. Traditional TAM, 

oriented towards motorized vehicles often lacks to accommodate the other users of the roadway 

in safety considerations and in prioritization of funding. As funding is limited, agencies strive to 

allocate it in the most efficient way to ensure that economic, environmental and social needs will 

be met. “Among possible transportation improvements, some may be far more effective than 

others in helping […] economy, preserving existing jobs, attracting employers with desirable 

jobs […], improving productivity and stimulating long-term economic development” (Zhang et 

al. 2016). 

The direction of how transportation agency funding is allocated among various assets 

comes from agency’s goals, objectives and performance measures. Therefore, sustainability 

aspects can be included in TAM by defining sustainable goals, objectives and performance 

measures. 
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2.3 Transportation Asset Management, Goals, Objectives and Performance Measures 

Transportation asset management (TAM) is “a decision-making process for allocating 

resources” (FHWA 2014). According to the International Infrastructure Management Manual 

(2006), “the purpose of TAM is to meet a required level of service, in the most cost effective 

manner, through the management of assets for present and future customers.” The goal is to 

improve transportation asset performance at the minimum construction and preservation cost, 

while providing best service to tax payers (AASHTO 2011). Figure 2.3 illustrates the TAM 

process.  

 
Figure 2.3: Transportation Asset Management Process (FHWA 1999a). 
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Goals and policies are defined by transportation agencies to indicate the direction in 

which the transportation network will evolve, including the most important values (condition, 

safety, etc.). Asset inventory includes information about the transportation network, such as asset 

location, classification, type, and work history. Condition assessment module contains any 

distress and deficiency data collected during inspections, performance modelling evaluates the 

condition data and determines the asset current condition and estimates future condition under 

different scenarios. During alternatives evaluation and program optimization, different scenarios 

are proposed, indicating the resulting asset performance under various levels of funding. Based 

on matching with agency goals, objectives and funding availability, projects are selected and 

formed into short and long range plans. It is important to monitor performance once the program 

is implemented and provide feedback of how well are the agency goals and policies met and if 

previous decisions have enabled the transportation infrastructure to move in the right direction.  

As Figure 2.3 suggests, performance measurement plays a major role in TAM. 

Performance measures for TAM are derived from five core principles (NCHRP 551 2006): 

 Policy-driven: performance measures provide information about changes in the 

transportation system in relation to policy objectives. 

 Performance-based: performance measures track the changes in history and also predict the 

performance in the future under different funding level scenarios. 

 Analysis of options and trade-offs: performance measures enable to compare different 

scenarios. 

 Decision based on quality information: data collection should be feasible and database 

should be updated regularly to ensure reliability and trustworthiness.  

 Monitoring to provide clear accountability and feedback: performance measures indicate 

both impacts and effectiveness of the resource allocation. 

In general, performance measures can be categorized in ten groups (NCHRP 551 2006): 

 Asset preservation: performance measures focus either on physical condition (e.g., 

pavement roughness, distress quantity and severity), or can be expressed by an overall 
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index (e.g. Pavement Condition Index), or by a non-technical index (e.g. asset value, 

resilience towards extreme weather events) (NCHRP 551 2006). 

 Operations and maintenance: performance measures capture the effect of asset condition on 

fuel efficiency and user costs (NCHRP 551 2006). 

 Delivery: performance measures related to delays in project delivery and projects that were 

identified as needed but were not funded can go into this category (NCHRP 551 2006). 

 Accessibility: performance measures focus on users and their ability to access points of 

interest, such as employment, schools, medical care and retail (e.g. the number of 

households within a 0.5 mile from a transit stop, the number of retail and services within a 

10-minute walk) (NCHRP 551 2006). 

 Mobility: performance measures that focus on the cost and travel time of a trip (e.g. 

volume/capacity ratio, total travel time, delay, transit service reliability, trip cost) (NCHRP 

551 2006). 

 Safety: performance measures capture totals of fatal or serious injury collisions between 

motorized vehicles or involving vulnerable road users (pedestrians, cyclists). 

 Security: performance measures that focus on resilience to terrorist actions (NCHRP 551 

2006). 

 Economic development: performance measures that indicate changes in employment, 

income and economic output as a result of transportation investments (NCHRP 551 2006). 

 Environmental impacts: performance measures include air quality (carbon dioxide, volatile 

organic compounds), noise levels, as well as effect of transportation projects on habitat of 

animals and plants (NCHRP 551 2006). 

 Social impacts: performance measures that capture the effect of transportation investments 

on mode shift and overall improvement in quality of life. Effect on community walkability 

and overall livability can be also included in this category. 

A robust set of performance measures estimating the effect of investment on economic, 

environmental and social aspects is vital in order to be able to compare various funding scenarios 
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and also track performance over time. While increasing number of performance measures leads 

to a more holistic description of the decision situation, it also produces significant burden on data 

collection and database maintenance. Traditional TAM therefore focuses on asset preservation in 

restricted economic conditions while skipping on the other categories. This dissertation aims to 

look into the emerging topic of enhancing sustainability in TAM by assessing the social, 

environmental and economic effects of transportation investments on communities. 

2.3.1 Economic Sustainability 

The focus of economic sustainability in transportation is on innovation and design, 

operations and maintenance, cost effectiveness, affordability, economy and jobs, and 

transportation impact (Brodie et al. 2013). 

2.3.1.1 Economic Sustainability Goals  

Table 2.3 shows examples of goals for economic sustainability. Although, there are some 

goals related to all three areas of sustainability including social and environmental. For example, 

the preservation of the multimodal transportation system (Caltrans 2015) and the reduction of car 

dependence by improving people’s ability to meet most of their daily needs without driving 

(Dondero et al. 2013) reduces air pollution (environmental effect) and promotes social equity and 

livability (social effect). Mitigation of traffic congestion (Ramani et al. 2013) influences fuel 

savings (economic) and air quality (environmental). The improvements on multimodal mobility 

and accessibility for all users (Caltrans 2015) have also social and economic impacts. The 

possibility to walk, bike, or use mass transit for daily activities (social) generates savings on 

transportation user costs (economic).  
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Table 2.3: Examples of Economic Sustainability Goals.  

Goal Sustainability Area Source 

Improve people’s ability to meet most of their 

daily needs without having to drive 

Economic / Social / 

Environmental 

Dondero et al. 2013 

Preserve multimodal transportation system Economic / Social / 

Environmental 

Caltrans 2015 

Reduce project delays Economic Briseno 2015 

Improve international mobility Economic Ramani et al. 2013 

Promote economic development Economic Ramani et al. 2013 

Ensure system effectiveness and efficiency Economic Ramani et al. 2013, 

Zietsman and Ramani 

2011 

Mitigate traffic congestion Economic / Environmental Ramani et al. 2013 

Improve multimodal mobility and accessibility 

for all users 

Economic / Social Caltrans 2015 

Improve the convenience and quality of trips, 

especially for walk, bike, transit, car/vanpool, 

and freight 

Economic / Social Dondero et al. 2013 

Ensure the transportation system is secure from, 

ready for, and resilient to threats from all 

hazards. 

Economic / Social Zietsman and Ramani 

2011 

Economic sustainability goals include reduction in project delays (Briseno 2015), and 

transportation system effectiveness and efficiency (Ramani et al. 2013, Zietsman and Ramani 

2011). Furthermore, taking precautions so that the transportation system is secure from, ready 

for, and resilient to threats from all hazards as extreme weather events, gradual climate change 

and terrorist attacks foster both economic and social sustainability (Zietsman and Ramani 2011). 

2.3.1.2 Economic Sustainability Objectives 

Objectives describe specific and measurable statements that are more general than 

performance measures (FHWA 2013a). Table 2.4 shows examples of economic sustainability 

objectives.  
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Table 2.4: Examples of Economic Sustainability Objectives. 

Objective Source 

Re-invest in the local economy through reducing expenditures on 

fuel and related vehicle use 

Dondero et al. 2013 

Use transportation investment to support economic development, job 

creation, and commerce 

Maurer et al. 2013 

Improve travel time reliability and speed consistency for freight 

between representative origins and destinations 

Dondero et al. 2013 

Ensure affordable transportation for all communities Zietsman and Ramani 2011 

Minimize travel time delay (by mode) for affected population due to 

maintenance activities 

Zietsman and Ramani 2011 

Use value management tools (life cycle costing, risk management, 

return on investment) for transportation decision making 

Maurer et al. 2013 

Maintain pavement on roadways in good condition Dondero et al. 2013 

Maintain average asset age no more than 50% of the useful life Dondero et al. 2013 

Reduce fuel consumption Dondero et al. 2013 

Program projects that improve the capacity of the transportation 

system to recover swiftly from incidents 

Zietsman and Ramani 2011 

Economic sustainability objectives include re-investing in the local economy through 

reducing expenditures on fuel and related vehicle use (Dondero et al. 2013). Transportation 

investments are used to support economic development, job creation, and commerce (Maurer et 

al. 2013). Improvement on travel time reliability and speed consistency for freight between 

representative origins and destinations (Dondero et al. 2013) are desired, as well as ensuring 

affordable transportation options for communities of all ages and incomes. Travel delay by mode 

due to maintenance activities are minimized (Zietsman and Ramani 2011) and value 

management tools such as life-cycle costing, risk management, and return on investment are 

used in the decision-making process (Maurer et al. 2013). Maintaining pavements in good 

condition and assets (Dondero et al. 2013) create savings both for the agency and the users 

(Watanatada et al. 1987, FHWA 2000, Chatti and Zaabar 2010, Lidicker at el. 2013, Greene at 

al. 2013). Promoting projects that improve capacity of the transportation system in such way that 

the system can recover swiftly from incidents (Zietsman and Ramani 2011), such as extreme 

weather events, also improve economic and social sustainability. 
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2.3.1.3 Economic Sustainability Performance Measures 

Table 2.5 shows examples of performance measures for economic sustainability. 

Table 2.5: Examples of Economic Sustainability Performance Measures. 

Performance measure Source 

Total and congested vehicle miles travelled (VMT) per capita Briseno 2015 

Congested arterial VMT per capita Briseno 2015 

Highway buffer index Briseno 2015 

Agency expenditures on transportation infrastructure ADD40 2008 

Agency routine maintenance costs Dondero et al. 2013 

Agency delayed maintenance costs Dondero et al. 2013 

Asset current condition (condition index, remaining service life) AAMCOG 2008 

Asset required condition AAMCOG 2008 

Pavement roughness OECD 2001 

User expenditures on transport ADD40 2008 

User savings from smooth pavement World Bank undated 

Social cost of CO2 United States Government 2013 

Fuel consumption based on pavement condition Dondero et al. 2013 

Gallons of gasoline saved/displaced, using gasoline gallon 

equivalents based on lower heating value ratio 

NREL 2013 

Proportion of household income spent on transportation ADD40 2008 

Housing/transportation affordability index Briseno 2015 

Job commute costs including time and money (per location) ADD40 2008, Briseno 2015 

Point to point travel cost Ramani et al. 2013 

Property values SHRP 2 2012 

% of spending on projects in areas of key origins and 

destinations for transportation-disadvantaged populations 

Dondero et al. 2013 

Jobs created  

In transportation asset management, a major economic performance measure in the 

agency expenditures on construction and maintenance of the transportation infrastructure. 

Routine and delayed maintenance costs (ADD40 2008) are related to the asset condition 

(AAMCOG 2008) expressed through a number of pavement condition indices. The International 

Roughness Index (IRI) (OECD 2001) is used among departments of transportation; and the 

Pavement Condition Index (PCI) is typically used by local agencies for condition assessment. 

Another indicator is the remaining service life. Transportation costs can also include road user 

costs estimated from roughness (ADD40 2008), fuel consumption, and tire-wear. The damage to 

society caused by CO2 emissions can be estimated from fuel consumption (Dondero et al. 2013) 
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or gallons of gasoline; therefore, cost savings due to improved pavement condition can be used 

to setup performance-based sustainability targets (NREL 2013).  

Other examples of economic sustainability performance measures include, annual 

average daily traffic, congested miles, housing affordability, highway buffer index, funds spent 

on transportation projects, and job creation. Housing affordability index that includes 

transportation costs, as one of the two major expenses of households, (Briseno 2015) is also 

valuable to show whether neighborhoods have affordable transportation options. Proportion of 

household income spent on transportation (ADD40 2008) indicates the affordability of 

transportation and identify any groups in disadvantage. Housing expenditures and transportation 

costs from home to work or school should be less than 30% of household income to qualify as 

affordable. The buffer index is used to measure the time added by road users to the expected 

travel time to arrive on-time (Briseno 2015). Percentage of funds spent on projects improving 

mobility of transportation-disadvantaged population can indicate the level of fairness and 

accessibility to transportation (Dondero et al. 2013). Alternatively, job commute costs including 

time (ADD40 2008, Briseno 2015) or point to point travel costs (Ramani et al. 2013) together 

with property values (SHRP 2 2012) are also used to assess transportation accessibility. Jobs 

created by construction or maintenance of transportation assets is considered as an economic and 

social performance measure. 

2.3.2 Environmental Sustainability 

The focus of environmental sustainability in transportation is on energy conservation, 

climate change, environmental protection, water conservation, waste and materials management, 

noise and light pollution, and on sustainable land use (Brodie et al. 2013). 

2.3.2.1 Environmental Sustainability Goals  

Table 2.6 shows examples of goals for environmental sustainability. 

  



 32 

Table 2.6: Examples of Environmental Sustainability Goals. 

Goal Source 

Improve the environment living conditions Ramani et al. 2013 

Improve air quality Dondero et al. 2013 

Reduce transportation-related emissions of air pollutants and greenhouse 

gases. 

Zietsman and Ramani 2011 

Practice environmental stewardship Briseno 2015 

Protect and enhance environmental and ecological systems while 

developing and operating transportation systems. 

Zietsman and Ramani 2011 

Reduce waste generated by transportation-related activities. Zietsman and Ramani 2011 

Reduce the use of non-renewable resources and promote the use of 

renewable replacements. 

Zietsman and Ramani 2011 

Environmental sustainability goals include improvements on the environmental living 

conditions (Ramani et al. 2013), air quality (Dondero et al. 2013) by the reduction of 

transportation-related emissions of air pollutants, and greenhouse gases (Zietsman and Ramani 

2011). Environmental sustainability goals should be fostered during the construction and 

maintenance phase through an environmental stewardship of environmental and ecological 

systems (Briseno 2015) by reducing the waste from transportation-related activities and by 

promoting the use of renewable resources (Zietsman and Ramani 2011). 

2.3.2.2 Environmental Sustainability Objectives 

Table 2.7 shows examples of objectives for environmental sustainability. 

Table 2.7: Examples of Environmental Sustainability Objectives. 

Objective Source 

Reduce criterion pollutant emissions from transportation Ramani et al. 2013 

Reduce GHG emissions from transportation Ramani et al. 2013 

Reduce growth rate of single occupant vehicle travel Maurer et al. 2013 

Enhance 3R (reduce, reuse, and recycle) efforts Maurer et al. 2013 

Improve habitat in or adjacent to the right-of-way Dondero et al. 2013 

Manage and treat storm water volumes and flow Dondero et al. 2013 

Environmental sustainability objectives include the reduction of pollutant and greenhouse 

gas emissions from transportation activities (Ramani et al. 2013), and the reduction of single 

occupant vehicle trips.  A transportation agency can setup objectives to mitigate the negative 

impacts from construction, use, and end of life phases (Maurer et al. 2013). For instance, the 
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usage of materials that are permeable or reflect heat can mitigate urban heat island effect. 

Improving habitat in the right-of-way as well as managing storm water flow positively affect the 

flora and fauna around the roadways and have an aesthetic purpose (Dondero et al. 2013). 

2.3.2.3 Environmental Sustainability Performance Measures 

Table 2.8 shows examples of performance measures for environmental sustainability. 

Table 2.8: Examples of Environmental Sustainability Performance Measures. 

Performance measure Source 

Total vehicle emissions ADD40 2008 

Total vehicle gas consumption World Bank undated 

Climate change emissions (CO2, CH4) reduction per capita ADD40 2008, Briseno 2015 

Tons of CO2 equivalent prevented from being emitted to the atmosphere NREL 2013 

Particulate matter (PM) emissions Ramani et al. 2013 

Ozone related emissions (NOx and VOCs) Ramani et al. 2013 

Days exceeding national/state standards by region/air basin and statewide FHWA 2012b 

Annual hours of excessive delay per capita MAP-21 (FHWA 2016a) 

2- and 4-year total emission reductions MAP-21 (FHWA 2016a) 

Travel noise levels Ramani et al. 2013 

People exposed to traffic noise above 55 LAeq.T ADD40 2008 

Water pollution Lane and Sherman 2012 

Land use (pollution/runoff/disruption/new utilities demand/TOD) Lane and Sherman 2012 

Tree canopy Dondero et al. 2013 

Average environmental compliance score for construction and 

maintenance projects 

Maurer et al. 2013 

Percentage of management plans implemented for endangered species 

sites 

Maurer et al. 2013 

Tons of reused materials on construction and maintenance projects Maurer et al. 2013 

Examples of environmental sustainability performance measures are total vehicle gas 

consumption, total vehicle emissions (ADD40 2008), individual emissions of particulate matter 

(Ramani et al. 2013), emissions related to climate change, such as CO2 and CH4 (ADD40 2008, 

Briseno 2015, NREL 2013), and ozone precursor emissions (NOX and VOCs) (Ramani et al. 

2013). The air pollution outcomes are observed by the number of days that exceeds the air 

quality standards (FHWA 2012b). Under the MAP-21 performance measures, the traffic 

congestion and on-road vehicle source emissions are proposed to be measured by annual hours of 

excessive delay per capita and all congestion mitigation projects will have to show the 2- and 4-

year total emission reductions (FHWA 2016a). Other aspects of environmental pollution from 
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transportation include increased noise levels (Ramani et al. 2013), where a threshold is set for 

unacceptable levels, for example above 55 LAeq.T (ADD40 2008).  

The impact on the ecosystem is assessed by reporting water pollution (Lane and Sherman 

2012) and environmental compliance violations (Maurer et al. 2013) during construction or 

maintenance activities; percentage of plans implementing considerations for endangered species 

(Maurer et al. 2013); assessing tree coverage (Dondero et al. 2013) of pavement surfaces as the 

shade slow down deterioration (McPherson and Muchnick 2005). Share of reused and recycled 

materials in construction and maintenance projects is also enforced in order to reduce resource 

depletion (Maurer et al. 2013). 

2.3.3 Social Sustainability 

Social sustainability in transportation can be “defined as transportation that provides 

equitable access to opportunities, minimizes social exclusion, and improves (or does not diminish) an 

individual’s quality of life” (Amekudzi 2011). Social sustainability can address various topics, such 

as “access, safety, equity and inclusion, health and well-being, culture and place-making, food 

sustainability, and indoor environment” (Brodie et al. 2013). Impact of transportation projects on 

community health can be assessed with a Transportation Health Impact Assessment Toolkit by 

Centers for Disease Control and Prevention. It estimates the impact on reduction in vehicle miles 

travelled, expansion of public transportation, promotion of active transportation, incorporation of 

healthy community design features, improvement in safety for all users, and ensuring equitable 

access to transportation networks (CDC 2015).  

Initiatives that improve community quality of life can be summarized in the concept of 

livability. “Livability encompasses multi-dimensional issues relative to community design, land use, 

environmental protection and enhancement, mobility and accessibility, public health, and economic 

well-being” (FHWA 2011). It is not limited only to increasing community walkability and 

bikeability, but it also focuses on overall system multimodality. For example, “livability principles 

for highways include strategies to get more efficiency out of the existing highway network, 
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maintaining reasonable travel times through operational improvements, and multimodal 

enhancements (high occupancy lanes or dedicated transit lanes)” (FHWA 2011). Livability has 

some common goals with sustainability, like focus on social equity, human health and multimodal 

transportation options; while their differences are in the scope and detail (FHWA 2011). In general, 

livable communities are such developments that offer multi-modal transportation choices and are 

pedestrian-friendly and bicyclist friendly. Walkable and bikeable communities have several 

benefits, that include improving health by encouraging regular physical activity, enriching 

mobility and access by providing alternative transportation modes, improving land use, reducing 

air and noise pollution as well as traffic congestion, strengthening the sense of community 

(Amekudzi 2006).  

2.3.3.1 Social Sustainability Goals  

Table 2.9 shows examples of goals for social sustainability. 

Table 2.9: Examples of Social Sustainability Goals. 

Goal Source 

Increase livability Ramani et al. 2013 

Promote equity Caltrans 2015, Ramani et al. 2013, Zietsman 

and Ramani 2011 

Improve public safety Caltrans 2015, Zietsman and Ramani 2011 

Improve multimodal safety especially for the most 

vulnerable users 

Dondero et al. 2013, Zietsman and Ramani 

2011 

Demonstrate that planned investments do not 

disproportionally impact transportation-

disadvantaged populations 

Dondero et al. 2013 

 

Social sustainability goals are intended to increase livability standards of neighborhoods 

(Ramani et al. 2013) and equity (Caltrans 2015, Ramani et al. 2013, Zietsman and Ramani 2011) 

in order to ensure that planned investments do not disproportionally affect transportation-

disadvantaged populations (Dondero et al. 2013). Improving public safety (Caltrans 2015), in 

particular safety for vulnerable road users, also promotes social sustainability (Dondero et al. 

2013, Zietsman and Ramani 2011). 
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2.3.3.2 Social Sustainability Objectives 

Table 2.10 shows examples of goals for social sustainability. 

Table 2.10: Examples of Social Sustainability Objectives. 

Objective Source 

Improve intermodal connectivity Maurer et al. 2013 

Support pedestrian and bicycle modes Ramani et al. 2013 

Improve pedestrian and bicycle linkages to activity centers Maurer et al. 2013 

Reduce average trip length Maurer et al. 2013 

Improve safety for neighborhoods and for all road users Maurer et al. 2013 

Reduce the number and severity of crashes Zietsman and Ramani 2011 

Ensure safety is considered early in project planning Zietsman and Ramani 2011 

Develop programs that maximize return on safety investment Zietsman and Ramani 2011 

Improve safe, attractive, and affordable access to work, school, 

goods, and other key destinations by walking, bicycling and transit 

Dondero et al. 2013 

Improve the quality of walk, bicycle, car/vanpool, and transit trips Dondero et al. 2013 

Social sustainability objectives are related to improvements of intermodal connectivity 

(Maurer et al. 2013), such as improving pedestrian, bicycle, and transit modes (Ramani et al. 

2013), and creating links to activity centers (Maurer et al. 2013) to reduce the average trip length 

for daily activities (Maurer et al. 2013). Safety improvements is another factor affecting social 

sustainability. Safety improvements in the neighborhoods benefits all road users (Maurer et al. 

2013), resulting in less number and severity of collisions. Transportation agencies can promote 

projects that maximize the return of investment on safety improvements (Zietsman and Ramani 

2011) by taking into account the social benefits of reducing fatalities, property damage, and 

travel delays (Cambridge Systematics 2008). Safe, attractive and affordable access to daily 

activities by walking, bicycling, and mass transit trips (Dondero et al. 2013) have also positive 

impacts on public fitness and health. 

2.3.3.3 Social Sustainability Performance Measures 

Table 2.11 shows examples of performance measures for social sustainability. 
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Table 2.11: Examples of Social Sustainability Performance Measures. 

Performance measure Source 

Population density SHRP 2 2012 

Residential and employment densities for new growth 

(environmental justice (EJ)/non EJ communities) 

Briseno 2015 

Number of areas with a bicycle or pedestrian plan Maurer et al. 2013 

Improved networks that accommodate pedestrians and bicyclists FHWA 2013b 

Quality of walking/bicycle/transit infrastructure ADD40 2008 

Length of sidewalks per corridor mile Ramani et al. 2013 

Average density of sidewalk mileage within municipalities that 

have pedestrian plans 

Maurer et al. 2013 

Length of bicycle lanes per corridor mile Ramani et al. 2013 

Level of sidewalk/bikeway investment DDOT 2014 

Crossing opportunities FHWA 2016b 

Walk miles travelled and bicycle miles travelled Briseno 2015 

Availability of bicycle parking FHWA 2013b 

Number of new on-street bicycle facilities, trails, and sidewalks 

within 100 feet of parks and green space 

DDOT 2014 

Pedestrian Potential Index, Pedestrian Deficiency Index FHWA 1999b 

% of population within 30-minute walk, bike, or transit trip of key 

destinations 

Dondero et al. 2013 

Transportation-disadvantaged population served FHWA 2016b 

Transit accessibility – housing and jobs within 0.5 mile of transit 

stops with frequent service 

Briseno 2015 

Transit travel time reliability Briseno 2015 

Police-reported traffic incidents ADD40 2008 

Fatalities/serious injuries per capita and per VMT Briseno 2015 

Number of crashes involving a driver with blood concentration of 

0.08 g/dL of higher 

NHTSA 2009 

Number of speeding-related fatalities NHTSA 2009 

Number of pedestrian fatalities/incidents NHTSA 2009 

Road fatality risk as fatalities / population or registered vehicles OECD 2001 

Fatalities or injuries per mile Derrible 2013 

Improvements to areas that have reported fatalities and injuries Dondero et al. 2013 

Number of improved crash locations within 100 feet of each 

approach's projects (bicycle facilities, trails, sidewalks, streets) 

DDOT 2014 

Traffic incident economic costs ADD40 2008 

Population density (SHRP 2 2012) is a social sustainability performance measure, 

especially residential and employment densities for new developments in order to prevent sprawl 

(Briseno 2015). Also, the quality of active transportation infrastructure is measured by the 

quantity of areas with bicycle or pedestrian plans (Maurer et al. 2013), improved networks that 
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accommodate pedestrians and bicyclists (FHWA 2013b), overall quality of transit, walking and 

bicycle infrastructure (ADD40 2008) such as length or density of sidewalks in urban areas 

(Ramani et al. 2013, Maurer et al. 2013), and availability of bicycle parking (FHWA 2013b). For 

example, Washington D.C. measures the increase in new on-street bicycle facilities, trails, and 

sidewalks within 100 feet of parks and green space to ensure better accessibility to these 

locations. The City of Portland, OR, is a pioneer city in livability that uses a Pedestrian Potential 

Index and Pedestrian Deficiency Index to prioritize pedestrian projects (FHWA 1999b). The 

Pedestrian Potential Index is based on the presence of urban activity centers that attract 

pedestrians, such as shopping opportunities, parks, schools or transit; and environmental factors 

such as proximity, connectivity, and slope (FHWA 1999b). The Pedestrian Deficiency Index 

considers “ease of street crossing (e.g., traffic speed, traffic volumes, and roadway width), 

sidewalk continuity (i.e., sidewalk inventory data), and street connectivity (i.e., street segment 

length)” (FHWA 1999b). Both indices range from 1 (lowest rating) to 5 (highest rating) and can 

be used to prioritize transportation projects in regional planning (Amekudzi 2006). 

The accessibility to transportation infrastructure is assessed by the percentage of 

population living within a 30-minute transit, walk, or bicycle trip from key destinations and jobs 

(Dondero et al. 2013), or jobs and housing within 0.5 mile of transit stops (Briseno 2015).  

Form another perspective, the actual usage of the active transportation infrastructure is 

measured by transit miles travelled (TMT), walk miles travelled (WMT), and bicycle miles 

travelled (BMT). Travel time reliability of transit is also an important indicator that affects the 

willingness of users to opt for that type of transportation, especially in competition with cars 

(Briseno 2015).   

Finally, safety of a transportation network is assessed by several measures, including 

traffic incidents reported to police (ADD40 2008), and fatalities or serious injuries to motorists, 

pedestrians, and bicyclists (NHTSA 2009). Those incidents are measured per mile, per VMT, per 

capita or per number of registered vehicles (Derrible and Cottryl 2013, Briseno 2015, OECD 

2001). Traffic speed is also an important factor that influences pedestrian’s safety, ability to 
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cross a street, and overall comfort. A pedestrian’s chance to survive in a collision with a 

motorized vehicle steeply decreases with speed for 20 mph the chance of survival is 95%, for 30 

mph the likelihood of survival is 45%, and for speed 40 mph the chance of survival is 15% 

(FHWA 2002a). Los Angeles County’s Model Design Manual for Living Streets recommends 

maximum speeds of 20 to 35 mph and 20 to 25 mph for local streets. The maximum speed limit 

should be considered in the initial road design, so that the design itself limits speeding (Los 

Angeles County 2011). For example, Washington D.C. measures the number of improved crash 

locations within 100 feet of each approach's projects (bicycle facilities, trails, sidewalks, streets) 

(DDOT 2014). 

In order to tie safety to infrastructure expenses, improvements in areas with safety 

problems are reported along with the prevented economic costs of injuries and fatalities. 

2.4 Summary 

The comprehensive literature review performed in this Chapter allowed identifying a 

broad variety of sustainability considerations in Transportation Asset Management as well as the 

goals, objectives, and performance measures that can be used to tackle the current sustainability 

challenges.  

Goals, objectives, and performance measures help transportation agencies to manage 

their assets in the most effective way. Scenario planning is used to determine what actions need 

to be taken in order to reach agency goals and objectives.  

Agencies are also required to comply with federal requirements when selecting their 

performance measures. For example, San Diego Association of Governments (SanDAG 2013) 

established 11 sustainability monitoring indicators in alignment with MAP-21 requirements for 

California MPOs to use, as shown in Table 2.12.  
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Table 2.12: California Sustainability Performance Measures (SanDAG 2013). 

MAP-21 

Category 

Performance Monitoring Indicator Modeled Observed 

Congestion 

Reduction 

VMT per capita   

Percent of congested freeway/highway 

vehicle miles 
  

Mode share (travel to work)   

Congested arterial VMT Proposed for future consideration 

Bike and walk miles travelled Proposed for future consideration 

Mode share (non-work) Proposed for future consideration 

Infrastructure 

Condition 

State of good repair (highways / local 

streets / highway bridges / transit assets) 
  

System 

Reliability 

Buffer Index (freeway / highway)   

Travel time reliability (transit / rail) Proposed for future consideration 

Safety Fatalities (per capita, per VMT)   

Serious injuries (per capita, per VMT)   

Economic 

Vitality 

Transit accessibility (housing and jobs 

within 0.5 miles of transit stops with 

frequent transit service) 

  

Travel time to jobs   

Residential and employment densities 

(new growth) (by Environmental Justice 

and Non-Environmental Justice areas) 

Proposed for future consideration 

Affordability Index (housing / 

transportation) 
Proposed for future consideration 

Environmental 

Sustainability 

Change in agricultural land   

CO2 emissions reduction per capita   

While some performance measures, such as CO2 emissions reduction per capita are 

modeled, some performance measures, such as state of good repair (highways / local streets / 

highway bridges / transit assets), are observed. Others are both observed and modeled: VMT per 

capita, percent of congested freeway/highway vehicle miles, mode share (travel to work), Buffer 

Index (freeway / highway), fatalities (per capita, per VMT), serious injuries (per capita, per 

VMT), transit accessibility (housing and jobs within 0.5 miles of transit stops with frequent 

transit service), travel time to jobs, and change in agricultural land. Measures such as congested 

arterial VMT, bike and walk miles travelled, mode share (non-work), travel time reliability 

(transit / rail), residential and employment densities (new growth), and Affordability Index 

(housing / transportation) were recommended for future consideration. Recently, also the City 
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and County of San Francisco updated their measure of the transportation impacts of new 

development. Before, a Level of Service (LOS) measure was used to estimate the impact of a 

new development on the traffic flow delay of motorized vehicles. Since March 2016 the San 

Francisco County uses VMT to measure “the amount and distance that a [new] project might 

cause people to drive” in all assessments under the California Environmental Quality Act (Simi 

et al. 2016). 

Modern TAM requires an integrated approach that connects goals, objectives and 

performance measures through the adoption of sustainability principles to balance economic, 

environmental, and social aspects. In this context, the selection of the right performance 

measures to assess the current and desired state is an important decision, especially since data 

collection is costly. Chapter 3 focuses on selecting the right set of performance measures to reach 

agency’s goals taking into account sustainability challenges. Chapter 4 introduces the multi-

objective sustainable model that incorporates previously selected performance measures in order 

to measure performance in selected social and environmental objectives. 

  



 42 

Chapter 3: Quality Function Deployment Matrix for Selection of Performance 

Measures 

Transportation agencies spend a significant amount of money on transportation 

infrastructure projects, but at the end, do they get what they wanted? The aim of establishing 

performance measures is to create a link between allocation of agency funds and the outcomes 

while fostering transparency and accountability (FHWA 2016c). The right set of performance 

measures becomes vital in the asset management process. However, with the complexity of the 

decision-making process, practitioners are easily overwhelmed by the selection and application 

of adequate performance measures.  

Since data collection and management is expensive and time consuming, it becomes an 

optimization problem as agencies want to focus only on the minimum amount of performance 

measures that will satisfactorily indicate the effectiveness and efficiency of the decisions. As the 

Pareto 80/20 principle suggests, 20% of the performance measures should have an impact on 

80% of the objectives. Customer needs and desires, engineering requirements, and monetary 

limitations are considered in performance-based management (Cambridge Systematics 2010). 

There are several methods that can be used for selection of performance measures, for 

example: 

Analytic Hierarchy Process (AHP) is a group decision-making technique consisting of 

three steps. First, the problem hierarchy is defined. The goal is to find a set of performance 

measures, for agency objectives described by air quality, maintenance cost, asset condition, jobs 

creation, livability and road user safety. Then the last layer includes candidate performance 

measures. During the second step, every item in each layer receives a numerical weight to reflect 

their priority. In case of performance measures, the priority can reflect, for instance, the burden 

of data collection or other agency preference. Finally, in the last step performance measures are 

ranked based on their ability to reflect the objectives (Tang et al. 2004). Weaknesses of this 

method include limited ability to address interdependency between performance measures 

(Velasquez & Hester 2013). 
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Delphi Method is another group decision-making technique, based on an anonymous 

survey that is passed along experts. The survey has several rounds and experts are encouraged to 

revise their answers to previous rounds based on feedback from other participants. The process 

ends after a certain number of rounds or once the experts agree on a set number of performance 

measures. Disadvantages of this method include time requirements and limited transparency. 

(Linstone and Turoff 2002) 

Quality Function Deployment (QFD) matrix can be used for selecting the most relevant 

performance measures by transferring agency needs (objectives, priority) to requirements 

(performance measures that need attention) and fiscal limitations (difficulty). The QFD matrix 

method has been successfully used for translating customer requirements to technical parameters 

for over 50 years.  

QFD matrix is used in this chapter to select performance measures to observe 

performance in environmental, social and economic sustainability aspects in TAM. This method 

is selected due to its visual transparency and ability to be captured in a table. 

3.1 Selection of Performance Measures 

The Quality Function Deployment matrix was developed in Japan in the 1960s and since 

then it has been successfully applied extensively in manufacturing, especially in the automotive 

industry, where it helps to relate customer expectations to technical requirements.  

As Figure 3.1 shows, the QFD matrix consists of two main sections: agency objectives 

(left column) and candidate performance measures (top row). Priority and difficulty are 

considered in the QFD matrix. Priority shows the importance of each objective for the agency. 

Difficulty incorporates the demand of resources (e.g. time, money, personnel) required for 

collection of the data for each performance measure.  
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Figure 3.1: Quality Function Deployment Matrix Scheme. 

Filling out the matrix forces the decision makers to identify the objectives and relevant 

performance measures. The performance measures are grouped into categories; once the matrix 

is filled out, the categories with most relevant performance measures affecting the objective are 

identified. A triangle with correlations between performance measures indicating a strong, weak, 

or no relationship with the objectives is included at the top of the matrix  

At the bottom of the QFD table, scores are calculated for each performance measure, 

considering the priority, difficulty, and relationship between performance measures and 

objectives. Performance measures with high scores are further investigated. For example, if 

similar performance measures receive a high score, the correlation triangle on top of the matrix 

can help decide which performance measure to keep by analyzing its relationship with the others. 

A QFD matrix is a powerful tool, but needs to be used wisely. The outcomes depend on 

the quality of data. To get the most benefit, it is recommended that this matrix be filled out in a 

brainstorming meeting of experts, and preferably with different backgrounds to complement their 

expertise. Therefore, it is highly recommended to carefully select the group of agency experts 

that will set up the matrix. 
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  As a result, the framework for performance measures assessment is developed to relate 

what the agency wants to how it can be measured. Once the matrix is completed, it shows a well-

arranged description of the decision context:  

 Objectives and their priority  

 Candidate performance measures and their difficulty  

 Correlations among the performance measures  

 Performance measure score considering the relationship to objective, priority, and difficulty 

The following steps are described to develop the QFD matrix to select performance 

measures for environmental and social objectives for TAM. In this example, the researchers’ 

expertise was used to fill out the matrix. 

1. Agency Objectives: The first step is to set up the customer expectations. In the case of 

transportation asset management, this step lists the objectives that the agency wants to achieve 

for the environment and the society. In this example, the environmental sustainability objective 

is to improve air quality by reducing on-road vehicle emissions. The economic sustainability 

objective is to improve local employment by providing jobs. The focus of social sustainability is 

to foster community livability through two objectives: by preservation of the multimodal 

transportation system and also by improving safety of vulnerable road users. 

2. Priority: Assign priority to each objective. The selection of scale depends on 

preferences of the agency and its goals depend on its maturity. In the example presented here, 5 

represents the highest priority and 1 the lowest. In this example, asset condition and vulnerable 

road user safety received the highest priority of 5, followed by livability with priority of 4, and 

emission reduction with job creation received priority of 3. 

3. Performance Measures: While several conventional performance measures used to 

monitor and track progress are useful to monitor sustainability, some have stronger links to 

sustainability than others (Zietsman et al. 2011). Therefore, the economic, environmental and 

social sustainability performance measures identified in Chapter 2 are used as an input to the 

QFD matrix. 
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These candidate performance measures are chosen in seven categories, depending on 

their focus: 

 Motorized Users:  

o Total and congested vehicle miles travelled (VMT) per capita 

o Annual hours of excessive delay per capita 

o User savings from smooth pavement 

 Non-Motorized Users: 

o Number of areas with a bicycle or pedestrian plan 

o Improved networks that accommodate pedestrians and bicyclists 

o Length of sidewalks / bicycle lanes per corridor mile 

o Level of non-motorized infrastructure investment 

o Availability of bicycle parking 

o Pedestrian Potential Index, Pedestrian Deficiency Index 

o Transit accessibility – housing and jobs within 0.5 mile of transit stops 

with frequent service 

o Percentage of population within a 30-minute walk, bike, or transit trip of 

key destinations 

 Physical Infrastructure:  

o Asset condition 

o Pedestrian crossing opportunities 

 Agency:  

o Agency expenditures on transportation infrastructure 

o Agency routine maintenance costs 

o Agency delayed maintenance costs 

o Percentage of spending on projects for transportation-disadvantaged 

populations 

o Jobs created  
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 Safety:  

o Fatalities/serious injuries per capita and per VMT 

o Number of crashes involving a driver with blood concentration of 0.08 

g/dL of higher 

o Number of speeding-related fatalities 

o Number of pedestrian fatalities/incidents 

o Fatalities or injuries per mile 

o Road fatality risk as fatalities/population or registered vehicles 

o Improvements to areas that have reported fatalities and injuries 

o Traffic incident economic costs 

 Pollution:  

o On-road vehicle emissions (EPA regulated pollutants: O3, PM10, PM2.5, 

NO2, CO) 

o Climate change emissions (CO2, CH4) reduction per capita 

o Tons of CO2 equivalent prevented from being emitted to the atmosphere 

o Particulate matter (PM) emissions 

o Ozone related emissions (NOx and VOCs) 

o 2- and 4-year total emission reductions 

o Travel noise levels 

 Society:  

o Social cost of CO2 

o User expenditures on transport 

o Transportation-disadvantaged population served 

4. Difficulty: Difficulty is assigned to each candidate performance measure to reflect the 

time, cost, and personnel constraints. This gives the opportunity to tailor the matrix to an agency 

of any maturity level in their data management stage of development. This example uses a scale 

for each measure to provide a better comparison among the measures: 1 for data relatable to a 
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section, 1.1 for data possibly relatable with additional information needed, 1.2 for measures that 

are not applicable to section level or data is not readily available. The difficulty scale was 

selected based on expert judgement, because the final score is sensitive to the difficulty and 

therefore a refined index is needed. It is observed that level of difficulty in data collection has a 

significant role in the resulting score. Even performance measures that have an influence on 

several objectives are sometimes not chosen because of the difficulty factor that decreased the 

final rating. Therefore, it is recommended to carefully set the difficulty scale. On the other hand, 

the consideration of data collection difficulty makes the QFD matrix a great tool for an agency of 

any maturity level. 

5. Relationship between Objectives and Performance Measures: Each performance 

measure is evaluated based on its influence towards achieving the objective. The question that 

helps in filling out the matrix is “How much can this performance measure indicate if the 

objective is being met?” The scale used is 9 for a significant relationship/effect, 3 for a 

considerable relationship/effect, and 1 for a weak relationship/effect. For example, the level of 

non-motorized infrastructure investment has a strong relationship with neighborhood livability; a 

considerable effect on asset condition and safety, and a weak relationship with emission 

reduction. 

6. Score: Multiply the relationship by priority to obtain a total of points for each 

performance measure, and divide by the level of difficulty.  

 

The score is calculated as 
∑ 𝑟𝑒𝑙𝑎𝑡𝑖𝑜𝑛𝑠ℎ𝑖𝑝𝑗

𝑖∗ 𝑝𝑟𝑖𝑜𝑟𝑖𝑡𝑦𝑗
𝑖𝑛

𝑖

𝑑𝑖𝑓𝑓𝑖𝑐𝑢𝑙𝑡𝑦𝑗
𝑖  , where i and j indicate row and 

column. A strong relationship between an objective and a performance measure, as well as high 

priority of the objective, increases the score while a performance measure with a high level of 

difficulty decreases the score. As these coefficients have a major influence on the score, it is 

recommended to customize them to reflect the agency specific needs. On the bottom of the table, 

the percentage of each performance measure is indicated for each group of performance 
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measures, and values above average are highlighted. An overall ranking is also included and 

selected performance measures are highlighted. Figure 3.2 shows the developed QFD matrix 

following the process previously described.
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Note: The matrix was filled out during an expert brainstorming session. 

Figure 3.2: QFD Matrix for Multi-Objective Sustainability Model. 
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Note: The matrix was filled out during an expert brainstorming session. 

Figure 3.2: QFD Matrix for Multi-Objective Sustainability Model (continued). 
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3.2 Performance Measures Selected from the QFD Matrix 

Motorized Users 

In the Motorized Users category, “Gallons of gasoline saved/displaced, based on 

pavement condition” are selected as the input variables for the Multi-Objective Sustainability 

(MOS) model and will be used in the environmental framework to estimate CO2 emissions saved 

or displaced based on the pavement condition. 

Non-Motorized Users 

“Level of non-motorized infrastructure investment” is selected from the Non-Motorized 

Users category to address the livability, safety, condition and emission objectives. 

Physical Infrastructure 

In the case of performance measures for Physical Infrastructure, “Asset condition” is 

selected. Also “Pedestrian crossing opportunities” will be used as an indicator neighborhood 

livability, which is here characterized by preserving multimodal transportation system and 

improving safety of vulnerable road users. 

Agency 

“Agency Expenditures on transportation infrastructure” and “Jobs Created” are selected 

as the performance measures in this category. 

Safety 

Safety related performance measures include a “Number of pedestrian 

fatalities/incidents” which will be used to identify sections that need a safety improvement and 

also is in compliance with performance measurement required by MAP-21. And then the 

“Improvements to areas that have reported fatalities and injuries” will be tracked to monitor the 

progress. 

Pollutants 

While “On-road vehicle emissions” are selected as to comply with MAP-21 guidance, 

only carbon dioxide (CO2) is used in the model since it accounts for 95% of mobile-source 
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emissions (SHRP 2013). To estimate CO2 emissions, the fuel consumed by vehicles is multiplied 

by emission factors that have been established by the Intergovernmental Panel on Climate 

Change (IPCC 2006).  

Society 

The impact on society is assessed through the “Social cost of CO2” which estimates the 

“changes in net agricultural productivity, human health, property damages from increased flood 

risk, and the value of ecosystem services due to climate change” (United States Government 

2013). 

3.3 Summary 

As a result of the QFD matrix selection process, a summary of the performance measures 

selected for the MOS model are shown in Figure 3.3. These performance measures are used to 

define the multi-objective sustainable model. 

Objectives

Performance 

Measures

Sustainable Transportation 

Asset Management

Economic Sustainability Environmental Sustainability Social Sustainability

Reduce Vehicle Emissions

Foster Livability

Create Jobs Improve Safety

Agency 

expenditures

Jobs 

created

On-road 

emissions

Social cost 

of CO2

Level of non-

motorized 

investment

Pedestrian crossing 

opportunities

Asset condition:

     - pavements

     - bikeways

     - crosswalks

Improvements to 

crosswalks that 

have reported 

fatalities and 

injuries

Preserve Multimodal 

Transportation System

 
Figure 3.3: Selected Performance Measures from the QFD Matrix. 
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Chapter 4: Development of the Multi-Objective Sustainable (MOS) Model 

Pavement management systems allow local and state agencies to allocate funding in the 

most efficient manner to ensure required condition. Additionally, an increasing number of 

agencies has been adding assets such as signs, street lights, curbs and gutters, pavement 

markings, to their transportation asset management.    There are also several assets that influence 

the comfort, safety and accessibility for pedestrians and bicyclists, such as sidewalks, 

crosswalks, median islands, curb ramps, bikeways, and hike and bike trails. 

Performance measures addressing economic, environmental, and social sustainability that 

were selected in Chapter 3 are used in the multi-objective sustainable (MOS) model to enhance a 

traditional pavement management system (PMS). The traditional PMS is expanded by estimation 

of on-road CO2 emissions from pavement condition while adding also assets for non-motorized 

users, such as pedestrians and bicyclists. This effort is aligned with the United States 

Environmental Protection Agency to reduce GHG emissions, as well as with the United States 

Department of Transportation policy to “incorporate safe and convenient walking and bicycling 

facilities into transportation projects” (FHWA 2016d). 

The MOS model will focus on the following transportation assets in urban areas: 

 Pavements 

 Crosswalks  

 Bikeways1 

Crosswalks present an opportunity for pedestrians to cross a street and by law, crosswalks 

exist at all right angle intersections (at the end of a block), whether marked or unmarked (City of 

San Francisco 2010). Crosswalks are crucial to pedestrian safety and walkability therefore the 

pedestrian crossing opportunities are considered in the model. Pedestrian crossing opportunities 

are defined for crosswalks by two factors: maximum crosswalk spacing and threshold for mid-

block collisions involving pedestrians. Sections that do not satisfy the desired crosswalk 

                                                 
1 For the purposes of the MOS model, the word “bikeways” is used interchangeably with “bicycle facilities”, and 

primarily refers to bicycle lanes. 
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characteristics and are above the pedestrian injury threshold, become candidates for 

improvement. Streets where people of all ages and abilities can safely cross increase the overall 

neighborhood livability. 

On-road bikeway facilities include bicycle boulevards, bicycle lanes, shared lanes and 

paved shoulders (AASHTO 2012). The MOS model focuses on bicycle lanes, which are defined 

as “a proportion of roadway that has been designated for preferential or exclusive use by 

bicyclists by pavement [bikeway] markings” (AASHTO 2012). Further, to enhance safety and 

comfort of a rising number of bicyclists, the MOS model considers the bikeway condition in the 

transportation asset management process. 

4.1 Multi-Objective Sustainable Model Enhancement of Traditional Pavement 

Management System 

The transportation asset management (TAM) process discussed in Chapter 2 is used to 

expand a traditional pavement management system adding crosswalks and bikeways, in order to 

address needs of both motorized and non-motorized transportation users.  

Figure 4.1 shows a flowchart with the MOS model process, where a traditional pavement 

management system is enhanced with targets for environmental and social sustainability. 
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Figure 4.1: Flowchart with MOS Enhancement of a Traditional Pavement Management System. 

(based on Smith 2009) 
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The overall framework with the proposed enhancements to incorporate sustainability is 

shown in Figure 4.2 and builds upon the components of a TAM system defined by FHWA 

(1999a).  

Goals and Policies

Asset Inventory

Condition 

Assessment

Alternatives 

Evaluation and 

Program 

Optimization

Project Selection

Program 

Implementation

Performance 

Monitoring
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Pavement Goals

    - improve air quality through a  

      timely maintenance of pavements

Crosswalk Goal

   - provide safe crossing opportunities   

     for pedestrians

Bikeway Goals  

    - maintain bikeways in good 

      condition

Pavement Inventory

   - functional class

   - traffic volume

   - area

Crosswalk Inventory

      - pedestrian crash data

      - distance from nearest marked 

        crosswalk (block length)

Bikeway Inventory

    - bikeway type

    - area, length

Pavement Condition Assessment

   - pavement condition index (PCI)

Performance 

Modeling

Pavement Performance Modeling

  - sigmoidal deterioration curve

Pavement Performance Monitoring

   - % of potential CO2 savings

   - % of pavements in poor condition

Bikeway Performance Modeling

  - sigmoidal deterioration curve

  - expected service life

Bikeway Condition Assessment

   - pavement condition index (PCI)

   - marking condition

Additional Performance Measures

     economic:            agency expenditures              asset condition

     environmental:   social cost of CO2

     social:                  jobs created                            level of non-motorized investment

Crosswalk Performance Monitoring

  - % of improved pedestrian crossing 

      opportunities

 - crosswalk network condition

Bikeway Performance Monitoring

- % of new bikeways implemented   

- network average condition

Pavement Target Objectives

 - maximum agency cost

 - % of potential emission savings

- % of pavements in poor condition

Crosswalk Target Objectives

 - maximum agency cost

 - % of new crosswalks implemented 

- minimum average network condition

Bikeway Target Objectives

 - maximum agency cost

 - % of new bikeways implemented

 - minimum average network condition
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   - marking condition

Crosswalk Performance Modeling

  - expected service life

- maximum agency cost - maximum agency cost - maximum agency cost

 

Figure 4.2: Multi-Objective Sustainable Model Overall Framework. (adapted from FHWA 

1999a) 
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The individual modules are discussed in the following sections. 

Goals and Policies 

Goals and policies determine the focus of the process.  

Goals describe the expectations that the TAM aims to achieve. In this case, a goal is 

chosen for each of the three assets (pavements, crosswalks, bikeways) considered in the analysis.  

The goal for pavements is to improve air quality through a timely maintenance of 

pavements. While traditional pavement management systems focus on pavement condition, the 

MOS model focuses also on reducing on-road CO2 emissions. Fuel consumption of a vehicle 

(and emissions) is correlated with pavement condition (Watanatada et al. 1987, FHWA 2000, 

Chatti and Zaabar 2010, Lidicker at el. 2013, Greene at al. 2013), therefore this goal will still 

keep the pavement network at best condition possible while also focusing on environmental 

aspects of air quality. The goal for crosswalks is to provide safe crossing opportunities for 

pedestrians by improving conditions at high risk locations. The bikeway goal is to maintain 

bikeways in good condition, because it affects the comfort and safety of bicyclists. 

Policies reflect the agency values and often include non-engineering or non-economic 

factors, such as predispositions to invest into certain assets or activities (FHWA 1999a). In this 

case, it is considered that policies are met by the agency and are consistent with the goals. 

Asset Inventory 

The inventory includes information about individual pavement, crosswalk, and bikeway 

assets. For pavements, the main information is section area, functional class, traffic volume, and 

condition. For crosswalks, pedestrian crash data is used to identify high-risk locations and their 

distance from the nearest marked crosswalk in order to assess which crosswalks need 

improvement. For bikeways, the bikeway type, area and length are major data in the inventory. 

For all assets, inventories usually include also information about location, material, construction 

date, and inspection history.  
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Condition Assessment and Performance Modelling 

Current condition of pavements and bikeways is assessed and projected to the future to 

identify the maintenance treatments over the planning period. There are several indices for 

measuring pavement condition, such as International Roughness Index (IRI), Present 

Serviceability Index (PSI), International Friction Index (IFI), Structural Number (SN), and 

Remaining Service Life (RSL). Pavement Condition Index (PCI) is used both for roadway 

pavements and bikeway pavements. Sigmoidal deterioration curve is used to predict deterioration 

of pavements, while a service life approach is used to predict deterioration of pavement markings 

in crosswalks and bikeways. 

Alternatives Evaluation and Program Optimization 

Four different types of scenarios are analyzed: All Funding, Do Nothing, Target-Driven, 

and Budget-Driven. 

All Funding First, the asset treatments and budget needs to preserve the infrastructure 

transportation network in an optimal level of service over the period of analysis are identified. 

For pavements that means maintaining the network average condition above PCI 80. For 

crosswalks, that means improving all high-risk locations.  For bikeways that means funding all 

new projects as well as maintaining the network average condition above PCI 80. No funding 

constraints are included in the analysis process.  

Do Nothing In this scenario, where no funding is allocated during the analysis period, 

shows the deterioration of condition and is considered the bottom line. All other scenarios will 

result in asset condition and budget needs between the All Funding (ideal) and Do Nothings 

(worst). Target-Driven and Budget-Driven analyses are conducted to quantify the impact on 

performance of different maintenance strategies and funding constraints. 

Target-Driven Scenario The pavement objective is to maximize CO2 emission savings 

with a target % of potential emission savings (compared to All Funding and Do Nothing 

scenarios). For crosswalks, the objective is to maximize the safety weighted effectiveness ratio 

with a target of a percentage of improved pedestrian crossing opportunities. For bikeways, the 
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objective is to maximize the bikeway weighted effectiveness ratio with a target of minimum 

bikeway average condition. 

Budget Scenario Budget Scenario considers a limited budget for maintenance treatments 

and predicts asset condition under the available budget. Pavement maintenance projects are 

ranked based on potential CO2 savings. Crosswalk improvement projects are ranked based on 

safety weighted effectiveness ratio (WERSAF) that takes into account the crosswalk importance, 

location, remaining service life, and cost of the improvement. Bikeway improvement projects are 

ranked based on bikeway weighted effectiveness ratio (WERBIK) calculated as the bikeway 

importance, location, remaining service life, and cost of the improvement. Pavement projects, 

crosswalk projects, and bikeway projects are ranked separately, however crosswalk and bikeway 

striping is coordinated with pavement rehabilitation whenever possible. 

Performance Monitoring 

At the end of the analysis, the following performance measures are recommended for 

each scenario: 

Pavements 

 agency cost 

 % of potential CO2 emissions saved 

 average network condition (% of pavements in poor/very poor condition) 

 social cost of CO2 

Crosswalks 

 agency cost 

 average network condition 

 % of crosswalks improved 

 level of non-motorized investment 

Bikeways 

 agency cost 

 average network condition 
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 % of new bikeways implemented 

 level of non-motorized investment 

4.2 Mathematical Formulation of the Multi-Objective Sustainable Model 

Before introducing the mathematical formulation, it is necessary to describe the 

frameworks. The MOS model consists of 3 frameworks. The first framework incorporates 

environmental sustainability into pavement management by taking into account on-road CO2 

emissions as a result of pavement condition. The second framework addresses social 

sustainability by focusing on the assets that serve to vulnerable road users, such as pedestrians 

and bicyclists. The social sustainability framework consists of two modules: a module for 

crosswalk management that analyzes pedestrian crash data to determine high-risk locations 

where a marked crosswalk would improve pedestrian safety, and coordinates the new crosswalk 

implementation or maintenance of existing crosswalks with pavement maintenance; and a 

module for bikeway management searches for the optimal timing for applying new or 

maintaining existing bikeway markings in coordination with pavement maintenance activities. 

The third framework estimates new jobs created based on the costs estimated for pavement, 

crosswalk, and bikeway improvements analyzed in the first two frameworks. Figure 4.3 shows 

the frameworks with their goals and target objectives. 
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Figure 4.3: Frameworks with Their Goals and Target Objectives. 

The MOS model aims to maintain the pavements, crosswalks and bikeways at the desired 

network state at the minimum cost, while taking into account environmental and social targets 

expressed in terms of potential CO2 emissions savings, improvements in pedestrian crossing 

opportunities, improvements in completeness of bikeway network, as well as state of good repair 

of pavements, crosswalks, and bikeways. Parameters in Table 4.1 are used to characterize the 

transportation network state and to set targets over the planning horizon.  
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Table 4.1:  Targets for Economic, Environmental and Social Sustainability. 

 
ECO-

NOMIC 
ENVIRONMENTAL SOCIAL 

 Asset 
Agency 

cost 

Percentage 

of potential 

CO2 

emission 

savings 

Percentage 

of 

pavements 

in poor/very 

poor 

condition 

Percentage of 

crosswalks 

that are 

improved 

Minimum 

average 

network 

service life of 

crosswalk 

markings in 

the entire 

crosswalk 

network 

Percentage 

of bikeway 

network 

completed 

Minimum 

average 

network 

service life 

of bikeway 

markings in 

the entire 

bikeway 

network 

 

 

Pavements  CP b 1 b 2 - - - - 

Crosswalks CC - - b 3 b 4 - - 

Bikeways CB - - - - b 5 b 6 

 

The sustainability enhancements in the MOS model include one goal for environmental 

sustainability (pavements) and two goals for social sustainability (one for crosswalks and one for 

bikeways). These goals are not meant to be accomplished at the same time, however there is a 

coordination between the assets, as Figure 4.3 suggests. The sustainability goals are as follows: 

Sustainability Goal I: Meet the Sustainability Target Objectives I-a and I-b by investing the 

minimum amount of funds (CP) while maximizing potential on-road CO2 emission savings (S): 

Minimize CP: ∑ 𝐸𝑈𝐴𝐶𝑖 ∗ 𝑋𝑖
𝑁
𝑖=1  

Maximize S: ∑ ∆𝐸𝑖 ∗ 𝑋𝑖
𝑁
𝑖=1  

subject to: 

Sustainability Target Objective I-a:  Percentage of potential CO2 emission savings. 

 
∑ (𝐸𝑁𝑖 − 𝐸𝑇𝑖)

𝑁
𝑖=1 𝑋𝑖

∑ 𝐸𝑃𝑂𝑇𝐸𝑁𝑇𝐼𝐴𝐿𝑖
𝑁
𝑖=1

≥  𝑏1 
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Sustainability Target Objective I-b:  Percentage of pavement network in poor/very 

poor condition. 

 
∑ 𝑎𝑖4 − 𝑞𝑖4

𝑁
𝑖=1 𝑋𝑖

𝑎𝑖
≤  𝑏2 

where: 

CP ……… objective function for minimizing pavement-related costs 

EUACi ……… Equivalent Uniform Annual Cost of a treatment on 

pavement section i, calculated as 𝐸𝑈𝐴𝐶 = 𝐶𝑂𝑆𝑇𝐹 ∗
𝑓(1+𝑓)𝑛

(1+𝑓)𝑛−1
  where 𝐶𝑂𝑆𝑇𝐹 = 𝐶𝑂𝑆𝑇𝑃 (

100+𝑓

100
)

𝑛

 

n ……… years of analysis, equals to RLAT or number of years from 

first analysis year to year of treatment 

f ……… inflation rate (in %) 

X i ……… 0 if pavement section i is not selected for a treatment, 1 

otherwise 

S ……… objective function for maximizing potential CO2 emission 

savings 

ΔE i ……… potential CO2 emission savings resulting from a 

maintenance treatment 

EN i ……… CO2 emissions estimated based on a pavement section i 

condition when a treatment is not applied 

ET i ……… CO2 emissions estimated based on a pavement section i 

condition when a treatment is applied 

EPOTENTIALi ……… maximum possible CO2 emission savings (ideal case, all 

funding) for pavement section i, estimated as a difference 

between Do Nothing scenario and All Funding scenario 

b1 ……… minimum percentage of potential CO2 savings 

ai4 ……… area of section “i” which condition is in poor/very poor 

condition 

qi4 ……… area of section “i” which is recovered from poor/very poor 

condition due to treatment 

ai ……… area of section “i” 
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b2 ……… maximum percentage of pavement network in poor/very 

poor condition (below PCI 50) 

 

Sustainability Goal II: Meet the Sustainability Target Objectives II-a and II-b by investing the 

minimum amount of funds (CC) while maximizing safety weighted effectiveness ratio 

(WERSAF): 

Minimize CC: ∑ 𝐸𝑈𝐴𝐶𝑙 ∗ 𝑋𝑙
𝑅
𝑙=1  

Maximize F: ∑ 𝑊𝐸𝑅𝑆𝐴𝐹 𝑙 𝑋𝑙
𝑅
𝑙=1  

subject to:  

Sustainability Target Objective II-a: Percentage of crosswalks that are improved. 

∑
𝑝𝑙 𝑋𝑙

𝑐𝑙

𝑅

𝑙=1

≥  𝑏3 

Sustainability Target Objective II-b: Minimum average network service life of 

crosswalk markings in the entire crosswalk network. 

∑
𝑅𝐿𝑙 + (𝛥𝑅𝐿𝑙 𝑋𝑙)

𝑅

𝑅

𝑙=1

≥  𝑏4 

where: 

CC ……… objective function for minimizing crosswalk-related costs 

EUACl ……… Equivalent Uniform Annual Cost of a treatment on 

crosswalk l, calculated as 𝐸𝑈𝐴𝐶 = 𝐶𝑂𝑆𝑇𝐹 ∗
𝑓(1+𝑓)𝑛

(1+𝑓)𝑛−1
  

where 𝐶𝑂𝑆𝑇𝐹 = 𝐶𝑂𝑆𝑇𝑃 (
100+𝑓

100
)

𝑛

 

n ……… years of analysis, equals to RLAT or number of years from 

first analysis year to year of treatment 

f ……… inflation rate (in %) 

X l ……… 0 if crosswalk l is not selected for an improvement, 1 

otherwise 

F ……… objective function for maximizing crosswalk safety 

weighted effectiveness ratio 

WERSAF l ……… safety weighted effectiveness ratio of crosswalk l 

c l ……… unmarked high-risk crosswalk l  

p l ……… crosswalk l moved to satisfactory state due to 

improvement 

b3 ……… % of improved crossing opportunities 
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RL l ……… remaining service life of crosswalk marking l  

ΔRL l ……… increase in remaining service life of crosswalk marking l 

due to maintenance 

b4 ……… minimum average remaining life for the entire crosswalk 

marking network 

Sustainability Goal III: Meet the Sustainability Target Objectives III-a and III-b by investing 

the minimum amount of funds CB while maximizing bikeway weighted effectiveness ratio 

(WERBIK). 

Minimize CB: ∑ 𝐸𝑈𝐴𝐶𝑘 ∗ 𝑋𝑘
𝑇
𝑘=1  

Maximize B: ∑ 𝑊𝐸𝑅𝐵𝐼𝐾 𝑘 𝑋𝑘
𝑇
𝑘=1  

subject to:  

Sustainability Target Objective III-a: Percentage of bikeway network completed. 

∑
𝑝𝑘 𝑋𝑘

𝑐𝑘

𝑇

𝑘=1

≥  𝑏5 

Sustainability Target Objective III-b: Minimum average network service life of 

bikeway markings in the entire bikeway network. 

∑
𝑅𝐿𝑘 + (𝛥𝑅𝐿𝑘 𝑋𝑘)

𝑇

𝑇

𝑘=1

≥  𝑏6 

where: 

 

CB ……… objective function for minimizing bikeway-related costs 

EUACk ……… Equivalent Uniform Annual Cost of a treatment on 

bikeway k, calculated as 𝐸𝑈𝐴𝐶 = 𝐶𝑂𝑆𝑇𝐹 ∗
𝑓(1+𝑓)𝑛

(1+𝑓)𝑛−1
  

where 𝐶𝑂𝑆𝑇𝐹 = 𝐶𝑂𝑆𝑇𝑃 (
100+𝑓

100
)

𝑛

 

n ……… years of analysis, equals to RLAT or number of years from 

first analysis year to year of treatment 

f ……… inflation rate (in %) 

B ……… objective function for maximizing bikeway weighted 

effectiveness ratio 

WERBIK k ……… weighted effectiveness ratio of bikeway k 

X k ……… 0 if bikeway k is not selected for an improvement, 1 

otherwise 

p k ……… bikeway section k to be moved from “non-existing” to 
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“existing” state due to improvement 

ck ……… number of new bikeway sections k to be implemented 

b5 ……… minimum completion level of the bikeway network 

RL k ……… remaining service life of bikeway markings on bikeway k 

ΔRL k ……… increase in remaining service life of bikeway markings on 

bikeway k due to maintenance 

b6 ……… minimum average remaining life of bikeway markings for 

the entire bikeway network 

In the following sections each of the frameworks is discussed in detail. Section 4.3 

discusses the framework for environmental sustainability in pavement management. Section 4.4 

focuses on the framework for social sustainability, which incorporates crosswalks and bikeway 

maintenance and synchronizes the treatments with pavement maintenance. Section 4.5 shows the 

framework for economic sustainability, where new jobs from maintenance activities are 

estimated. 

4.3 Framework for Environmental Sustainability 

There are several ways to address environmental sustainability in transportation, starting 

from urban planning and roadway engineering to resource extraction, material processing and 

transportation, use phase, maintenance, flora and fauna protection, and end-of life material 

recycling or reusing. This framework for environmental sustainability focuses entirely on 

pavement assets and the CO2 that is emitted by motorized vehicles travelling on the pavement 

surface. Transportation produced 27% of all CO2 emissions emitted in the U.S. in 2013 (EPA 

2015a). Vehicle fuel consumption and related emissions depends on several variable including 

but not limited to fuel, engine, vehicle weight, tire pressure, speed, and driving style. Several 

studies (Watanatada et al. 1987, FHWA 2000, Chatti and Zaabar 2010, Lidicker at el. 2013, 

Greene et al. 2013) suggest a tangible relationship between pavement roughness and fuel 

consumption. Therefore, fuel consumption and emissions are estimated from pavement 

roughness condition.  

 

Input Data 

Data used to estimate CO2 emissions are shown in Table 4.2.  
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Table 4.2: Overview of Input Data for Environmental Sustainability Framework 

Description Source 

Pavement condition (PCI) Inspection 

International Roughness Index [in/mi,m/km] Relationship between PCI and IRI (Dewan 2002, Park et el. 2007)  

VMT for analyzed sections Pavement management system database 

Speed [mph, kmph] Generalized, assumed constant 70 mph and medium size vehicle 

Fuel consumption [mL/km] HDM-4 estimates based on IRI (Chatti and Zaabar 2010) 

Lower heating value [gigajoule per liter] American Petroleum Institute 

Carbon emission factor [kg CO2 per gigajoule] Intergovernmental Panel on Climate Change (IPCC 2006) 

Social cost of CO2 [$ per metric ton of CO2] Interagency Working Group on Social Cost of Carbon (United 

States Government 2013) 

 

Methodology for Pavement Project Prioritization  

Fuel consumption of a vehicle is correlated with pavement condition (Watanatada et al. 

1987, FHWA 2000, Chatti and Zaabar 2010, Lidicker at el. 2013, Greene at al. 2013). Rolling 

resistance is one of several forces that affect the vehicle fuel consumption.  However, in urban 

areas where the speed limits are 30 mph (48km/h) for downtown, commercial and residential 

streets, and 35-45 mph (56-72 km/h) for arterials (San Francisco Transportation Code 2008); the 

effect of rolling resistance is larger than internal friction or air drag as shown in Figure 4.4. 

 

 

Figure 4.4: Energy Distribution in a Passenger Car versus Speed. (Chatti and Zaabar 2010) 

Residential streets are expected to carry less than 1,000 vehicles per day, collectors 

1,000-8,000 vehicles per day, and arterials 4,000-45,000 vehicles per day (Fort Worth 2009). 
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Residential streets carry on 68.6% of the total mileage on the U.S. roads, collectors 20.5%, 

arterials 9.5%, and the remaining mileage of 1.4% is carried by interstates and freeways (FHWA 

1996). 

It is considered that the better the pavement condition is (lower roughness), the lower the 

vehicle gas consumption will be; therefore, emissions are reduced when maintaining pavements 

in good condition. Although, there are several other factors influencing the vehicle gas 

consumption such as fuel, engine, vehicle weight, tire pressure, speed, driving style; 

generalizations are made to estimate the vehicle CO2 emissions for network level management 

decisions. The Pavement Condition Index (PCI) and International Roughness Index (IRI) are the 

most popular indices to define the pavement condition. PCI is defined as “a measure of the 

present condition of the pavement based on the distress observed on the surface of the pavement, 

which also indicates the structural integrity and surface operational condition (localized 

roughness and safety)” (ASTM D6433−11). PCI ranges from 0 (worst condition) to 100 (best 

possible condition). IRI is “an index computed from a longitudinal profile measurement using a 

quarter-car simulation at a simulation speed of 50 mph (80 km/h)” (ASTM E867−06). These 

two measures are not directly related since they are intended to evaluate two different aspects of 

pavement performance (condition, serviceability), however there are studies developed in 

attempt to find a relationship between PCI and IRI (Dewan 2002, Park et el. 2007). Some of the 

equations over predict the IRI value for PCIs below 50, and the results of the PCI-IRI equation 

are not reliable throughout the entire interval of PCI 0 to 100. Figure 4.5 shows an example of 

pavement in poor condition. 
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Figure 4.5: Example of a Pavement Section in Poor Condition (section ID 7, rated PCI 43). 

For the MOS model a simplification is made using as a reference IRI condition levels 

defined in the NCHRP Report 713 Estimating Life Expectancies of Highway Assets (Thompson 

et al. 2012) and the Mechanistic-Empirical Pavement Design Guide (AASHTO 2008). IRI 

condition levels in NCHRP 713 (Thompson et al. 2012) consider IRI ≤ 60 in/mi as very good, 

60<IRI≤94 as good, 94<IRI≤170 as fair, 170<IRI≤220 mediocre, and IRI > 220 as poor. 

Mechanistic-Empirical Pavement Design Guide (AASHTO 2008) classifies pavement condition 

into five categories (excellent, good, fair, poor, very poor), while only the last three categories 

have IRI thresholds: IRI>120 in/mi for fair condition, IRI > 170 for poor condition, and IRI > 

220 for very poor condition.  

Table 4.3 shows the adjusted conversion between PCI and IRI for the MOS model using 

expert judgement since the NCHRP and AASHTO values seem to be too strict for urban streets.  

 

  



 71 

Table 4.3: PCI to IRI Adjusted Conversion. 

Pavement 

condition 

levels 

PMS 

PCI condition 

levels 

IRI condition levels 

(NCHRP 713) 

IRI condition levels 

(AASHTO 2008) 

MOS model 

Adjusted Conversion 

PCI IRI [in/mi] IRI [in/mi] PCI 
IRI 

[in/mi] 

IRI 

[m/km] 

Good 70 < PCI 
IRI < 94 

(IRI < 1.49 m/km) 
undefined 

100 30 0.5 

90 61 1.0 

80 93 1.5 

71 121 1.9 

Fair 70 > PCI < 50 
94< IRI <170 

(1.49 <IRI< 2.7 m/km) 
undefined 

70 124 2 

60 156 2.5 

51 185 2.9 

Poor 50 < PCI < 25 
170 < IRI < 220 

(2.7 < IRI < 3.5 m/km) 

50 188 3.0 

40 215 3.4 

30 242 3.8 

26 249 3.9 

Very Poor 25 < PCI < 0 IRI > 220 (IRI > 3.5 m/km) 
25 255 4.0 

0 380 6.0 

 

In practice, transportation agencies using PCI as the primary index in their TAM should 

develop their own relationship between PCI and IRI, or add IRI as one of the primarily collected 

measures.  Alternatively, agencies could estimate IRI from the asset value. The HDM-4 study 

developed formulas to estimate asset value (AV) as a function of terminal IRI (TIRI), current IRI 

(CIRI), and initial IRI (IRI0) (Bennett 2000):  

AV = max (0,(TIRI-CIRI)) / (TIRI – IRI0) * initial cost of pavement 

 

However, more research is needed to demonstrate if that relationship can be used for 

urban streets. In the next step, IRI is associated with fuel consumption using HDM-4 estimates 

calibrated for U.S. conditions (Chatti and Zaabar 2010), as Table 4.4 shows. 
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Table 4.4: Effect of Roughness on Fuel Consumption. (Chatti and Zaabar 2010) 

 

Note: The study discusses three speeds 35 mph represents a speed limit in many urban areas, 

while 55 mph or70 mph represent speed limits on urban interstate sections in various states in the 

U.S. 

CO2 is chosen to represent the overall emissions since it accounts for 95% of mobile-

source emissions (SHRP 2013). CO2 emissions for gasoline, diesel, bio gasoline, biodiesel, 

natural gas, and propane by multiplying the fuel consumed by CO2 emission factors established 

by Intergovernmental Panel on Climate Change (IPCC 2006).  

Figure 4.6 summarizes the process of estimating CO2 emissions from motorized vehicles 

travelling on a pavement section of a certain condition.  
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Effect of roughness on fuel consumption

Pavement condition

Pavement 

Condition 

Index (PCI)

International 

Roughness 

Index (IRI)

convert to

HDM-4 fuel consumption adjustment 

factors for IRI levels
Source: Chatti and Zaabar 2010

IRI 

[m/km]

Fuel 

consumed

[L/km]

Lower heating value 

[gigajoule per liter]

Source: American Petroleum Institute

Carbon emission factor 

[kilogram CO2 per gigajoule]

Source: IPCC 2006

multiply

multiply

Estimate of CO2 emissions 

based on pavement condition

VMT = AADT * 365 days * section length

multiply

 

                    Note: Yellow: pavement management system data, blue: environmental sustainability 

Figure 4.6: Process to Estimate CO2 Emissions using IPCC Emissions Factors.  

The formula to estimate the CO2 emissions based on pavement condition is: 

𝐶𝑂2 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 = ∑ 𝑃𝐶𝐼𝑖 ∗ 𝑙𝑒𝑛𝑔𝑡ℎ ∗ 𝑓𝑢𝑒𝑙𝑓𝑎𝑐𝑡𝑜𝑟 ∗ 𝐴𝐴𝐷𝑇𝑖 ∗ 365 ∗ 𝐿𝐻𝑉 ∗ 𝐶𝐸𝐹

𝑁

𝑖=1
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where: 

PCIi ......... pavement condition of section i 

lengthi ......... section i length in miles 

fuelfactor ......... fuel consumption factor based on pavement condition, 

estimated based on HDM-4 fuel consumption factors 

(Chatti and Zaabar 2010) 

AADTi ......... annual average daily traffic at section i 

LHV ......... lower heating value (American Petroleum Institute) 

CEF ......... carbon emission factor (IPCC 2006) 

 

An alternative way is to use the Environmental Protection Agency models EMFAC2014 

(for CA, Emission Factors) or MOVES2014a (rest of U.S., Motor Vehicle Emission Simulator), 

to estimate CO2, hydrocarbons, oxides of nitrogen, and particulate matter. MOVES2014a 

includes thirteen vehicle types, six fuel types, urban and rural roads; and it can model various 

geographic bounds (national, state, or county), and vehicle activities (driving, idling and parking) 

(EPA 2015b). These models are more accurate, however as they are stand-alone, complex 

models, their implementation into pavement management models would be difficult and scenario 

runs would take considerably longer time. For that reason, the MOS uses a simplified method to 

estimate CO2 emissions. 

Finally, CO2 emissions are converted to dollars using estimates for 2010-2050. Federal 

agencies such as EPA use the “Social Cost of Carbon” (SCC) to estimate the benefits (value of 

damages avoided) of CO2 reductions. The SCC is an estimate of the monetized damages 

associated with an incremental increase in carbon emissions in a given year. It is intended to 

include (but is not limited to) changes in net agricultural productivity, human health, property 

damages from increased flood risk, and the value of ecosystem services due to climate change. 

There are several integrated assessment models (DICE FUND, PAGE) that estimate the SCC 

based on various factors, including predicted space heating, sea level rise, land loss, gross 



 75 

domestic product, and population. United States Government Interagency Working Group on 

Social Cost of Carbon developed original U.S. government’s SCC estimates based on 

simulations of five scenarios at three discount rates, using three different models (DICE, FUND, 

PAGE), and finally decided to use for regulatory analysis the values shown in Table 4.5 

(Interagency Working Group on Social Cost of Carbon, United States Government 2013).  

Table 4.5: Social Cost of CO2, 2010-2050, in 2007 Dollars per Metric Ton of CO2 

(Interagency Working Group on Social Cost of Carbon, United States Government 2013) 

Discount rate 
5.0%   3.0%  2.5%  

Year 

2010 $ 11 $ 33 $ 52 

2015 $ 12 $ 38 $ 58 

2020 $ 12 $ 43 $ 65 

2025 $ 14 $ 48 $ 70 

2030 $ 16 $ 52 $ 76 

2035 $ 19 $ 57 $ 81 

2040 $ 21 $ 62 $ 87 

2045 $ 24 $ 66 $ 92 

2050 $ 27 $ 71 $ 98 

 

Table 4.6 shows that different fuel types produce different amount of CO2 emissions. The 

most CO2 is produced by burning a gallon of diesel fuels (EIA 2015). 

Table 4.6: CO2 Produced by Fuel Burning (U.S. Energy Information Administration 2015) 

Fuel type CO2 emissions 

(1 metric ton = 2000 lb.) 

Gasoline (without ethanol) 19.64 lb./gal 

E10 (gasoline with 10% ethanol) 17.68 lb./gal 

Diesel 22.38 lb./gal 

Pure ethanol 12.72 lb./gal 

B20 (20% biodiesel, 80% petroleum diesel fuel) 20.22 lb./gal 

B100 (100% biodiesel) 20.13 lb./gal 
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Output 

CO2 emissions are calculated for a Do-Nothing Scenario and the alternative Target-

Driven or Budget-Driven Scenarios under consideration. It is expected that the All Funding 

scenario (with unlimited budget) will yield the highest reduction in CO2 emissions when 

compared to a Do-Nothing scenario. This reduction is considered the optimal situation with the 

highest savings on CO2 emissions. Reduction in CO2 emissions is then calculated for each 

pavement maintenance scenario. The agency expenditures, pavement condition, social costs of 

CO2, as well as jobs created are reported in Figure 4.7. 

 

Unconstrained Scenario

All Funding 

Scenario 1

Constrained Scenarios

Budget Driven 

Scenarios 2 & 3

Target Driven 

Scenario 4

Do Nothing / 

Zero Budget

% of All Needs 

Budget

Targets:

  % of possible emission 

savings

 % of pavement network 

in poor condition

Reporting

Agency expenditures

Pavement condition

CO2 emission savings

Social cost of CO2 

Jobs created

 

Figure 4.7: Pavement Scenarios and Performance Measures Recommended for the Reports.  

4.4 Framework for Social Sustainability 

The social sustainability framework brings a more holistic approach to transportation 

asset management decisions. When developing a sustainable model for asset management 
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pavement condition and resulting CO2 emissions, as well as community livability must be 

considered. 

“Livability” is a term that emerged among urban planners in the 1970s (Appleyard et al. 

2014) and is associated with the inclusion of non-motorized transportation into urban streets in 

order to provide multimodal transportation options. A livable neighborhood is one which people 

can depend on for safe, economical transportation choices that promote public heath, reduce oil 

dependency, greenhouse gases, improve air quality while enhancing the unique characteristics of 

the community (HUD 2015). Livability in its principles refers to physical community design and 

land use together with choice and opportunities for its residents and is correlated with quality of 

life and sometimes even used synonymously (Partners for Livable Communities 2015). There is 

also a connection between livability, which is more localized and place-based (Godschalk 2004) 

and sustainability, which seeks to “meet the needs of the present generation, without 

compromising the ability of future generations to meet their own needs” (Brundtland 1987) in 

three dimensions including environment, economy, and social equity. In the U.S. context, Ray 

LaHood, U.S. Department of Transportation Secretary, in 2009 described livable communities in 

terms of transportation as, “If people don’t want an automobile, they don’t have to have one” 

(Schor 2009).  

To reflect the basic livability principle of designing streets for multiple user groups, an 

advocacy group Smart Growth America coined the term “complete street”. Complete streets are 

(SmartGrowth America 2015): 

•“Designed and operated to enable safe access for all users, including pedestrians, 

bicyclists, motorists and transit riders of all ages and abilities.  

•“Easy to cross, walk to shops, and bicycle to work.”  

•“Allow buses to run on time and make it safe for people to walk to and from train 

stations.” 

Several cities in the U.S. have adopted the Complete Streets guidelines to accommodate 

motorized vehicles as well as pedestrians, and bicyclists. San Francisco adopted a Better Streets 
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Plan in 2010 to foster streets that will be “memorable, support diverse public life, vibrant places 

for commerce, promote human use and comfort, promote healthy lifestyles, safe, create 

convenient connections, ecologically sustainable, accessible, as well as attractive, inviting and 

well-cared for”.  

Schlossberg (2006) describes livability by connectivity, quality, proximity and safety. 

The MOS model focuses on two of the aspects – quality and safety. The social sustainability 

framework is inspired by the Better Streets Plan and Complete Streets principles. It 

accommodates the needs of pedestrians and bicyclists in transportation asset decisions by 

including crosswalk and bikeway management into a traditional pavement management system.  

The MOS model focuses on multimodal transportation and pedestrian safety as the major 

factors in livability that can be influenced through TAM. Improvements in multimodal 

transportation focus on maintaining bikeways in such condition that is safe and comfortable to 

ride on, while the need for safety improvements in pedestrian crossing opportunities is identified 

through crash data and existing marked crosswalks. 

This safety and multimodal transportation improvement is used as an example to show 

how pavement management can be enhanced by assets that are used by non-motorized users and 

also how safety data can be used to improve transportation infrastructure decisions. 

The following sections describe the livability framework, including multimodal 

transportation preservation and pedestrian safety modules. 
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4.4.1 Preserve Multimodal Transportation System 

Multimodal transportation system provides various choices for getting from one point to 

the other in an efficient, timely and safe manner to users of all abilities and ages. Modes of 

motorized transportation include personal vehicles (both privately owned or shared), 

motorcycles, bus transit, light-trains, street cars, tramways, long-distance bus charters and 

airplanes. While non-motorized modes of transportation include walking and bicycling. This 

module will focus on assets that serve to a non-motorized users group of bicyclists in order to 

improve their safety and comfort.  

For bicyclists, the riskiest time of the day is late afternoon until the end of day, since 56% 

of fatalities occur between 3pm and midnight (NHTSA 2015b). Total separation of bicyclists 

from motorized traffic is the most protective approach (GHSA 2014). However, when physical 

separation is not feasible, there are several bikeway designs that enhance bicyclist safety. Such as 

bicycle lanes; streets with calm traffic that run in parallel to major arterials, called bicycle 

boulevards; bicycle boxes at intersections which increase bicyclists visibility and reduce right-

turn crashes (GHSA 2014).  

Potholes, cracking, debris, gravel and drainage grates in the bicyclist travel way are some 

examples of factors that can endanger bicyclist safety. It is important to regularly sweep sections 

where bicycle traffic is anticipated and address any surface distresses that may force bicyclist to 

unexpectedly change riding path or lose control.  

Parked vehicles and dooring are potentially dangerous to bicyclists and prevented by 

accounting for a buffer zone during road striping activities (Hunter et al. 1996, Nabors et al. 

2012). Routing bicyclist traffic through well-lit streets with fewer stops, less motorized traffic 

and protected bicycle lanes can improve bicyclist comfort as well as overall mobility.  

Crashes occurring due to motorist failing to yield to bicyclist while turning right or left, 

can be addressed with increasing visibility of bicyclists in intersections through painted markings 

and green boxes at the stop line which gives bicyclists a lead advance for their movements once 

the signal changes to green. Running stop signs or red lights is a frequent type of crash, where 
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bicyclist does not stop in attempt to conserve energy or because traffic signal detectors are not 

calibrated to register bicycle traffic (Nabors 2012). Intersection design with smaller radius which 

encourages lower speeds, as well as well marked lanes and bicycle boxes with detection of 

bicycles make the movements more predictable and encourage courtesy among motorists and 

bicyclists. 

The multimodal module focuses on infrastructure quality for bicyclists, selected to 

represent non-motorized users. While on-road bikeway facilities include bicycle boulevards, 

bicycle lanes, shared lanes and paved shoulders (AASHTO 2012), the MOS model focuses on 

bicycle lanes, which are defined as “a proportion of roadway that has been designated for 

preferential or exclusive use by bicyclists by pavement [bikeway] markings” (AASHTO 2012). 

Assets that are linked to quality of bicyclist facilities include bikeway pavements, bikeway 

markings, lighting, and wayfinding. This study focuses on the quality of bikeways, specifically 

on bicycle lane pavement and marking condition. In future research, it is desirable to add other 

assets and bikeway types as they also play a crucial role in the safety and comfort of bicyclists. 

The MOS model focuses on existing bikeways (pavements and markings), as well as 

installation of new bikeways according to applicable local, regional, and State Bicycle Plans, 

coordinated with pavement resurfacing projects. 

Input Data 

Figure 4.8 shows an example of the input data categories needed in the bikeway quality 

module. Data categories include quality and additional two categories to account for roadway 

sections characteristics and other features (construction cost, maintenance cost, and remaining 

service life). 
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Bikeway Quality Input Data

Quality OtherSection 

Characteristics

Construction cost
Bikeway pavement condition index

Functional class

Street purpose

Maintenance cost

Remaining service life

Bikeway marking condition

 

Figure 4.8: Bikeway Quality Input Data with Section Characteristics and Other Data. 

Table 4.7 shows an overview of the data format for the bikeway quality module.  

Table 4.7: Overview of Data Format for the Bikeway Quality Module. 

Quality 

Description Format 

Existing bikeway pavement condition:  Good (PCI 100-85), fair (PCI 84-65), poor (64-0) 

Existing bikeway marking condition: Remaining life [years] 

Section Characteristics 

Description Format 

Section type Purpose: priority (part of a bikeway network) 

               general 

Functional class: arterial, collector, residential 

Other 

Construction cost (bikeway) Agency records 

Maintenance cost (bikeway) Agency records 

Remaining service life (bikeway) Agency records 

The data input into the bikeway quality module includes information about condition of 

existing bikeway pavements and bikeway striping, rated on a scale good, fair and poor. Some of 

the pavement distresses that bicycle tires are sensitive to include potholes and cracking, but also 

debris, gravel and drainage grates in the bicyclist travel can endanger bicyclist safety. Pavement 

condition is assessed with a Pavement Condition Index (PCI), where PCI 100-85 is considered as 

good condition, PCI 84-65 is considered as fair condition, and anything below that is poor 

condition. A surrogate performance measure is used to assess the bikeway marking condition, 

due to limited data on assessing pavement marking condition. Therefore, the bikeway marking 

condition is approximated by an average remaining life (RL), which indicates the time until next 
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maintenance treatment. While for individual bikeway sections the RL can range between 4 years 

(brand new) to 0 years (maintenance due), the network average RL is expected below 4 years.  

The bikeway quality module process to prioritize projects is shown in Figure 4.9. 

 

Calculate WERBIK

Bicycle Plan

Needed new 

bikeways

Needed maintenance 

of existing bikeways 

(pavement, marking)

Assign asset 

importance 

(IMPAS)

Assign location 

importance 

(IMPLOC)

Assign cost and 

remaining life 

(COST and 

RLAT)

Coordinate 

timing with 

pavement 

maintenance

Coordinate 

timing with 

pavement 

maintenance

Allocate 

available budget

Asset Inventory 

Database

Bikeway 

pavement in fair 

condition?
Do Nothing, follow 

regular pavement/

marking maintenance 

schedule

YES
Bikeway 

marking in fair 

condition?
YES

NONO

  

Figure 4.9: Bikeway Quality Module Processes to Prioritize Projects. 
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Methodology for Bikeway Project Prioritization  

In the bikeway quality module, two street section purpose categories are defined: 

 Priority section: bicyclist movement prioritized, includes bikeways identified in 

applicable local, regional, and State Bicycle Plans. 

 General section: all other sections. 

The bikeway quality module process for the needs analysis requires two data sources: 

 Asset inventory database 

 Bikeway plan 

The desired bikeway quality characteristics are aimed towards providing a well-

maintained pavements and striping on bikeways.  

Timing of construction of new bikeways as identified in applicable local, regional, and 

State Bicycle Plans is coordinated with pavement resurfacing projects, to find the best timing to 

construct the bikeway within the planning period when funding is available. According to 

FHWA (2016d), “installing bicycle facilities during roadway resurfacing projects is an efficient 

and cost-effective way for communities to create connected networks of bicycle facilities.” 

Improvements needed on existing bikeway pavements and striping are identified through 

an asset inventory database. These maintenance improvements are prioritized based on a 

bikeway weighted effectiveness ratio (WERBIK). That is calculated by using the asset importance 

index (IMPAS), asset importance of location (IMPLOC), cost and remaining service life after the 

improvement. 

An asset importance index (IMPAS) is assigned to each improvement as shown in Table 

4.8. Weights for each asset distinguish between needs for maintenance of existing assets and 

implementation of new assets. In this example, maintaining the bikeway pavement in good 

condition has the highest importance, followed by new bikeway marking and bikeway marking 

maintenance. Since each agency has their specific priorities, decision makers are encouraged to 
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assign their own weights to customize the asset importance. Construction of a new pavement for 

bikeway is not considered in this module.  

Table 4.8: Example of Asset Importance (IMPAS). 

Asset 
Asset Importance Index (IMPAS) 

New Maintenance 

Bikeway marking 0.9 0.8 

In addition, the importance of location (IMPLOC), is considered as shown in Table 4.9. 

The location importance index prioritizes improvements in street sections that would be 

beneficial to larger bicyclist traffic in links identified by applicable local, regional, and State 

Bicycle Plans. 

Table 4.9: Example of Location Importance (IMPLOC). 

Functional class Street purpose Location Importance Index (IMPLOC) 

Arterial General 0.55 

 Priority 1 

Collector General 0.55 

 Priority 1 

Residential General 0.55 

 Priority 1 

Commonly used materials for bikeway marking include paint, epoxy resin, inlay tape and 

thermoplastics, each of them with different cost and expected service life. For the purpose of this 

study it is assumed that all bikeways are marked with thermoplastic paint. Table 4.10 shows the 

assumed unit costs and service life used in the MOS model for bikeway quality improvement. 

Table 4.10: Example of Unit Costs and Remaining Life. (based on FHWA 2016d) 

Asset 
Unit Cost Remaining Life [years] 

New Maintenance New Maintenance 

Bikeway striping $100,000/mi $51,000/mi 4 4 
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Mathematical Formulation 

All candidate bikeway improvements, including new bikeway markings as well as 

maintenance of existing markings and pavements, are prioritized based on the bikeway weighted 

effectiveness ratio (WERBIK) that can be calculated as follows: 

 

𝑊𝐸𝑅𝐵𝐼𝐾 = 1000 ∗ 𝐼𝑀𝑃𝐴𝑆 ∗  𝐼𝑀𝑃𝐿𝑂𝐶 ∗
1

𝑅𝐿𝐴𝑇
∗

1

𝐸𝑈𝐴𝐶
 

where: 

 

IMPAS …….. asset importance index 

IMPLOC ……  location importance index 

RLAT ……… remaining service life after implementation or maintenance 

EUAC…….. Equivalent Uniform Annual Cost,  

calculated as 𝐸𝑈𝐴𝐶 = 𝐶𝑂𝑆𝑇𝐹 ∗
𝑓(1+𝑓)𝑛

(1+𝑓)𝑛−1
  

where 𝐶𝑂𝑆𝑇𝐹 = 𝐶𝑂𝑆𝑇𝑃 (
100+𝑓

100
)

𝑛

 

n ………….. years of analysis, equals to RLAT or number of years from first analysis 

year to year of treatment 

f …………... inflation rate (in %) 

COSTF……..  future inflated costs (unit costs at analysis date) 

COSTP……..  present costs (unit costs current at the first analysis year) 

 

Sensitivity analysis in TopRank® indicates that the equivalent uniform annual cost 

(EUAC), which reflects the future unit cost spread over the service life, has the greatest impact, 

followed by the location importance and asset importance, as Figure 4.10 shows. 
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Figure 4.10: Sensitivity Analysis Results for WERBIK. 

Finally, the bikeway quality improvement projects are prioritized based on WERBIK, as 

Figure 4.11 shows. Since the paint of bikeway markings has the best adhesion to a new pavement 

surface which results in better performance, it is desirable that maintenance of these two assets is 

synchronized. For that reason, bikeway implementation and maintenance can be delayed up to 2 
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years from the original due date in those cases that would lead to application of pavement 

maintenance and bikeway maintenance in the same year. Projects selected for funding are added 

to the list of budgeted improvements. City of Portland (1998) recommends conducting public 

meetings to discuss the identified improvements with the community. It is also important to 

coordinate the improvements across asset categories to ensure the optimal timing of the 

application. For example, bikeway markings have a longer service life when applied to a newly 

resurfaced pavement, therefore it is desirable to coordinate bikeway installations with paving 

program (FHWA 2016d). Those improvements that do not receive funding are back-logged and 

wait to compete for funding in the next budget cycle. 
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Figure 4.11: Summary of the Bikeway Quality Module. 
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4.4.2 Improve Pedestrian Safety 

Safety is an important factor for pedestrians in the decision whether to walk or drive. Not 

only traffic safety related to crashes, ease of crossing and traffic speed, but also fear of crime is 

included in their decisions (Park et al. 2014).  

According to the latest NHTSA report on pedestrian safety, almost 70% of pedestrian 

fatalities happen at non-intersections (NHTSA 2015a). Night is most risky for pedestrians, as 

72% fatalities occur during dark hours (NHTSA 2015a). Majority of crash risk types for 

pedestrians is characterized by five crash-type categories (Hunter et al. 1996, NHTSA 2008): 

Midblock: pedestrian struck while crossing midblock, as illustrated in Figure 4.12.  

 

 

Figure 4.12: Midblock Pedestrian Crash Type (FHWA 1997, FHWA 2006). 

Motorist’s view could be obstructed by trees, parked vehicles, or low levels of lighting. 

Locations with higher risk of this crash type include neighborhood streets, proximity of a school 

or a park, as well as streets that do not have crossing points every 300 ft. maximum, since 

research has shown that pedestrians are willing to go not more than 150 ft. out of their way 

(Burden 2001). Likelihood of crash increases with number of lanes, since drivers in all 

intersecting lanes need to yield to a pedestrian in order to cross in a safe manner. Pedestrian 

crossing islands can provide an opportunity to cross two-way streets in two separate steps, with 
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the aim of reducing the risk of crash by 40% (FHWA 2006). Also an advance stop/yield line 

located 30 to 50 ft. before the crosswalk, accompanied by YIELD HERE TO PEDESTRIANS 

sign, can help to identify which cars are going to stop so that the pedestrian can safely cross 

(FHWA 2006). Another way to improve pedestrian safety is to reduce the roadway width at the 

crosswalk by using curb extensions and making pedestrians more visible by reducing the 

distance to cross by up to 6ft from each direction (Mead et al. 2014, FHWA 2006). Curb 

extensions are used in locations with parallel parking. For multilane streets with high traffic 

volumes a pedestrian signal is necessary to create a gap to cross for pedestrians (FHWA 2006). 

Streets with road diets, where the number of lanes is reduced, are easier to cross for pedestrians, 

due to “shorter effective crossing, fewer lanes to cross, and slightly slower motor vehicle traffic 

speeds” (FHWA 2006). For residential streets, traffic calming with “speed tables, speed humps, 

traffic circles, chokers, and chicanes” (FHWA 2006) can reduce the travel speeds to a range 

safer for pedestrians. Transit stops “should be placed where it is possible for a pedestrian to 

cross safely at or very near the bus stop” (FHWA 2006), in order to improve the accessibility for 

pedestrians.   

Not in roadway: these crashes include failures to yield to pedestrians in sidewalks, 

driveways (as Figure 4.13 shows), parking lots and alleys.  

 

Figure 4.13: Not-in-Roadway Pedestrian Crash Type (FHWA 1997, FHWA 2006). 



 91 

Sidewalks should not be interrupted in driveways and should continue with at least a 3 ft. 

wide level passage to comply with ADA requirements (FHWA 2006, FHWA 2002b). Driveway 

frequency should be minimized to reduce the construction and maintenance costs of level 

passages and also reduce the conflict points for pedestrians (FHWA 2006). 

Walking along road: As Figure 4.14 shows, in sections without sidewalks or paved 

shoulders, pedestrians are forced to walk along the road, either with or against the direction of 

traffic.  

 

Figure 4.14: Walking Along Roadway Pedestrian Crash Type (FHWA 1997, FHWA 2006). 

Width of at least 6 ft. for paved shoulders and at least 5 ft. for sidewalks (at least 6 ft. 

along arterials) is recommended (AASHTO 2011, FHWA 2006).  

Intersection: pedestrian struck while crossing at an intersection while motorist’s view 

was blocked. Figure 4.15 shows an example of such crash type.  
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Figure 4.15: Intersection Dash Pedestrian Crash Type (FHWA 1997, FHWA 2006). 

Safety improvements to make pedestrian crossing easier include pedestrian crossing 

islands, advance stop/yield lines, curb extensions, as mentioned in the midblock dash section 

(FHWA 2006). Crossing distance at intersections for pedestrians can be reduced by tighter 

turning radius for motorists, or by combining right-turn slip lanes with pork-chop islands 

(FHWA 2006). Single ADA ramps leading to the middle of intersection should be avoided and 

rather ramps at each corner with a maximum radius of 25 ft. are preferred (FHWA 2006). Right-

turn slip lanes with pork-chop islands give pedestrians an opportunity to check first for incoming 

vehicles in the red-turn lane, stop at the island and then check for a gap in the other lanes. 

Vehicle turn/merge: pedestrian struck at a crosswalk while vehicle was turning or 

merging, as Figure 4.16 illustrates.  

 

Figure 4.16: Vehicle Turn/Merge Pedestrian Crash Type (FHWA 1997, FHWA 2006). 
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This crash type is frequent at intersections with allowed right turn on red, when motorist 

fails to yield to pedestrian who is crossing on green signal. Conflicts between turning vehicles 

and pedestrians can be minimized by giving walk signal 3 to 7 seconds before the conflicting 

phase (Barnes 2014). 

Crosswalks present an opportunity for pedestrians to cross a street and by law, crosswalks 

exist at all right angle intersections (at the end of a block), whether marked or unmarked (City of 

San Francisco 2010). Marked crosswalks can be painted or created by using a special paving 

material to distinguish it from the rest of the roadway. Pedestrian safety on marked crosswalks 

can be enhanced by placing pedestrian warning signs, advance stop and yield signs, adding 

flashing beacons, or pedestrian signals (City of San Francisco 2010), as well as reducing the 

crossing distance with curb extensions. Since sidewalks are usually above the roadway level, 

curb ramps provide a continuous transition between the two levels “for people using 

wheelchairs, strollers, walkers, crutches, handcarts, bicycles, and pedestrians who have trouble 

stepping up and down high curbs” (City of San Francisco 2010). City of San Francisco has 

implemented an American with Disabilities Act (ADA) transition plan for converting ADA non-

compliant existing curb ramps to required slopes and dimensions.  

Marked crosswalks can be also located mid-block.  Blocks larger than 600 ft. create a 

perception of isolation and need adequate pedestrian crossing opportunities (Ewing and Cervero 

2010). Adequate midblock crossing points every 300 ft. allow easy and safe crossing for 

pedestrians, who are usually not willing to go more than 150 ft. out of their way to cross a street 

(Burden 2001). Figure 4.17 shows pedestrians who took the shortest route regardless of a nearby 

crosswalk, potentially due to faded paint of the crosswalk markings.  
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Figure 4.17: Pedestrians in San Francisco Crossing Outside of a Crosswalk. 

Input Data 

Based on the Better Streets Plan, the pedestrian-oriented criteria that the City of San 

Francisco uses for prioritization of street improvements include high crash areas, transit hubs, 

schools, senior centers, deficient neighborhoods, areas with accessibility gaps, and areas with 

high pedestrian volume such as tourist destinations and recreational facilities (City of San 

Francisco 2010). The safety module focuses on pedestrian safety by analyzing safety data to 

determine where pedestrian crossing opportunities could be improved by striping of new marked 

crosswalks as well as maintaining the existing ones. 

Figure 4.18 shows an example of the input data categories needed in the safety module. 

Data categories include safety, and additional two categories to account for roadway 

characteristics and other features such as the construction cost, maintenance cost, and remaining 

service life of the crosswalk. 
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Safety Sub-module Input Data

Safety OtherSection 

Characteristics

Construction cost

Functional class

Roadway width

Annual Daily Traffic

Crosswalk spacing

Crash data

Street purpose

Maintenance cost

Remaining service lifeCrosswalk condition

 

Figure 4.18: Livability Input Data with Section Characteristics and Other Data. 

Table 4.11 shows an overview of the data format for the safety module.  

Table 4.11: Overview of Data Format for Safety Module. 

Safety 

Description Format 

Existing crosswalk condition:  Remaining service life [years] 

Existing crosswalk characteristics:  Spacing [ft.] 

Desired crosswalk characteristics: For purpose types and functional classes – desired spacing 

Pedestrian safety trigger: Maximum number of mid-block pedestrian collisions in the last 5 years 

Crash data for roadway section: Transportation Injury Mapping System (TIMS), TransBase 

Section Characteristics 

Description Format 

Section type Purpose: priority (proximity of school /hospital / transit / retail),     

               general 

Functional class: arterial, collector, residential 

Roadway width [ft.], traffic volume [ADT], posted speed [mi/hr] 

Other 

Construction cost (crosswalk) Agency records 

Maintenance cost (crosswalk) Agency records 

Remaining service life (crosswalk) Agency records 

The data input into the safety module includes information about condition of existing 

crosswalk markings. A surrogate performance measure is used to assess the crosswalk marking 

condition, due to limited data on assessing pavement marking condition. Therefore, the 

crosswalk marking condition is approximated by an average remaining life (RL), which indicates 

the time until next maintenance treatment. 
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The need for new crosswalks is identified on sections with two or more mid-block 

pedestrian crashes, and existing crosswalk characteristics above the desired crosswalk spacing 

which is setup to 300 ft. in the MOS model for all functional classes (after VDOT 2004). The 

source of crash data for San Francisco is the Transportation Injury Mapping System (TIMS) and 

TransBase. Alternatively, not only crash data but also neighborhood needs requests can be 

considered when assessing the need for crosswalk improvements (City of Portland 1998). 

The process to prioritize projects in the pedestrian safety module is shown in Figure 4.19, 

which is discussed in the following section. 
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Figure 4.19: Safety Module Processes to Prioritize Projects. 
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Methodology for Crosswalk Project Prioritization  

The safety `module process for identifying the needed improvements uses two data 

sources: 

 Crash data (Transportation Injury Mapping System (TIMS), TransBase) 

 Asset inventory database 

The aim is to identify sites where the pedestrians are most at risk, therefore crash data, such 

as date, time, location, severity and collision cause are extracted from the TIMS and TransBase 

databases. Sections with more than two mid-block crashes involving a pedestrian in the last five 

years are checked for compliance with crosswalk spacing requirements. If the crosswalk spacing is 

above the required maximum, then a need for a new marked crosswalk is created. “Striped 

crosswalks indicate a legal and preferred crossing for pedestrians, and may be installed at 

intersections or midblock locations. Motorists often fail to yield to pedestrians at these crossing 

points so marked crosswalks are often installed to warn motorists to expect a pedestrian crossing 

ahead and also to indicate a preferred crossing location to pedestrians” (FHWA 2013c). 

Table 4.12 shows the desired crosswalk spacing and the pedestrian collision thresholds 

for different functional classes and street purpose categories.  

Streets are categorized into two zones, depending on their purpose: 

 Priority zone: includes streets in the proximity of schools, parks, hospitals, transit 

stops, and retail, where pedestrian movement is prioritized. 

 General zone: all other streets. 

The crosswalk spacing targets are chosen to follow the crosswalk spacing of 300 ft. 

recommended by Burden (2001). General zones do not have any desired crosswalk spacing. 

Sections with two or more collisions involving pedestrians are considered as not meeting the 

desired crosswalk characteristics, regardless of their zone. Additionally, for streets with more than 

3 lanes and ADT above 9,000 vehicles; or streets with ADT above 12,000, FHWA (2005b) 

recommends complementing new marked crosswalks with other improvements such as warning 
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signs, flashers, raised medians, traffic signals, raised crossings, street narrowing, nighttime 

lighting.  

 

Table 4.12: Desired Crosswalk Characteristics by Functional Class and Street Purpose. 

Functional class Zone 
Crosswalk Pedestrian safety 

Desired crosswalk spacing Pedestrian collision threshold 

Arterial 
General - 2 or more collisions 

Priority 300 ft. 2 or more collisions 

Collector 
General - 2 or more collisions 

Priority 300 ft. 2 or more collisions 

Residential 
General - 2 or more collisions 

Priority 300 ft. 2 or more collisions 

The desired crosswalk characteristics are aimed towards providing opportunities for 

pedestrians to safely cross the street. In order to improve pedestrian safety, more factors could be 

included such as sidewalk width, buffer zone between sidewalks and travel lanes, lighting, tree 

coverage, and crossings at intersections.  

Improvements needed on existing crosswalks are identified through an asset inventory 

database. These maintenance improvements are prioritized based on a safety weighted 

effectiveness ratio (WERSAF). That is calculated by using the asset importance index (IMPAS), 

asset importance of location (IMPLOC), cost and remaining service life after improvement. 

An asset importance index (IMPAS) is assigned to each improvement as shown in Table 

4.13. Weights for each asset distinguish between needs for maintenance of existing assets and 

implementation of new assets. In this example, the painting of a new crosswalk is assigned with 

the highest importance. However, since each agency has their specific priorities, decision makers 

are encouraged to assign their own weights to customize the asset importance. 
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Table 4.13: Example of Asset Importance (IMPAS). 

Asset 
Asset Importance Index (IMPAS) 

New Maintenance 

Crosswalk 1 0.8 

In addition, the importance of location (IMPLOC), is considered as shown in Table 4.14. 

The location importance index prioritizes improvements in crosswalks located at street sections 

that would be beneficial to larger pedestrian traffic in the proximity of schools, parks, hospitals, 

transit stops, or retail. 

Table 4.14: Example of Location Importance (IMPLOC). 

Functional class Street zone Location Importance Index 

(IMPLOC) 

Arterial General 0.55 

 Priority 1 

Collector General 0.55 

 Priority 1 

Residential General 0.55 

 Priority 1 

Commonly used materials for crosswalks include paint, epoxy resin, inlay tape and 

thermoplastics, each of them with different cost and expected service life. For the purpose of this 

study it is assumed that all crosswalks are marked with paint. Table 4.15 shows the assumed unit 

costs and service life used in the MOS model. The crosswalk striping is expected to last 3 years, 

after which needs to be re-painted. It is assumed that the cost of re-painting is equal to the cost of 

implementation of a new crosswalk. 

 

Table 4.15: Example of Unit Costs and Service Life. 

Asset 

Median Unit Cost [each] 

Source: FHWA 2013c 
Service Life [years] 

Source: FHWA 2013d 

New Maintenance New Maintenance 

Crosswalk $340 $340 3 3 
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Mathematical Formulation 

All candidate crosswalk improvements, including new marked crosswalks as well as 

maintenance of existing crosswalks, are prioritized based on the safety weighted effectiveness 

ratio (WERSAF) that can be calculated as follows: 

 

𝑊𝐸𝑅𝑆𝐴𝐹 = 1000 ∗ 𝐼𝑀𝑃𝐴𝑆 ∗  𝐼𝑀𝑃𝐿𝑂𝐶 ∗
1

𝑅𝐿𝐴𝑇
∗

1

𝐸𝑈𝐴𝐶
 

where: 

 

IMPAS …….. asset importance index 

IMPLOC ……  location importance index 

RLAT ……… remaining service life after implementation or maintenance project 

EUAC…….. Equivalent Uniform Annual Cost,  

calculated as 𝐸𝑈𝐴𝐶 = 𝐶𝑂𝑆𝑇𝐹 ∗
𝑓(1+𝑓)𝑛

(1+𝑓)𝑛−1
  

where 𝐶𝑂𝑆𝑇𝐹 = 𝐶𝑂𝑆𝑇𝑃 (
100+𝑓

100
)

𝑛

 

n ………….. years of analysis, equals to RLAT or number of years from first analysis 

year to year of treatment 

f …………... inflation rate (in %) 

COSTF……..  future inflated costs (unit costs at analysis date) 

COSTP……..  present costs (unit costs current at the first analysis year) 

 

Sensitivity analysis in TopRank® indicates that equivalent uniform annual cost (EUAC), 

which reflects the future unit cost spread over the service life, has the greatest impact, followed 

by the location importance and asset importance, as Figure 4.20 shows. 
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Figure 4.20: Sensitivity Analysis Results for WERSAF. 

Finally, the crosswalk improvement projects are prioritized based on WERSAF, as Figure 

4.21 shows. Similarly to bikeway markings, the paint for crosswalk markings has the best 

adhesion to a new pavement surface which results in better performance, and it is desirable that 

maintenance of these two assets is synchronized. For that reason, crosswalk implementation and 

maintenance can be delayed by 1 year from the original due date in those cases that would lead 

to application of pavement and crosswalk treatments in the same year. Projects selected for 

funding are added to the list of budgeted improvements. City of Portland (1998) recommends 
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conducting public meetings to discuss the identified improvements with the community. It is also 

important to coordinate the improvements across asset categories to ensure the optimal timing of 

the application. For example, a marked crosswalk should not be placed right before a pavement 

overlay scheduled in the same section. Those improvements that do not receive funding are 

back-logged and wait to compete for funding in the next budget cycle. 
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Figure 4.21: Summary of the Safety Module. 
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4.5 Framework for Economic Sustainability 

The economic sustainability framework focuses on estimating how many new jobs are 

created based on the level of funding that pavements, bikeways, and crosswalks receive.  

Maintenance jobs create significant amount of blue-collar jobs that helps to reduce 

unemployment rates of vulnerable populations. In this module, job creation is estimated from the 

funding allocated to pavements, bikeways, and crosswalks each year of the analysis period. 

Input Data 

Data used for the estimates are shown in Table 4.16. 

Table 4.16: Overview of Input Data for Job Creation Estimates. 

Description Source 

Median jobs per $1M of maintenance project SHRP Report S2-C03-RR-1 (construction only, 5 to 90 jobs per 

$1M), San Jose Memorandum 2013 (construction only, 18 jobs 

per $1M), NYSDOT website (construction only, 24 jobs per 

$1M) 

 

Methodology for Job Creation Estimates  

As Figure 4.20 shows, funds allocated each year of the analysis are multiplied by the job 

creation factor determined by the agency. The Transportation California estimates that one 

billion dollars invested in road construction and maintenance creates 18,000 jobs. (City of San 

Jose 2013). The estimation of jobs created can be reported for each of the maintenance strategies 

or budget scenarios, as shown in Figure 4.21. 

 



 106 

Funds allocated 

in each year of 

analysis

Job creation factor

multiply by

Estimate of jobs 

created

Job creation factor, by default: 18,000 jobs 

per $1,000,000,000 

Source: City of San Jose 2013

Show number of new jobs created in 

reports

 

Figure 4.22: Process of Job Creation Estimation. 

 

 

Figure 4.23: Example of Potential Reporting of Job Creation Estimation in StreetSaver®. 

Mathematical Formulation 

𝑗𝑜𝑏𝑠 = 𝑐𝑜𝑠𝑡𝑡𝑜𝑡𝑎𝑙 ∗ 𝑓𝑎𝑐𝑡𝑜𝑟𝑗𝑜𝑏𝑐𝑟𝑒𝑎𝑡𝑖𝑜𝑛  
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4.6 Summary 

This chapter has reviewed and summarized how sustainability aspects can be 

implemented into transportation asset management, namely pavement management, as well as 

bikeway and crosswalk management systems.  

There are several ways to address sustainability in transportation, starting from urban 

planning and roadway engineering to resource extraction, material processing and transportation, 

use phase, maintenance, flora and fauna protection, and end-of life material recycling or reusing. 

The MOS model framework for environmental sustainability focuses entirely on pavement assets 

and the CO2 that is emitted by motorized vehicles travelling on the pavement surface. 

There are several aspects to economic, environmental and social sustainability, as 

discussed in Figure 2.1, including effectiveness; wider economic benefits; air, noise, water, and 

light pollution; community livability; accessibility; and equity. However, for the purpose of the 

MOS model, the economic sustainability is measured by creation of new jobs, agency 

expenditures, and level of funding for non-motorized modes; the environmental sustainability is 

measured by on-road CO2 emissions and the social cost of CO2; while social sustainability aims 

to foster livability by improving pedestrian safety and preserving multimodal transportation 

infrastructure. The MOS model focuses on multimodal transportation and pedestrian safety as 

the major factors in livability that can be influenced through TAM by enhancing a pavement 

management by other assets, such as crosswalks and bikeways. Improvements in multimodal 

transportation focus on maintaining bikeways in such condition that is safe and comfortable to 

ride on, while the need for safety improvements in pedestrian crossing opportunities is identified 

through crash data and existing marked crosswalks. This safety and multimodal enhancement is 

used as an example to show how pavement management can be enhanced by assets that are used 

by non-motorized users and also how safety data can be used to improve transportation 

infrastructure. 
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Chapter 5: Application of the Multi-Objective Sustainability Model 

The MOS model introduced in Chapter 4 is used to complement an existing pavement 

management system StreetSaver® developed by the Metropolitan Transportation Commission in 

Oakland, CA. The MOS model adds crosswalks and bikeways into the management process and 

provides a more holistic view on transportation asset management that takes into account not 

only motorized vehicles, but also pedestrians and bicyclists. 

5.1 Integration of the Multi-Objective Sustainable Model into StreetSaver® Pavement 

Management System 

The MOS model enhances StreetSaver’s pavement management by estimating CO2 

emissions resulting from network condition, as well as jobs creation based on funding allocated 

to maintenance activities. 

“The MTC StreetSaver™ Pavement Management Program Software was developed to 

provide decision support tools related to pavement assets for local agencies. It includes the 

following major elements: 

a. Inventory of basic data related to existing pavements 

b. Condition assessment and calculation of the PCI for pavement surfaces 

c. Determination of work needed (programmed maintenance, rehabilitation, and 

reconstruction) and funds required to complete that work 

d. Identification of candidate projects that would provide the best return on funds 

allocated to work on existing pavements 

e. Analysis of several measures of impacts from various alternative funding 

scenarios 

f. Determination of current value of pavements using the GASB straight-line 

approach 

g. Database management needed to enter, store, retrieve, and generate reports 

related to the above“ (Smith 2014). 
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The StreetSaver® process with the proposed enhancements to incorporate sustainability 

is shown in Figure 5.1.  

 

social

Cross-Asset Coordination

StreetSaver environmentalMulti-objective Sustainable Model (MOS)

Pavement Inventory

Decision Tree

Needs Analysis

  - unlimited budget

Budget Driven (BD) Scenario

  - limited budget

Target Driven (TD) Scenario

  - min. network avg. PCI

Performance Measures (PMs)

  - agency expenditures

  - PCI

Bikeway Inventory Crosswalk Inventory

Bikeway 

Decision Tree

Crosswalk 

Decision Tree

Pavement Needs Bikeway Needs Crosswalk Needs

Pavement BD Bikeway BD Crosswalk BD

Pavement TD Bikeway TD Crosswalk TD

Pavement PMs

  - agency expenditures

  - condition (PCI)

  - gallons saved/displaced

  - CO2 emission savings

  - social cost of CO2

  - jobs created

Bikeway PMs

  - agency expenditures  

  - level of non-motorized investment

  - pavement condition

  - marking condition

  - % of network completeted 

  - jobs created

Crosswalk PMs

 - agency expenditures

 - level of non-motorized investment

 - marking condition

 - crosswalk improvements

 - jobs created

Condition Assessment
Bikeway

Condition Assessment

Crosswalk

Condition Assessment

economic

 

Figure 5.1: Multi-Objective Sustainable Model Enhancement for StreetSaver®. 

The individual modules are discussed in the following section. 

Inventory and Condition Assessment 

An inventory includes information about individual assets, such as their location, 

material, construction date, inspection history, and condition. The StreetSaver® pavement 

inventory information that is used in the MOS model includes: section ID, year of construction, 

surface type, length, area, and condition. Bikeway inventory information that was collected for 

the MOS model includes: bikeway ID, remaining service life, and length. Crosswalk inventory 
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information that was collected for the MOS model includes: crosswalk ID, and remaining service 

life. 

Current condition is assessed and projected to the future to identify the maintenance 

needs over the planning period. The StreetSaver® pavement condition model is based on a 

sigmoidal deterioration curve for deterioration. The MOS model assumes linear condition 

deterioration based on the asset age for bikeway markings and crosswalk markings. 

Needs Analysis 

The first step in the analysis is to identify the network treatment and budget needs to 

preserve the infrastructure transportation network in an optimal condition over the period of 

analysis.  No funding constraints are included in the analysis process, therefore the scenario that 

reflects that is called All Funding. StreetSaver® only considers the pavement condition in the 

criteria for the All Funding Scenario and aims to maintain the network average condition at PCI 

80 or above. For crosswalks, the unconstrained All Funding scenario means improving all high-

risk locations.  For bikeways, the All Funding scenario provides funding to all new projects as 

well as maintains the network average condition above PCI 80. 

After establishing the All Funding scenario, alternative Target-Driven, and Budget-

Driven scenarios analyses are conducted to quantify the impact on performance of different 

condition and funding constraints. The opposite of All Funding scenario is the Do Nothing 

scenario. 

Budget-Driven Scenario 

StreetSaver® Budget-Driven scenario considers a limited budget for maintenance 

treatments and predicts asset condition under the available budget. Maintenance actions are 

ranked based on weighted-effectiveness ratio (WER) and compete for available budget. WER 

takes into account the functional class, treatment annualized cost (EUAC), and treatment 

effectiveness (condition improvement and service life extension after treatment) (Smith 1996). 
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In the MOS model, pavement maintenance projects are ranked based on potential CO2 

savings. Crosswalk improvement projects are ranked based on safety weighted effectiveness 

ratio (WERSAF) that takes into account the crosswalk importance, location, remaining service 

life, and cost of the improvement. Bikeway improvement projects are ranked based on bikeway 

weighted effectiveness ratio (WERBIK) calculated as the bikeway importance, location, 

remaining service life, and cost of the improvement. 

Target-Driven Scenario 

Traditional StreetSaver® Target-Driven scenarios include four individual targets: 

minimum pavement condition index (PCI), minimum remaining service life, minimum 

percentage of network in very good condition, and maximum percentage of network in poor 

condition.   

In the MOS model, the goal for pavements is to maximize CO2 emission savings with a 

target objective % of potential emission savings (compared to All Funding and Do Nothing 

scenarios) and a target objective % of pavements in poor and very poor condition. For 

crosswalks, the goal is to maximize the safety weighted effectiveness ratio with a target objective 

of a percentage of improved pedestrian crossing opportunities and a target objective of minimum 

average network service life. For bikeways, the goal is to maximize the bikeway weighted 

effectiveness ratio with a target objective of minimum bikeway average condition and a target 

objective of minimum average network service life. 

Performance Measures 

StreetSaver® uses three performance measures: PCI, remaining service life, and agency 

expenditures. The MOS model reports for each pavement scenario also on-road CO2 emission 

savings, social cost of CO2, and jobs created. For bikeway scenarios the MOS model indicates 

not only the agency expenditures but also the level of investment into non-motorized 

transportation infrastructure, as well as the condition on bikeway pavements and markings, the 

percentage of completed bikeway network, and jobs created. In crosswalk scenarios are reported 
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agency expenditures, level of investment into non-motorized transportation infrastructure, 

crosswalk marking condition, funded crosswalk improvements, and jobs created. 

Solving Technique 

Approaches to solving multi-objective problems can range from ranking techniques to 

optimization. Many pavement management systems prefer ranking to prioritize funding 

allocation, as “optimization techniques are often perceived as too complex, and answers 

provided by these methodologies are not well understood by local agencies” (Chang 2007). A 

ranking technique, called the Dynamic Bubble-Up (Chang 2007) is used to prioritize the projects 

in the MOS model. Projects are ranked based on their potential CO2 emission savings 

(pavements), safety weighted effectiveness (crosswalks), or bikeway weighted effectiveness 

(bikeways). Then for each year of the analysis projects are selected starting with the project with 

the highest potential benefits until the target objectives are reached or the funds are exhausted for 

each of the three asset types. 

The analyses are performed for a 10-year period. Any sections in need of a treatment that 

do not receive funding are deferred to future years until receiving or exhausting the funds. This 

process is repeated over the period of analysis. 

5.2 Case example of MOS Application for the City of San Francisco 

The case example shows the application of the MOS model on selected sections from the 

City of San Francisco database. San Francisco is a city that is interested in approaches that 

incorporate sustainability into transportation asset management decisions and is in the process of 

implementing the use of crash data in transportation planning. Data retrieved from San Francisco 

StreetSaver® database, Google Earth, TransBase crash database, Transportation Injury Mapping 

System (TIMS) database, as well as from on-site visits are taken as a reference to build the case 

example.  

The application of the Multi-Objective Sustainability (MOS) model is demonstrated in an 

example including 77 block-long sections (74 arterial, 1 collector, and 2 residential streets) and 
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three different assets: pavements, crosswalks and bikeways. The pavement sections are selected 

based on the location of crosswalks and bikeways that can be analyzed in the MOS model. Each 

of the pavement sections has a crosswalk or a bikeway associated with it. 

 Figure 5.2: Location of Pavement Sections, Crosswalks and Bikeways (New and Existing). 

Table 5-1 shows the selected sections with assets including pavements, crosswalks and 

bikeways. 
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Table 5.1: Sections and Assets Selected for the Case Study. 

MOSM 

ID 
Street 

Functional 

Class (FC) 
Pavement Crosswalk Bikeway 

1 Farallones St Residential Existing Existing   

2 S. Van Ness Ave Arterial Existing Existing   

3 18th St Collector Existing Existing, New   

4 Geneva Ave Arterial Existing Existing, New Existing  

7 Mission St Arterial Existing New   

9 17th St Residential Existing New   

10 Brannan St Arterial Existing Existing, New   

400a 

Geneva Ave Arterial 

Existing   Existing 

400b Existing   Existing 

400c Existing   Existing 

400d Existing   Existing 

400e Existing   Existing 

400f Existing   Existing 

400g Existing   Existing 

400h Existing   Existing 

400i Existing   Existing 

410a 

Valencia St Arterial 

Existing   Existing 

410b Existing   Existing 

410c Existing   Existing 

410d Existing   Existing 

410e Existing   Existing 

420a 

Market St Arterial 

Existing   Existing 

420b Existing   Existing 

420c Existing   Existing 

420d Existing   Existing 

420e Existing   Existing 

420f Existing   Existing 

420g Existing   Existing 

420h Existing   Existing 

430a 

16th St Arterial 

Existing   Existing 

430b Existing   Existing 

430c Existing   Existing 

430d Existing   Existing 

430e Existing   Existing 

430f Existing   Existing 

430g Existing   Existing 

430h Existing   Existing 

430i Existing   Existing 

430j Existing   Existing 

430k Existing   Existing 

430l Existing   Existing 
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Table 5.1: Sections and Assets Selected for the Case Study (continued). 

MOSM 

ID 
Street 

Functional 

Class (FC) 
Pavement Crosswalk Bikeway 

440a 

Polk St Arterial 

Existing   Existing 

440b Existing   Existing 

440c Existing   Existing 

440d Existing   Existing 

440e Existing   Existing 

440f Existing   Existing 

440g Existing   Existing 

440h Existing   Existing 

440i Existing   Existing 

440j Existing   Existing 

440k Existing   Existing 

440l Existing   Existing 

440m Existing   Existing 

1000a 

7th St Arterial 

Existing   New 

1000b Existing   New 

1000c Existing   New 

1000d Existing   New 

1000e Existing   New 

1000f Existing   New 

1000g Existing   New 

1000h Existing   New 

1010a 

5th St Arterial 

Existing   New 

1010b Existing   New 

1010c Existing   New 

1010d Existing   New 

1010e Existing   New 

1010f Existing   New 

1010g Existing   New 

1010h Existing   New 

1010i Existing   New 

1010j Existing   New 

1010k Existing   New 

1010l Existing   New 

1010m Existing   New 

1010n Existing   New 

1010o Existing   New 

 

The case example includes a comparison of various scenarios incorporating sustainability 

goals, target objectives, and budget constraints as described in Chapter 4. The MOS finds the 
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minimum budget to reach the target objectives (Target-Driven Scenarios), or prioritize funding 

allocation for given budgets (Budget-Driven). 

The case study focuses on three types of assets: pavements, crosswalks and bikeways, in 

order to showcase how transportation assets can be handled in a holistic approach that includes 

also pedestrians and bicyclists to the traditionally motorized-vehicle oriented decision-making. 

Pavement sections are analyzed in the environmental sustainability model, where the 

maintenance cost and on-road vehicle CO2 emissions resulting from pavement condition are 

analyzed under various scenarios.  Existing and planned crosswalks and bikeways are analyzed 

in the social sustainability model. The analysis period is 10 years to illustrate the process.  

 

5.2.1 Environmental Sustainability 

The model for environmental sustainability is applied to maintenance practices of the 

previously selected 77 pavement sections in order to estimate CO2 emissions for various 

maintenance scenarios. General data description for the 77 pavement sections, that were selected 

as an example to illustrate the MOS model, is shown in Table 5.2. There are 74 arterial, 1 

collector, and 2 residential sections. All sections are asphalt concrete overlay of a rigid pavement 

(AC/PCC), and are one block long with their actual length ranging from 56 ft. to 2,393 ft. The 

total length of all 77 sections is about 5.3 center miles. The width of the pavement sections 

ranges from 24 ft. to 77 ft. accommodating between 2 and 5 travel lanes. The Average Daily 

Traffic (ADT) ranges between 1300 vehicles per day to 53,515 vehicles, depending on the 

section. The total ADT on these sections is about 1,114,057 vehicles per day. The current 

pavement network condition is described by the Pavement Condition Index (PCI), where PCI 

100 is the best condition and PCI 0 is the worst condition. For this network the initial PCI ranges 

from 31 to 90, with an average PCI of 69.  
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Table 5.2 General Data for Pavement Sections. 

MOSM ID 
Functional 

Class (FC) 
Surface Type Length [ft.] Width [ft.] 

Average 

Daily Traffic 

(ADT) 

[vehicles/day] 

Initial 

Pavement 

Condition 

Index (PCI) 

1 Residential AC-PCC 1028 36 1300 36 

2 Arterial AC-PCC 588 58 8000 52 

3 Collector AC-PCC 660 38 12200 75 

4 Arterial AC-PCC 2393 37 9900 75 

7 Arterial AC-PCC 553 56 12000 34 

9 Residential AC-PCC 281 46 8400 83 

10 Arterial AC-PCC 905 60 4100 56 

400a Arterial AC-PCC 277 34 9418 71 

400b   278 35 9730 71 

400c   276 34 9384 68 

400d   276 32 8832 64 

400e   277 38 10526 71 

400f   279 34 9486 71 

400g   275 34 9350 52 

400h   262 35 9170 62 

400i   276 36 9936 71 

410a Arterial AC-PCC 581 63 36603 77 

410b   584 62 36208 77 

410c   584 62 36208 77 

410d   584 62 36208 79 

410e   285 63 17955 69 

420a Arterial AC-PCC 711 25 17775 45 

420b   452 26 11752 31 

420c   519 25 12975 35 

420d   135 26 3510 67 

420e   778 24 18672 49 

420f   93 25 2325 61 

420g   857 27 23139 53 

420h   844 24 20256 47 

430a Arterial AC-PCC 541 72 38952 74 

430b   695 77 53515 75 

430c   533 64 34112 72 

430d   280 59 16520 76 

430e   186 60 5580 75 

430f   93 60 2790 67 

430g   92 59 5428 71 

430h   180 59 10620 65 

430i   288 59 16992 72 

430j   280 59 16520 72 

430k   280 59 16520 58 

430l   278 60 16680 37 
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Table 5.2 General Data for Pavement Sections (continued). 

MOSM ID 
Functional 

Class (FC) 

Surface 

Type 
Length [ft.] Width [ft.] 

Average Daily 

Traffic (ADT) 

[vehicles/day] 

Initial 

Pavement 

Condition 

Index (PCI) 

440a 

Arterial AC-PCC 

190 49 9310 70 

440b 171 46 7866 70 

440c 173 45 7785 69 

440d 171 45 7695 68 

440e 344 48 16512 69 

440f 172 49 8428 70 

440g 170 50 8500 71 

440h 174 50 8700 65 

440i 169 50 8450 66 

440j 174 49 8526 74 

440k 170 48 8160 70 

440l 172 48 8256 72 

440m 173 48 8304 63 

1000a 

Arterial AC-PCC 

240 48 11520 76 

1000b 408 51 20808 73 

1000c 219 62 13578 90 

1000d 190 62 11780 89 

1000e 226 61 13786 88 

1000f 633 61 38613 79 

1000g 226 61 13786 86 

1000h 407 61 24827 87 

1010a 

Arterial AC-PCC 

224 70 15680 75 

1010b 191 68 12988 75 

1010c 218 63 13734 76 

1010d 217 63 13671 76 

1010e 196 62 12152 73 

1010f 221 62 13702 75 

1010g 224 62 13888 79 

1010h 56 62 3472 90 

1010i 76 62 4712 90 

1010j 58 62 3596 90 

1010k 219 62 13578 81 

1010l 219 63 13797 78 

1010m 413 62 25606 77 

1010n 322 62 19964 74 

1010o 313 60 18780 77 

   Total: 30,149 Average: 51 Average: 15,418 Average: 69 

5.2.1.1 Pavements: All Funding and Do-Nothing Scenarios 

The All Funding Scenario is assumed to yield the maximum CO2 emission savings 

possible since there are no budget restrictions. Pavement treatments are assigned based on the 

decision tree, as Figure 5.3 shows. The needed pavement treatments over the 10-year analysis 
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period include mill and fill, as well as mill and fill with base repairs. While this maintenance 

policy can be applicable for a particular agency, in general it is recommended to apply also 

preventive maintenance treatments in the condition interval between PCI 100 and PCI 70. 

Preventive maintenance, when properly applied, can extend pavement service life (FHWA 

2004). Table 5.3 shows the optimal timing of treatments for the selected sections. 

Arterial/Collector/

Residential

MILL&FILL $57.85/sq.yd.

MILL&FILL/BASE REPAIRS $65.51/sq.yd.

MILL&FILL/BASE REPAIRS $104.16/sq.yd.
PCI 25

PCI 50

PCI 70

AC/PCC

 

Figure 5.3: Decision Tree for Treatments, AC/PCC Pavement Type. 

Table 5.3: Optimal Timing of Maintenance Treatments. 
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Table 5.3: Optimal Timing of Maintenance Treatments (continued). 
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Table 5.3: Optimal Timing of Maintenance Treatments (continued). 

In the All Funding Scenario, all sections receive the treatment that they need at the right 

time, which maintains them in the best condition possible and yields the highest CO2 emission 

savings. On the other hand, the Do Nothing Scenario estimates the CO2 emissions when no 

pavement treatments are applied to the sections. Table 5.4 shows the CO2 emissions generated 

under each scenario and the potential CO2 emissions savings over the 10-year analysis period. In 

years 2021, 2023, 2024 and 2025 there are no treatments due for the All Funding scenario, 

because all sections have PCI above 70, and according to the decision tree in Figure 5.3, no 

treatments are scheduled for a PCI between 100 and 71. 

 

Table 5.4: CO2 Emissions for the All Funding and Do Nothing Scenarios (2016-2025 Total). 

Year 

All Funding Scenario 1-P Do Nothing Scenario 2-P Comparison 

Budget 

Network 

Average 

PCI 

Budget 

Network 

Average 

PCI  

Maximum 

Potential CO2 

Savings from On-

Road Vehicles  

[tons/year] 

CO2 Savings “All 

Funding” vs. “Do 

Nothing” Scenario 

[% of total CO2 

Savings from On-

Road Vehicles] 

2016  $2,671,102   77  $ 0  66   147  1.5% 

2017  $1,372,849   79  $ 0  64   243  2.5% 

2018  $1,925,273   84  $ 0  61   270  2.8% 

2019  $1,823,232   88  $ 0  59   333  3.5% 

2020  $903,110   88  $ 0  57   365  3.8% 

2021 $ 0  86  $ 0  54   325  3.4% 

2022 $170,363  84  $ 0  51   320  3.3% 

2023 $ 0  83  $ 0  49   346  3.6% 

2024 $ 0  81  $ 0  46   343  3.5% 

2025 $ 0  79  $ 0  43   377  3.9% 

 
Total: 

$8,865,929 

Average:  

PCI 83 

Total:  

$0 

Average:  

PCI 55 

Total:  

3,068 tons 
 

Note: On-road vehicle emissions were estimated based on the traffic volume (AADT, annual average 

daily traffic) which did not distinguish between vehicle categories, since the data was used for network-

level decisions. 
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In the case of All Funding Scenario 1-P, the total budget of $8.9 million is spent over 10 

years, which results in average network PCI of 83 and 93,400 tons of CO2 emissions produced 

over the analysis period. The Do Nothing Scenario 2-P assumes that no treatments are applied 

during the analysis period and the network deteriorates, which cause higher pavement roughness, 

which leads to higher CO2 emissions from on-road vehicles. For this case, the network PCI in the 

last year of analysis is as low as 43 and the resulting CO2 emissions produced are 96,468 tons. In 

comparison, by applying maintenance treatments when they are due (All Funding Scenario), up 

to 3,068 tons of CO2 (3% of the total) can be saved over the 10-year analysis period. The 

performance of other scenarios will be measured towards the maximum possible savings of 

3,068 tons is assumed as 100% savings. Figure 5.4 shows the budget and PCI over the analysis 

period for both scenarios. 

Figure 5.4: Impact of Budget on PCI in All Funding Scenario and Do Nothing Scenario. 
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5.2.1.2 Pavements: Budget-Driven Scenarios 

Budget-Driven Scenarios aim to maximize the CO2 emission savings under a limited 

budget. Four Budget-Driven scenarios are run using the MOS model to maximize CO2 emission 

savings for the available funds: 

 Scenario 3-1-P: available budget is 84% of the total 10-year budget Needs 

 Scenario 3-2-P: available budget is 69% of the total 10-year budget Needs 

 Scenario 3-3-P: available budget is 49% of the total 10-year budget Needs 

 Scenario 3-4-P: available budget is 34% of the total 10-year budget Needs 

The available funding was selected based on a percentage of the desired scenario with 

unlimited funding. The percentage of 84%, 69%, 49%, and 34% were randomly selected to 

represent different funding levels. Pavement sections with the highest potential for CO2 emission 

savings are selected using the Dynamic Bubble Up ranking method. Table 5.5 shows the 

summary of CO2 emission savings for each scenario. 

Table 5.5: Budget-Driven CO2 Emission Saving Scenarios Inputs and Outputs. 

INPUT OUTPUT 

Scena

-rio 

Available Budget or 

Agency Cost 

(% of All Funding) 

Emission 

Savings  

(% of 

maximum 

possible 

throughout the 

analysis 

period) 

Average % 

of 

Pavements 

in Poor or 

Very Poor 

Condition 

(throughout 

the analysis 

period) 

Average 

Network 

Remaining 

Life 

(throughout 

the analysis 

period) 

Critical 

Remaining 

Life (Year) 

Backlog at 

the end of 

2025 

3-1-P $     7,457,173 (84%) 76% 9% 24.02 20.06 (2016) $1,408,756 

3-2-P $     6,098,411 (69%) 47% 19% 23.26 20.06 (2016) $2,780,152 

3-3-P $     4,330,157 (49%) 32% 23% 22.47 20.06 (2016) $3,408,584 

3-4-P $     3,046,625 (34%) 22% 25% 21.92 19.23 (2024) $4,056,030 

 

Figure 5.5 shows CO2 emission savings and percentage of pavement sections in 

good/fair/poor and very poor condition for each of the budget scenarios. 
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Figure 5.5: Pavement Network Condition and CO2 Emission Savings for Different Budget-Driven Scenarios.
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Under Scenario 1 (All Funding) the condition of the pavement network improves to 

100% in good condition by year 2020 and also the emission savings are 100%.  

Scenario 2 (Do Nothing) causes the pavement condition to deteriorate, so by year 2025, 

40% of pavements are in poor condition and there are no emission savings due to maintenance.  

Scenario 3-1 (84% Funding) partially improves the network condition to 90% in good 

condition, however 9% stay in poor/very poor condition as there is not sufficient funding to 

apply all needed maintenance treatments. The average emission savings during the analysis 

period from Scenario 3-1 are on average 76% compared to the ideal emission savings in the All 

Funding Scenario 1. 

Scenario 3-2 (69% Funding) partially improves the network condition to 77% in good 

condition; however, 20% stay in poor/very poor condition as there is not sufficient funding to 

apply all needed maintenance treatments. The average emission savings during the analysis 

period from Scenario 3-2 are on average 47% compared to the ideal emission savings in the All 

Funding Scenario 1. The spike in emission savings in year 2019, which is most visible in this 

scenario, is caused by the many delayed sections that are finally improved in 2019. This spike 

can be also observed in Scenarios 3-1 ,3-3, and 3-4. 

Scenario 3-3 (49% Funding) maintains the percentage of pavements in good condition 

around its initial level; however, the number in poor/very poor condition increases to 25% as 

there is not sufficient funding to apply all needed maintenance treatments. The average emission 

savings during the analysis period from Scenario 3-3 are on average 32% compared to the ideal 

emission savings in the All Funding Scenario 1. 

Scenario 3-4 (34% Funding) causes the percentage of pavements in good condition to 

decrease to 42% from initial 55%, and the number in poor/very poor condition increases to 32% 

as there is not sufficient funding to apply all needed maintenance treatments. The average 

emission savings during the analysis period from Scenario 3-4 are on average 22% compared to 

the ideal emission savings in the All Funding Scenario 1. 
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A non-linear relationship between agency costs and emission savings is observed for 

Budget-Driven Scenarios. Figure 5.6 indicates an exponential relationship and it this particular 

case, the steepest increase in emission savings is for funding levels between 69 and 84 percent.  

 

Figure 5.6: Exponential Relationship Between Agency Costs and Emission Savings. 

A non-linear relationship is also observed between agency costs and pavement condition 

for Budget-Driven Scenarios. Figure 5.7 indicates an exponential relationship and it this 

particular case, the steepest improvement in pavement condition is for funding levels between 69 

and 84 percent.  
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Figure 5.7: Exponential Relationship Between Agency Costs and Pavement Condition. 

 

5.2.1.3 Pavements: Target-Driven Scenarios 

Target-Driven Scenarios aim to reach a target objective, expressed in terms of CO2 

emission savings and maximum percentage of pavements in poor and very poor condition, with 

the minimum budget. Three Target-Driven scenarios are run using the MOS model:  

 Scenario 4-1-P: at least 90% of possible maximum emissions are saved compared to 

Do Nothing Scenario, and the percentage of pavements in poor or very poor condition 

(PCI below 50) is no more than 10% 

 Scenario 4-2-P: at least 80% of possible maximum emissions are saved compared to 

Do Nothing Scenario, and the percentage of pavements in poor or very poor condition 

(PCI below 50) is no more than 10% 
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 Scenario 4-3-P: at least 40% of possible maximum emissions are saved compared to 

Do Nothing Scenario, and the percentage of pavements in poor or very poor condition 

(PCI below 50) is no more than 15% 

Table 5.6 shows the summary of funding allocated and emission savings. 

Table 5.6: Target-Driven Scenarios Inputs and Outputs. 

TARGET OBJECTIVES OUTPUT 

Scena-

rio 

Emission 

Savings  

(% of 

maximum 

possible) 

Average % 

of 

Pavements 

in Poor or 

Very Poor 

Condition 

Allocated Budget or 

Agency Costs 

(% of All Funding) 

Resulting 

Emission 

Savings  

(% of 

maximum 

possible) 

Resulting 

Average % of 

Pavements in 

Poor or Very 

Poor Condition 

(throughout the 

analysis period) 

Backlog at 

the end of 

2025 

4-1-P 90% 10% $    8,021,292 (90%) 93% 6% $844,637 

4-2-P 80% 10% $    6,815,587 (77%) 84% 8% $1,050,353 

4-3-P 40% 15% $    5,993,824 (68%) 47% 15% $2,252,443 

 

Figure 5.8 shows CO2 emission savings for each of the Target-Driven scenarios. 

Scenarios 1 (All Funding) and 2 (Do Nothing) are shown for reference when comparing what is 

the best and worst possible condition. 

Scenario 4-1, with a target objective of no more than 10% of pavements in poor/very 

poor condition and a target objective of at least 90% of possible emission savings, maintains the 

percentage of pavements in poor condition at 6% and emission savings at 93% on average during 

the analysis period. The total allocated budget in this scenario is $8.0 million, which is 90% of 

the ideal cost in Scenario 1 (All Funding). 

Scenario 4-2, with a target objective of not more than 10% of pavements in poor/very 

poor condition and a target objective of at least 80% of possible emission savings, maintains the 

percentage of pavements in poor condition at no more than 9% during the analysis period, and 

emission savings are 84% compared to the ideal emission savings in the All Funding Scenario 1. 
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The total allocated budget in this scenario is $6.8 million, which is 77% of the ideal cost in 

Scenario 1 (All Funding).  

 

Figure 5.8: Minimum Budget for Target-Driven CO2 Emission Savings Scenarios. 

Scenario 4-3, with a target objective of not more than 15% of pavements in poor/very 

poor condition and a target objective of at least 40% of possible emission savings, maintains the 

percentage of pavements in poor condition at 15% and emission savings at 47% on average 

during the analysis period. The total allocated budget in this scenario is $6.0 million, which is 

68% of the ideal cost in Scenario 1 (All Funding). 
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Similar plots as for the Budget Driven in Figure 5.7 could be developed also for Target-

Driven scenarios. However, in this situation, the challenge is showing three variables together: 

emission savings, pavement condition, and agency cost. 

 

5.2.1.4 Pavements: Interpretation of the Results  

Since the fuel consumption depends on the pavement condition, the emission savings are 

correlated with the level of funding allocated for pavement treatments. The more funding is 

allocated to maintenance, the lower the CO2 emissions are. Figure 5.9 shows the funding levels 

in accumulated budget allocated throughout the 10-year analysis period, as well as the 

performance in emission savings and pavement network condition.
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Figure 5.9: Performance in Emission Savings and Condition versus Allocated Budget for Pavement Scenarios.
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Table 5.7 shows the overview of agency expenditures, average pavement condition (PCI), 

total on-road emissions, and social cost of CO2 for each of the six scenarios.  

Scenario 1-P shows the desired scenario where all needed treatments are applied in a 

timely manner. It costs $8.8 million to maintain the average network PCI at 83 throughout the 

analysis period. Good condition of the pavement leads to the lowest on-road CO2 emissions of 

93,400 tons which can be translated into the social cost of CO2 equal to $4.02 million. 

Scenario 2-P maintains the average network PCI at 55 and results in the maximum on-

road CO2 emissions, 96,486 tons. They are 3.2% higher than the minimum emissions achieved in 

Scenario 1-P. The difference in social cost between these two scenarios is also 3.2%. Since the 

social cost of CO2 is calculated as on-road emissions multiplied by the cost, it is observed that 

these two measures are correlated. Converting CO2 emissions to the social cost of CO2 allows a 

direct comparison with agency pavement maintenance costs. Anytime when agency costs are 

lower than the resulting social cost of CO2, it is an indicator of underfunding, where pavements 

are not maintained in good condition. While the social cost of CO2 can be hardly avoided, it is 

recommended that an agency chooses such maintenance scenario where agency expenditures are 

higher than the social cost of CO2.  

Budget-driven scenarios 3-1-P, 3-2-P and 3-3P show that with decreasing budget also the 

average network condition worsens while on-road vehicle emissions and social cost of CO2 

increase. Scenario 3-3-P is very close to the limit where the social cost could become higher than 

agency expenditures. 

Target-driven scenarios 4-1-P, 4-2-P, and 4-3-P use targets of maximum share of 

pavement area in poor condition and the minimum on-road emission savings.  

  



 133 

Table 5.7: Summary of Results of Pavement Scenarios. 

Scenario 

Agency 

Expenditures 

Avg. PCI 

(throughout the 

analysis period) 

On-road CO2 

Emissions 

[tons] 

Social Cost of 

CO2 (total over 

analysis period) 

Scenario 1-P All Funding 

(100% Funding)  $     8,865,929  83         93,400   $   4,016,184  

Scenario 2-P Do Nothing 

(0% Funding)  $                    -    55         96,468   $   4,148,112  

Scenario 3-1-P (84% 

Funding)  $     7,457,173  78         94,139   $   4,047,992  

Scenario 3-2-P (69% 

Funding)  $     6,098,411  71         95,039   $   4,086,696  

Scenario 3-3-P (49% 

Funding)  $     4,330,157  66         95,486   $   4,105,897  

Scenario 4-1-P (10% poor, 

50% em. savings)  $     7,138,941  76 94,347  $   4,056,921  

Scenario 4-2-P (10% poor, 

80% em. savings)  $     6,815,587  77 93,881  $   4,036,881  

Scenario 4-3-P (15% poor, 

40% em. savings)  $     5,993,824  72 95,032  $   4,086,365  

There is an apparent relationship between the pavement network condition and 

environmental consequences, in this case the on-road CO2 emissions. It is recommended that 

local agencies be aware of this fact and incorporate it in their decision-making, especially 

agencies that tend to under-fund their infrastructure. The on-road CO2 emissions ranged around 

90 thousand tons with a potential of saving up to 3.2% (3,068 tons) in a 10-year analysis period 

for a pavement network that has 5.3 center-miles and carries a total of 1.1 million vehicle volume 

per day, representing 0.6% of the total street network that City of San Francisco manages and 

2.2% of the daily traffic in the City of San Francisco, respectively. In comparison, according to 

the World Bank (2011), the U.S. produces annually 17 tons of CO2 emissions per capita. In that 

case, the maximum emission saving produced by the Scenario 1-P are equivalent to annual CO2 

emissions of 18 people. 

5.2.2 Social Sustainability: Bikeway Quality 

The bikeway quality module is a part of the social sustainability framework. The MOS 

model allocates available funds for improvements in bikeways with the goal of improving their 

condition, as well as optimally timing the implementation of new bikeways. This case study 
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includes maintenance of existing bikeways on five different streets (sections 400 through 440) as 

well as implementation of new bikeway striping on two streets (sections 1000 and 1010). The 

timing of treatments is coordinated with maintenance on pavement sections to maximize the 

effectiveness of durability and cost. General data description for the seven bikeways is shown in 

Table 5.8. 

Table 5.8: General Data for Bikeways. 

MOSM ID Length [ft.] IMPAS for new 
IMPAS for 

maintenance 
IMPLOC 

WERSAF 

for new 

WERSAF for 

maintenance 

400a 277 - 0.8 0.55 - 0.0204 

400b 278 - 0.8 0.55 - 0.0206 

400c 276 - 0.8 0.55 - 0.0206 

400d 276 - 0.8 0.55 - 0.0619 

400e 277 - 0.8 0.55 - 0.0203 

400f 279 - 0.8 0.55 - 0.0198 

400g 275 - 0.8 0.55 - 0.0107 

400h 262 - 0.8 0.55 - 0.0126 

400i 276 - 0.8 0.55 - 0.0237 

4 2393 - 0.8 0.55 - 0.0140 

410a 581 - 0.8 1 - 0.0473 

410b 584 - 0.8 1 - 0.0545 

410c 584 - 0.8 1 - 0.0458 

410d 584 - 0.8 1 - 0.0164 

410e 285 - 0.8 1 - 0.0458 

420a 711 - 0.8 1 - 0.0254 

420b 452 - 0.8 1 - 0.0462 

420c 519 - 0.8 1 - 0.0542 

420d 135 - 0.8 1 - 0.0475 

420e 778 - 0.8 1 - 0.0477 

420f 93 - 0.8 1 - 0.0528 

420g 857 - 0.8 1 - 0.0468 

420h 844 - 0.8 1 - 0.0462 

430a 541 - 0.8 1 - 0.1849 

430b 695 - 0.8 1 - 0.1362 

430c 533 - 0.8 1 - 0.1785 

430d 280 - 0.8 1 - 0.0473 

430e 186 - 0.8 1 - 0.0473 

430f 93 - 0.8 1 - 0.0251 

430g 92 - 0.8 1 - 0.0322 

430h 180 - 0.8 1 - 0.0331 

430i 288 - 0.8 1 - 0.0395 

430j 280 - 0.8 1 - 0.0043 

430k 280 - 0.8 1 - 0.0178 

430l 278 - 0.8 1 - 0.0177 
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Table 5.8: General Data for Bikeways (continued). 

MOSM ID Length [ft.] IMPAS for new 
IMPAS for 

maintenance 
IMPLOC 

WERSAF 

for new 

WERSAF for 

maintenance 

440a 190 - 0.8 1 - 0.0177 

440b 171 - 0.8 1 - 0.0177 

440c 173 - 0.8 1 - 0.0146 

440d 171 - 0.8 1 - 0.0199 

440e 344 - 0.8 1 - 0.1113 

440f 172 - 0.8 1 - 0.0191 

440g 170 - 0.8 1 - 0.0149 

440h 174 - 0.8 1 - 0.0370 

440i 169 - 0.8 1 - 0.0557 

440j 174 - 0.8 1 - 0.0370 

440k 170 - 0.8 1 - 0.0372 

440l 172 - 0.8 1 - 0.0595 

440m 173 - 0.8 1 - 0.0598 

1000a 240 0.9 0.8 1 0.0070 0.0123 

1000b 408 0.9 0.8 1 0.0076 0.0133 

1000c 219 0.9 0.8 1 0.0216 0.0376 

1000d 190 0.9 0.8 1 0.0069 0.0121 

1000e 226 0.9 0.8 1 0.0215 0.0375 

1000f 633 0.9 0.8 1 0.0341 0.0595 

1000g 226 0.9 0.8 1 0.0351 0.0613 

1000h 407 0.9 0.8 1 0.0330 0.0575 

1010a 224 0.9 0.8 1 0.0440 0.0767 

1010b 191 0.9 0.8 1 0.0347 0.0605 

1010c 218 0.9 0.8 1 0.0639 0.1113 

1010d 217 0.9 0.8 1 0.0215 0.0375 

1010e 196 0.9 0.8 1 0.0173 0.0301 

1010f 221 0.9 0.8 1 0.0343 0.0598 

1010g 224 0.9 0.8 1 0.0208 0.0363 

1010h 56 0.9 0.8 1 0.0349 0.0609 

1010i 76 0.9 0.8 1 0.0345 0.0602 

1010j 58 0.9 0.8 1 0.0349 0.0609 

1010k 219 0.9 0.8 1 0.0347 0.0605 

1010l 219 0.9 0.8 1 0.0313 0.0545 

1010m 413 0.9 0.8 1 0.0214 0.0374 

1010n 322 0.9 0.8 1 0.0214 0.0372 

1010o 313 0.9 0.8 1 0.0345 0.0602 
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The section length was obtained from the StreetSaver® database. The existing bikeways 

were identified via Google Earth and matched with existing StreetSaver pavement sections. The 

new bikeways to be implemented were identified via City of San Francisco Capital Improvement 

Plan for fiscal year 2015-2019.  Safety weighted effectiveness ratios (WERSAF) were determined 

based on asset importance and asset location as discussed in Chapter 4 in Tables 4.8 and 4.9. 

Figure 5.10 shows that a bikeway (in this case a bike lane) consists of a pavement section painted 

with white stripes and bicycle symbols and arrows. 

 Figure 5.10: Example of a Bikeway in San Francisco, CA.  

5.2.2.1 Bikeways: All Funding and Do-Nothing Scenarios 

The All Funding Scenario assumes unlimited funding for the maintenance of existing 

bikeways as well as the implementation of new bikeways. The assumed service life of bikeway 

markings is between 48 and 72 months (FHWA 2016d). Therefore, the maintenance treatment of 

repainting is scheduled every four years. Since the paint of bikeway markings has the best 

adhesion to a new pavement surface which results in better performance, it is desirable that the 
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maintenance of these two assets is synchronized. For that reason, the bikeway implementation 

and maintenance can be delayed up to two years from the original due date in those cases that 

would lead to the application of the pavement maintenance and bikeway maintenance in the 

same year, as Figure 5.11 suggests.  

Bikeway 

Maintenance 

Pavement Bikeway Markings

All Funding 

Scenario 1-P

Budget Scenarios 

1-B, 2-B, 3-x-B

Target Scenarios 

4-x-B

Coordination with 

pavements (allowed delay 

up to 2 years)

 

Figure 5.11: Example of Coordination Between Pavement and Bikeway Maintenance. 

The total cost of a new bikeway is assumed to be $100,000/mi (FHWA 2016d). The 

average maintenance present cost to repaint bikeway marking is assumed to be $51,000/mi 

(FHWA 2016d). The cost details are discussed in Chapter 4 Section 4.4.1. 

For the All Funding Scenario 1-B, the total cost including the implementation of the two 

new bikeways (1.1 mi in each direction) and the maintenance of the existing five bikeways (3.4 

mi in each direction) over ten years of analysis is worth $1,023,358.  

The Do Nothing Scenario 2-B simulates a situation where no funding is allocated to 

bikeways. Under such scenario, no new bikeways are implemented, nor the existing bikeway 

markings are maintained.  

Table 5.9 shows the initial construction cost of new bikeways, the maintenance cost of 

existing bikeway markings, the remaining life and the percentage of the new bikeways funded. 
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Table 5.9:  All Funding and Do Nothing Scenario Summary (2016-2025 Total). 

Year 

All Funding Scenario Do Nothing Scenario 

Cost of 

New 

Bikeways 

Cost of 

Maintenance 

Average 

Remaining 

Life 

throughout 

the analysis 

period 

% New 

Bikeway 

Striping 

Funded 

Cost of 

New 

Crosswalks  

Cost of 

Maintenance 

Average 

Remaining 

Life 

throughout 

the analysis 

period 

% New 

Bikeway 

Striping 

Funded 

201

6 

 $131,780   $47,832   2.39  61% $0  $0  1.17 0% 

201

7 

 $44,167   $75,128   3.06  78% $0  $0  0.38 0% 

201

8 

 $40,568   $150,141   3.24  100% $0  $0  0.10 0% 

201

9 
  $50,092   2.92  100% $0  $0  0.00 0% 

202

0 
  $25,017   2.15  100% $0  $0  0.00 0% 

202

1 
  $110,809   2.42  100% $0  $0  0.00 0% 

202

2 
  $101,884   3.10  100% $0  $0  0.00 0% 

202

3 
  $170,831   3.34  100% $0  $0  0.00 0% 

202

4 
  $50,092   2.96  100% $0  $0  0.00 0% 

202

5 
  $25,017  2.16  100% $0  $0  0.00 0% 

  

Total 

New: 

$216,515 

Total 

Maintenance 

$808,843 

RL Average:  Total New: 

$0 

Total 

Maintenance 

$0 

RL Average:  

2.77 years  0.16 years  

 Total Spent: $1,023,358   Total Spent: $0   

 

In the case of All Funding Scenario 1-B, the total budget of $1,023,358 is spent over 10 

years, which results in funding all needed the new bikeways while also improving the average 

remaining life (RL) from 1.17 years at the beginning of the analysis up to RL 3.34 years in year 

2023, RL 2.96 years in year 2014 and RL 2.16 years in 2025.  The Do Nothing Scenario 2-B 

assumes that no treatments are applied during the analysis period and the network deteriorates, 

which causes all the existing bikeways to reach the end of their life by the year 2019.   

5.2.2.2 Bikeways: Budget-Driven Scenarios 

Transportation agencies often do not have sufficient funding to cover all costs. In that 

case, is useful to predict asset condition under a limited budget. Four Budget-Driven scenarios 

are run using the MOS model: 

 Scenario 3-1-B: available budget is $858,397 (85% of the total 10-year budget Needs) 

 Scenario 3-2-B: available budget is $704,358 (70% of the total 10-year budget Needs 



 139 

 Scenario 3-3-B: available budget is $508,738 (50% of the total 10-year budget Needs) 

 Scenario 3-4-B: available budget is $355,959 (35% of the total 10-year budget Needs) 

The implementation and maintenance projects compete for limited funding based on their 

ranking by bikeway weighted effectiveness ratio WERBIK as described in Chapter 4, Section 

4.4.1.  

Table 5.10 shows the summary of effects of limited funding on bikeway condition. 

Table 5.10: Budget-Driven Scenarios for Bikeways. 

INPUT OUTPUT 

Scena

-rio 

Available Budget 

or Agency Cost 

 (% of All 

Funding) 

Percentage of 

New Bikeways 

Completed 

Average 

Remaining 

Life 

Critical 

Remaining 

Life (Year) 

Critical Annual 

Backlog (in 

Year) 

Backlog 

at the end 

of 2025 

3-1-B $     858,397 (85%) 96% 2.69 1.99 (2020) $106,505 (2020) $70,206 

3-2-B $    704,358 (70%) 91% 2.55 1.91 (2020) see year 2025 $183,406 

3-3-B $    508,738 (50%) 74% 2.33 1.77 (2020) $287,669 (2022) $281,642 

3-4-B $    355,959 (35%) 70% 1.82 1.42 (2020) $380,238 (2022) $357,323 

 

Figure 5.12 shows the consequences of limited funding on bikeway marking condition.  

Figure 5.12: Remaining Life and New Bikeways Funded – Budget Scenarios. 
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With 85% of funding (Scenario  3-1-B) up to 11% of markings have no remaining life 

and need maintenance during the analysis period and only 96% of new bikeways get 

implemented. In Scenario 3-2-B (70% funding) up to 13% of markings have no remaining life 

and need maintenance during the analysis period and only 91% of new bikeways get 

implemented. With even more limited budgets of 50% and 35%,  up to 22% and 43% of 

markings (respectively) have no remaining life and need maintenance during the analysis period 

and only about 70% of new bikeways get implemented. 

Limited budget scenarios result in the delaying maintenance treatments that are due and 

also not all planned new bikeways get implemented. Limited funding of 85% and 70% resulted 

in not more than 11% and 13% of markings with no remaining life while 96% and 91% of new 

bikeways were implemented.  

A non-linear relationship between agency costs and new bikeways implemented is 

observed for Budget-Driven Scenarios. Figure 5.13 indicates an exponential relationship and it 

this particular case, the steepest increase in fraction of new bikeways funded is for funding levels 

between 50 and 70 percent.  
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Figure 5.13: Exponential Relationship Between Agency Costs and New Bikeways Implemented. 

A non-linear relationship is also observed between agency costs and bikeway network 

average remaining life for Budget-Driven Scenarios. Figure 5.14 indicates an exponential 

relationship and it this particular case, the steepest improvement in remaining life is for funding 

levels between 35 and 50 percent.  
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Figure 5.14: Exponential Relationship Between Agency Costs and Bikeway Network Average 

Remaining Life. 

5.2.2.3 Bikeways: Target-Driven Scenarios 

Target-Driven Scenarios give the option to select separate target objectives for the 

completion of the network of new bikeways and for the existing network condition. The 

minimum budget required to reach the target objectives is calculated. Three Target-Driven 

scenarios are run using the MOS model:   

 Scenario 4-1-B: no new bikeways, the best remaining life possible 

 Scenario 4-2-B: 52% of the new bikeways funded, the best remaining life possible 

 Scenario 4-3-B: 52% of the new bikeways funded, remaining life 2 years 

Table 5.11 shows the summary of target objectives used in the scenarios and the funding 

allocated. 
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Table 5.11: Target-Driven Livability Scenarios Inputs and Outputs. 

TARGET OBJECTIVES OUTPUT 

Scena-

rio 

Average 

Remaining 

Life 

Percentage 

of New 

Bikeways 

Completed 

Allocated 

Budget or 

Agency Cost 

(% of All 

Funding) 

Critical 

Remaining 

Life (in 

Year) 

Critical Backlog 

(in Year) 

Backlog at 

the end of 

2025 

4-1-B 2.73 0% 
$     696,420 

(68%) 
1.92 (2016) see year 2025 $216,515 

4-2-B 2.77 52% 
$    826,434 

(81%) 
1.92 (2016) see year 2025 $137,538 

4-3-B 2.01 52% 
$    400,352 

(39%) 
1.92 (2016) $352,878 (2024) $351,120 

 

Figure 5.15 shows the resulting bikeway marking condition for Target-Driven Scenarios. 

Figure 5.15: Remaining Life and New Bikeways Funded – Target-Driven Scenarios. 

Similar plots as for the Budget Driven in Figure 5.14 could be developed also for Target-

Driven scenarios. However, in this situation, the challenge is showing three variables together: 

average remaining life, percentage of bikeways completed, and agency cost. 
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5.2.2.4 Bikeways: Interpretation of the Results  

The bikeway network quality is correlated with allocated funding. The more funding 

allocated to the improvement and maintenance projects, the higher are the remaining service life 

and network completeness. Not only bikeways in good condition with adequate connectivity 

improve mobility, quality of life, safety and potentially health of the population, but also 

decrease on-road emissions. Zahabi et al. (2016) report that “a reduction of close to 2% in GHG 

emissions is observed for an increase of 7% in the length of the bicycle network.” Therefore, the 

maintenance of the existing bikeways as well as construction of new facilities have potentially 

significant consequences on the environmental and social sustainability. 

With unlimited budget (All Funding Scenario 1-B) a total of $1,023,358 is spent over a 

period of 10 years to fund all the needed new bikeways and also to improve the average 

remaining life (RL) of the network from 1.17 years at the beginning of the analysis to an average 

of 2.77 years.  The Do Nothing Scenario 2-B assumes that no treatments are applied during the 

analysis period and the network deteriorates, which causes all existing bikeways to reach the end 

of their life by the year 2019, while no new bikeways are implemented. Figure 5.16 shows the 

funding levels in accumulated budget allocated throughout the 10-year analysis period, as well as 

the performance in remaining life and new bikeways funded.
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Figure 5.16: Performance in Remaining Life and New Bikeways Funded versus Allocated Budget for Bikeway Scenarios.
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The overall performance and comparison of the scenarios can be illustrated in a radar 

plot, as Figure 5.17 shows. Comparison between pavement and bikeway marking condition, as 

well as expenditures for their scenarios showing the level of investment in non-motorized 

transportation is discussed in Section 5.2.4.   

 

 

Figure 5.17: Scenario Comparison for Bikeways. 

As no money is spent in Scenario 2-B (Do Nothing), the cost savings are naturally 

largest. However, it is at the expense of the network condition. Backlog savings are assumed to 

be highest for Scenario 1-B (All Funding), where backlog is $0. Average remaining life indicates 

that the condition of the network by how many years are left till the maintenance will be needed. 

While the assumed service life of bikeways markings is 4 years, the best remaining service life 

during the 10-year analysis period averages at 2.77 years throughout the analysis period (in 
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Scenarios 1-B, 4-1-B and 4-2-B). The network completeness indicates how many of the planned 

new bikeways are implemented in each scenario, where 100% means that all 23 sections of two 

new bikeways are completed.   

5.2.3 Social Sustainability: Crosswalk Safety  

The crosswalk safety module is a part of the social sustainability framework. The MOS 

model allocates available funds for improvements in crosswalks with the goal of maximizing 

pedestrian safety. The needs for 6 new crosswalks and maintenance of 4 existing crosswalks are 

prioritized in coordination with the maintenance on pavement sections in order to maximize the 

overall effectiveness. General data description for the 11 crosswalks is shown in Table 5.12. 

Table 5.12: General Data for Crosswalks. 

MOSM 

ID 

Average Daily 

Traffic (ADT) 

[vehicles/day] 

No. of 

crashes 

Block 

length 
IMPAS IMPLOC 

WERSAF 

in 2016 

WERSAF 

in 2017 
Notes 

1-C-1 1,300 - 1,000 0.8 1 - 2.2  

1-C-N 1,300 2 1,000 1 1 0.5 - Church, mid-block 

2-C-1 8,000 - 560 0.8 0.55 - 1.2  

3-C-1 12,200 - 600 0.8 0.55 - 1.2  

3-C-N 12,200 2 600 1 1 0.5 - School, mid-block 

4-C-1 9,900 - 1,000 0.8 0.55  1.2  

4-C-N 9,900 2 1,000 1 1 0.5 - Park, mid-block 

7-C-N 12,000 3 620 1 1 0.5 - 
Parking lot, mid-

block 

9-C-N 8,400 2 230 1 1 2.8 - Park, intersection 

10-C-N 4,100 2 880 1 0.55 0.3 - 
Commercial, mid-

block 

The ADT was obtained from the StreetSaver® database, while the number of crashes 

involving pedestrians between years 2010 and 2014 were obtained from a Transportation Injury 

Mapping System (TIMS). Figure 5.18 shows an example of the TIMS report, indicating that at 

an intersection leading to a children’s playground in 2010 was a crash between a motorized 

vehicle and a pedestrian, and the primary collision factor is indicated as pedestrian violation. 
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Figure 5.18: Example of a TIMS Report, Section ID 9 in MOSM. 

Figure 5.19 shows the same location during a site visit, showing that drivers disregard the 

ADA ramps and park in the area of the unmarked crosswalk which creates a potentially risky 

situation for pedestrians trying to cross the street, especially the children from the adjacent 

playground or the handicapped individuals. 
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Figure 5.19: MOSM Section ID 9 – Candidate Location for a New Marked Crosswalk. 

More information about the exact location of crashes is in Appendix A. The block length 

was estimated based on the Google Earth measurements. As Burden (2001) has indicated, 

locations with higher risk include neighborhood streets, streets in the proximity of a school or a 

park, as well as streets that do not have crossing points at every 300 ft. maximum, since 

pedestrians are willing to go not more than 150 ft. out of their way (Burden 2001). The observed 

block length (distance between legal opportunities to cross, whether marked or unmarked) is far 

above the 300 ft. threshold, between 560 ft. and 1,000 ft. An exception is, however, section 9-C-

N which is currently an unmarked crosswalk at the entrance to a playground with existing ADA 

ramps but no marking. It is a site of 2 pedestrian crashes in the last 4 years. Therefore, even 

though the block length here is less than 300 ft., this crosswalk was selected to be marked. Seven 
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new crosswalks were identified in places where there is high pedestrian activity, such as 

proximity to church, school, park, access to parking lot, or commercial street. Location and asset 

importance were assigned. Tables 4.13 and 4.14 were used to calculate the safety weighted 

effectiveness ratio (WERSAF). It is assumed that once a new crosswalk is implemented, it is 

registered in the database of existing crosswalks that receive maintenance according to the 

schedule in Table 4.15. Similarly to bikeway markings, the paint for crosswalk markings has the 

best adhesion to a new pavement surface which results in better performance, and it is desirable 

that maintenance of these two assets is synchronized. For that reason, crosswalk implementation 

and maintenance can be delayed by 1 year from the original due date in those cases that would 

lead to application of pavement maintenance and crosswalk maintenance in the same year. 

 

5.2.3.1 Crosswalks: All Funding and Do-Nothing Scenarios 

The All Funding Scenario assumes unlimited funding and implementation of new 

crosswalk markings in the year 2016, while all existing crosswalks are re-painted at the end of 

their service life, which is the year 2017. After that, every 3 years, a maintenance treatment, 

which in this case is re-painting of the markings is applied.  The total cost of a new crosswalk is 

assumed to be $340 if ADA curb ramps are already present, otherwise additional $1620 is added 

for the construction of two ADA curb ramps (FHWA 2013c). The cost of maintenance (re-

painting) is assumed to be $340. For the All Funding scenario, the total budget including 

implementation of six new crosswalks and maintenance of existing crosswalks over 10 years of 

analysis is $20,356.  

On the other hand, the Do Nothing Scenario simulates a situation where no funding is 

allocated to crosswalks. Under such scenario no new crosswalks are implemented, nor arebthe 

existing markings re-painted once they reach their service life.  

Table 5.13 shows the optimal timing of implementing new marked crosswalks as well as 

maintenance. 
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Table 5.13: Optimal Timing of Crosswalk Improvements and Maintenance. 

Table 5.14 shows the cost of new crosswalks, cost of maintenance, and average 

remaining life and the percentage of improved crosswalks. 

 

Table 5.14: All Funding and Do Nothing Scenario Summary (2016-2025 Total). 

Year 

All Funding Scenario Do Nothing Scenario 

Cost of 

New 

Crosswalks  

Cost of 

Maintenance 

Average 

Remaining 

Life 

(throughout 

analysis 

period) 

% 

Improved 

Crosswalks 

Cost of 

New 

Crosswalks  

Cost of 

Maintenance 

Average 

Remaining 

Life 

% 

Improved 

Crosswalks 

2016 $7,840  $0  2.00 100% $0  $0  1.0 0% 

2017 $3,920  $,020  2.30 - $0  $0  0.0 0% 

2018 $0  $340  1.70 - $0  $0  0.0 0% 

2019 $0  $1,360  1.90 - $0  $0  0.0 0% 

2020 $0  $1,700 2.40 - $0  $0  0.0 0% 

2021 $0  $340 1.70 - $0  $0  0.0 0% 

2022 $0  $1,360  1.90 - $0  $0  0.0 0% 

2023 $0  $1,700  2.40 - $0  $0  0.0 0% 

2024 $0  $340  1.70 - $0  $0  0.0 0% 

2025 $0  $1,360  1.90 - $0  $0  0.0 0% 

  
Total: 

$11,760 

Total: 

$9,520  
Total: 

100% 
Total: $0 Total: $0  Total: 0% 

  
 

In the case of All Funding Scenario, the total budget of $21,280 is spent over 10 years, 

which results in all needed new crosswalks funded while also maintaining the average remaining 

life between 1.7 and 2.4 years.   
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The Do Nothing Scenario assumes that no treatments are applied during the analysis 

period and network deteriorates, which causes all existing crosswalks to reach the end of their 

life in the year 2017.  

5.2.3.2 Crosswalks: Budget-Driven Scenarios 

Transportation agencies often do not have sufficient funding to cover all costs. In that 

case is useful to predict asset condition under a limited budget. Four Budget-Driven scenarios are 

run using the MOS model: 

 Scenario 3-1-C: available budget is $18,300 (86% of the total 10-year budget Needs) 

 Scenario 3-2-C: available budget is $14,980 (70% of the total 10-year budget Needs) 

 Scenario 3-3-C: available budget is $10,640 (50% of the total 10-year budget Needs) 

 Scenario 3-4-C: available budget is $7,660 (36% of the total 10-year budget Needs) 

Implementation and maintenance projects compete for limited funding based on their ranking by 

safety weighted effectiveness ratio WERSAF as described in Chapter 4, Section 4.4.2.  

Table 5.15 shows the summary of effects of limited funding on bikeway condition. 

Table 5.15: Budget-Driven Scenarios for Bikeways. 

INPUT OUTPUT 

Scena

-rio 

Available Budget 

or Agency Cost 

 (% of All 

Funding) 

Percentage of 

New Crosswalks 

Completed at the 

end of the 

analysis 

Average 

Remaining 

Life 

Critical 

Remaining 

Life (Year) 

Critical Backlog 

(Year) 

Backlog 

at the end 

of 2025 

3-1-C $     18,300 (86%) 83% 1.94 1.44 (2018) $2,300 (2018) $1,960 

3-2-C $    14,980 (70%) 67% 1.84 1.38 (2018) $4,260 (2018) $4,260 

3-3-C $    10,640 (50%) 50% 1.41 0.86 (2021) $6,900 (2020) $6,560 

3-4-C $    7,660 (36%) 33% 1.32 0.83 (2021) $8,860 (2022) $8,860 

Figure 5.20 shows the consequences of limited funding on the condition of the network 

of crosswalks. 
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Figure 5.20: Remaining Life and New Crosswalks Funded – Budget Scenarios. 

With 85% of funding (Scenario  3-1-B) up to 13% of crosswalks have no remaining life 

and need maintenance during the analysis period and only 83% of new crosswalks get 

implemented. In Scenario 3-2-B (70% funding) up to 13% of crosswalks have no remaining life 

and need maintenance during the analysis period and only 67% of new crosswalks get 

implemented. With even more limited budgets of 50% and 36%,  up to 43% and 50% of 

crosswalks (respectively) have no remaining life and need maintenance during the analysis 

period and only about 50% and 33% of new bikeways (respectively) get implemented.  

Limited budget scenarios result in delaying maintenance treatments that are due and also 

not all planned new crosswalks get implemented. Limited funding of 86% and 70% resulted in 

not more than 12% of crosswalks with no remaining life while 83% and 67% of new crosswalks 

were implemented.  

A non-linear relationship between agency cost and new crosswalks implemented is 

observed for Budget-Driven Scenarios. Figure 5.21 indicates an exponential relationship and it 
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this particular case, the steepest increase in fraction of new crosswalks funded is for funding 

levels between 36 and 50 percent.  

 

 

Figure 5.21: Exponential Relationship Between Agency Costs and New Crosswalks 

Implemented. 

A non-linear relationship is also observed between agency costs and crosswalk network 

average remaining life for Budget-Driven Scenarios. Figure 5.22 indicates an exponential 

relationship and it this particular case, the steepest improvement in remaining life is for funding 

levels between 50 and 70 percent.  
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Figure 5.22: Exponential Relationship Between Agency Costs and Crosswalk Network Average 

Remaining Life. 

 

5.2.3.3 Crosswalks: Target-Driven Scenarios 

Target-Driven Scenarios give the option to select separate target objectives for 

completion of the network of new crosswalks and for existing network condition. The minimum 

budget required to reach the target objectives is calculated. Three Target-Driven scenarios are 

run using the MOS model:   

 Scenario 4-1-B: no new crosswalks, the best remaining life possible 

 Scenario 4-2-B: 50% new crosswalks funded, the best remaining life possible 

 Scenario 4-3-B: 50% new crosswalks funded, remaining life 1.5 years 
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Table 5.16 shows the summary of target objectives used in the scenarios and the funding 

allocated. 

Table 5.16 Target-Driven Livability Scenarios Inputs and Outputs. 

TARGET OBJECTIVES OUTPUT 

Scena-

rio 

Average 

Remaining 

Life 

Percentage 

of New 

Crosswalks 

Completed 

Allocated 

Budget or 

Agency Cost 

(% of All 

Funding) 

throughout the 

analysis period 

Critical 

Remaining 

Life (Year) 

Critical Backlog 

(Year) 

Backlog at 

the end of 

2025 

4-1-C 1.88 0% 
$    4,080  

(19%) 
1.00 (2016) $11,760 (2018) $11,760 

4-2-C 1.95 50% 
$    14,640 

(69%) 
1.67 (2016) $5,880 (2018) $5,880 

4-3-C 1.68 50% 
$    13,620 

(64%) 
1.67 (2016) $6,220 (2019) $6,220 

 

Figure 5.23 shows the resulting bikeway marking condition for Target-Driven Scenarios. 

 

Figure 5.23: Remaining Life and New Crosswalks Funded – Target-Driven Scenarios. 
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Similar plots as for the Budget Driven in Figure 5.22 could be developed also for Target-

Driven scenarios. However, in this situation, the challenge is showing three variables together: 

average remaining life, percentage of crosswalks completed, and agency cost. 

 

5.2.3.4 Crosswalks: Interpretation of the Results  

Crosswalk network quality is correlated with allocated funding. The more funding 

allocated to the improvement and maintenance projects, the higher remaining service life and 

network completeness.  

With unlimited budget (All Funding Scenario 1-C) the total expenditures of $21,280 are 

spent over 10 years to fund all needed new crosswalks and also to improve the average 

remaining life (RL) of the network from 1.00 years at the beginning of the analysis to an average 

of 1.99 years.  The Do Nothing Scenario 2-C assumes that no treatments are applied during the 

analysis period and network deteriorates, which causes all existing crosswalks to reach the end of 

their life by year 2017, while no new crosswalks are implemented.  Figure 5.24 shows the 

funding levels in accumulated budget allocated throughout the 10-year analysis period, as well as 

the performance in remaining life and new crosswalks funded.
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Figure 5.24: Performance in Remaining Life and New Crosswalks Funded versus Allocated Budget for Crosswalk Scenarios.
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The overall performance and comparison of the scenarios can be illustrated in a radar 

plot, as Figure 5.25 shows. 

 

 

Figure 5.25: Scenario Comparison for Crosswalks. 

Theoretically, cost savings are assumed to be the highest in Scenario 2-C (Do Nothing), 

as no money is spent, however it is at the expense of network condition. Backlog savings are 

assumed to be highest for Scenario 1-C (All Funding), where backlog is $0. Average remaining 

life indicates the condition of the network by how many years are left until maintenance will be 

needed. While assumed service life of crosswalks is 3 years, the best remaining service life 

during the 10-year analysis period averages at 1.99 years throughout the analysis period. The 

network completeness indicates how many of the planned new crosswalks are implemented in 

each scenario, where 100% means that all 6 new crosswalks are completed.   
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Safe places for pedestrians to cross streets are crucial for cities that aim for a walkable 

environment. Marked crosswalks help pedestrians to be more visible and indicate to drivers 

where frequent places to cross are. Well-maintained crosswalk markings are important for 

crosswalk visibility; therefore, it is crucial that they are re-painted in adequate intervals, because 

faded crosswalks do not fulfill their safety function. 

5.2.4 Economic Sustainability 

Following the method described in Chapter 4, creation of new jobs is estimated based on 

the funding allocated to pavement maintenance, as well as bikeways and crosswalks. Table 5.17 

summarizes the agency’s expenditures on pavements, bikeways, and crosswalks; the level of 

investment into non-motorized transportation, as well as the new jobs created. Since crosswalk 

and bikeway maintenance activities are coordinated with pavement maintenance for maximum 

effectiveness, the example in Table 5.18 assumes that pavements are maintained following the 

All Funding Scenario, while funding levels for crosswalks and bikeways vary to show the 

consequences of limited funding. For that reason, even a “Do Nothing” scenario for crosswalks 

and bikeways, where no funding is spent on these assets during the analysis period, shows 160 

jobs created, because these jobs come from the pavement maintenance. 
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Table 5.17: Summary of Agency Expenditures, Condition and Jobs Created. 
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Chapter 6: Conclusions and Recommendations 

6.1 Conclusions 

Transportation Asset Management (TAM) evolved from Pavement Management as a 

strategic approach to manage transportation assets in the most cost-effective way. Goals, 

objectives, and performance measures help transportation agencies to assess the current state of 

their assets. Performance measures can be forecasted to analyze the impact of TAM programs on 

on-road emissions, agency expenditures, funding for new bikeway striping and crosswalks, and 

on other selected performance measures under various scenarios. Modern TAM requires an 

integrated approach that connects these three key elements through the adoption of sustainability 

principles to balance economic, environmental, and social aspects. In this context, the selection 

of performance measures that better fit the decision making process of the agency to assess the 

current and desired state is a very important decision, especially since data collection is costly.  

The literature review in Chapter 2 discusses the challenges, goals, objectives, and 

performance measures that can be used to incorporate sustainability in TAM and balance 

economic, environmental, and social aspects.  

A decision-making technique, called the Quality Function Deployment (QFD) matrix is 

used in Chapter 3 for selecting a set of performance measures that will help to reach the agency’s 

goals while taking into account sustainability challenges. The QFD matrix relates objectives with 

performance measures in order to track network performance and help to ensure that goals be 

met in the long-term. The performance measures selected for the Multi-Objective Sustainable 

(MOS) model included asset condition, fuel consumption based on pavement condition, agency 

expenditures, level of non-motorized infrastructure investment, on-road CO2 emissions, social 

cost of CO2 emissions, new jobs created, pedestrian-related crashes, and improvements to high 

crash risk areas. 

The following can be concluded from this study: 
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a) The MOS model developed in Chapter 4 focuses on three assets: pavements, bikeways and 

crosswalks, and incorporates multimodality into a traditionally motorist-centered TAM with 

three frameworks addressing economic, environmental, and social sustainability. 

b) The framework for environmental sustainability estimates on-road CO2 emission savings as a 

consequence of good pavement condition, promoting a state of good repair as one of the 

options to reduce gas emissions, improve local air quality, and slow down climate change.  

c) The framework for social sustainability focuses on multimodal transportation and pedestrian 

safety as the major factors in livability that can be influenced through TAM. Improvements 

in multimodal transportation focus on maintaining bikeways in such condition that is safe 

and comfortable to ride on, while the need for safety improvements in pedestrian crossing 

opportunities is identified through crash data and existing marked crosswalks. This safety 

and multimodal enhancement is used as an example to show how pavement management can 

be enhanced by assets that are used by non-motorized users and also how safety data can be 

used to improve transportation infrastructure. Once high-risk locations, where marked 

crosswalks are needed, are identified, then the implementation of a crosswalk is synchronized 

with pavement maintenance activities. 

d) The framework for economic sustainability looks into the motorized and non-motorized 

transportation funding levels, as well as job creation estimation. 

e) The case study presented in Chapter 5, shows how the MOS model can be used to enhance an 

existing pavement management system StreetSaver® by taking into account CO2 emission 

savings in pavement maintenance practices, pedestrian crash data to determine high-risk 

locations that need safety improvements as marked crosswalks, and also bikeway condition 

to ensure all road users have access to safe and multimodal transportation. Outputs can help 

local transportation agencies to decide among strategies under limited funding. 

f) The MOS model is solved in Chapter 5 with a ranking method, which looks for the 

maximum CO2 emission savings and maximum safety, bikeway weighted effectiveness ratio 

for a given budget, or to minimize the budget to reach the target objectives based on emission 
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savings, bikeway and crosswalk network completeness, and asset condition. The ranking 

technique is used to solve the Target and Budget-Driven scenarios. Ranking is a practical 

method that is often preferred by local transportation agencies, as other optimization 

techniques may seem too complex and their results difficult to understand. 

g) Results from the case study show that using MOS to consider environmental and social 

aspects into transportation asset management can help in understanding the consequences of 

maintenance and construction decisions on roadway users, environment, and the overall 

transportation network sustainability. The following performance measures are 

recommended: 

Pavements 

 agency cost of maintenance over the analysis period 

 % of potential CO2 emissions saved 

 average network condition (% of pavements in poor/very poor condition) 

 social cost of CO2 

Crosswalks 

 agency cost of initial construction and maintenance over the analysis period 

 average network condition 

 % of crosswalks improved 

 level of non-motorized investment 

Bikeways 

 agency cost of initial construction and maintenance over the analysis period 

 average network condition 

 % of new bikeways implemented 

 level of non-motorized investment  
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6.2 Major Contributions of the Research 

The major contribution of this research is the development of a Multi-Objective 

Sustainable (MOS) model that incorporates environmental and social sustainability aspects into 

the asset management decision-making process. Following the quote, “you cannot manage what 

you do not measure” (Politico 2016), the inclusion of performance measures for environmental 

and social sustainability into TAM systems fosters a transportation network that minimizes the 

impact on the environment, while addressing the needs of motorized users as well as pedestrians 

and bicyclists. 

Running Target-Driven and Budget-Driven scenarios with MOS provides helpful insights 

into the environmental and social consequences of maintenance and construction decisions that 

local transportation agencies make daily under limited budgets. It helps answer questions like: 

How much CO2 emissions can be saved by timely maintenance? Which locations are high-risk 

for pedestrians and how can marked crosswalks be implemented in the most cost-efficient 

manner? How can be new bike lanes implemented in the most cost-efficient manner? How many 

new jobs will be created by maintenance and construction activities? What are the levels of 

funding for motorized and non-motorized transportation infrastructure assets? Therefore, the 

MOS model enhances the traditional TAM methods that are typically based only on pavement 

condition. 

The results of this study indicate a relationship between the pavement network condition 

and environmental consequences, in this case the on-road CO2 emissions. It is recommended that 

transportation agencies consider CO2 emissions and its cost to society in their funding decision-

making process.  

Beyond these contributions, this research presents an overall framework for inclusion of 

pedestrian crash data into TAM decisions. The goal is to help transportation agencies manage an 

infrastructure network that is better connected and safer for all road users through the 

maintenance of existing assets as well as identification of new improvements. 
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6.3 Recommendations for Future Research 

The following research topics are recommended for future consideration: 

a) The MOS model assumes an independent budget for pavements, bikeways, and crosswalks. 

It is recommended to consider cross-asset funding allocation for trade-offs between 

investments into motorized versus non-motorized transportation to assess the impact on the 

overall sustainability performance. Also, it is recommended that pavement sections with 

bikeways receive higher priority for maintenance under constrained budget by incorporating 

a global index that incorporates sustainability principles. 

b) A ranking method was used as a solving technique in the case study, however there are a 

number of optimization techniques that could potentially find more cost-effective funding 

allocation solutions under constrained budget or multiple target objectives. 

c) In order to improve accuracy of on-road CO2 emissions, it is recommended to determine a 

relationship between pavement condition (PCI) and fuel consumption (currently there is only 

estimated relationship between roughness (IRI) and fuel consumption), or improve the 

accuracy of the PCI-IRI conversion. Also the emissions should account for stop and go 

waves and idling which are additional sources of emissions that could be calculated by 

emission models, such as MOVES2014. 

d) While the MOS model assumes a constant traffic volume for all years of analysis, more 

research is recommended to determine the relationship between pedestrian and bicyclist 

network completeness, mode-share shifts, and potential emission savings. 

e) Further research is recommended for determining the impact of bicycle-only traffic on 

pavement loading, as potentially pavements undergoing lighter traffic loads could deteriorate 

slower than pavements that face heavy vehicles. Additionally, bicyclists are more sensitive to 

certain pavement distresses and their safety can be endangered on poorly maintained surface, 

therefore future research is recommended to adjust pavement condition ratings from the 

perspective of a bicyclist. 
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f) In the MOS model bikeway sections correspond with street blocks and are prioritized for 

maintenance or implementation as a block, and not as a bikeway consisting of several blocks, 

which may not be the real case. Further research is recommended on how to improve the 

connectivity of bikeway networks while coordinating striping with pavement maintenance in 

the most cost-effective way. 

g) In order to visually describe the relationship between the variables in Budget-Driven and 

Target-Driven scenarios, it is recommended to explore graphical representation of the model 

parameters by multi-dimensional plots (e.g. 3-D).  
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Appendix A: Crosswalk Locations 

The following figures show the locations that were identified as high-risk sites for 

pedestrians through a crash data analysis in the Transportation Injury Mapping System (TIMS) 

and are candidates for new crosswalk markings in the MOS model. 

 
Figure A.1: Section ID 1 (source: TIMS) 

 

 
Figure A.2: Section ID 3 (source: TIMS) 
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Figure A.3: Section ID 4 (source: TIMS) 

 

 
Figure A.4: Section ID 4, a teenager crossing a high-volume 4-lane road with a 35 mph speed 

limit to access the playground, in the place where previously in 2014 a pedestrian was hit 
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Figure A.5: Section ID 7 (source: TIMS) 

 

 
Figure A.6: Section ID 7, as TIMS indicates, there have been two crashes at the entrance of this 

parking lot where pedestrians wanted to cross to the other side of the street without going 330 

feet to the nearest crosswalk 

 

 



 179 

 
Figure A.5: Section ID 9 (source: TIMS) 

 

 
Figure A.6: Section ID 9, unmarked crosswalk in front of a playground blocked by parked 

vehicles 
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