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ABSTRACT 

Highway pavement is an essential component of transportation infrastructures. While 

providing important services to the society, highway pavement also consumes a large 

amount of capital investments and creates significant impacts to the environment. 

Consequently, sustainable development principles need to be adopted in highway 

pavement management to balance the needs from different stakeholders in the present 

and future. However, an integrated approach to assessing and enhancing the multiple 

dimensions of sustainability in the pavement’s life cycle is currently lacking. This 

affects the ability of highway agencies to develop proper strategies to promote 

sustainability when making engineering and management decisions. 

 

The research aims to develop methods and tools to assist highway agencies 

implementing sustainability principles in the management of highway pavement. The 

overall goal is addressed through interconnected objectives, including the 

identification of critical sustainability concerns throughout the pavement’s life cycle, 

the assessment of the influences of management decisions on the different aspects of 

sustainability, and the optimization of the management decisions guided by 

sustainability principles. 

 

The major outcomes of the research are summarized as follows. 

 

(1) Critical sustainability concerns in the life cycle of highway pavement are 

identified and quantified. The economic impacts are represented by life cycle costs 

(LCC); the environmental impacts are represented by energy consumption and 

greenhouse gas (GHG) emissions; the social impacts are represented by mobility, 
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safety, and health. (2) A methodological framework is developed to assess the 

identified critical sustainability concerns. (3) Thermodynamic models and a software 

tool are developed for estimating energy consumption and GHG emissions in asphalt 

mixture production. (4) The exposure levels of pavement construction workers to 

harmful pollutants including volatile organic compounds (VOCs) and particulate 

matters (PMs) are identified and the health risks of the workers are assessed. (5) 

Polynomial regression models are developed to quantitatively assess the impacts of 

pavement thickness design and maintenance decisions on LCC, energy consumption, 

and GHG emissions. (6) Multi-objective nonlinear programming models are 

developed and solved to find the optimum solutions for enhancing flexible highway 

pavement sustainability. 

 

By identifying the specific sustainability concerns in the life cycle of flexible highway 

pavement, this study is expected to help highway administrators enhance pavement 

sustainability through addressing such critical concerns. The methods and tools 

developed in this study are expected to help highway administrators quantitatively 

evaluate the effects of their decisions on the different dimensions of sustainability. 

The multi-objective decision analysis models are expected to help highway 

administrators identify the most sustainable solutions and assess the tradeoffs of 

potentially conflicting sustainability goals. Although this study is carried out in the 

context of highway pavement management in Hong Kong, the methods and tools may 

be easily adapted to the sustainable management of highway pavement in other 

regions. 
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CHAPTER 1 INTRODUCTION 

 

1.1 Research Background 

1.1.1 The significance and impacts of highway pavement 

 

Highway pavement is an important component of transportation infrastructures. In a 

modern society, a road network made of highway pavement is vital for economic 

development and quality of life. For instance, Hong Kong alone has more than 2,000 

kilometers (km) of paved roads and streets, while Mainland China and the United 

States have approximately 4 million and 6.4 million km of paved roads, respectively. 

The enormous road network size and the vast lands it runs across make highway 

pavement affect our lives and environment in multiple dimensions. 

 

The construction and maintenance of highway pavement are expensive. In Hong 

Kong, for instance, the government spent approximately 77.95 billion Hong Kong 

dollars (HKD) on the construction and maintenance of infrastructures in the year of 

2014-2015; a significant portion of the expenditures is invested in roads (HKSARG 

2014a). The reconstruction of the 15.6 km Tuen Mun Road was estimated to cost 6.8 

billion HKD. The final construction cost after project completion may be much higher, 

considering the rapid escalation of construction costs in recent years. During 

operation, road pavement needs to be maintained and periodically resurfaced. This 

adds to the total costs of the pavement in its life cycle. In addition, highway pavement 

not only affects the ride comfort of the travelers, but also the operation and repair 

costs of vehicles. 

 

The construction and operation of highway pavement also have significant impacts on 
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the environment. It is estimated that highways on average occupy 5 acres of land per 

mile (Cook and Daggett 1995), and they degrade and fragment a much larger adjacent 

areas that could be wildlife habitat. Pavement construction and operation consume a 

large amount of non-renewable energy and simultaneously generate enormous 

greenhouse gas (GHG) emissions. It is estimated that the transport sector accounts for 

nearly 14% of the global GHG emissions, of which approximately 72% is attributed 

to road construction, rehabilitation, maintenance, service, and usage (ASTAE 2009). 

As highway pavement is demolished at the end of its service life, a large quantity of 

the demolished materials is disposed, consuming valuable land resources. 

 

As the previous discussion attests, a road network made of highway pavement is 

mixed with huge benefits and concerns. The highway administration agencies that act 

as the fiduciary of the public must find ways to maximize the benefits and minimize 

the concerns. In many situations, however, the agencies find that they are much like a 

juggler, trying to balance conflicting goals at a hasty pace of making pavement design 

and management decisions. The highway agencies are usually uncertain about what 

the ideal goals of highway pavement management are and what systematic 

approaches need to be taken to reach these goals. This research aims to answer such 

questions. 

 

1.1.2 Sustainable development principles for highway pavement management 

 

Sustainable development is a way of development that “meets the needs of the present 

without compromising the ability of future generations to meet their own needs” 

(Burton 1987). Compared with the traditional development mode, sustainable 

development is a more conscientious approach that promotes the conservation of 
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energy and resources, environmental protection, and the coexistence and co-prosperity 

of human and nature. Sustainable development is not just a philosophical concept. 

According to the United Nations (UN) Commission on Sustainable Development 

(CSD)’s theme indicator framework, sustainability is categorized into four dimensions: 

social, environmental, economic, and institutional. Under these dimensions, there are 

14 themes, 44 sub-themes, and 96 indicators (UN 2007). Therefore, the progress 

toward sustainability can be measured quantitatively. In sustainability literature, 

however, sustainability is usually discussed in three dimensions (pillars): economy, 

environment, and society (Lehtonen 2004). The three-pillar description of 

sustainability is adopted in this study. Highways are closely related to sustainability in 

multiple aspects (Dasgupta and Tam 2005). Recent years have witnessed an 

increasing interest in applying sustainable development principles to the development 

and operation of highways (Muench et al. 2010). 

 

Hong Kong has been active in embracing the concept of sustainable development. In 

1997, a three-year comprehensive study was commissioned by the government to 

define sustainable development strategies. The study, entitled “Sustainable 

Development for the 21st Century (SUSDEV 21),” generated 8 sustainability guiding 

principles and 39 indicators for Hong Kong (HKSARG 2003). Since then, many 

initiatives have been made to promote the sustainable development of Hong Kong 

(HKSARG 2011). For example, the Sustainable Development Division was 

established as part of the government in 2001 and the Council for Sustainable 

Development was established in 2003. HKSARG (2011) specifically requires that all 

government agencies “…conduct sustainability assessments of their major initiatives 

and programs and to explain the sustainability implications in their submissions to the 

Policy Committee and Executive Council.” Therefore, the goals of highway pavement 
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management may need to be aligned with the sustainability principles in Hong Kong. 

 

1.1.3 The life cycle of highway pavement and management  

 

Like many civil infrastructures, every highway pavement has a life cycle. It starts 

with the market demands or perceived needs of the highway facility (Hendrickson 

2000). The planned facility then goes through a feasibility study. If it is deemed to be 

feasible and approved by authorities, the facility will be designed following certain 

standards. The completed design documents can then be used for procuring 

construction services. After construction, the highway administration agency starts to 

perform regular maintenance and rehabilitation activities until the pavement reaches 

the end of its service life. At that point of time, the facility may be demolished and 

reconstructed. From the perspective of management, the different stages of the 

pavement life cycle are closely related. Engineering and management decisions made 

at the earlier stages will affect operations at the later stages. 

 

It has long been recognized among the highway administration agencies around the 

world that management decisions should be based on the life cycle of the highway 

pavement. For instance, quality assurance in the context of highway pavement refers 

to all those “planned and systematic actions” in the life cycle of a pavement to ensure 

it has satisfactory performance (Transportation Research Board 2005). One frequently 

used tool by highway agencies to assess and compare the economic performance of 

pavement design alternatives is the life cycle cost analysis (LCCA) (Walls III and 

Smith 1998). However, an integrated approach to assessing the multiple 

dimensions—economy, environment, and society—of sustainability in the pavement’s 

life cycle is currently lacking. This affects the ability of highway agencies to adopt 
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sustainable development principles when they make engineering and management 

decisions. 

 

1.2 Research Aim and Objectives 

 

As sustainable development provides the maximum benefits for current and future 

generations, highway administration agencies may need to adopt sustainability 

principles and methods in highway pavement management. In addition, as the 

different stages of pavement life cycle are closely related, the sustainability principles 

may need to be applied to the entire life cycle. Therefore, the overall goal of this 

research is to identify critical sustainability issues related to highway pavement 

management, quantitatively assess the identified issues, and optimize the life 

cycle management decisions based on the principles of sustainability. Because 

flexible pavement is the predominant highway pavement type, this research only 

focuses on flexible pavement. The evaluation process and methodology, however, 

may be applied to other pavement types or be used to compare pavement alternatives. 

The general goal and scope of the research are shown in Figure 1.1, where some 

major sustainability issues (identified in Chapter 2) are indicated. 
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Figure 1.1 The general goal and scope of the research 

The general goal of the study is to apply sustainable development principles to the 

management of flexible highway pavement in its life cycle. This goal is achieved 

through the following specific objectives: 

 

(1) To identify critical sustainability issues throughout the life cycle of flexible 

highway pavement;  

(2) To assess the effects of management decisions on the life cycle costs (LCC) of the 

pavement; 

(3) To assess the effects of management decisions on the life cycle environmental 

impacts of the pavement; 

(4) To assess the effects of management decisions on the social impacts of the 

pavement; 

(5) To optimize management decisions based on sustainability principles. 

 

1.3 Research Significance and Contributions  
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The importance of promoting sustainable development has long been recognized by 

the society and highway administration agencies. Sustainability concerns, however, 

vary with industries and regions (Wang et al. 2012b). The research outcomes are 

believed to be relevant and important to improve the efficient management of 

highway pavement. Firstly, this study will help highway administrators enhance 

pavement sustainability through identifying the critical sustainability issues and 

addressing such issues in the life cycle of flexible highway pavement. Secondly, 

methods and tools are developed to help highway administrators quantitatively 

evaluate the effects of their decisions on the different dimensions of sustainability. 

The link between pavement management decisions and outcomes is the foundation for 

making good decisions. Last, methods are developed to help highway administrators 

identify the most sustainable solutions and assess the tradeoffs of potentially 

conflicting sustainability goals. Such methods are important for choosing sustainable 

solutions within the feasible constraints of the agencies. Although this study is carried 

out in the context of highway pavement management in Hong Kong, the 

methodologies in this thesis may be applied to other regions or even to the 

management of other types of infrastructure facilities. 

 

1.4 Thesis Outline 

 

This thesis consists of seven chapters. They represent the main research work that has 

been conducted by the author during the more than three years of her doctoral studies. 

The organization of the chapters is shown in Figure 1.2. 
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Figure 1.2 Sequence of chapters in this thesis 

The first chapter is an overall introduction of the research work. The following six 

chapters are briefly introduced as follows. 

 

Chapter 2: Literature Review. This research touches on a wide spectrum of research 

topics, including the life cycle of highway pavement, pavement-related sustainability 

issues, and the optimization of management decisions. Numerous research studies 

have been conducted in the individual areas. Existing studies that are closely related 

to this research are reviewed in this chapter. It forms a foundation upon which new 

research findings are developed. 

 

Chapter 3: Development of a Methodological Framework. In this chapter, the 
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fragmented components are integrated into a methodological framework to meet the 

research objectives. Calibrated mechanistic-empirical (ME) pavement design 

simulation, life cycle cost analysis (LCCA), life cycle assessment (LCA), 

experimental tests, and multi-objective optimization method are the major 

components of the framework. 

 

Chapter 4: Energy Consumption and Greenhouse Gas (GHG) Emissions in 

Asphalt Mixture Production. Energy use and GHG emissions are estimated in the 

seven modules of LCA as developed in Chapter 3, including material production, 

construction, maintenance and rehabilitation (M&R), transport, use, congestion, and 

end-of-life (EOL). While data can be found for estimating energy use and GHG 

emissions in the majority of the modules, relevant data for asphalt mixture production 

is not readily available. This is identified as a research gap in Chapter 2. Therefore, 

energy consumption and GHG emissions during asphalt mixture production are 

studied in detail and are presented in this chapter. Integrated models and a software 

tool are developed to accurately estimate energy use and GHG emissions during 

asphalt mixture production. 

 

Chapter 5: The Health Effects of Highway Pavement Construction. One of the 

important sustainability principles in Hong Kong is to protect the health and hygiene 

of its citizens. The review of the pavement life cycle reveals that the most relevant 

issue is the effects of asphalt fumes on construction workers during pavement 

construction. In this chapter, the potential harmful effects of asphalt fumes are 

systematically studied. The health effects are discussed from the perspective of health 

protection. 
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Chapter 6: Sustainable Highway Pavement Design and Maintenance Decisions. 

The separate components discussed in the previous chapters are integrated in this 

chapter for life cycle optimization of highway pavement design and maintenance 

decisions. Pavement thickness and threshold pavement roughness are treated as two 

critical decision variables for highway agencies. The impacts of these two variables 

on the LCC, energy consumption, and GHG emissions are modeled based on the 

predicted performance by the ME pavement design simulations. Multi-objective 

nonlinear programming models are formulated based on the two decision variables, 

the regression models, and the feasible constraints. The Pareto optimal sets and single 

optimum solutions under special conditions are derived. The analysis results offer 

many insights on how the two decision variables affect the three chosen sustainability 

indicators for highways at three traffic levels. 

 

Chapter 7: Conclusion. In this chapter, the major research findings are summarized. 

Conclusions are drawn from the research findings. The conclusions may serve as a 

useful reference for the highway agency in Hong Kong to optimize their pavement 

design and maintenance decisions. The methodology to reach these conclusions, 

however, may be applied to other places. The unsolved issues and future research 

directions are also discussed in this chapter. 
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CHAPTER 2 LITERATURE REVIEW 

 

2.1 Overview 

 

This research aims to apply sustainable development principles to the management of 

flexible highway pavement in its life cycle. One objective of the study is to identify 

sustainability issues that are most relevant to the highway paving industry and 

decision makers in Hong Kong. Another objective, which is the focus of the study, is 

to minimize the environmental impacts and identify the most economic solutions in 

the pavement’s life cycle by optimizing pavement design and maintenance strategies. 

Guided by the objectives, a thorough literature review was conducted. The literature 

review assists the author understanding the current status of the proposed research 

objectives, identifying the critical gaps that need to be addressed, and developing 

methodology to tackle the research questions. 

 

In this chapter, findings from the existing literature are summarized into several 

sections. Firstly, relevant research on life cycle pavement management is explored, 

including the definition of pavement life cycle, the stages in the life cycle, and key 

management issues in these stages. Secondly, sustainability issues associated with 

highway pavement in its life cycle are identified, including economic, environmental, 

and social aspects. The review of three critical sustainable issues is subsequently 

presented in three sections: economic issues as assessed by life cycle cost analysis 

(LCCA), environmental issues as assessed by life cycle assessment (LCA), and social 

impacts as represented by mobility, safety, and health. At last, multi-criteria decision 

making techniques for optimizing pavement design and management decisions are 

reviewed. With a thorough understanding of the relevant literature, research problems 
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and directions are proposed. The literature review laid a solid foundation for 

subsequent research work as presented in the following chapters. 

 

2.2 The Life Cycle of Highway Pavement 

 

Highway administration agencies around the world have been increasingly using the 

life cycle concept in design, construction, and management of highway facilities. 

Example applications include quality assurance and quality control (QC/QA) 

(Transportation Research Board 2005), optimization of pavement design (Tarefder 

and Bateman 2010), optimization of the timing and intensity of pavement 

maintenance and rehabilitation (M&R) activities (Li and Madanat 2002), and 

evaluation of the effectiveness of M&R treatments (Labi and Sinha 2005). The 

commonly defined stages in the life cycle of a flexible pavement (asphalt pavement) 

are shown in Figure 2.1. The entire process from raw material acquisition, production, 

and road usage to disposal and recycle is called “from cradle to grave” (Santero et al. 

2011b). In this study, these stages are consolidated into three major phases: 1) 

planning and design, 2) material production and construction, and 3) operation and 

disposal. Pavement sustainability issues were reviewed in the three defined phases. 
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Figure 2.1 The life cycle of a flexible highway pavement 

 

2.2.1 Pavement planning and design 

 

Pavement planning and design attempt to specify pavement characteristics such as 

structures and materials to achieve the predefined quality performance. In United 

States (U.S.) and several other countries, the commonly used pavement design 

method is based on the 1993 American Association of State Highway and 

Transportation Officials (AASHTO) Guide for Design of Pavement Structures 

(AASHTO 1993). The 1993 AASHTO method is regarded as an empirical design 

method since the performance prediction equations are derived from statistical 

analysis of trial pavement test results in the 1970s (Cecil and Van 1972) . Although 

the AASHTO 1993 method is an important pavement design method, it cannot satisfy 

today’s needs because the regression equations in this method are only based on one 

type of subgrade and pavement materials (Madanat et al. 2002, McDonald and 

Madanat 2011). 

 

Raw material acquisition 

Use Maintenance and rehabilitation Disposal Construction 

Transport from plant to site Material productionPlanning & design 

Recycled 
Landfilled 
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Asphalt Institute (AI) and Shell International Petroleum Company developed their 

own design methods. Such methods are based on mechanistic principles. A unique 

feature of these design methods is that they limit the horizontal tensile strain at the 

bottom of asphalt layer and the vertical compressive strain at the surface of subgrade 

layer (Shell International Petroleum Company 1978, AI 1981). Some studies, however, 

have shown that the AI design method is relatively conservative (Huang 2008, Cooper 

III et al. 2012).  

 

Starting from the early 2000s, pavement design is moving from the empirical method 

to mechanistic-empirical (ME) method. The mechanistic-empirical pavement design 

guide (ME-PDG), developed by the National Cooperative Highway Research 

Program (NCHRP) 1-37A in the U.S., is a representation of such effort and is the 

state-of-the-art pavement design method (Hallin 2004). A commercial computer 

program called “AASHTOWare Pavement ME Design” was recently developed to 

facilitate the implementation of the ME-PDG. The ME-PDG design procedure 

enables the analysis of pavement distress development in response to traffic, climate, 

structure, and material properties. 

 

In Hong Kong, a guidance note had been followed for decades for flexible highway 

pavement design (HKHyD 2013). Recently, the guidance note has been updated 

through a collaborative research effort between the Highways Department and the 

Hong Kong Polytechnic University (Wang 2013). This guidance note is based on the 

principles in ME-PDG but using Hong Kong’s climate, material properties, and traffic 

conditions. Therefore, ME-PDG design method was used in this study and the 

AASHTOWare Pavement ME Design software was purchased to implement the 

design analysis. 
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Researchers have attempted to achieve the most economical pavement designs based 

on the ME design methods. Rajbongshi and Das (2008) developed a simple method to 

identify an optimal pavement design which is both cost-effective and reliable. Pryke 

et al. (2006) applied genetic algorithms to optimize pavement design procedure. Other 

researchers attempted to identify the optimum M&R strategies and the performance of 

treatment types through ME design simulation (Ullidtz et al. 2010, Mandapaka et al. 

2012). Additionally, the concept of perpetual pavement or long-life pavement has 

been introduced into pavement design. Perpetual pavement is expected to be a very 

appealing alternative due to its low rehabilitation and reconstruction cost and 

infrequent traffic closures (Timm and Newcomb 2006, Tarefder and Bateman 2010). 

 

Through literature review, the author found that the life cycle concept, especially life 

cycle cost, has been widely considered in pavement design. In this study, the 

state-of-the-art ME pavement design method, ME-PDG, was used for creating 

simulated design cases. The corresponding AASHTOWare Pavement ME Design 

software was used for implementing the design simulations. 

 

2.2.2 Pavement material production and construction 

 

After planning and design, material production and construction are a major 

component of the pavement’s life cycle. Pavement materials have to be produced in 

accordance with established material design standards. During construction, the 

materials are transported to construction sites where they are placed and compacted to 

achieve the specified construction quality standards. 
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(1) Pavement material production 

 

A number of studies have been focusing on sustainability issues during pavement 

material production, especially the production of asphalt mixtures. Flexible pavement 

is surfaced with asphalt concrete made of different types of asphalt mixtures. Example 

studies are briefly introduced as follows. 

 

The difference in energy use between batch mixture plant and drum mixture plant was 

compared by Ang et al. (1993) using two case studies. A thermodynamic method was 

developed for the estimation of energy consumption of the half-warm mixture 

production process (Harder et al. 2008). In another study, the aggregate drying 

process was analyzed to quantify energy consumption and efficiency in asphalt 

mixture plant (Aghbashlo et al. 2013). Recently, there has been a proliferation of 

literature on the comparison of fuel consumption of cold-mix, half-warm-mix, 

warm-mix, and hot-mix asphalts (Harder et al. 2008, Hamzah et al. 2010, Rubio et al. 

2013). The reported fuel consumption ranges between 1.8 liters (L) per ton to 8.1 L 

per ton of asphalt mixture production. These studies indicate that mixture type has 

significant impacts on energy consumption. However, most studies only rely on 

empirical data collected from limited mixture production processes. A universal 

method capable of predicting energy consumption and greenhouse gas (GHG) 

emissions for different mixture types and in different production conditions is 

desirable but currently lacking. Moreover, the use of different boundaries, methods 

and assumptions lead to inconsistent energy consumption estimates. 

 

The reported energy consumption in material production in the existing literature is 

not only inconsistent, but also lacks focus and detail. It is unclear how material 
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types, conditions, and other factors affect the energy consumption rate. As a 

result, the environmental impacts in material production cannot be accurately assessed. 

This is identified a research gap in this study. 

 

(2) Pavement construction 

 

Three types of construction activities are typically performed on a highway pavement, 

including new construction or reconstruction, rehabilitation, and maintenance. New 

construction or reconstruction is to completely build or rebuild the entire pavement 

structure, including the compaction of subgrade soil, placement and compaction of 

granular sub-base, and placement and compaction of upper asphalt concrete layers. 

Rehabilitation is to improve the structural capacity of the existing pavement by 

replacing upper asphalt concrete layers with new asphalt concrete. Maintenance is to 

treat pavement to restore its functional performance and prevent the development of 

distresses. A large number of maintenance techniques are available. In Hong Kong, 

the resurfacing of the top asphalt concrete layer (wearing course) is treated as a 

maintenance activity. 

 

2.2.3 Pavement operation and disposal 

 

The operation stage of a highway pavement constitutes the predominant portion of its 

life cycle length. The serviceability and impacts of the pavement are mainly 

manifested in the operation stage. Poor pavement conditions create a safety hazard 

and increase the vehicle operating costs. Highway agencies typically continuously 

monitor pavement conditions during the operation stage. If the conditions drop below 

a certain level, treatments including reconstruction, rehabilitation, or maintenance are 
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applied. The Intergovernmental Panel on Climate Change (IPCC) stated that the 

transportation sector has been active in making policies to address climate changes 

(IPCC 2007). Although scholars are more likely to focus on vehicle technologies and 

clean fuel options for GHG emissions mitigation (Lutsey and Sperling 2009), the 

influence of pavement surface conditions on GHG emissions is attracting growing 

interest (Santero and Horvath 2009, Zhang et al. 2010, Lidicker et al. 2012). 

 

From highway agency’s perspective, the major issues in the operation stage are how 

to measure pavement conditions and schedule maintenance and rehabilitation 

treatments. In recent decades, pavement management has been gaining increasing 

attention due to the magnitude of the agency’s expenditures on pavement treatments 

and their great impacts on user costs (Durango and Pablo 2007). A large number of 

studies have been conducted on the optimization of the frequency and intensity of 

pavement M&R. Sathaye and Madanat (2011) categorized the existing optimization 

models into three types: 1) discrete or continuous pavement condition state, 2) single 

or multiple facilities, 3) top-down or bottom-up multi-facility optimization approach. 

Pavement management typically relies on computerized pavement management 

systems (PMSs). 

 

In practice, highway administrative agencies seldom include environmental burdens 

in pavement management systems (Wang et al. 2014a). Nevertheless, several 

academic studies have attempted to incorporate Life Cycle Assessment (LCA) (will 

be elaborated in Section 2.6) into pavement management for environmental impact 

mitigation at both the project and network levels (Zhang et al. 2010, Lidicker et al. 

2012, Reger et al. 2014, Wang et al. 2014a). A full life cycle analysis of highway 

pavement maintenance is presented by Giustozzi et al. (2012). The study incorporates 
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pavement performance and environmental features (GHG emissions and embodied 

energy consumption) into the traditional life cycle cost analysis. 

 

The disposal of highway pavement at the end of its life cycle presents another 

challenge. For flexible pavement, the old asphalt pavement materials are typically 

recycled. The reclaimed asphalt pavement (RAP) may be partially incorporated into 

new asphalt mixtures, or used as a granular material in road sub-base. In Hong Kong, 

20% of RAP is commonly allowed to be incorporated into new asphalt mixtures, and 

the other 80% has to be placed somewhere else as an inert solid waste. 

 

2.3 Identification of Critical Sustainability Issues for Highway Pavement 

 

The concept of sustainability and its application to highway pavement were critically 

reviewed. In this section, the general concept of sustainable development is 

introduced in both global and local contexts. The indicators and metrics for the 

sustainability of infrastructures and highway pavement are presented subsequently. 

The sustainability concerns for highway flexible pavement in Hong Kong are 

identified. 

 

2.3.1 Sustainable development 

 

The term “sustainable development” (hereinafter used interchangeably with 

sustainability) was first emerged in 1987 in a report entitled “Our Common Future” 

published by the World Commission for Environment and Development (WCED). In 

the report, sustainable development is defined as “development that meets the needs 

of the present without compromising the ability of future generations to meet their 
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own needs” (Brundtland 1987). Sustainable development is commonly accepted to 

have three dimensions: economy, environment, and society. United Nations (UN) has 

proposed a series of conferences to develop and promote the general concept of 

sustainable development during the 1980s and 1990s. Agenda 21 is the milestone of 

the UN conferences. It clarifies the general principles of sustainability and develops 

indicators for the measurement of sustainable development (UN 1992). A core set of 

indicators was developed and updated in 1994, 2001 and 2007. The latest sustainable 

development indicators are organized into 14 themes, 44 sub-themes, and 96 

indicators (UN 2007). During implementation, the indicators need to be adapted to 

accommodate the specific local issues. 

 

In recent years, Hong Kong government has been active in embracing the concept of 

sustainable development. A three-year comprehensive study was commissioned by the 

Hong Kong government to define the sustainable development strategies, entitled 

“Sustainable Development for the 21st Century (SUSDEV 21)” (HKSARG 2003). 

Many initiatives have been used to promote sustainable development in Hong Kong. 

For instance, the Sustainable Development Division was established as a part of the 

government in 2001 and the Council for Sustainable Development was set up in 2003. 

The Hong Kong government specifically requires that all the government agencies 

should “conduct sustainability assessments of their major initiatives and programs and 

to explain the sustainability implications in their submissions to the Policy Committee 

and Executive Council” (HKSARG 2011). Sustainable development in Hong Kong 

has been defined as development that “balances social, economic, environmental and 

resource needs, both for present and future generations, simultaneously achieving a 

vibrant economy, social progress and a high quality environment, locally, nationally 

and internationally, through the efforts of the community and the Government” 
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(HKSARG 2011). A sustainable development system has been developed under 

SUSDEV 21 to address and evaluate the implications of sustainability for future 

strategic decision making, including 8 sustainability guiding principles and 39 

indicators for sustainable development in Hong Kong (HKSARG 2003). These 

guiding principles and indicators aim to translate the general sustainability concept 

into pressing local concerns. 

 

Using construction industry as an example, Wang (2009) illustrates the process of 

translating the general sustainability indicators to practical issues in construction. 

Similarly, after reviewing the 8 sustainability guiding principles in Hong Kong, the 

author derived the sustainability concerns of the road pavement based on the 8 

guiding principles.  

 

2.3.2 Sustainability indicators for infrastructures 

 

Infrastructure sustainability has attracted growing interests among the research 

communities and practitioners. Efforts have been made to develop indicator systems 

for assessing the sustainability of infrastructure projects. For instance, key 

performance indicators (KPI) for sustainable infrastructure delivery were defined and 

sustainability index was calculated thorough multi-criteria decision analysis 

(Rackwitz et al. 2005). Shen et al. (2005) developed a model for assessing 

sustainability across the life cycle of infrastructure using system dynamic method. 

Key indicators for assessing the sustainability of an infrastructure project were also 

proposed. The reported sustainability indicators for infrastructure projects are 

summarized in Table 2.1. The sustainability indicators for infrastructure projects in 

Table 2.1 provide a foundation for identifying the sustainability issues related to 



22 
 

highway pavement. 

 

 

Table 2.1 Selected sustainability indicators for infrastructure projects 

Sustainability indicators for infrastructure projects Relevant literature
Economic sustainability; social sustainability; technological safety; 
attractiveness for living; attractiveness for businesses 

Timmermans and 
Beroggi (2000) 

Construction material usage; energy and water usage; capital, operation, and 
maintenance costs; expenditure in research and development change; 
performance in building function; accessibility; health and acceptability 

Sahely et al. 
(2005) 

Economic efficiency; length of main roads; passenger kilometers; CO2 
emissions; per-capita use of transportation energy; death injuries; accidents; 
residential population exposed to outside road traffic noise 

Mihyeon Jeon and 
Amekudzi (2005)

Initial cost; life cycle cost; extent of land acquisition; extent of loss of habitat or 
feeding grounds; extent of encroachment on concerned areas; complaints from 
local parties 

Ugwu and Haupt 
(2007) 

Economic factors: Analysis on the market supply and demand; financial risk; 
life cycle benefit; project budget; internal return ratio; life cycle cost; technical 
advantage; payback period. 
Social factors: public safety; effects on local development; scale of 
serviceability; provision of ancillary amenities to local activities public 
sanitation. 
Environmental factor: Effect on water quality; effect on land pollution; 
ecological effect; effects on air quality; environmental protection measures in 
project design; influence on public health; energy saving 

Shen et al. (2010)

Life cycle cost; energy; atmosphere; water quantity and quality; erosion; land; 
materials; eco-system; waste; health; community Wang (2009) 

 

2.3.3 Identified sustainability indicators for highway pavement  

2.3.3.1 Existing relevant research 

 

Highway pavement as an important type of transport infrastructures, provides a 

valuable opportunity to promote sustainability. Some relevant studies and practices 

have been conducted in this field. Venner (2004) presented the existing environmental 

and social stewardship practice in highway pavement planning, design, construction, 

and maintenance. Mihyeon Jeon and Amekudzi (2005) summarized the concept of 

sustainability adopted 51 U.S. Departments of Transportation (DOTs). They also 
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answered the three widespread research questions: “What is transportation system 

sustainability?” “How is it being measured?” “What types of policies are being used 

to promote or cultivate progress toward sustainable transportation systems?”. They 

also reviewed 16 worldwide sustainable development initiatives and provided a 

comprehensive list of economic, transportation-related, environmental, 

safety-oriented, and social-cultural indicators and metrics. The Canadian Center for 

Sustainable Transportation proposes 14 sustainable transportation indicators (Gilbert 

and Tanguay 2000), while the Victoria Transport Policy Institute recommends 16 the 

most important indicators, 10 helpful ones, 5 specialized ones (Litman 2009). While 

there is no standard or widely adopted definition of sustainability for transportation 

systems, it is largely being specified around the economy, environment, and general 

social well-beings (Mihyeon Jeon and Amekudzi 2005). The existing studies indicate 

that incorporating sustainable practices into pavement design and management is 

generally challenging, and adequate information and available tools for highway 

agencies to quantitatively assess pavement sustainability are missing. 

 

2.3.3.2 Identified sustainability indicators related to highway pavement 

 

Investments in highway pavement often bring economic benefits but do cause certain 

negative effects on the environment and society. This study aims to help the highway 

agencies find more sustainable pavement design and management strategies over the 

life cycle. Therefore, sustainability issues related to highway pavement need to be 

properly defined.  

 

Sustainability in this study is broadly divided into three pillars: economy, environment, 

and society. Life cycle costs (LCC) can be used to represent the economic impacts 
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associated with highway pavement, and the methodology for assessing economic 

impacts will be discussed in Section 2.4. A review of the literature suggests that the 

majority of existing studies on highway pavement sustainability focuses on the 

environmental aspects. Table 2.2 summarizes the environmental indicators of 

pavements used in the existing relevant studies. It shows that energy consumption and 

GHG emissions are the most popular indicators, which are used to represent the 

environmental impacts in this study. A few types of air pollutants are studied from the 

perspective of immediate health effects to construction workers. The environmental 

impacts will be reviewed in section 2.5. Mobility, safety, and health are chosen to 

represent the social impacts of highway pavement, and the relevant literature will be 

reviewed in Section 2.6. 

 

Table 2.2 Literature on selected environmental impacts 

Literature 
Energy 

consumption 
GHG 

emissions
Air 

pollutants 
Leaching

Häkkinen and Mäkelä (1996)    
Horvath and Hendrickson (1998)     
Roudebush (1999)     
Berthiaume and Bouchard (1999)     
Mroueh (2000)    
Stripple (2001a)     
Nisbet et al. (2001)     
Lundström and Finnsementti (2003)     
Park et al. (2003)     
Treloar et al. (2004)     
Zapata and Gambatese (2005)     
Meil (2006)     
Chan (2007)     
Birgisdottir et al. (2007)    
Muga et al. (2009)     
Santero and Horvath (2009)     
Huang et al. (2009)     
Zhang et al. (2009)     
White et al. (2010)     
Hassan (2010)     
Yu and Lu (2012)     
Wang et al. (2012a)     
Mukherjee and Cass (2012)     
Santhanam and Gopalakrishnan (2012)     
Tatari et al. (2012)     
Vidal et al. (2013)    
Yu et al. (2013)     
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Kang et al. (2014)     
Wang et al. (2014a)     
Reger et al. (2014)     

 

In conclusion, despite of extensive discussions on pavement-related sustainability 

issues, the scope of the issues has not been systematically defined. In addition, the 

issues may be heavily influenced by local contexts. After considering the global 

sustainability indicators developed by the UN, the sustainability principles developed 

in Hong Kong, and environmental indicators reported in a large amount of literature, 

this study finally consolidated highway pavement sustainability issues into a few 

indicators. The relationships among the chosen indicators and the existing systems are 

shown in Figure 2.2. 
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Figure 2.2 The proposed sustainability indicators for highway pavement in this study 

 

2.4 Assessment of the Economic Impacts: Life Cycle Cost Analysis (LCCA) 

2.4.1 The concept of LCCA 

 

Life cycle cost analysis (LCCA) is commonly used for supporting network and/or 

project level pavement management decisions. LCCA is a tool for selecting a 

pavement system that is the least expensive over the analysis period. Built on the 

well-founded principles of economic analysis, LCCA assists the evaluation of the 

economic efficiency among the competing alternative investment options (Walls III 

and Smith 1998). The conceptual model of LCCA for flexible highway pavement is 
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shown in Figure 2.3. 

Figure 2.3 Cash flow diagram of an assumed pavement in Hong Kong 

 

In Figure 2.3, the timing and costs of construction activities depend on the chosen 

design strategies. It is expected that an optimum strategy would minimize the 

pavement’s life cycle costs (LCC), which can be represented by the net present value 

of the strategy over a chosen analysis period. The equation to estimate the LCC is 

conceptually expressed as: 

 

np

mn

l
nul

m

j
nmj

n

k
nrki i

S

i
C

i
C

i
CCNPV

ljk )1(
]

)1(

1
[]

)1(

1
[]

)1(

1
[

111 +
−

+
+

+
+

+
+= 

+

===
  

(1.1)
 
 

where, NPV = net present value; 

Ci = initial construction cost; 

Crk = construction cost of the kth major road rehabilitation; 

Cmj = construction cost of the jth road maintenance or resurfacing; 

Cul = road user cost due to the lth road rehabilitation, maintenance or 

resurfacing; 

C
i
, initial construction cost

C
r
, rehabilitation cost C

m
, maintenance & resurfacing cost 

C
u
, workzone user cost 
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n, m = total number of rehabilitation project, and maintenance or resurfacing 

project, respectively;  

Rk = predicted rehabilitation cost for the kth resurfacing project, k=1, 2, … , n; 

nk, nj, nl, = the year at which an activity is performed; 

S = salvage value at the end of analysis period; 

np = analysis period; 

i = interest rate (or discount rate) used for analysis. 

 

According to the U.S. Federal Highway Administration (FHWA) Interim Technical 

Bulletin, the process of LCCA consists of eight steps (Walls III and Smith 1998), as 

shown in Figure 2.4. 

 

Figure 2.4 LCCA process flow chart (Walls III and Smith, 1998) 

 

2.4.2 LCCA evaluation tools and research directions 

 

LCCA may be performed manually; however, it is difficult to consider all the cost 

items consistently. A widely used tool for LCCA of highway pavement is a computer 

program called “RealCost” developed by FHWA (2011). RealCost consists of a series 

of Microsoft Excel spreadsheets with graphical user interface. In this study, RealCost 

of version 2.5 was used, and the detailed procedure using RealCost will be introduced 
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later. 

 

LCCA has been proven to be an effective tool to evaluate different pavement design 

and maintenance strategies in terms of economic effectiveness. LCCA models 

typically focus on the agency costs. The user delay costs associated with construction 

activities, vehicle operating costs due to the continuously deteriorating pavements, 

and environmental damage costs that are the costs to recover the damage due to 

pollutants, are usually not considered (Chan et al. 2008, Yu et al. 2013). Therefore, 

the existing scope of LCCA may not be complete. This research conducted LCCA for 

flexible pavement by considering costs incurred by both the highway agency and road 

users. LCCA results were used to optimize pavement design and management 

decisions along with other dimensions of sustainability. 

 

2.5 Assessment of the Environmental Impacts: Life Cycle Assessment (LCA) 

 

Compared with the economic counterpart, environmental evaluation of highway 

pavement has gained less attention in practice even though there are many academic 

discussions. Life cycle assessment (LCA) is a methodology for evaluating the 

environmental loads of products or systems during their life cycles. Apart from LCA, 

there are two similar concepts in environmental evaluation. One is environmental 

impact assessments (EIA), which is a method to assess the physical, biological, 

cultural, and socioeconomic effects of a proposed action (Gilpin 1995). Another is 

placed under various rating and certification schemes (such as Greenroads, 

GreenLITES, INVEST, Envision) (Bujang et al. 2014). The above evaluation systems 

are primarily based on qualitative methods, and the criterion selection is vulnerable to 

subjective judgments (Lee et al. 2011). Therefore, this section mainly focuses on the 
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LCA method. 

 

2.5.1 The concept of LCA 

 

LCA is defined and specified in a series of international standards, as shown in Table 

2.3. Four interrelated analytical steps are included in LCA, as shown in Figure 2.5 

(Ortiz et al. 2009). The first step of LCA is to define the goal and scope, including the 

assessment purpose, audiences, and system boundaries. The second step is to perform 

life cycle inventory (LCI) analysis, which involves collecting data for each unit 

process regarding all the relevant inputs and outputs of energy and mass flow as well 

as data on emissions to air, water and land.  

 

Table 2.3 The international standards of LCA for sustainability assessment 

Standard Standard title 

ISO 14040 Life cycle assessment: general principles and practices 

ISO 14041 Life cycle assessment: goal and definition/scope and inventory assessment 

ISO 14042 Life cycle assessment: impact assessment 

ISO 14043 Life cycle assessment: improvement assessment 

ASTM E1991 
Standard guide for environmental life cycle assessment of building 

materials/products 

ASTM E2129 
Standard practice for data collection for sustainability assessment of building 

products 

ASTM E2114 Standard terminology for sustainability relative to the performance of buildings 
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Figure 2.5 Four phases of LCA 

 

The commonly used LCI databases in pavement field are presented in Table 2.4. The 

third step is to perform life cycle impact assessment (LCIA), which is to evaluate the 

potential environmental impacts and estimate the resources used. This step comprises 

of three mandatory elements: selection of impact categories, classifications 

(assignment of LCI results), and characterization. Two methods can be used in 

performing LCIA, namely the mid-point approach and the end-point approach. The 

mid-point method is a problem-oriented approach that focuses on potential stressors, 

including global warming potentials, acidification, eutrophication, potential 

photochemical ozone creation, etc. Various methods have been developed under the 

mid-point approach, such as CML (Center of Environmental Science of Leiden 

University) baseline method, EDIP (Environmental Design of Industrial Products) 97 

method, EDIP 2003 method, and IMPACT 2002+ method (Ortiz et al. 2009). The 

end-points approach focuses on the impacts of the stressors, including climate 

changes, human health impacts, and impacts on biodiversity, etc. Examples of 

end-points approach include Eco-indicator 99 (developed by PRé Consultants B.V.) 

and IMPACT 2002+ (Ortiz et al. 2009). The interpretation step focuses on identifying 

significant issues, evaluating findings to reach conclusions, and formulating 
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recommendations. 

 

Table 2.4 LCI database for highway pavement 
Developer Database Description 

Mroueh 
(2000) 

Excel-based LCI 
analysis program 

An excel-based LCI analysis program for road construction. 
It has been used to characterize the construction materials 
studied.  

Stripple 
(2001b) 

Road model 

The model is developed using Excel and is built up by a 
number of worksheets for input and output data. The Road 
model includes construction, operation and maintenance and 
the inventory analysis includes resource use, energy 
parameters and the basic emissions CO2, NOX, and SO2. 

Birgisdottir et 
al. (2007) 

ROAD-RES model 
It is based on C++ and the Paradox database for road 
construction and disposal of residues from waste 
incineration. 

Hoang et al. 
(2005) 

ERM/GRM model 

This model calculates the consumption of raw materials, 
energy use and emissions of pollutants from the processes of 
initial construction of the road, operation and maintenance. 
The ERM is the inventory of environmental loads and GRM 
is the evaluation of environmental impacts. 

Huang et al. 
(2009) 

Excel-based model 

It is a LCA model based on spread sheet in Excel for 
estimating and presenting results of the inventory. There are 
five spreadsheets: parameters for processes, parameters for 
pavement, unit inventory, project inventory, and 
characterization results.  

Wayman et al. 
(2011) 

asPECT 
The asPECT (Asphalt Pavement Embodied Carbon Tool, 
asPECT) is a model to calculate carbon footprint and GHG 
emissions of asphalt. 

Huang et al. 
(2013) 

CHANGER 

CHANGER (Calculator for Harmonized Assessment and 
Normalization of Greenhouse gas emissions for roads) is a 
GHG calculator, which is specifically tailored to road 
construction and rehabilitation projects. 

Green Design 
Institute of 
Carnegie 
Mellon 
University 
(2004) 

EIO-LCA 

The Economic Input-Output Life Cycle Assessment 
(EIO-LCA) method estimates the materials and energy 
resources required for, and the environmental emissions 
resulting from, activities in our economy. 

 

Generally, LCA is conducted by using one of three broadly accepted methods: a 

process-based approach, an economic input-output approach, and a hybrid approach 

that combines the above two approaches (Rebitzer et al. 2004). 
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(1) Process-based LCA 

 

Process-based LCA is an approach that aims to quantify the inputs and emissions of 

each discrete process within a life cycle system boundary. The total life cycle inputs, 

emissions, and impacts are then estimated by summing up the data across all the 

discrete processes. The process-based LCA is a bottom-up method which has been 

widely used in existing studies. 

 

(2) Input-output LCA 

 

Input-output (I-O) LCA is a top-down approach that includes all the sectors of an 

economy in the analysis based on the economic I-O approach. I-O models can trace 

all direct and indirect economic inputs required to produce a unit of output from a 

given economic sector. I-O LCA enables a user to analyze the entire supply chains 

with no truncation errors. The I-O LCA method was originally intended as a tool to 

estimate both direct and supply chain economic effects for commodities using the 

average U.S. Department of Commerce data. However, obtaining data from many 

industrial sectors for accurate estimation of environmental burden is challenging, and 

the data may be outdated, incomplete or irrelevant. 

 

(3) Hybrid LCA 

 

As explained previously, the process-based LCA isolates processes using well-defined 

system boundaries and calculates direct emissions of all the activities within the 

defined boundary. On the other hand, the I-O LCA is based on economic transactions 

and resource interactions between an exhaustive set of economic sectors. Both the 
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advantages and disadvantages of these two methods are discussed in previous work 

(Hendrickson et al. 2010). Several efforts have been made to develop a hybrid LCA 

model based on these two approaches (Bilec et al. 2006, Cass and Mukherjee 2011). 

For instance, Pavement Life-Cycle Assessment Tool for Environmental and Economic 

Effects (PaLATE) is a hybrid model to characterize and quantify energy (fuel) use, 

water use, emissions and health risks (Horvath 2004). 

 

2.5.2 Applications of LCA in the pavement field 

 

A number of studies have been conducted to apply the concept and techniques of LCA 

to pavement field. The existing studies are categorized into the following three groups 

for ease of discussion. 

 

(1) The application and adaptation of the LCA framework in the pavement field 

 

Several researchers attempt to employ LCA framework in pavement filed. In order to 

overcome the shortcomings of the process-based and IO-based LCA methods, Park et 

al. (2003) developed a hybrid model to quantitatively assess the environmental 

impacts of highways. The model, however, excludes the operation (use) phase of the 

pavement’s life cycle.  

 

Sayagh et al. (2010) developed a parametric environmental evaluation tool named 

ERM (Elementary road modulus) that applies the LCA method specifically to 

pavements. However, the analysis period of ERM is limited to construction and 

maintenance phases. 
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Santero and Horvath (2009) developed a comprehensive pavement LCA method to 

evaluate the environmental impacts. The method includes six phases of the pavement 

life cycle: design, materials, construction, use, maintenance, and end-of-life. Eight 

different components are included: materials extraction and production, transportation, 

onsite equipment, traffic delay, carbonation, lighting, albedo, and rolling resistance.  

 

(2) The use of LCA for comparison of pavement systems or materials 

 

LCA has been used to compare the sustainability of different pavement materials or 

systems. Häkkinen and Mäkelä (1996) studied the environmental impacts of concrete 

and asphalt pavements with the consideration of pavement construction, maintenance, 

and traffic in road use phase. The functional unit for comparison is one kilometer of 

motorway in Finland. The two pavement structures are evaluated by 18 different 

environmental criteria, including CO2 emissions, energy consumption, air pollutants, 

heavy metal releases, etc. 

 

I-O LCA method has also been used in the comparison of environmental loads of 

asphalt and steel reinforced concrete pavements by Horvath and Hendrickson (1998). 

The findings indicate that in the initial construction phase, asphalt concrete (AC) 

pavement appears to have a higher energy consumption value of 7.0 × 106 

MJ/two-lane-km, which is 5.0×106 MJ for continuously reinforced concrete pavement 

(CRCP). The process LCA method was used to compare stone-mastic asphalt (SMA) 

and jointed plain concrete pavement (JPCP) through energy analysis (Berthiaume and 

Bouchard 1999, Roudebush 1999). 

 

Stripple (2001a) in the IVL Swedish Environmental Research Institute developed a 



36 
 

dynamic model to divide pavement construction, maintenance and operation into 

small process units for two asphalt pavements and one concrete pavement. The 

process-based LCA developed by the Society of Environmental Toxicology and 

Chemistry (SETAC) and the U.S Environmental Protection Agency (EPA) has been 

used to trace back upstream processes or activities to create a product or system. 

Operation phase is recognized as the most energy consuming period for both types of 

pavements. 

 

Hoang et al. (2005) examined two different highway cases (AC pavement versus 

CRCP pavement) in France in terms of energy use and CO2 emissions in 30 years. 

They found that energy use for CRCP is 7780 GJ and it is greater than the energy use 

for AC (5500 GJ). The authors, however, just focused on the construction and 

maintenance phases of the life cycle. 

 

Zapata and Gambatese (2005) examined an abbreviated life cycle inventory 

assessment of a CRCP and an AC pavement with respect to the energy consumed by 

constructing the pavements. For AC, energy is primarily consumed during asphalt 

mixing and drying of aggregates (48%) and the production of bitumen (40%). 

 

Athena Sustainable Materials Institute estimated the embodied primary energy usage 

and the global warming potentials (GWP) of concrete pavement and asphalt pavement 

over 50 years of the life cycle. The results show that the asphalt pavement embodied 

more energy than concrete pavement due to the large amount of feedstock energy 

(Meil 2006). The analysis scope includes extraction, processing, and transportation of 

materials, but energy usage for construction equipment in initial construction and 

rehabilitation is excluded.  
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MIT Concrete Sustainability Hub conducted similar research with the Athena 

Sustainable Materials Institute (Santero et al. 2011a). The use phase of the pavement 

life cycle was studied, including roadway lighting, urban heat island, carbonation, and 

rolling resistance. The results reveal that the GHG emissions for producing concrete 

are higher than that for producing asphalt, but the trend is the opposite in the use 

phase.  

 

(3) The use of LCA for the assessment of industrial by-products 

 

LCA has also been used to assess the environmental benefits or impacts of using 

industrial by-products in pavement construction. The use of such materials provides 

an effective way of processing solid wastes and reducing the consumption of 

non-renewable resources. It is commonly assumed that reusing and recycling 

materials for pavement construction can improve environmental conservation. 

Birgisdottir et al. (2007) used ROAD-RES to compare the use of natural gravel versus 

bottom ash generated from municipal solid waste incineration as road sub-base. The 

environmental impacts were assessed in a 100-year time span in terms of resource and 

energy consumption, air emissions, leaching of heavy metals and salts from bottom 

ash.  

 

2.5.3 LCA evaluation tools and research directions  

2.5.3.1 Tools for LCA 

 

A number of tools have been developed to assist LCA. The existing LCA tools can be 

classified into two types: general commercial LCA tools and specific pavement LCA 
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models. The commercial LCA tools such as BEES, SimaPro, and Gabi may be applied 

to pavement studies. Examples of commercial LCA software are shown in Table 2.5. 

The specific pavement LCA models are introduced in details as follows. 

 

 

 

 

Table 2.5 The available commercial LCA software 

Software Developer Features 

Boustead 5.0 
Boustead Consulting 

Ltd. U.K. 

The Bousteas Model version 5.0 is mainly designed for 

function-based LCAs and it is intended for LCA 

experts, design and environmental engineers. 

SimPro8.0 
PRé Consultants bv, 

The Netherlands 

It is function-based LCA, screening and accounting 

LCA, and from cradle to gate, end of life studies and 

other partial LCA studies. 

Gabi 6.0 
University of Stuttgart, 

Germany 

GaBi is designed for function-based LCAs and it is 

intended for LCA experts and similar persons 

KCL-ECO 4.0 

The Finnish Pulp & 

Paper Research 

Institute, Finland 

KCL-Eco 4.0 is designed for all types of LCAs, i.e. 

function-based, screening and accounting LCAs. It is 

suited for all types of users, LCA experts, environmental 

and design engineers. 

TEAM3.0 Ecobilan, France 

TeamTM 3.0 can be used for all types of LCA work and 

is intended for LCA experts and environmental 

engineers 

 

(1) PaLATE/Roadprint 

 

PaLATE is a LCA tool designed to estimate the environmental and economic burdens 

associated with highway pavement projects in the U.S. (Horvath 2004). PaLATE was 

first released in 2003 at the University of California, Berkeley, and it was superseded 

by a web-based tool named Roadprint Online (Lin and Muench 2012). The tool 

follows a hybrid LCA approach that covers the entire life cycle except for the use 
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phase. Twelve different environmental parameters are generated by PaLATE, 

including energy consumption, CO2 emissions, water consumption, NOX emissions, 

PM10 emissions, SO2 emissions, CO emissions, Hg (Mercury) emission, Pb (Lead) 

emissions, RCRA (Resource Conservation Recovery Act) hazardous waste generated, 

HTP (human toxicity potential) cancerous substances, and HTP non-cancerous 

substance. Environmental outputs are reported as raw values rather than as 

environmental impacts. This makes PaLATE primarily an LCI (rather than an LCIA) 

tool. Besides environmental evaluation, the tool also provides a simple life cycle costs 

estimation limited to materials, but not labor, equipment rental, or user costs. 

 

PaLATE provides estimates of life cycle air emissions, contaminant releases, water 

and energy consumption and cancerous and non-cancerous human toxicity potentials 

(Horvath 2004). Chesner et al. (2011) utilized PaLATE to compare the environmental 

outputs of pavement rehabilitation options. An important feature of PaLATE is its 

capacity to generate information concerning the use of recycled materials and onsite 

recycling processes, which is not provided by other LCA tools (Nathman et al. 2009). 

The drawback of this tool is that it cannot provide pavement performance data. 

Therefore, all the initial construction and maintenance activities during the analysis 

period have to be manually entered. In addition, the environmental damage associated 

with traffic is not considered in PaLATE. 

 

(2) ROAD-RES 

 

ROAD-RES is a model developed by the Technical University of Denmark. 

ROAD-RES aims to assess the environmental impacts in material production, 

construction, maintenance, and end-of-life phases of the pavement life cycle 
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(Birgisdottir et al. 2007). An important feature of ROAD-RES is that it can assess the 

effects of using industrial by-products such as the bottom ash in pavement. The 

environmental impacts are grouped in eight categories, including GWP, 

photochemical ozone formation, nutrient enrichment, acidification, stratospheric 

ozone depletion, human toxicity, ecotoxicity, and stored ecotoxicity. 

 

(3) A spreadsheet-based LCA tool 

 

Huang et al. (2009) developed a spreadsheet-based LCA tool for asphalt pavement. 

The tool consists of five active spreadsheets. The outputs of the assessment include 

eleven environmental impact categories: depletion of materials, depletions of fossil 

fuels, GWP, stratospheric ozone depletion, acidification, photo oxidant formation, 

human toxicity, eco-toxicity, eutrophication, noise, depletion of landfill space. A 

unique characteristic of this tool is that it performs entire life cycle impact assessment 

defined in the ISO14040.  

 

(4) asPECT tool 

 

The asphalt Pavement Embodied Carbon Tool (asPECT) was released in 2009 to 

quantify the carbon footprint of asphalt pavement during the life cycle except for use 

phase (Wayman et al. 2011). The asPECT tool facilitates the evaluation of the asphalt 

pavement to climate change. 

 

(5) PE-2 

 

The Project Emissions Estimators (PE-2) is a web-based tool to implement LCA for 
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highway pavement (Mukherjee and Cass 2012). This is a research output of the 

Michigan Technological University and Michigan Department of Transportation. 

Work zone traffic congestion is considered in this tool, and it aims to benchmark the 

life cycle emissions of highway pavement projects.  

 

(6) Athena Impact Estimator for Highways 

 

Athena Impact Estimator for Highways is a LCA-based software package developed 

by the Athena Sustainable Materials Institute (2013). The environmental impacts of 

vehicle fuel consumption due to the roughness of pavement surface are incorporated 

into this tool, which is currently the most developed and accessible pavement LCA 

tool. Unfortunately, the tool aims to measure the environmental impact of Canadian 

roadway designs; hence, it is inconvenient for use in other regions. 

 

2.5.3.2 Research gaps and directions 

 

The existing techniques and tools for LCA as discussed above are useful inputs for 

this research. However, they cannot be directly used to meet the research objectives 

due to several reasons. 

 

Firstly, existing attempts of performing LCA do not cover all the stages of the 

pavement’s life cycle. Particularly missing are energy consumption and emissions 

generated by traveling vehicles during the road usage stage and how road pavement 

conditions affect these two environmental factors. Without such information, the 

agency’s decision to maintain pavement conditions above a certain level cannot be 

justified, as least from the perspective of environmental conservation.  
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Secondly, data used in the existing LCA studies show large variations and some 

important data are missing. Most existing LCA studies borrowed data from literature. 

The data varies greatly due to the differences in data collection methods, definition of 

functional units, system boundaries, methods of material production and pavement 

construction, and location. For instance, GHG emissions in producing one ton of 

asphalt mixture in the U.S. may be different than that in Hong Kong. Moreover, GHG 

emissions depend on the types of asphalt mixtures. The conventional asphalt mixtures 

may only need to be heated to about 140 oC, while the self-compaction asphalt 

mixtures that will be used on the Hong Kong-Zhu Hai-Macao bridge and service 

roads need to be raised above 190 oC. The differences in energy consumption and 

GHG emissions of these two materials may be huge. 

 

Thirdly, existing LCA studies commonly aim at the comparison of pavement systems 

(e.g., concrete vs. asphalt pavement) or the environmental loads of particular 

pavement materials (e.g., inert solid wastes). These studies are not conducted from the 

perspective of improving pavement management decisions. As a result, the 

implications of pavement management decisions on environment cannot be evaluated. 

For example, it has been widely reported that pavement roughness affects vehicle fuel 

consumption, which further affects GHG emissions. Hence, fuel consumption and 

GHG emissions are a function of pavement roughness. Without information on how 

pavement roughness changes over the pavement life, the estimation of fuel 

consumption and GHG emissions may not be accurate. 

 

This research aims to address the gaps as discussed above. In this study, the life cycle 

of a pavement is divided into seven sub-systems: extraction and manufacturing of raw 
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materials, distribution (transport) of the materials, construction, M&R activities, 

traffic delay due to the construction and M&R work, road usage, and end-of-life. LCA 

was performed for each of the individual sub-system. Energy consumption and GHG 

emission data were generated through validated prediction models. The impacts of 

pavement conditions and construction activities on LCA were systematically studied 

based on pavement condition prediction, traffic volumes and compositions, and fuel 

consumption models. It is anticipated that the LCA of this study is more relevant in 

assisting pavement management decision making. 

 

2.6 Social Impacts of Highway Pavement 

 

Highway pavement is also related to the social dimensions of sustainable 

development. As discussed previously, the relationship between highway and social 

development is mainly manifested in road planning, which is out of the scope of 

pavement studies. The management of highway pavement, however, directly affects 

the social dimensions of sustainable development in at least three aspects: mobility, 

safety, and health. 

 

Improper pavement management decisions negatively affect the mobility of the 

society, especially in heavily trafficked areas. Traffic congestion due to road closure 

for construction or maintenance remains to be an active research topic (Huang et al. 

2009). From pavement management perspective, pavement structural capacity and 

treatment (rehabilitation or maintenance) thresholds affect the frequency of pavement 

treatment. This directly affects traffic congestion. For this reason, minor maintenance 

work such as crack sealing, crack filling, slurry seal is not commonly conducted in 

Hong Kong. Different methods have been used to reduce traffic congestions due to 
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construction activities. For example, nighttime construction is a common practice for 

highway pavement work (Dunston et al. 2000, Hancher and Taylor 2001, Al-Kaisy 

and Nassar 2009, Mostafavi et al. 2012). Construction activities may also be 

scheduled over the weekends (Dunston et al. 2000, Lee et al. 2006). Instead of 

addressing construction-related congestion through construction planning and 

scheduling, this research attempts to include this factor in highway pavement 

management. 

 

Another social factor is safety. Bad pavement conditions create a safety hazard for the 

traveling public. Skid resistance of pavement is a critical factor that affects the safety 

of road travelers. In Hong Kong, polymer-modified friction course (PMFC) is widely 

used on fast roads to improve skid resistance. Another safety concern is hydroplaning 

caused by pavement rutting (Fwa et al. 2011). This may be addressed through the use 

of proper pavement materials or establishment of a rut depth threshold for pavement 

treatment. The third factor is safety hazard created by road closures. Numerous 

studies have shown that road closures increase accident rates (Pigman and Agent 

1988), caused by traffic merging at the work zone, abrupt change of speed, or route 

change (Zhang et al. 2010). The effects of pavement management decisions on work 

zone safety are similar to the effects on congestion. 

 

The third social factor is the health of pavement construction workers. A unique 

characteristic of asphalt pavement construction is that mixing, placement, and 

construction have to be conducted at elevated temperatures (above 120 oC). Asphalt 

binder is an organic material. At such high temperatures, massive amount of asphalt 

fumes is generated. The typical components of asphalt fumes consist of volatile 

organic compounds (VOCs), polycyclic aromatic hydrocarbons (PAHs), particulates, 
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sulfur, nitrogen oxides, and carbon monoxide (New Hampshire Department of 

Environmental Services 2011). The VOCs and PAHs are the two major components of 

asphalt fumes which represent the gaseous and particulate parts of asphalt fumes 

respectively. The effects of asphalt fumes on human health have been investigated by 

some organizations and researchers. The reported non-carcinogenic toxic effects of 

asphalt fumes include irritation of the eye, nose, throat, skin and respiratory tissue, 

fatigue, headaches, dizziness, nausea, stomach discomfort, insomnia (ATSDR 2007a), 

and chronic lung diseases such as bronchitis, emphysema, and asthma (Maizlish et al. 

1988, Hansen 1991). The research results on the possible carcinogenic toxic effects of 

asphalt fumes are often contradictory and thus remain inconclusive (ATSDR 2007a). 

 

Two of the three social factors are addressed in this study. Congestion caused by road 

closure due to pavement construction and repair is added to road user cost, instead of 

being treated as a separate factor. Safety caused by road closure is not considered in 

this study due to the lack of relevant data in Hong Kong. The effects of asphalt fumes 

on workers’ health are investigated in detail. 

 

2.7 Multi-objective Optimization of Highway Pavement Management Decisions 

2.7.1 Highway pavement design and management decisions 

 

The ultimate objective of rational pavement design is to find a design solution or 

solutions that optimize some goals. Existing work on pavement design and 

management optimization is mainly based on empirical pavement design method. 

Small et al. (1989) argue that the durability of a pavement section should be increased 

up to the point where the cost of additional durability is equal to the savings in the 

discounted maintenance costs. Small and Winston (1988) and Madanat et al. (2002) 
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improved the distress models in the AASHTO design procedure and used the 

improved models to find the optimal pavement structural number (SN) and 

reconstruction interval.  

 

A large number of studies deal with the optimization of pavement maintenance 

strategies. Li and Madanat (2002), Abaza and Abu-Eisheh (2003), Ouyang and 

Madanat (2004) derived methods to determine the optimal frequency and type of 

maintenance activities. The existing optimization studies, however, only aim at 

minimizing pavement costs usually from the agency’s perspective. 

 

2.7.2 Multi-objective optimization of management decisions 

 

Under the principles of sustainability, pavement design and management alternatives 

need to accommodate multiple objectives. The economic performance of the 

alternatives may be evaluated through the total life cycle costs, including the agency 

costs, user delay costs, vehicle operating costs, etc. The environmental sustainability 

may be assessed using attributes such as energy consumptions, GHG emissions, and 

atmospheric pollutants. The social performance may be assessed by the alternatives’ 

impacts on mobility. Because sustainability is measured in multiple dimensions, it 

may be difficult to find a solution that simultaneously optimizes all the objectives. 

Moreover, different stakeholders such as governmental authorities, contractors, and 

public may possess different views on the relative importance of the sustainability 

objectives. 

 

The various design and management criteria/objectives should be consolidated for 

ranking and selecting pavement design and management options. The multi-criteria 
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decision analysis (MCDA) method is a commonly used method for such purpose. The 

concept of MCDA is presented in Figure 2.6. At the “alternative” level, different 

alternatives to a solution are proposed. For instance, a highway pavement may be 

constructed with asphalt concrete of different thickness, or a different structure system. 

These alternatives possess different types of “attributes,” or the same attributes of 

different magnitudes. In this study, these attributes are various sustainability 

considerations. The decision maker(s) may define certain criteria upon the attributes. 

For instance, the total costs may have to be below a certain level, or the pavement 

conditions may have to be above a certain service level. A variety of techniques such 

as the direct-weighting method, paired comparison method, fuzzy ordering method, 

AHP (Analytic Hierarchy Process), fuzzy logic, fuzzy decision making tool (Wang et 

al. 2010) may be used to consolidate the attributes and criteria for each alternative. 

The alternatives may be ranked based on the performance scores. 

 

 
Figure 2.6 The conceptual framework of MCDA 

 

Several issues need to be solved to apply MCDA to the optimization of pavement 

design and management. Firstly, one has to define what an alternative is. Only flexible 

pavements, not rigid pavements, are investigated in this study, because flexible 
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pavements are the predominant type of pavement in the world and constitute more 

than 70 percent of paved roads and streets in Hong Kong. Within flexible pavements, 

critical decisions made by the highway agency include pavement structural capacity 

and threshold pavement condition(s). Therefore, each combination of pavement 

structure design and threshold condition forms an “alternative.” Secondly, the 

relationships between the alternatives and attributes have to be defined. In this study, 

ME design simulation was conducted to predict pavement performance of each 

alternative. Based on the predicted results, the sustainability indicators were 

calculated. The detailed process is discussed in the next chapter. Thirdly, criteria need 

to be defined so that a single optimal solution or the acceptable and unacceptable 

alternatives can be finally identified (Khalili and Duecker 2012). 

2.8 Chapter Summary 

 

This chapter provides a summary of the literature with regard to the life cycle of 

highway pavement, sustainable development metrics, sustainability issues related to 

highway pavement, methods to assess sustainability, and multi-objective optimization 

of pavement management decisions. Critical highway pavement sustainability issues 

in Hong Kong and research gaps are identified through the literature review. The 

review not only facilitates the understanding of the progress having been made on the 

relevant research topics, but also lays a solid foundation for developing the research 

framework, which will be introduced in the next chapter. 
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CHAPTER 3 RESEARCH METHODOLOGY1 

 

3.1 Overview 

 

The research methods to achieve the objectives of the study are formulated and 

introduced in this chapter. A methodological framework is developed to show the 

major components of the study and their relationships. The research methods are 

grouped under literature review, mechanistic-empirical flexible pavement analysis, 

life cycle cost analysis (LCCA), life cycle assessment (LCA), approaches for 

assessing the social dimension of sustainability, and multi-objective optimization. The 

research methods enable the author fulfill the essential objectives of this study: 1) the 

identification of critical sustainability issues in the life cycle of flexible highway 

pavement, 2) the quantitative assessment of the sustainability concerns, and 3) 

addressing these issues through improved management decisions. 

 

3.2 Research Framework  

 

The methodological framework is shown in Figure 3.1. An extensive literature review 

was conducted, as presented in Chapter 2. Literature review not only involves the 

comprehension relevant publications, but also the critique of the existing studies to 

identify the research gaps. The mechanistic-empirical (ME) pavement design 

simulations are determined to be used to predict pavement performance based on 

assumed management decisions and traffic conditions. Performance prediction is a 

necessary input for LCCA and LCA. LCCA is decided to be used to assess the 

economic impacts of pavement management decisions, while LCA method will be 

employed to assess the environmental impacts. Experimental studies are planned to 

assess the health impacts of highway pavement construction. Finally, a 

multi-objective optimization method is chosen to be used to identify the best 

pavement design and maintenance strategies. The detailed discussion of the proposed 

research methods is introduced in the following sections.  

 
                                                 
1 Published in Wang, Y., & Chong, D., 2014. Determination of optimum pavement construction 
alternatives to minimize life-cycle costs and greenhouse gas emissions. Construction Research 
Congress 2014@ Construction in a Global Network. ASCE, 679-688. Atlanta, Georgia, May 19-21, 
2014. 
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Figure 3.1 The relationships of the research methods and objectives 

 

3.3 Calibrated Mechanistic-Empirical (ME) Design for Flexible Pavement 

Analysis 

 

Pavement performance prediction is the “engine” for pavement assessment and 

optimization. Through performance prediction, pavement management decisions such 

as materials and structures to be used are translated into predicting structural and 

functional performance indicators such as pavement cracking and roughness. By 

examining how the predicted indicators change with time, highway agency can 

determine the types and timing of pavement treatments under predetermined 

performance “threshold” or “trigger” values. In addition, vehicle operating costs and 

extra fuel consumption are dependent on pavement roughness, which continuously 

increases with time as a result of wear and tear from traveling vehicles. 

 

As stated in the literature review in Chapter 2, AASHTOWare Pavement ME Design 

(hereinafter referred to as Pavement ME Design) developed by the American 

Association of State Highway and Transportation Officials (AASHTO) is the 

state-of-the-art design and analysis software that enables pavement engineers to 

predict the performance of new and rehabilitated pavements (AASHTO 2012). It 

builds upon the U.S. National Cooperative Highway Research Program (NCHRP)’s 

mechanistic-empirical pavement design guide (ME-PDG). While Pavement ME 
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Design has been increasingly gaining acceptance by highway agencies as a design 

tool (including Hong Kong), it lacks the capacity to take into account the 

environmental and economic impacts of pavement design alternatives. Therefore, it is 

necessary to enter the analysis results into economic and environmental assessment 

tools to assess the engineering, economic, and environmental dimensions of pavement 

design. The overall architecture of the ME-PDG is illustrated in Figure 3.2.  

 

Figure 3.2 The overall architecture of ME-PDG 
 

3.3.1 Inputs of pavement analysis 

 

The essential parameters for ME pavement analysis may be categorized into three 

groups: pavement structure and materials, climate conditions, and traffic conditions. 

The parameters used in this study are briefly introduced as follows. 

 

3.3.1.1 Pavement structure and materials 

 

A typical flexible highway pavement structure in Hong Kong is shown in Figure 3.3. 

It consists of a subgrade, a granular sub-base, and a thick asphalt concrete mat which 

is further divided into wearing course (WC), base course (BC) and roadbase (RB). 

The terms used here follow the conventions in Hong Kong, which may not be 

consistent with the terms used in other countries. WC, BC, RB and sub-base distribute 

wheel loads to the underlying subgrade. 
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Figure 3.3 The Typical flexible pavement structure in Hong Kong 

 

Besides structure, the mechanical properties of pavement materials also affect 

pavement response and performance. The mechanical properties are a function of 

material types, environmental conditions, and traffic loading conditions. The design 

scenarios developed in this study are based on the typical asphalt mixture designs in 

Hong Kong, and the commonly encountered sub-base materials and subgrade soil. 

 

 HMA surface layer: WC 

 

WC is to resist repeated traffic loads and environmental weathering as well as to 

provide necessary skid resistance and riding comfort to the vehicular traffic (HKHyD 

2013). The commonly used material for WC is densely graded asphalt mixture. In 

Hong Kong, the thickness of WC is 40 mm. The aggregate and binder for WC is 

granite and PG 64-16 asphalt binder, respectively. The nominal maximum aggregate 

size is 10 mm or 20 mm. The detailed inputs of WC for Pavement ME Design are 

shown in Appendix 1. 

 

 HMA intermediate layer: BC 

 

BC is the middle layer of the asphalt mat; it transmits the load from WC to RB. BC 

also facilities the construction of WC. The commonly used material for BC is also 

densely graded asphalt mixture. In Hong Kong, the thickness of BC is 60 mm and the 

aggregate and binder are the same as those used for WC. The nominal maximum 

aggregate size for BC is 28 mm and its mix design is different than WC. The detailed 

inputs of BC for Pavement ME Design are shown in Appendix 2. 
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 HMA base layer: RB 

 

RB is the bottom layer of the asphalt concrete mat and its main function is to provide 

structural support. RB layer is designed specifically to resist fatigue cracking that 

causes structural damages. Two factors may affect fatigue cracking: layer thickness 

and mix design. In Hong Kong, only one type of RB mix design with the nominal 

aggregate size of 37.5 mm is used. Therefore, RB thickness is the main factor 

considered in pavement structure design. Studies suggest that a pavement structure 

may survive long life without structural damage if the critical horizontal tensile strain 

at the bottom of RB layer is less than 70 microns (HKHyD 2013). The input variables 

of RB for Pavement ME Design are shown in Appendix 3. 

 

 Granular sub-base 

 

The granular sub-base forms the upper portion of the pavement foundation. It also 

provides a work platform for the construction of upper hot-mix asphalt (HMA) layers. 

The commonly used thickness of sub-base is 225 mm, and particle size distribution is 

specified in the General Specification for Civil Engineering Works (HKSARG 2014b). 

The detailed inputs of sub-base for Pavement ME Design are shown in Appendix 4. 

 

 Pavement subgrade 

 

In pavement analysis, subgrade is regarded as a semi-infinite layer. In Hong Kong, 

subgrade soils are classified into three types, ranging from sandy gravel to clayey silt 

(Lumb 1965). According to the AASHTO soil classification system, the completely 

decomposed granite (CDG) soil in Hong Kong is classified as A-4, which is rated as 

“poor to fair” as a subgrade. The inputs of subgrade for Pavement ME Design are 

shown in Appendix 5 (Wang 2013). 

 

3.3.1.2 Regional climate data 

 

To incorporate climate conditions in Pavement ME Design, this study purchased 
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hourly weather data from the Hong Kong Observatory and developed a local climate 

database. Six hourly climate parameters over the past 30 years are entered into the 

database, including ambient air temperature, wind speed, percent of cloud cover, 

precipitation amount, and relative humidity. The data is formatted in accordance with 

the requirement of the Pavement ME Design software. Four hourly climate conditions 

are shown in Figure 3.4 for illustration purpose. 

 

  

 

  

Figure 3.4 Example hourly climate data used for Pavement ME Design analysis 
(Wang 2013) 

 

3.3.1.3 Calibrated regional traffic data 

 

In Pavement ME Design, only truck traffic is counted. In this study, the annual 

average daily truck traffic (AADTT) volume is assumed to be 10,000, 5,000, and 

2,500 per lane per direction, representing the heavy, medium, and light traffic level, 

respectively. The heavy truck volume is similar to the actually counted truck volume 

by weigh-in-motion (WIM) stations in Hong Kong. Traffic growth is not considered. 

The default axle configuration, wheel lateral wander, and wheelbase values in 

Pavement ME Design are employed. The vehicle class distribution, monthly 

adjustment, and axle load distributions (including single axle distribution, tandem axle 

distribution, tridem axle distribution, and quad axle distribution) are based on real 
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traffic data acquired from three WIM stations in Hong Kong. It should be noted that 

the vehicle classifications between the Hong Kong Transport Department (HKTD) 

and the U.S. Federal Highway Administration (FHWA) are not consistent. Therefore, 

the traffic files were calibrated and regionalized to enable the use of the Pavement ME 

Design. The details can be found in a collaborative research report (Wang 2013). 

 

3.3.2 Outputs of pavement analysis 

 

The Pavement ME Design is based on the procedures in ME-PDG, which are 

documented in a series of reports (AASHTO 2008) and not discussed here. The 

outputs are affected by pavement material and structure designs, the specific 

foundation, traffic, and climate conditions. The outputs of the ME Design are detailed 

simulation results, including: (1) climate and material property changes over the 

analysis period; (2) development of distresses such as longitudinal cracking, fatigue 

cracking, thermal cracking, rutting; and (3) the change of pavement functional 

performance such as roughness with time. The outputs (2) and point (3) are elaborated 

as follows.  

 

(1) Longitudinal cracking 

 

Longitudinal cracking is also called surface-down fatigue cracking, which is caused 

by the stresses and strains developed at the pavement surface layer. A shearing effect 

induced in the layer from the tire contact pressure, combined with tension from the 

loading, results in the surface cracking. In the Pavement ME Design, the longitudinal 

cracking is provided as meter of cracking per kilometer. No significant longitudinal 

cracking is predicted for highway pavement in Hong Kong. This is consistent with the 

long-term actual observations in Hong Kong. 

 

(2) Alligator cracking 

 

Alligator cracking is also called bottom-up fatigue cracking. It is the main structural 

damage of flexible pavement caused by repeated traffic loads. The fatigue distress is 

initiated at the pavement bottom and then gradually propagates to the surface. 
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Because it is a deep layer distress, it cannot be remedied by resurfacing. Extensive 

alligator cracking indicates the structural failure of the pavement. This usually 

requires the reconstruction of the pavement. The output of alligator cracking in 

Pavement ME Design is in the unit of percent cracking area of the total lane area. In 

this study, alligator cracking is selected as the criterion for pavement 

reconstruction. Therefore, the equations for predicting alligator cracking are 

introduced as follows. 

 

According to ME-PDG, the total fatigue life of a flexible pavement subject to a 

certain tensile strain is estimated by the following equation: 

 32
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where, Nf  = the total number of load repetitions; 

εt  = the tensile strain at the critical location such as the bottom of the AC 

layer; 

E  = the modulus of the material; 

k1, k2, k3 = laboratory regression coefficients; 

C  = laboratory to field adjustment factor, and C = 10M; 

 ;  

Vb = the effective asphalt binder content and Va = the air voids content.  

 

Based on Equation(3.1), the maximum allowable load repetitions Nfi for a particular 

combination of εi and Ei can be calculated. The damage caused by a certain number of 

load repetitions for the combination of εi and Ei can be computed by using the Miner’s 

law: 
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and Ei in a certain time period. 

 

The total damage caused by the load repetitions within the time period for all the 

combinations of εi and Ei can be estimated as: 
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where, Df = the total damage caused by the load repetitions of all the combinations of 

εi and Ei; 

      Dfi = the damage caused by the ith combination of εi and Ei. 

 

The procedure above is used for the calculation of fatigue damage (AASHTO 2008). 

The damage, however, is not equivalent to fatigue cracking observed on the road. 

Therefore, ME-PDG has developed empirical equations that link the fatigue damage 

with fatigue cracking. The relationship between a damage index and a specific type of 

pavement distress is empirically calibrated by hundreds of long-term pavement 

performance program (LTPP) test sections in the U.S. and Canada. The empirical 

equation is called “transfer function”. The transfer function to predict bottom-up 

(alligator) cracking is expressed in the following equation (AASHTO 2008): 
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where, FCbottom = the estimated bottom-up fatigue cracking in percent lane areas; 

D = the mechanistic damage index calculated in Equation(3.3); 

      C1 = 1.0; 

      C1’ = 2*C2’; 

      C2 = 1.0; 

      C2’=-2.40874-39.748(1-hac)
-2.856;  

hac is the thickness of AC layer.  

 

(3) Thermal cracking 

 

Thermal cracking is also called transverse cracking. This type of cracking is not 

caused by traffic load; instead, it is caused by asphalt hardening, seasonal, and daily 

temperature variations, or exposure to consistent cold weather conditions. Thermal 

cracking is provided as meter of cracking per kilometer. Both the Pavement ME 
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Design and actual field observations suggest the thermal cracking is not an issue in 

Hong Kong. Therefore, thermal cracking is not included in this study. 

 

(4) Rutting 

 

Rutting is the permanent pavement deformation along the wheel paths. Rutting affects 

travel safety and pavement roughness. It occurs at all the layers of a flexible pavement. 

This type of distress is caused by traffic loading, poor compaction of pavement layers 

during construction or the shearing of the pavement caused by traffic wheel loading 

(AASHTO 2008). In this study, rutting is not considered separately because (1) rutting 

is reflected in pavement roughness as shown below, and (2) rutting can be effectively 

corrected by resurfacing. 

 

(5) Pavement roughness 

 

Pavement roughness is designated by the international roughness index (IRI). It is a 

pavement performance indicator to reflect the functional serviceability of the 

pavement. The general roughness prediction model is presented in the following 

equation. As can be seen, roughness depends on the initial roughness after 

construction, site factor, and various pavement distresses. In this study, pavement 

roughness is selected as the criterion for pavement resurfacing, which is the 

primary maintenance technique used in Hong Kong. 

 0 0.0150 0.400 0.0080 40.0IRI IRI SF FC TC RD= + + + +   (3.5) 

where, IRI = international roughness index, inches per mile, 

IRI0 = initial IRI after construction;  

FC = area of fatigue cracking (combined alligator and longitudinal cracking in 

the wheel path), percent of total lane area; 

TC = length of transverse cracking, ft/mi;  

RD = average rutting depth, in; 

SF = site factor. 

and 

 {0.02003( 1) 0.007947( 1) 0.000636( 1)}SF Age PI Rain FI= + + + + +   (3.6) 

where, Age = pavement age, years; 



59 
 

PI = percent plasticity index of the soil; 

FI = average annual freezing index, freezing days; 

Rain = average annual rainfall, inches. 

 

3.3.3 Validation of the performance models in ME-PDG 

 

The performance models in ME-PDG are calibrated through the LTPP test sections in 

the U.S. and Canada. Their applicability in Hong Kong needs to be validated. Hong 

Kong, however, does not have a detailed pavement management database. Validation 

is only carried out through a major expressway (Tuen Mun Road) in Hong Kong that 

is being reconstructed. The road is currently under reconstruction due to structural 

damage. The annual AADTT volume on the outside lane of Tuen Mun Road is 

estimated to be 8329 (Wang 2013). 

 

The reasons that use Tuen Mun Road as the case for validating the ME-PDG are 

summarized as follows. 1) Tuen Mun Road is one of the most heavily trafficked 

expressways in Hong Kong, which can be regarded as a typical case (Wang 2013). 2) 

The historical information about Tuen Mun Road is relatively complete, the initial 

design and resurfacing treatments are kept in the record. The initial 6-lane road was 

constructed in 1977 (3 lanes in Eastbound). The pavement consists of 30 mm 

open-graded friction course (OGFC) that was added in recent decades, 40 mm WC, 60 

mm BC, 150 mm RB, and 250 mm granular sub-base (Wang 2013). Several 

resurfacing treatments had been applied to the road, but the BC and RB layers have 

never been replaced. 3) The validation needs detailed distress survey, cores were 

extracted and trenches were cut to examine distress development at deeper pavement 

layers. Due to the time limitations and budget constraints, Tuen Mun Road is chosen 

for validating the ME-PDG.  

 

Using the local climate data, traffic volumes and compositions, and materials and 

structure information, pavement performance is predicted in accordance with the 

ME-PDG procedure. The predicted longitudinal surface-down cracking and transverse 

cracking are close to zero. This matches the observations on the road. The predicted 

bottom-up fatigue damage and alligator cracking are shown in Figure 3.5 and 3.6, 
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respectively. The figures indicate that 1) fatigue damages do occur; 2) the predicted 

fatigue cracking area grows slowly and the total damaged area is less than 10% after 

30 years of road use (the bottom curve in Figure 3.6). 

 

 
Figure 3.5 Prediction of bottom-up fatigue cracking damage of Tuen Mun Road 

(Wang 2013) 
 

 

Figure 3.6 Prediction of bottom-up fatigue cracking area of Tuen Mun Road (Wang 
2013) 

 

The predicted rut depths at different pavement layers and their combinations are 

shown in Figure 3.7. It indicates that the predicted total rut depth from the BC, RB, 

sub-base, and subgrade after 30 years of road service is about 24 mm. The figure 

shows that rutting occurs rapidly at the subgrade layer but it is gradually stabilized 

after a few years. Rutting in BC, however, continuously grows with time. Rutting in 

RB and sub-base is not significant. 
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Figure 3.7 Prediction of pavement rutting at different layers (Wang 2013) 

 

Detailed distress survey was performed on the road before reconstruction. In addition, 

cores were extracted and trenches were cut to examine distress development at deeper 

pavement layers. The cross-sections of two trenches are shown in Figure 3.8 and 

Figure 3.9 respectively. The complete cross-sectional photos were produced by 

stitching individual photos together. Obvious bottom-up fatigue cracking can be 

observed in trench B. Deep layer rutting can be observed in both trench A and trench 

B. Manual survey indicates that the total fatigue cracking is less than 10% of the 

surface area. The fatigue cracking apparently matches that predicted by the ME-PDG 

procedure. 

 

Rutting is shown in one of the individual photos in Figure 3.10. It indicates that the 

total rut depth is approximately from 10 mm to 20 mm (excluding WC). Rutting 

mainly occurs in subgrade and sub-base. Rutting in BC, however, is not significant. 

Therefore, ME-PDG procedure seems over-predicting rutting in BC. Because the 

deviation between the predicted rut depth (24 mm) and the observed rut depth (10-20 

mm) at the non-cracked location is not large, rut depth prediction is deemed to be 

acceptable. 

 

The predicted roughness of Tuen Mun Road cannot be verified due to lack of data.  

However, because the predicted distress levels are acceptable and roughness is to a 

large extent dependent on distress, the roughness prediction model in ME-PDG is 

adopted without modification. The various distress and roughness prediction models 
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in ME-PDG are used to generate performance predictions of different design 

simulation scenarios. 
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Figure 3.8 Cross section of Trench A on Tuen Mun Road (Courtesy of Mr. Alvin Wong in HKHyD) 

 
 

 
Figure 3.9 Cross section of Trench B on Tuen Mun Road (Courtesy of Mr. Alvin Wong in HKHyD) 
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Figure 3.10 Measured pavement rutting at an intact pavement section on Tuen Mun Rd (Courtesy of Mr. Alvin Wong in HKHyD) 
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3.4 Methods for Economic Sustainability Assessment: Life Cycle Cost Analysis 

(LCCA) 

 

Economy is an important consideration in sustainable development of highway 

pavement. In pavement management, however, the economy of highway pavement is 

commonly not considered from the perspective of benefits, but from the costs. The 

total costs can be divided into the agency costs and user costs. The accurate estimation 

of costs is a prerequisite for rational optimization decisions. As discussed in Chapter 2, 

LCCA has been traditionally used in pavement design and management to harvest a 

maximum net saving during the pavement life cycle (Gransberg and Molenaar 2004). 

This usually involves determination of an analysis period, estimate of the amount and 

timing of expenditures, and comparison of the net present values of different 

alternatives using an assumed interest rate. The methods of performing LCCA in the 

context of Hong Kong highway pavement are introduced as follows. 

 

3.4.1 Cost elements in pavement LCCA 

 

LCCA assists the evaluation of the monetary values of processes and flows associated 

with a product or system (Keoleian and Spitzley 2006). According to the definition by 

the U.S. FHWA, LCCA is an engineering economic analysis tool useful in comparing 

the relative economic merits of competing construction and rehabilitation design 

alternatives for a single project (FHWA 2004). The cost elements of LCCA for 

highway pavement are illustrated in Figure 3.11. Agency costs are further divided into 

direct costs and indirect costs. User costs are an aggregation of user delay costs due to 

road closure for reconstruction or maintenance, vehicle operating costs (related to 

pavement roughness and work zone), and costs due to increased risk of traffic 

accidents during road closure or work zone (Wilde et al. 1999). The detailed 

calculation methods are introduced in this section. 
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Figure 3.11 The major components of pavement life cycle costs (LCC) 

 

LCCA can help pavement engineers to identify pavement alternatives with the lowest 

total cost in a long run. The concept of LCCA in pavement industry was first 

discussed in the AASHTO’s “Red Book” in the 1960s. FHWA published a series of 

guidelines for LCCA, such as “Life cycle cost analysis in pavement” (Walls III and 

Smith 1998), “Life cycle cost analysis primer” (FHWA 2002), and “Economic 

analysis primer” (FHWA 2003). In addition, FHWA has also developed the LCCA 

software named “RealCost” for pavement engineers to optimize pavement designs 

(FHWA 2011). The user interface of RealCost software is presented in Figure 3.12. In 

this study, agent costs are based on the actual highway pavement construction and 

maintenance costs in Hong Kong, and the RealCost (Version 2.5) software is used to 

consolidate and generate the total life cycle agency costs. In terms of user costs, the 

RealCost software can only calculate the work zone user costs. The vehicle operating 

costs during normal road operation are calculated in a separate model that will be 

described later. 

 

The increased risk of traffic accidents is the third element of user costs, which arises 

from traveling through construction work zone and/or traveling additional distance. 
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Zhang et al. (2010) used the data estimated by the Michigan Department of 

Transportation to calculate the user costs due to the increased risk of traffic accidents. 

It was estimated that there was an additional US$ 0.13/vehicle per mile traveled (VMT) 

for traveling in the road work zone and a US$ 0.09/VMT for traveling through a detour, 

compared with the normal road operation. Similar data is not available in Hong Kong; 

therefore, this component of user costs is not considered in this study. 

 

 
Figure 3.12 The user interface of RealCost Version 2.5 

 

3.4.2 Calculation of agency costs 

 

Agency costs include all the cost items incurred by the highway agencies over the 

lifetime of pavement systems. The agency costs include both direct and indirect costs. 

The direct costs refer to those paid to contractors for material costs, equipment rental 

and operating costs, labor costs, tax and fee charges, overheads and profits. The 

indirect costs of the highway agency are caused by engineering designs, quality 

assurance, and inspection etc. Hollar (2011) developed models to estimate the 

agency’s indirect costs, however, such models cannot be readily employed in Hong 

Kong because the models are based on U.S. construction data. Therefore, the agency’s 

indirect costs were calculated through multiplying the direct costs by an empirical 
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factor recommended by experts in Hong Kong Highways Department (HyD). Agency 

costs vary greatly, depending on the size and time of the project. To eliminate the 

effect of time, this study chose the data in the year of 2013 in Hong Kong for 

calculation. 

 

Table 3.1 provides a summary of the typical unit cost for new construction and 

reconstruction with different RB thickness (the total thickness of the asphalt concrete 

layer needs to add the thickness of WC and BC). Also provided in the table is the cost 

for pavement resurfacing, which is the maintenance technique used in Hong Kong. 

The data is based on the schedule of rate for term contracts of flexible pavement 

works released by HyD. The costs cover materials (including unbound materials, 

bound materials, and tack coat), equipment (including initial 

establishment/re-establishment of pavement construction machine), labor, overheads, 

and profits. The exclusion of the inflation factor and the use of zero interest rate 

enable this study to compare the constant values of different scenarios. Hence, the 

LCC of each scenario truly reflects the quantity of materials, labor, and equipment 

invested in the road. 

 
Table 3.1 Agency costs breakdown items for construction activities 

 
Items Process 

Cost 
(1000HK$/lane·km)

New construction/Reconstruction activities 
 RB50 scenario Constructing the pavement with 50mm thickness RB. 5992.059 
 RB100 scenario Constructing the pavement with 100mm thickness RB. 7179.328 
 RB150 scenario Constructing the pavement with 150mm thickness RB. 8402.597 
 RB200 scenario Constructing the pavement with 200mm thickness RB. 9607.866 
 RB250 scenario Constructing the pavement with 250mm thickness RB. 10813.134 
 RB300 scenario Constructing the pavement with 300mm thickness RB. 12018.403 
 RB350 scenario Constructing the pavement with 350mm thickness RB. 13223.672 
 RB400 scenario Constructing the pavement with 400mm thickness RB. 14428.941 
 RB450 scenario Constructing the pavement with 450mm thickness RB. 15634.209 
 RB500 scenario Constructing the pavement with 500mm thickness RB. 16839.478 
Resurfacing activities 
 Resurfacing  Cold milling and resurfacing the top 40mm thickness 

WC. 
561.392 

 

3.4.3 Calculation of user costs 

 

User costs consist of work zone costs, which includes vehicle operating costs, user 

delay costs, and traffic accidents costs, and normal operation cost that is also the 

roughness related vehicle operating costs. Each of them will be discussed as follows, 
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where the vehicle operating costs for work zone and normal operation are combined 

in section 3.4.3.2. As stated previously, the local traffic accidents costs are currently 

unavailable in Hong Kong and this part is excluded from this study.  

 

3.4.3.1 Calculation of user delay costs 

 

Pavement construction activities cause road or lane closures, which typically lead to 

congestion and user delay. User delay affects the mobility of the society. Although 

user delay may be listed under the social dimension of sustainability, the cost of delay 

has been commonly quantified by a monetary value. Use delay cost is the differential 

cost incurred by vehicles while traveling between normal operations and work zone 

operations. Minimizing the interruption of traffic flow during construction and 

maintenance activities over the total life cycle is important, especially in densely 

populated urban areas such as Hong Kong. In RealCost, vehicles are categorized into 

three types: passenger car, single unit truck, and combination truck. In Hong Kong, 

the value of time for each type of vehicles is estimated by Hong Kong Transportation 

Department (HKTD 2014). The original estimate is in 2011 Hong Kong dollar, which 

needs to be converted into 2013 dollar in LCCA model using Hong Kong Composite 

Consumer Price Index (CPI) (HKC&SD 2014). The additional time spent in work 

zone due to congestion is estimated by the predefined models in the RealCost 

software. 

 

The vehicle types defined in RealCost and Pavement ME Design software are 

different. Therefore, Table 3.2 is used to match the different vehicle type definitions. 

The input variables for RealCost are summarized in Appendix 6. 

 
Table 3.2 Matching table for different types of vehicles definitions in Pavement ME 

Design and RealCost 

Compared Items ME Design Software RealCost Software 

Vehicle Class 
Passenger car Vehicle class 1-3 
Single unit truck Vehicle class 4-7 
Combination truck Vehicle class 8-13 

Traffic volume 
For heavy traffic level: 
Two-way AADTT=20,000; 

For heavy traffic level: Two-Way 
AADT=28,571 (passenger cars account for 
30% of AADT based on WIM station data) 
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For medium traffic level: 
Two-way AADTT=10,000; 

For medium traffic level: Two-way 
AADT=14,286 (passenger cars account for 
30% of AADT based on WIM station data) 

For light traffic level: 
Two-way AADTT=5,000. 

For light traffic level: Two-way AADT=7,143 
(passenger cars account for 30% of AADT 
based on WIM station data) 

 
3.4.3.2 Calculation of vehicle operating costs 

 

The second element of user costs is the vehicle operating costs. Vehicle operating 

costs represent the additional vehicle costs (due to more frequent vehicle repair, tire 

damage, additional fuel consumption) when traversing the work zone or on poor 

pavement conditions as compared with the vehicle costs associated with the normal 

road operation. In this study, vehicle operating cost due to work zone is calculated by 

using RealCost model while vehicle operating cost due to rough pavement surface is 

calculated by using separate models. 

 

(1) Vehicle operating costs due to work zone 

 

Vehicle operating cost due to work zone is estimated by multiplying the quantity of 

additional vehicle operating cost components (i.e., additional speed changes, stops, 

and hours of idling) by the unit cost assigned to each quantity. The calculation 

procedure is specified in the LCCA manual (Walls III and Smith 1998). The input 

parameters such as speed change, added cost per 1000 stops, and idling cost per 

vehicle-hour are localized in accordance with real situation in Hong Kong. 

 

(2) Vehicle operating costs due to pavement roughness 

 

Vehicle operating cost due to pavement roughness is a function of the changing 

pavement roughness (Walls III and Smith 1998). The RealCost software however does 

not include vehicle operating cost due to pavement roughness. 

 

The effect of pavement roughness on vehicle operating costs has been investigated by 

several researchers (Watanatada et al. 1987, Zaabar and Chatti 2010, Wang et al. 

2012a). It has been shown that pavement roughness affects vehicle operating costs 

including extra fuel consumption as well as vehicles’ wear and tear. The retail fuel 
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price is taken from the Shell Company in Hong Kong, which is 14.4 HK$/liter for 

gasoline and 10.82 HK$/liter for diesel. The vehicle wear and tear is estimated as a 

percentage of the fuel consumption cost. 

 

The progression of pavement roughness is obtained from the Pavement ME Design 

software, rather than using approximate linear or exponential equations as presented 

in the literature (Labi and Sinha 2005, Wang et al. 2012a, Yang 2014). Because the 

predicted performance generated by Pavement ME Design software is updated 

monthly, the calculation process is based on monthly data. Extra fuel consumption 

due to deteriorated pavement for different types of vehicles was calculated separately. 

The change in IRI can be calculated using Equation(3.7) from the baseline IRI of 1.0 

m/km that is used by Chatti and Zaabar (2012). Equation(3.7) allows for comparison 

of the effect of deteriorated pavement with ideal smooth pavement. The extra 

vehicle-kilometers traveled ( ( )VKT tiΔ ) for each type of vehicles in one month is 

calculated by Equation(3.8), the traffic information (e.g. AADT, Pi, R) should be 

consistent with the inputs for Pavement ME Design and RealCost software. The 

percent fuel increase (Fv) per unit IRI is presented in the second column in Table 3.3. 

The extra fuel consumption ( )FC tiΔ  is computed using Equation(3.9). The roughness 

related vehicle operating cost is determined by multiplying extra fuel consumption 

( )FC tiΔ  by retail fuel price, and the vehicle wear and tear is estimated as a percentage 

of the fuel consumption cost. 

 
0( )IR I IR I t IR IΔ = −   (3.7) 

where, IRIΔ = change of IRI progression, m/km; 

 IRI(t) = IRI value at time t, m/km;  

IRI0 = IRI baseline, m/km. 

 ( ) 30 (1 ) ( )i v
tVKT t AADT Pi R l IRI t FΔ = × × × + × × Δ ×   (3.8) 

where, ( )
i

VKT tΔ = vehicle-kilometers traveled for the ith type of vehicle at time t, km; 

AADT = annual average daily traffic; 

Pi = percentage share of the ith type of vehicle, %; 

R = traffic growth rate, %; 

l = pavement length in functional unit, km; 

Fv = percent fuel increase per one unit of IRI. 
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( )

( ) i
i

i

VKT t
FC t

FE

ΔΔ =   (3.9) 

where, ( )iFC tΔ = extra fuel consumption for the ith type of vehicle at time t, liter; 

  FEi = fuel economy for the ith type of vehicle, km/liter; 

( )iVKT tΔ = vehicle-kilometers traveled for the ith type of vehicle at time t, km. 

Table 3.3 Fuel consumption rates of different types of vehicles 

Vehicle Types 
Fuel 

Increase(Fv)1 
Fuel Economy 
(FE) (km/liter)2

Fuel 
Type 

Vehicle Description 
Retail fuel 

Price 
(HK$/liter)3 

Passenger car 0.0379 14.26 Gasoline M-E Design Type 1-3 14.40 
Single-unit truck 0.0126 8.05 Diesel M-E Design Type 4-7 10.82 
Combination truck 0.0229 3.66 Diesel M-E Design Type 8-13 10.82 
Source: 1 Chatti, K. & Zaabar, I., 2012. Estimating the effects of pavement condition on vehicle 
operating costs: NCHRP report 720. 
1 Yang, R.Y., 2014. Development of a pavement life cycle assessment tool utilizing regional data and 
introducing an asphalt binder model. University of Illinois at Urbana-Champaign.  
2 Fuel Economy value are from US-EI. 
3 Retail fuel prices are from the Shell Website 
http://www.shell.com.hk/zh/products-services/on-the-road/fuels/price-board.html [Accessed Access 
Date January 19, 2015] 
 

The IRI(t) value can be illustrated by an example pavement design in Figure 3.13. In 

the example, the RB thickness is 200 mm, the truck traffic volume is 5,000 AADTT, 

and the analysis period is 40 years. Two different threshold IRI values (1.76 m/km and 

2.16 m/km) are used for determining the time of resurfacing. In highway pavement 

management, a “threshold” roughness value is commonly used. If pavement 

roughness exceeds the threshold value, pavement treatments (reconstruction, 

resurfacing, or other maintenance activities) are applied. Pavement performance is 

assumed to be improved immediately after the application of the treatments. The 

determination of this threshold is commonly a subjective management decision. The 

threshold value affects the overall roughness of the pavement in its life cycle and the 

timing of pavement treatment. The total roughness-related vehicle operating costs are 

computed throughout the life span.  
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Figure 3.13 The IRI progression chart for RB=200 mm at medium traffic level 

3.5 Methods for Environmental Sustainability Assessment: Life Cycle 

Assessment (LCA) 

 

The life cycle assessment (LCA) method provides a standard and comprehensive 

procedure to quantify the environmental loads of a road pavement for all the stages in 

its life cycle, including material acquisition and processing, construction, maintenance, 

rehabilitation, operation, and ultimate demolition. In this study, public life cycle 

inventory database from literature are used to conduct the life cycle inventory analysis. 

The outputs of life cycle inventory analysis are used to evaluate the potential 

environmental impacts, including energy consumption, pollutant emissions, and their 

ecological and human health impacts. 

 

LCA for highway pavement is divided into different modules. The descriptions of the 

modules and their relationships are shown in Figure 3.14. Five of the modules are 

defined according to the stages of the life cycle (time stream), including: material, 

construction, maintenance and rehabilitation (M&R), road use, and end of life (EOL). 

Two additional modules are defined to support LCA of the five stages (support 

stream), including congestion and transport modules. The congestion module assists 

the assessment of the environmental impacts due to congestion in road construction 

and M&R, while the transport module assists the assessment of all the modules that 
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contain transport activities. Besides the modules, Figure 3.14 also provides the source 

of information and tools for the modules. 
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Figure 3.14 Relationships among seven modules of the LCA model used in this study 
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Similar to the existing literature, the material module focuses on the extraction and 

production of pavement materials. The construction and M&R modules aim at 

characterizing the environmental impacts of onsite construction equipment during 

new construction and M&R activities. The transport module covers the environmental 

impacts during moving the pavement materials to and from production facilities and 

the project sites. Several transport modes may be applied, including rail, truck, and 

boat. The congestion module is an important component of LCA but is usually 

ignored in the existing studies. It characterizes the environmental loads of vehicle 

delay and detour operations due to construction and M&R activities. This module 

assists the calculation of vehicle fuel consumption differences between normal road 

operation and road closure for construction and M&R activities. The main factor 

considered in the use module is road roughness. There are two major options in EOL 

module, one is to simply landfill all the waste materials, while the other is to recycle 

the waste materials as reclaimed asphalt pavement (RAP).  

 

3.5.1 Material module 

 

In this study, data required for the material module are obtained from various sources, 

including the SimaPro 6.0 database, the Athena Institute, and other existing research 

(Meil 2006, ASTAE 2009, Zhang et al. 2009). The quantities of consumed materials 

are obtained from Pavement ME Design. The total environmental impacts from 

acquisition and production of raw materials are calculated from the following 

equation: 

 
1 1

n n

i i i
i i

EI EI f q
= =

= = ×    (3.10) 

where, EI = the total environmental impacts associated with materials module;  
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EIi = the environmental impacts associated with material i;  

fi = the environmental factor of material i; 

qi = the quantity of material i. 

In this study, only pavement materials in the traffic lane are considered. Road 

shoulder, drainage and other structural components (e.g. median barriers, lighting etc.) 

are excluded. The major materials for asphalt pavement are asphalt binder, crushed 

coarse aggregate, fine aggregate, and limestone filler. The life cycle inventory of the 

major materials is listed in Table 3.4. The asphalt mixtures are assumed to be 

produced in batch asphalt plants, and the life cycle inventory of asphalt mixtures used 

in different pavement layers are shown in Table 3.5 

 

Table 3.4 Life cycle inventory of major materials 

Material Unit Energy (MJ) GHGs (kg CO2-e) Source 

Binder(excluding feedstock) kg 5.812 0.48 Athena(2006)1 

Binder(including feedstock) kg 52.562 0.48 Athena(2006) 

Coarse aggregate kg 0.0399 0.01 Athena(2006) 

Fine aggregate kg 0.0609 0.01 Athena(2006) 

Limestone filler kg 0.08 0.01 SimaPro(2009)2 

Crushed aggregate kg 0.03 0.0021 World Bank(2001)3

1 Meil, J., 2006. A life cycle perspective on concrete and asphalt roadways: Embodied primary energy 

and global warming potential. Athena Research Institute. 
2 Zhang, H., Lepech, M.D., Keoleian, G.A., Qian, S. & Li, V.C., 2009. Dynamic life-cycle modeling of 

pavement overlay systems: Capturing the impacts of users, construction, and roadway deterioration. 

Journal of Infrastructure Systems, 16 (4), 299-309. 
3 ASTAE (Asia Sustainable and Alternative Energy Program), 2009. Greenhouse gas emission 

mitigation in road construction and rehabilitation [online]. 

https://www.astae.net/content/greenhouse-gas-emission-mitigation-road-construction-and-rehabilitatio

n [Accessed Access Date September 17, 2014].  

 

Table 3.5 Life cycle inventory of asphalt mixture production 

Material Unit Energy (MJ) GHGs (kg CO2-e) Source 

WC tonne 285.752 27.611 Calculated in Chapter 4
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BC tonne 283.840 27.056 Calculated in Chapter 4

RB tonne 280.015 26.498 Calculated in Chapter 4

 

3.5.2 Construction module 

 

During construction, the environmental impacts arise from emissions caused by fuel 

consumption by construction equipment. The construction module only considers fuel 

consumed by non-road equipment, such as compactors, pavers, millers, etc. 

Process-related emission inventory derived from MOVES (Motor Vehicle Emission 

Simulator, developed by U.S. Environmental Protection Agency) is used for the 

estimation of emission from mobile sources (U.S. EPA 2014b). The required 

equipment fleet and productivity data are recorded by the author at several pavement 

construction sites based on the ROADEO (Road Emissions Optimization) software 

developed by World Bank (2011). The environmental impacts of the construction 

module are calculated from the following equation.  

 
j 1 j 1

=
m m

j
j j

j

Q
EI EI C

q= =

=    (3.11) 

where, EI = the total environmental impacts associated with construction module;  

EIj = the environmental impact of equipment j; 

Cj = the emission factor of equipment j;  

Qj= the task quantity for equipment j;  

qj = the unit fuel consumption of equipment j.  

 

Table 3.6 summarizes the major tasks in constructing new pavements. The total 

quantity may be derived from the bill of the quantities. For each task, quantity should 

be multiplied by the unit fuel consumption factor to obtain the total fuel consumption 
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of the task. The commonly used fuel for heavy construction equipment is diesel. 

 

Table 3.6 Summary of major tasks in construction module 

Task Unit Equipment 
Fuel 

Type 

Unit Fuel Consumption 

(liter/quantity) 

Earthwork Tasks 

Clearing and Grubbing m2 Bulldozer Diesel 0.0830 

Cut m3 Excavator Diesel 0.1130 

Hard rock reused as fill m3 Backhoe loader Diesel 0.0615 

Soil reused as fill m3 Dumper Diesel 0.0714 

Soil reused as fill m3 Backhoe loader Diesel 0.0615 

Soil evacuated m3 Backhoe loader Diesel 0.0308 

Subgrade preparation m2 Motor Grader Diesel 0.0020 

Subgrade preparation m2 Water Sprayer Diesel 0.0007 

Subgrade preparation m2 Soil Compactor Diesel 0.0300 

Embankment treatment m3 Pulvimixer Diesel 0.0050 

Embankment treatment m3 Water Sprayer Diesel 0.0014 

Embankment treatment m3 Binder spreader Diesel 0.0003 

Subgrade treatment m3 Pulvimixer Diesel 0.0050 

Subgrade treatment m3 Water Sprayer Diesel 0.0014 

Subgrade treatment m3 Binder spreader Diesel 0.0003 

Pavement Tasks 

Granular sub-base m3 Motor Grader Diesel 0.0089 

Granular sub-base m3 Water Sprayer Diesel 0.0031 

Granular sub-base m3 Soil Compactor Diesel 0.1333 

Roadbase m3 Asphalt Paver Diesel 0.3400 

Roadbase m3 Asphalt Compactor Diesel 0.0857 

Base Course m3 Asphalt Paver Diesel 0.3400 

Base Course m3 Asphalt Compactor Diesel 0.3000 

Wearing Course m3 Asphalt Paver Diesel 0.3400 

Wearing Course m3 Asphalt Compactor Diesel 0.3000 

Tack coat m3 Bitumen spreader Diesel 0.0300 

Source: World Bank, 2011. ROADEO (road emissions optimization) [software] [online]. 

https://www.astae.net/publication/roadeo-%E2%80%93-road-emissions-optimization-toolkit-greenhous

e-gas-emissions-mitigation-road [Accessed Access Date November 16, 2014]. 
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After the total fuel consumption is the obtained, the emissions can be calculated by 

multiplying the fuel consumption with the emission factors, as shown in Table 3.7. 

Hence, the life cycle inventory can be derived. 

Table 3.7 Life cycle inventory of Non-road equipment 

Vehicle types MJ/liter GHG (kgCO2-e/ 

liter) 

CO2 (kg/liter) CH4 (g/liter) N2O (g/liter) 

Construction 

Equipment 
38.30 2.721 2.697 0.143 0.069 

Source: U.S. EPA, 2014. Inventory of U.S. Greenhouse gas emissions and sinks:1990-2012 [EPA 

430-R-14-003] [online]. U.S. Environmental Protection Agency (EPA). Available from: 

http://www.epa.gov/climatechange/Downloads/ghgemissions/US-GHG-Inventory-2014-Main-Text.pdf 

[Accessed Access Date September 18, 2014]. 

 

3.5.3 M&R module 

 

The LCA of the M&R phase is similar to the construction phase. In Hong Kong, cold 

milling and resurfacing (hereinafter referred to as resurfacing) is the most frequently 

used M&R treatment for flexible pavement (HKHyD 2012). Resurfacing involves the 

removal of the existing top 40 mm defective WC and relaying a new WC layer. This 

type of treatment can improve ride quality, but the effective structural improvement is 

minimal. Major resurfacing tasks considered in this study are shown in Table 3.8. The 

equipment types and production rates are estimated based on previous resurfacing 

projects in Hong Kong. The task types are obtained from actual project records. The 

total fuel consumption is calculated as the product of material quantity and fuel 

consumption rate; the emissions are calculated based on fuel consumption and the U.S. 

EPA emission factors for non-road vehicles, as shown in Table 3.7.  

Table 3.8 Summary of major resurfacing tasks in M&R module 

Task Unit Equipment Fuel Type 
Unit Fuel Consumption 

(liter/quantity) 
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Source: World Bank, 2011. ROADEO (road emissions optimization) [software] [online]. 

https://www.astae.net/publication/roadeo-%E2%80%93-road-emissions-optimization-toolkit-greenhous

e-gas-emissions-mitigation-road [Accessed Access Date November 16, 2014]. 

 

3.5.4 Use module 

 

In the use module, only the effect of pavement roughness on vehicle operation is 

considered. Pavement albedo is not considered because all the design scenarios use 

black-topped asphalt pavements. The carbonation components are not applicable to 

flexible pavement. 

 

As pavement deteriorates, its surface roughness rises up continuously. Roughness is a 

term to describe pavement surface irregularity, which may influence vehicle operation 

including reduced vehicle speed, increased fuel consumption, and added vehicle 

operating costs, etc. Roughness is generally measured using the IRI (Sayers et al. 

1984). IRI is the ratio of a standard vehicle’s accumulated suspension motion 

(measured by meters or inches) divided by vehicle distance traveled (measured by 

kilometers or miles). Therefore, the commonly used unit of IRI is meters per 

kilometer (m/km) or inches per mile (in/mi). The unit of IRI used in this study is 

m/km. 

 

An interesting question faced by highway agency is if the environmental loads from 

M&R activities can be offset through reduced vehicle fuel consumption on a smoother 

pavement after M&R treatments. Surprisingly, few studies have included the use 

Wearing Course m3 Miller Diesel 0.4423 

Wearing Course m3 Asphalt Paver Diesel 0.3400 

Wearing Course m3 Asphalt Compactor Diesel 0.3000 

Tack coat m3 Bitumen spreader Diesel 0.0300 
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phase in pavement LCA. Santero and Horvath (2009) believed that the omission of 

the use phase can lead to a major error in the analysis of alternative pavement 

activities. Santero et al. (2011b) stated with reference to their review on pavement 

LCA studies that excluding the use phase is “perhaps the most significant shortfall 

from a system boundary perspective”. Up to date the most comprehensive LCA study 

was conducted by Zhang et al (Zhang et al. 2009, Zhang et al. 2010). Although the 

effect of pavement roughness on vehicle fuel consumption is included, the 

relationship between IRI and vehicle fuel consumption is just represented as a simple 

linear regression model derived from heavy duty truck data tested at low speed. The 

model may not reflect any mechanistic component of the pavement-vehicle 

interaction (Epps et al. 1999). The LCA calculation procedure in the use module of 

this study is similar to the calculation procedure for vehicle operating costs in Section 

3.4.3.2. The difference is that the extra fuel consumption ( )FC tiΔ is combined with 

energy consumption parameters and emission factors (shown in Table 3.9) to quantify 

the environmental impacts. The emission factors for on-road vehicles are the average 

value that did not consider the age and condition of the vehicle.  

Table 3.9 The emission factors for on-road vehicles 

Vehicle types Unit 
Energy 

(MJ/Liter)

GHG 

(kgCO2-e/ liter)

CO2 

(kg/liter)

CH4 

(g/liter) 

N2O 

(g/liter ) 

Passenger car Liter 30.68 2.332 2.319 0.153 0.032 

Single-unit truck Liter 38.3 2.699 2.697 0.005 0.008 

Combination truck Liter 38.3 2.701 2.697 0.012 0.011 

Source: U.S. EPA, 2014. Emission factors for greenhouse gas inventories [online]. 

http://www.epa.gov/climateleadership/documents/emission-factors.pdf [Accessed Access Date 

September 18, 2014]. 

 

3.5.5 Congestion module 

Road (or lane) closure due to construction and M&R activities may induce 
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congestions. Traffic delay and vehicle queue will increase fuel consumption and the 

associated emissions. Congestion module aims to measure the additional fuel 

consumption and emissions during the construction and M&R period as compared 

with normal operation. This module is not commonly incorporated into the LCA 

studies due to the complexity. In this module, several parameters need to be identified, 

including the annual average daily traffic (AADT), work zone speed limits, lane 

capacity, detour distance, and the number of lane closures. These parameters were 

determined by using the Pavement ME Design and RealCost software in this study. 

 

In congestion, traffic delays are induced by three modes: speed change, work zone, 

and queue. Speed change delay is the additional time used to decelerate a vehicle 

from the unrestricted upstream approach speed (assumed as 70 km/h) to the work 

zone speed (assumed as 40km/h) and after traversing the work zone to continue to 

accelerate back to the unrestricted speed (assumed as 70km/h) (Walls III and Smith 

1998). Work zone delay is the additional time to traverse the work zone at the lower 

posted speed (assumed as 40km/h). Queue delay is the additional time to traverse the 

work zone in queue when the capacity cannot meet the requirements of actual traffic 

flow. 

 

The changes in traffic flow are calculated using RealCost. The results are coupled 

with traffic volume, speed change, vehicle-kilometers traveled (VKT), and fuel 

economy (FE) to measure the extra fuel consumption and the associated emissions. 

Passenger car, single-unit truck, combination truck are calculated separately. The 

calculation procedure is shown as follows. 

 
24

( ) ( ) ,
1

a i a i j
j

VKT VKT
=

Δ = Δ   (3.12) 
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 ( ) , ( ) ( ) ( )a i j a a j i aVKT T N P VΔ = ⋅ ⋅ ⋅   (3.13) 

where, ( )a iVKTΔ = extra vehicle-kilometers traveled due to speed change delay for the 

ith type of vehicle in one day, km; 

( ) ,a i jVKTΔ = extra vehicle-kilometers traveled due to speed change delay for 

the ith type of vehicle at the jth hour, km; 

( )aT = additional travel time due to work zone speed change, hour/vehicle; 

( )a jN = number of speed change vehicles at the jth hour, vehicle; 

iP = percentage of the ith type of vehicle, %; 

( )aV = work zone speed change, km/hour. 

 
24

( ) ( ) ,
1

b i b i j
j

VKT VKT
=

Δ = Δ   (3.14) 

 ( ) , ( ) ( ) ( )b i j b b j i bVKT T N P VΔ = ⋅ ⋅ ⋅   (3.15) 

where, ( )b iVKTΔ = extra vehicle-kilometers traveled due to work zone delay for the ith 

type of vehicle in one day, km;  

( ) ,b i jVKTΔ = extra vehicle-kilometers traveled due to work zone delay for the 

ith type of vehicle at the jth hour, km; 

( )bT = additional travel time due to work zone reduced speed delay, 

hour/vehicle; 

( )b jN = number of traverse work zone vehicles at the jth hour, vehicle; 

iP = percentage of the ith type of vehicle, %; 

( )bV = work zone reduced speed, km/hour. 
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24

( ) ( ) ,
1

c i c i j
j

VKT VKT
=

Δ = Δ   (3.16) 

 ( ) , ( ) ( ) ( )c i j c c j i cVKT T N P VΔ = ⋅ ⋅ ⋅   (3.17) 

where, ( )c iVKTΔ = extra vehicle-kilometers traveled due to queue delay for the ith type 

of vehicle in one day, km;  

( ) ,c i jVKTΔ = extra vehicle-kilometers traveled due to queue delay for the ith 

type of vehicle at the jth hour, km; 

( )cT = additional travel time due to queue speed delay, hour/vehicle; 

( )c jN = number of traverse queue vehicle at the jth hour, vehicle; 

iP = percentage of the ith type of vehicle, %; 

( )cV = queue reduced speed, km/hour. 

The extra vehicle-kilometers traveled ( VKTΔ ) for the ith type of vehicle is the sum of 

three individual extra VKT as presented in Equation(3.18). The extra fuel 

consumption ( FCΔ ) is calculated using Equation(3.19). The extra fuel consumption 

was combined with energy consumption and vehicle emission factors to assess the 

environmental impacts as shown in Table 3.9. For each design scenario in this study, 

the above results were multiplied with the number of days for carrying out 

construction and maintenance activities.  

 ( ) ( ) ( )i a i b i c iVKT VKT VKT VKTΔ = Δ +Δ +Δ   (3.18) 

 i
i

i

VKT
FC

FE

ΔΔ =   (3.19) 

where, iVKTΔ = the total extra vehicle-kilometers traveled for the ith type of vehicle, 

km;  
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iFCΔ = the extra fuel consumption for the ith type of vehicle, liter;  

iFE = fuel economy for the ith type of vehicle, km/liter.  

The detailed calculation results are illustrated in the following three tables, in which 

three traffic levels (heavy, medium, light) are assumed. For the medium and light 

traffic, there are no queue delays since the road capacity can accommodate the traffic 

flow. 
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Table 3.10 Traffic congestion calculation results for heavily trafficked roads in the congestion module 
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Table 3.11 Traffic congestion calculation results for moderately trafficked roads in the congestion module 
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Table 3.12 Traffic congestion calculation results for lightly trafficked roads in the congestion module 

 
 



90 
 

3.5.6 Transport module 

 

The transport module deals with the environmental impacts of transporting 

construction materials by roadway, railway, waterway, or their combinations. The fuel 

consumption and emissions, which are the impacts considered in this study, are 

calculated using Equation(3.20). Data from MOVES (U.S. EPA 2014b) were used to 

obtain energy consumption rate and emission factor. 

 
1 1

u
n n

i i i
i i

iE I CI E d
= =

= = × ×    (3.20) 

where, EI = the total environmental impacts of transporting all the material;  

EIi = the environmental impact of the ith material;  

ui= the quantity of the ith material;  

di = the transportation distance of the ith material; 

Ci = coefficient of environmental load for transporting the ith material per unit 

distance and quantity.  

 

The transport module provides support for the material, construction, M&R, and EOL 

modules. In the material module, it is assumed that all the raw materials are 

transported from the sources to the asphalt mixture plant. The assumed distance and 

environmental impact intensity are given in Table 3.13. 

Table 3.13 Life cycle inventory of transport factors for Material module 

Material Unit From To 
Distance

(km) 

Energy 

(MJ) 

GHG 

(kg CO2-e) 
Source 

Binder tonne·km Refinery Plant 50 2.9199 0.146 MOVES

Coarse aggregate tonne·km Quarry Plant 20 2.9199 0.146 MOVES

Fine aggregate tonne·km Quarry Plant 20 2.9199 0.146 MOVES

Filler tonne·km Quarry Plant 20 2.9199 0.146 MOVES

Source: U.S. EPA, 2014. Inventory of U.S. Greenhouse gas emissions and sinks:1990-2012 [EPA 
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430-R-14-003] [online]. U.S. Environmental Protection Agency (EPA). Available from: 

http://www.epa.gov/climatechange/Downloads/ghgemissions/US-GHG-Inventory-2014-Main-Text.pdf 

[Accessed Access Date September 18, 2014]. 

 

In the construction module, asphalt mixture materials are transported from the plant to 

the construction site, and the granular sub-base materials are distributed from the 

quarry to the site. The quantity of materials was derived from the material module, 

and the haul distances were assumed to be 20 km on average.  

Table 3.14 Life cycle inventory of transport factors for Construction module 

Material Unit From To Distance(km)
Energy 

(MJ) 

GHG 

(kg CO2-e) 
Source 

WC tonne·km Plant Site 20 2.9199 0.146 MOVES

BC tonne·km Plant Site 20 2.9199 0.146 MOVES

RB tonne·km Plant Site 20 2.9199 0.146 MOVES

Sub-base tonne·km Quarry Site 20 2.9199 0.146 MOVES

Source: U.S. EPA, 2014. Inventory of U.S. Greenhouse gas emissions and sinks:1990-2012 [EPA 

430-R-14-003] [online]. U.S. Environmental Protection Agency (EPA). Available from: 

http://www.epa.gov/climatechange/Downloads/ghgemissions/US-GHG-Inventory-2014-Main-Text.pdf 

[Accessed Access Date September 18, 2014]. 

 

Table 3.15 shows the assumed transport distance for the M&R module. The 

environmental impacts include both fuel consumption and GHG emissions.  

Table 3.15 Life cycle inventory of transport factors for M&R module 

Material Unit From To Distance(km)
Energy 

(MJ) 

GHG 

(kg CO2-e) 
Source 

WC tonne·km Plant Site 20 2.9199 0.146 MOVES

Source: U.S. EPA, 2014. Inventory of U.S. Greenhouse gas emissions and sinks:1990-2012 [EPA 

430-R-14-003] [online]. U.S. Environmental Protection Agency (EPA). Available from: 

http://www.epa.gov/climatechange/Downloads/ghgemissions/US-GHG-Inventory-2014-Main-Text.pdf 

[Accessed Access Date September 18, 2014]. 

 

3.5.7 End-of-life (EOL) module 
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EOL is seldom included in LCA since many authors assume that pavement has an 

infinite life as long as M&R activities are implemented timely. In this study, a cut-off 

approach is used for the EOL phase, which implies that the existing pavement does 

not receive any environmental benefit for its potential to produce recycled 

materials(Yang 2014). The environmental impacts for producing and constructing as 

well as, if necessary, removing, transporting, and landfilling the pavement materials 

should belong to the existing pavements. In the current practice in Hong Kong, 20% 

of existing asphalt pavement is allowed to be incorporated into the new pavement, and 

the rest is used as a material for site preparation or land formation, or just landfilled. 

In the EOL phase, only transport module is considered to represent the environmental 

impacts.  

 

In this study, it is assumed that 20% of the demolished materials are transported from 

the construction site to asphalt mixture plant and the distance is 20 km. The remaining 

80% are hauled from the construction site for disposal and the distance is 40 km. The 

parameters for estimating fuel consumption and emissions are shown in Table 3.16. 

Table 3.16 Life cycle inventory of transport factors for EOL module  

Material Unit From To Distance(km)
Energy 

(MJ) 

GHG 

(kg CO2-e) 
Source 

Recycle(20%) tonne·km Plant Site 20 2.9199 0.146 MOVES

Landfill(80%) tonne·km Site Landfill 40 2.9199 0.146 MOVES

Source: U.S. EPA, 2014. Inventory of U.S. Greenhouse gas emissions and sinks:1990-2012 [EPA 

430-R-14-003] [online]. U.S. Environmental Protection Agency (EPA). Available from: 

http://www.epa.gov/climatechange/Downloads/ghgemissions/US-GHG-Inventory-2014-Main-Text.pdf 

[Accessed Access Date September 18, 2014]. 

 

3.6 Methods for Social Sustainability Assessment 
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In Chapter 2, mobility, safety, and health are identified as the social dimensions of 

sustainability. These dimensions are closely related to highway pavement 

management. In this study, the effects of pavement reconstruction and maintenance 

activities on mobility are examined in a monetary term—road user costs. Pavement 

and road safety are not considered due to the lack of local data. The effects of 

highway pavement construction on workers’ health are identified as a research gap 

and studied in detail. 

 

The study of the health effects focuses on the volatile organic components (VOCs) 

and particulate matters (PMs) in asphalt fumes generated in pavement construction. 

Research methods used for investigation include field experiments, laboratory tests, 

and desktop studies. Field experiments and laboratory tests all belong to 

experimentation method (Chadwick et al. 1984). The VOCs samples were collected 

from real pavement construction projects at multiple locations and time points. The 

samples were then analyzed for chemical compositions and concentrations by using 

gas chromatography-mass selective detector (GC-MSD). The PM samples were 

collected from worker’s breathing zones during construction in accordance with the 

U.S. National Institute of Occupational Safety and Health (NIOSH) Method 5506 

(NIOSH 1998b). The collected samples were analyzed in laboratory for chemical 

compositions by using high-performance liquid chromatography (HPLC). The 

detailed experimental methods will be discussed in Chapter 6. The field and 

laboratory analysis results were compared with threshold exposure levels mandated or 

recommended by various health administration agencies. The health risks faced by 

pavement construction workers were assessed. 

 

Even though health risks identified in this study, it may be inappropriate to 
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incorporate such risks into pavement design and management optimization. For 

instance, the use of long-life pavement reduces construction activities and the chances 

of the workers to be exposed in asphalt fumes, but this may not benefit the workers 

because they may lose work opportunities and incomes. Therefore, health risks are not 

considered in pavement design and management optimization. Instead, health effects 

are addressed from the perspective of pavement material selection and the 

development of mitigation measures. More details of the various methods will be 

discussed in Chapter 5. 

 

3.7 Multi-objective Optimization 

 

Mathematical optimization (mathematical programming) was used to identify the best 

pavement design and maintenance solutions. A mathematical optimization problem 

consists of three essential components: objective function, decision variables, and 

constraints. In this study, regression models were developed for the objective 

functions based on the decision variables, which are the pavement structures and 

pavement condition thresholds based upon which pavement maintenance treatments 

are applied. Practical considerations were used as the constraints in optimization 

formulation. 

 

Single-objective optimization aims to identify the best feasible solution based on one 

evaluation criterion only. However, there is often more than one objective in the 

context of highway pavement management. In comparison with the single-objective 

optimization problem, the multi-objective optimization problem attempts to find a 

vector of decision variables which satisfies the constraints and optimizes different 

objective functions. Pareto optimality is a set of feasible solutions to a multi-objective 
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optimization problem which yields an improvement in one objective without causing 

determent to at least one other objective (Pareto 1927). 

 

There is no single “best” solution for a multi-objective optimization problem, and all 

the solutions in the Pareto optimality sets may be equally acceptable solutions. The 

decision makers may select a satisfactory solution from the Pareto optimal set based 

on their own judgments. Wu (2008) proposed top-down and bottom-up approaches of 

selecting the optimal solutions. The “top-down” approach specifies the preference 

before running an optimization algorithm, while the “bottom-up” approach is a 

posteriori articulation of the preference after the generation of the Pareto optimal set. 

This research mainly aims to generate the Pareto optimal set. The selection of the 

single optimal solution from this set is illustrated by goal programming. 

 

3.8 Chapter Summary 

 

The research methodology adopted in this study is introduced in this chapter. A 

research framework was developed to connect the research methods with the research 

objectives. Six individual research methods were selected to achieve the proposed five 

research objectives in Chapter 1. 

 

ME pavement design simulation, LCA, and LCCA, experimental tests, and 

multi-objective optimization model are the essential components of the framework. 

The major findings and achievements are summarized below. 

 

1) Localized and calibrated ME pavement design simulations are capable of 

accurately predicting flexible pavement performance in Hong Kong with 
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satisfactory accuracy. Consequently, the AASHTO Mechanistic-Empirical 

Pavement Design software (Version 2.0) was selected for pavement design and 

analysis.  

 

2) The economic appraisal of pavement system can be achieved by using LCCA 

software (RealCost Version 2.5) with local data inputs and a separate model for 

the calculation of the vehicle operating costs under normal road operation. This 

separate model was specifically developed in this study for connecting the ME 

pavement design simulations with the LCCA.  

 

3) A comprehensive pavement LCA model was developed, which consists of seven 

modules: material, construction, M&R, congestion, transport, road use, and EOL. 

This proposed LCA model covers almost all the significant contributors to energy 

consumption and GHG emissions during the pavement’s life cycle. The pavement 

LCA model is a consolidation of several self-developed sub-models (or modules) 

and available resources; therefore, it is flexible to be adapted or upgraded. 

Specially, the use module and congestion module, which are routinely overlooked 

in most existing studies, were incorporated into the LCA model.  

 

4) The social impacts of asphalt pavement include mobility, safety, and health. 

Mobility was considered through road user costs, but safety was excluded. The 

effects of asphalt pavement construction on workers’ health were examined under 

the social impacts. VOCs and PMs in asphalt fumes generated in pavement 

construction were identified to be the subject of further investigation, and the 

investigation methods include field experiments, laboratory tests, and desktop 

studies. 
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5) Mathematical multi-objective optimization was chosen to identify the best 

pavement design and management decisions based on multiple sustainability 

objectives. Goal programing was adopted to identify a single optimum solution 

under special assumptions. The optimization methods were used in Chapter 6 and 

proved to be effective.
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CHAPTER 4 ENERGY CONSUMPTION AND GREENHOUSE GAS (GHG) 

EMISSIONS IN ASPHALT MIXTURE PRODUCTION1  

 

4.1 Overview 

 

Energy consumption and greenhouse gas (GHG) emissions affect both the economic 

and environmental dimensions sustainability. Energy consumption is a significant cost 

component for both agencies and road users in the pavement’s life cycle. Energy is 

often produced from non-renewable resources (natural gas, coal, oil, etc.) that need to 

be conserved for the development of future generations. It is widely agreed that GHG 

emissions are a main factor for global climate change and inclement weathers. The 

atmospheric CO2 concentration, which is the primary component of anthropogenic 

GHG, has increased approximately 30 percent since 1958 according to data recorded 

at the benchmark Mauna Loa Observatory in Hawaii station (NOAA 2013). The 

accurate estimation of energy use and GHG emissions are therefore critically 

important for life cycle cost analysis (LCCA), life cycle assessment (LCA), and the 

development of optimum pavement design and management strategies. 

 

Energy use and GHG emissions are estimated in the seven modules of LCA as shown 

in Chapter 3. While data can be found for estimating energy use and GHG emissions 

in the majority of the modules, relevant data for asphalt mixture production is scarce. 

Moreover, the influences of material types (e.g., dense-graded, porous, rubberized, 

recycled asphalts) and production conditions (e.g., material temperatures and 
                                                 
1 Paper under review: Chong, D., Wang, Y., Chen, L., & Yu, B. (2015). Modeling and validation of 

energy consumption in asphalt mixture production. ASCE Journal of Construction Engineering and 

Management, under review. 
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moistures, fuel types) on energy consumption are not provided in literature. Such 

information is not only interested in this study, but also by practitioners for the 

improvement of plant operation efficiency. Therefore, energy consumption and GHG 

emissions during asphalt mixture production were studied in detail and are presented 

in this chapter. Integrated models and a software tool were developed to assist 

accurately estimating energy consumption and GHG emissions in asphalt mixture 

production. 

 

4.2 Existing Studies 

 

Flexible pavement consumes a large amount of asphalt mixtures (Hansen and 

Copeland 2013). The raw materials in asphalt mixtures, i.e., bitumen and aggregates, 

embody a large amount of energy. Producing asphalt mixtures for construction is also 

an energy intensive process, mainly due to the requirement of heating the bitumen and 

aggregates to elevated temperature levels. The total energy consumed in the asphalt 

production sector is estimated to reach 136×106 MWh in the year of 2011 in Europe 

(NAPA 2011). Accompanied by energy consumption are costs and GHG emissions. 

Asphalt pavement construction is expensive and energy has a significant impact on 

bidding prices and project costs (Wang and Liu 2012). Through interviews with 

experienced engineers in asphalt mixture plants in this study, the author estimated that 

energy accounts for approximately 12%-18% of the total mixture production cost, 

which is defined as the sum of the cost of raw material, crew, equipment, enterprise 

administration expense, tax and fee charges etc. The transport sector accounts for 

nearly 14 percent of the global GHG emissions, of which approximately 72 percent is 

attributed to road construction, rehabilitation, maintenance, service, and usage 

(ASTAE 2009). In view of the significant impacts of energy consumption on costs 
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and GHG emissions, the development of a systematic approach for accurate 

estimation of energy consumption in asphalt mixture production is highly desirable. 

 

Studies focusing on energy consumption issues in asphalt mixture production have 

been reported. For instance, the difference in energy use between batch mixture plant 

(hereinafter referred to as batch plant) and drum mixture plant (hereinafter referred to 

as drum plant) was compared by Ang et al. (1993) using two case studies. The 

variations in fuel types, mixture types, raw material properties, operation modes, and 

environment conditions were not considered in the study. A thermodynamic method 

was developed for the estimation of energy consumption of the half-warm mixture 

production process (Harder et al. 2008). The method, however, only captures the ideal 

state of energy exchange in mixture production. The heat loss, facility conditions and 

environmental factors are not included. In a separate study, the aggregate drying 

process was analyzed to quantify energy consumption and efficiency in asphalt 

mixture plant (Aghbashlo et al. 2013). The energy consumption model, however, is 

not validated through actual data. In addition, the model requires the input of certain 

parameters that are typically beyond the reach by an ordinary mixture producer. 

 

In another study, the heat transfer process in the dryer of an asphalt mixture plant was 

analyzed from an experimental apparatus installed in the rotary drum (Le Guen et al. 

2013). Although insightful results were obtained, it would be inconvenient for other 

mixture plants to purchase and install such expensive equipment for monitoring 

purpose. Moreover, the results cannot be directly used for energy consumption 

calculation. Recently, there has been a proliferation of literature on the comparison of 

fuel consumption of cold-mix, half-warm-mix, warm-mix, and hot-mix asphalts 

(Harder et al. 2008, Hamzah et al. 2010, Rubio et al. 2013). The reported fuel 
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consumption ranges between 1.8 liters (L) per ton to 8.1 L per ton. These studies 

indicate that mixture types have significant impacts on energy consumption. However, 

most studies only rely on empirical data collected from limited mixture production 

processes. A universal method capable of predicting energy consumption and GHG 

emissions for different mixture types and in different production conditions is 

desirable but currently lacking. 

 

Moreover, the use of different boundaries, methods and assumptions may lead to 

inconsistent energy consumption estimation. In one study, 10 L of fuel are estimated 

in heating one ton of aggregates to 160 ℃ and removing 5% of moisture (Grant 

1989). In another study, 1,200 L of hourly fuel consumption are estimated for a 

mixture plant with a production rate of 300 tons per hour (Serra 2010), which is 

average 4 L per ton of mixture. In a recent study, the fuel consumption rate of 9 L per 

ton of asphalt mixture is recommended (Gillespie 2012). In the early study conducted 

in Singapore, the energy used for producing one ton of mixture is estimated to be 

278-361 MJ (Ang et al. 1993), while the estimate is 442 MJ in a Canadian study (Meil 

2006). According to the Inventory Carbon and Energy (ICE) (Hammond and Jones 

2008), the embodied energy of asphalt mixture with 4% bitumen content is 2,860 MJ, 

based on the cradle-to-gate boundary by considering the feedstock energy of bitumen. 

 

As can be seen, the reported energy consumption rate in asphalt mixture production is 

not only inconsistent, but also lacks focus and detail. It is unclear how mixture types, 

material conditions, and other factors affect the consumption rate. As a result, the 

environmental impacts of different mixture designs and the cost-benefits of improving 

the plant operation cannot be accurately assessed. 
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4.3 Production Process of Asphalt Mixture Plants 

 

The current asphalt plants can be categorized into two types: batch and drum plants. 

In both the batch and drum plants, the granular aggregates are dried and heated in a 

rotary dryer. In a batch plant, hot aggregates are stored in hot bins prior to being 

mixed with bitumen in a pugmill. In a drum plant, the mixing of aggregates and 

bitumen takes place in the same rotary dryer. At present, the drum plants are the most 

popular in the U.S. and New Zealand, while the predominant plant type in Europe, 

South Africa, and Asia is batch plant (NAPA 2011). Asphalt mixture plants today are 

highly automated with the state-of-the-art computerized process control technology 

throughout the mixture production process.  

 

As drying and mixture proportioning take place in the same drum, the drum plant is 

more efficient and economic than the batch plant. In a batch plant, however, quality 

may be more easily controlled because mixtures are proportioned in dry conditions. In 

addition, no waste materials are generated when switching from one mix design to 

another. 

 

Nearly all the asphalt mixture plants in Hong Kong and Mainland China, where the 

research data was collected, are batch plants. Therefore, this study focuses on batch 

plants only. The production data collected from those plants were used for model 

validation. 

 

In a batch plant, cold aggregates are fed from four to six storage bins in controlled 

amounts. After being dried and heated in the rotary dryer, the aggregates are sent to a 

screen deck by a hot elevator, where they are separated by size and stored in several 
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hot bins. In accordance with the mix design, the heated aggregates, mineral fillers and 

bitumen are proportioned by weight and mixed thoroughly in a pugmill mixing 

chamber. The mixture is subsequently sent to a hot storage silo or unloaded into 

trucks. The production process of a typical batch plant is illustrated in Figure 4.1. 

Figure 4.1 The major components and material flow in a batch plant 

Asphalt mixture production demands massive amounts of energy. The total energy 

consumption is dependent on many factors and their interactions, including mix 

designs, material characteristics, working environments, facility conditions, and 

others. Therefore, it is extremely challenging, if not impossible, to develop an energy 

consumption prediction model by data collection and statistical regression analysis. 
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The methodology adopted in this study is to model the energy consumption during 

each stage of the mixture production process based on fundamental thermodynamic 

models and to calibrate/validate the models using actual data. 

 

4.4 Thermodynamic Models for Energy Consumption Prediction 

 

Energy consumption in asphalt mixture production is governed by two physical laws: 

the conservation of energy and the conservation of mass. It is important to understand 

the detailed heat transfer and mass change at each stage of production. In this study, 

energy consumption is divided into three components based on where it occurs: the 

rotary dryer, the bitumen storage and heating system, and the electricity system. 

Energy loss also occurs in the hot elevator, hot storage bins, and pugmill. Such loss is 

compensated by heating the aggregates leaving the rotary dryer to a slightly higher 

temperature. This temperature was used for modeling purpose. A further breakdown 

of the three components is shown in Figure 4.2. 

Figure 4.2 The energy consumption breakdown structure 

 



105 
 

4.4.1 The thermodynamic process in the rotary dryer 

 

Drying and heating aggregates in the rotary dryer are the most energy-intensive 

process in asphalt mixture production. A large amount of thermal energy is required to 

remove moisture and raise the temperature of aggregates to the required level. In a 

batch plant, the rotary drum inclines downwards at 3 to 4 degrees, with a gas or oil 

burner located at the drum’s lower end (Hunter 2000). Diesel, heavy fuel oil, and 

natural gas are the common energy sources for drying and heating aggregates, while 

electricity is the energy source for the mechanical movement of the machinery. In 

most dryers, a contraflow air system is used to force exhaust gas to flow in the 

opposite direction of material flow. Hence, the waste heat can be used to pre-heat the 

cold aggregates (Read and Whiteoak 2003), which are carried down through the dryer 

by steel angles and flights. The aggregates form a dense curtain for full exposure to 

the heat generated by the burner. After leaving the dryer, the heated aggregates are 

discharged into the hot elevator. A simple schematic diagram of the rotary dryer is 

shown in Figure 4.3. The whole dryer can be divided into three thermal zones: 

preheating, drying, and heating zone. 

Figure 4.3 The schematic diagram of a rotary dryer 

 

Variables used to model the thermodynamic process in the dryer are listed in Table 4.1. 

Also included in the table are the sources of information for the variables. The 
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variables are relatively easy to obtain from equipment specifications and onsite 

production records. This facilitates the use of such information for estimating energy 

consumption and GHG emissions with reasonable resource and effort. 

Table 4.1 Variables for modeling the thermodynamic process in a rotary dryer 

Categories Symbol Unit Description Data Sources/Collection Methods

Temperature 

t0 ℃ Stake gas temperature 
In-situ thermal probe readings 
from computerized control panel 

t1 ℃ Cold aggregate temperature Thermometer reading 
t2 ℃ Evaporation temperature Scientific knowledge 

t3 ℃ Heated aggregate temperature 
In-situ thermal probe readings 
from computerized control panel 

t4 ℃ Average temperature of dryer 
shell 

Infrared thermography camera* 

Specific heat 

CA kJ/kg·℃ Specific heat of aggregate 
The Engineering Toolbox (2014) 
(Different types of aggregate have 
different values.) 

CW kJ/kg·℃ Specific heat of water Scientific knowledge 

CV kJ/kg·℃ Specific heat of vapor 
The Engineering Toolbox (2014) 
and literature review. 

CSG kJ/m3·℃ Specific heat of stack gas 
The Engineering Toolbox (2014) 
and literature review. 

Latent heat LW kJ/kg Latent heat of water 
The Engineering Toolbox (2014) 
and literature review. 

Moisture 
content 

 % 
Moisture content of wet coarse 
aggregate (nominal maximum 
aggregate size >4.75mm) 

Laboratory experiment according 
to ASTM method C566. 

 % 
Moisture content of wet fine 
aggregate(nominal maximum 
aggregate size <4.75mm) 

Laboratory experiment according 
to ASTM method C566. 

Dryer 
dimension 

 m Diameter of dryer Equipment specification. 

L m Length of dryer Equipment specification. 

 w/m2·K4 Stefan-Boltzmann constant Literature review. 

 - Emissivity coefficient 
The Engineering Toolbox (2014) 
(Different types of materials have 
different values.) 

Production 
parameter 

Q t/h Production output Planned or measured. 

Fuel 
parameters 

MD kJ/L Low heating value of fuel 
Technical reports and literature 
review. 

Heat loss due 
to combustion 

 % 
Fuel chemically incomplete 
combustion 

Literature review and interview 
with experienced engineers. 

 % 
Mechanical incomplete 
combustion 

Literature review and interview 
with experienced engineers. 

 % Fuel lost in the air 
Literature review and interview 
with experienced engineers. 

 % Fuel lost in the stack gas 
Literature review and interview 
with experienced engineers. 



107 
 

4.4.1.1 Heat balance calculation in the rotary dryer 

 

In a rotary dryer, the released heat from the hot gas generated by burner is consumed 

by the absorbed heat of aggregates (with moisture) and the heat loss of the dryer. Heat 

transfer occurs in the three zones as previously introduced. The overall heat balance 

can be expressed by the following equation: 

 _Absorbed Released effectiveE E=   (4.1) 

Where, AbsorbedE is the overall absorbed heat while _Released effectiveE  is the released 

effective heat by burning fuel. The AbsorbedE  can be calculated using Equation(4.2). 

 1 2 3 4AbsorbedE ED ED ED ED= + + +   (4.2) 

where, ED1 = the absorbed heat of drying aggregates in the preheating zone;  

ED2 = the absorbed heat of evaporating moisture in aggregates in the drying 

zone;  

ED3 = the absorbed heat of heating aggregates in the heating zone; 

ED4 = the absorbed heat by the drum. 

 

Fuel combustion generates heat. However, not all the potential heat value of the fuel 

is absorbed by the materials and equipment parts. The heat loss originates from 

several sources. Firstly, fuel combustion may not be complete. Secondly, gas 

exhausted from the rotary dryer carries out some heat. Thirdly, dust exhausted from 

the rotary dryer also takes away some heat. Therefore, the released effective heat 

_Released effectiveE  can be calculated in Equation(4.3). 

 Re _ 5 6 7 8leased effectiveE ED ED ED ED= − − −   (4.3) 
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where, _Released effectiveE = the released effective heat in fuel combustion;  

ED5 = the heat value of a particular type of fuel;  

ED6 = heat loss due to incomplete combustion in burner;  

ED7 = heat loss due to exhaust gas;  

ED8 = heat loss due to exhaust dust. 

 

4.4.1.2 Absorbed heat of drying and heating aggregates (ED1, ED2, and ED3) 

 

In the preheating zone of the rotary dryer, aggregates and moisture are heated from 

the ambient temperature to the point of evaporation. It is assumed that no change in 

state (from liquid to vapor) occurs during this stage. The absorbed heat ED1 can be 

calculated according to Equation(4.4).  

 1 2 1 2 1( ) ( ) ( ) ( )CA FA A CA CA FA FA WED M M C t t M M C t tω ω= + − + + −   (4.4) 

where, ED1 = the absorbed heat of drying aggregate in the preheating zone, kJ;  

MCA = mass of coarse dry aggregate, kg; MFA = mass of fine dry aggregate, 

kg; 

 = moisture content of wet coarse aggregate, %; 

 = moisture content of wet fine aggregate, %; 

CA = the specific heat of aggregate, kJ/kg·℃; 

CW = the specific heat of water, kJ/kg·℃, 

t1 = cold aggregate temperature (equal to ambient temperature), ℃; 

t2 = evaporation temperature, ℃. 

 

The physical change of the state of water is assumed to occur in the drying zone. 

The absorbed heat in evaporating water, ED2, is estimated in Equation(4.5). The 
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energy is used to change the liquid state of water into the gaseous state. 

 2 0 2( ) ( ) ( )CA CA FA FA V CA CA FA FA WED M M C t t M M Lω ω ω ω= + − + +   (4.5) 

where, ED2 = absorbed heat of vaporing water in drying zone, kJ; 

MCA = mass of coarse dry aggregate, kg; 

MFA = mass of fine dry aggregate, kg; 							  = moisture content of wet coarse aggregate, %; 

 = moisture content of wet fine aggregate, %; 

CV = the specific heat of vapor, kJ/kg·℃; 

LW = latent heat of water, kJ/kg; 

t0 = stack gas temperature, ℃; 

t2 = evaporation temperature, ℃. 

 

In the heating zone, the dry aggregates are further heated to the required temperature. 

This temperature is higher than the asphalt mixture temperature to account for the 

heat loss in the hot elevator, storage bin, and pugmill as previously mentioned. 

Pyrometer can be used to monitor aggregate discharge temperature t3, which depends 

on the required job mix formula, the transportation time of the produced mixture, and 

the ambient temperature. For instance, the required temperature for stone mastic 

asphalt (SMA) mix should reach approximately 190 ℃, while it ranges from 170 to 

175 ℃ for normal asphalt mixture and from 190 to 195 ℃ for rubberized asphalt 

mixture. The absorbed heat by aggregates in the heating zone is calculated in 

Equation(4.6).  

 3 3 2( ) ( )CA FA AED M M C t t= + −   (4.6) 

where, ED3= the absorbed heat of heating aggregates in the heating zone, kJ; 

MCA = mass of coarse dry aggregates, kg; 
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MFA = mass of fine dry aggregates, kg; 

CA = the specific heat of aggregates, kJ/kg·℃; 

t2 = evaporation temperature, ℃; 

t3 = heated aggregate temperature, ℃. 

 

4.4.1.3 Heat loss due to the rotary dryer (ED4) 

 

The temperature of the rotary dryer shell is higher than the ambient temperature. This 

temperature difference results in a heat loss primarily in two forms: radiation and 

convection (as shown in Equation(4.7)). The radiative heat loss Eradiation can be 

calculated in Equation(4.8) (Çengel 2007, Gillespie 2012). As shown in the equation, 

Eradiation is heavily influenced by the difference between the two temperatures (raised 

to the fourth power). 

 4 radiation convectionED E E= +   (4.7) 

 
4 4

4 1

3600 1
[( 273.15) ( 273.15) ]

1000radiationE DL t t
Q

σεπ= + − + ∗   (4.8) 

where, ED4 = heat loss of dryer from the shell, kJ; 

Eradiation = heat loss due to irradiative loss, kJ; 

Econvection = heat loss due to convective loss, kJ; 	 = the Stefan-Boltzmann constant, w/m2·K4; 

 = the emissivity coefficient; 

D = the diameter of dryer, meter; 

L = the length of dryer, meter; 

t1 = the ambient temperature, ℃; 

t4 = the average temperature of the dryer shell, ℃; 
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Q = production output per hour, t/h. 

 

The heat loss due to convection Econvection is calculated in Equation(4.9). 

 
3600 1

1000convection convE q
Q

= ∗   (4.9) 

where, qconv = the rate of convective heat transfer (w); 

Q = production output per hour (t/h). 

 

The rate of convective heat transfer convq  can be conveniently expressed by Newton’s 

law of cooling: 

 4( )conv Sq hA t t∞= −   (4.10) 

where, h = the convection heat transfer coefficient, w/m2·℃; 

As = the surface area through which convection heat transfer takes places, 

defined as the dryer surface πDL (m2) in this study; 

4t = the average external surface temperature of the rotary dryer, ℃; 

t∞ = the air temperature sufficiently far away from the surface ℃, assumed 

to be the ambient temperature t1.  

 

The convection heat transfer coefficient h depends on the surface geometry of the 

object, the nature of fluid (air) motion, the properties of the fluid, and the bulk fluid 

velocity. In this study, h is determined by assuming forced convection over a circular 

cylinder in the cross flow, using the Nusselt number (Nu), Prandtl number (Pr), 

Reynolds number (Re) of air. It is calculated in Equation(4.11)–(4.14). 

 Nu k
h

D

⋅=   (4.11) 
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where, Nu = the Nusselt number; 

k = the fluid thermal conductivity, w/m·℃; 

D = the diameter of rotary dryer, m. 

 

The Nusselt number (Nu) is a dimensionless number representing the enhancement of 

heat transfer through a fluid layer as a result of convection relative to conduction 

(Çengel 2007). Over the years, a large number of models have been developed to 

compute the average Nu of cross flow over a cylinder. A relatively simple equation is 

adopted in this study as shown in Equation(4.12) (Çengel 2007).  

 Re Prm nNu C= ⋅   (4.12) 

where, Re = the Reynolds number; 

Pr = the Prandtl number; 

C, m, n=coefficients that depend on Re. 

 

The reynolds number (Re) is a dimensionless quantity for expressing external flow 

regime, which mainly depends on the ratio of the inertia forces to the viscous forces in 

the fluid. The Re is calculated using Equation(4.13).  

 Re
VD V D

v

ρ
μ

= =   (4.13) 

where, V = uniform wind velocity as it approaches to the rotary dryer, m/s; 

D = the diameter of the rotary dryer, m; 

 = the Kinematic viscosity of air, m2/s; 

 = the density of air, kg/m3; 

 = the dynamic viscosity, Pa ⋅ s. 

 

The average wind speed around the dryer drum is assumed to be 0.5-3 m/s. The 
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average air film temperature tf around the dryer drum is calculated as the average of 

the surface temperature t4 and free-stream temperature t∞  (equal to ambient air 

temperature). Under such conditions, Re is calculated to range from 40,000 to 400,000, 

which corresponds to C, m, n of 0.027, 0.805, and 1/3 respectively (Çengel 2007). 

Prandtl number (Pr) is a dimensionless parameter defined as the ratio of molecular 

diffusivity of momentum and molecular diffusivity of heat. It can be calculated using 

Equation(4.14). Pr is affected by the average air film temperature tf. 

 Pr pcv

k

μ
α

= =   (4.14) 

where, 	  = the Kinematic viscosity of air, m2/s; 

 = air thermal diffusivity, m2/s; 

 = the dynamic viscosity, Pa ⋅ s; 	= the specific heat of air, j/kg·℃; 

 = the fluid thermal conductivity, w/m·℃; 

 

4.4.1.4 Low heat value of fuel (ED5) 

 

The low heat value (LHV) of fuel refers to the net heat released from fuel combustion. 

It excludes the heat for the vaporization of water in the fuel and in the reaction 

products. LHV is commonly used as the feedstock energy of a particular type of fuel. 

Different types of fuel have different LHV. The LHV of fuel combustion is 

determined as the product of fuel mass and the unit LHV, as shown in Equation(4.15). 

 5 D DED M V=   (4.15) 

where, ED5 = the LHV of fuel, kJ; 

MD = the mass of fuel; 
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VD = the unit LHV of the fuel, kJ per unit. 

4.4.1.5 Heat loss due to incomplete combustion in burner (ED6) 

 

In efficient combustion, air is required to be in balance with the amount of fuel fed 

into the burner. Insufficient air or excessive fuel causes incomplete combustion. The 

heat loss due to incomplete combustion in burner originates in several sources, 

including chemically incomplete combustion q1, mechanically incomplete combustion 

q2, fuel lost in the air q3, and fuel lost in the stack gas q4. The total heat loss 

coefficient q is usually determined by the practitioners based on previous experience 

and industry standards. The heat loss due to incomplete combustion in burner ED6 is 

equal to the product of total burner heat loss coefficient q and the LHV of the fuel.  

 6 D DED qM V=   (4.16) 

 1 2 3 4q q q q q= + + +   (4.17) 

where, ED6 = heat loss due to combustion in burner, kJ; 

q = burner heat loss coefficient, %; 

MD = required mass of fuel, the unit is dependent on the type of fuel; 

VD = the LHV of fuel, kJ/unit; 

q1 = the chemically incomplete combustion of fuel, %; 

q2 = the mechanically incomplete combustion of fuel, %; 

q3= fuel lost in the air, %; 

q4= fuel lost in the stack gas, %; 

 

4.4.1.6 Heat loss due to exhaust gas (ED7) 

 

The temperature of the exhaust gas as it enters the dust collection equipment is an 
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indicator of drying efficiency. It can be easily checked by a thermometer probe. A 

higher gas temperature indicates lower drying efficiency because of the heat loss 

associated with the gas. The heat loss by exhaust gas ED7 can be estimated using Eq. 

(4.18) (Zhang 2013), as a function of fuel mass, the specific heat, volume, and 

temperature of the stack gas. The stack gas emission volume in Equation(4.18) can be 

estimated using a series of Equations(4.19)–(4.23). The theoretically consumed air 

volume 'VAir  in combusting one unit of fuel is a functional of the LHV of the fuel 

(Equation(4.19)). The actually required air volume V Air  needs to be adjusted for 

temperature (Equation(4.20)). The theoretical gas volume 'VSG  generated by burning 

one unit of fuel can be estimated using Equation(4.21). The net air volume ''VSG , 

therefore, is the sum of the air intake and the generated gas in combustion subtracted 

by air consumed (Equation(4.22)). The actual stack gas volume needs to be further 

adjusted for temperature (Equation(4.23)). 

 7 0D SG SGED M C V t=   (4.18) 

 ' 0.85
2

1000
D

Air

V
V = +   (4.19) 

 ' 1 273.15

273.15Air Air

t
V V

+=   (4.20) 

 ' 1.1

1000
D

SG

V
V =   (4.21) 

 
'' ' '

SG SG Air AirV V V V= + −   (4.22) 

 '' 0 273.15

273.15SG SG

t
V V

+=   (4.23) 

where, ED7 = heat loss due to exhaust gas, kJ; 

MD = theoretically required fuel mass (unit is dependent on fuel type); 

CSG = the specific heat of stack gas, kJ/m3·℃; 

t0 = stack gas temperature, ℃; 
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'
AirV = theoretical air consumption volume by combusting one unit of fuel, 

m3/unit; 

AirV = actual air consumption volume by combusting one unit of fuel after 

being adjusted for temperature, m3/unit; 

t1 = cold aggregate temperature (equal to ambient temperature), ℃; 

VD = the LHV of fuel, kJ/unit; 

'
SGV = theoretical gas generation by combusting one unit of fuel, m3/unit; 

''
SGV = net stack gas emission volume by combusting one unit of fuel, m3/unit; 

VSG = actual stack gas emission volume at temperature t0 by combusting one 

unit of fuel, m3/unit. 

 

4.4.1.7 Heat loss due to dust (ED8) 

 

During the drying process, a certain amount of dust is generated and removed from 

the aggregates being heated. The dust also takes away heat from the rotary dryer 

system.  The majority of the asphalt mixture plants adopt primary and secondary 

dust collection systems. The primary collection system employs cyclone and setting 

chambers to remove the larger particles, while the secondary collection system uses 

fabric filters and venture scrubbers to collect the smaller particles. After being 

collected, the dust particles are stored in dust bins for secondary use as mineral fillers 

or disposed as production wastes. The amount of the generated dust depends on the 

type and quality of aggregate. From interviews with experienced engineers in the 

asphalt mixture plants, we found that the generated dust is about 2-5% of the total 

aggregate mass. Equation(4.24) is used to estimate the heat loss ED8 due to dust. 
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 8 2 5( )dust AED M C t t= −   (4.24) 

where, ED8 = the heat loss due to dust, kJ; 

Mdust = the mass of dust generated during the drying process, kg; 

CA = the specific heat of aggregate, kJ/kg·℃; 

t1 = cold aggregate temperature (equal to ambient temperature), ℃; 

t5 = temperature measured at the baghouse dust collector, ℃; 

 

4.4.2 The thermodynamic process in the bitumen heating and storage system 

 

In addition to the rotary dryer, the bitumen heating and storage system is also an 

energy-intensive component. It consumes fuel to heat and maintain the temperature of 

bitumen in a storage tank. Using oil or gas, a furnace raises the temperature of the 

heat-conducting oil, which transfers heat to bitumen through pipe coil. The 

heat-conducting oil is circulated in the system by a pump. In practice, additional 

equipment is used for handling special bitumen types. For instance, polymer modified 

bitumen tank is equipped with three sets of stirring apparatus, which is used to 

prevent the segregation and sedimentation of the polymers. For the rubberized 

bitumen, an independent blending system that consists of pre-mix and curing parts is 

used to blend crumb rubber and bitumen to form a homogenous and non-settling 

suspension. Foamed bitumen is produced by injecting water through a nozzle into the 

hot bitumen to produce spontaneous foaming. Energy consumption in the bitumen 

storage and heating system can be estimated using the following formula 

(Equation(4.25)). 

 1 2 3 4 5ES ES ES ES ES+ + = −   (4.25) 

where, ES1 = absorbed heat by bitumen, kJ; 
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ES2 = the heat loss of bitumen, kJ; 

ES3 = the latent heat of water, kJ; 

ES4 = the LHV of fuel, kJ; 

ES5 = heat loss due to combustion in boiler, kJ. 

 

The absorbed heat of bitumen ES1 is the energy required for heating bitumen to the 

required temperature, which can be calculated from Equation(4.26).  

 1 6 7( )b bES C M t t= −   (4.26) 

where, ES1 = the absorbed heat of bitumen, kJ;  

Cb = the average specific heat of bitumen, kJ/kg (Cb is temperature dependent 

and can be approximately calculated according to Table 4.2); 

Mb = the mass of bitumen, kg; 

t6 = the required bitumen temperature, ℃; 

t7 = the bitumen temperature before heating, ℃. 

 

Table 4.2 Specific heats of bitumen at different temperature ranges 

Temperature 
Range 

1-20℃ 20-60℃ 60-100℃ 100-150℃ 150-180℃ 

kJ/kg·℃ 1.100-1.251 1.251-1.448 1.448-1.649 1.649-1.849 1.849-2.197 

 

The heat loss of bitumen in the storage tank ES2 cannot be ignored. Two types of 

storage tank are available: horizontal and vertical. The heat loss needs to be calculated 

in accordance with the type of tank. The vertical tank is usually installed on a concrete 

base. For vertical tank, heat loss is mainly caused by heat transfer from the side and 

top faces of the tank to the air ES2a and heat conduction from the tank bottom to 

concrete base ES2b, as described in Equation(4.27)–(4.31) (Dai 2000). 
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 2 2 2a bES ES ES= +   (4.27) 

 2 8 1( )a a aES K A t t= −   (4.28) 

 
1 2

1 1 2 2

1
1 1aK

l l

α δ δ α

=
+ + +

  (4.29) 

 2 8 9( )b b bES K A t t= −   (4.30) 

 
31 4

1 1 3 4

1
1bK

ll l

α δ δ δ

=
+ + +

  (4.31) 

where, ES2 = the heat loss of bitumen in the storage tank (vertical), kJ; 

ES2a = heat loss caused by heat transfer from the vertical tank to the air, 

kJ; 

ES2b = heat loss caused by heat conduction from the vertical tank to 

concrete base, kJ; 

Ka = the heat transfer coefficient for ES2a, kJ/h·m2·℃; 

Kb = the heat transfer coefficient for ES2b, kJ/h·m2·℃; 

Aa = the total area of the side and top faces of the vertical tank, m2; 

Ab = the bottom area of the vertical tank, m2; 

t1 = the ambient temperature, ℃; 

t8 = the average temperature of the bitumen stored in the tank, ℃; 

t9 = the average temperature of soil beneath the concrete base, ℃; 

1α = heat release coefficient from bitumen to the interior of the tank, 

348.946 kJ/h·m2·℃; 

2α = the heat release coefficient from the tank to the air, 208.782 

kJ/h·m2·℃; 

l1 = the thickness of the tank, m; 
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l2 = the thickness of the thermal insulation layer, m (in this study, all the 

plants use laminated rock wool for thermal insulation with thickness 

of about 0.05 m); 

l3 = the thickness of concrete base, m; 

l4 = the effective length of heat flow in soil, m (10m is assumed); 

1δ = the heat conductivity coefficient of the tank (steel), 165.686 

kJ/h·m2·℃; 

2δ = the heat conductivity coefficient of the thermal insulation layer, 

0.159-0.193 kJ/h·m2·℃; 

3δ = the heat conductivity coefficient of concrete base, 2.678 kJ/h·m2·℃; 

4δ = the heat conductivity coefficient of soil, 8.284 kJ/h·m2·℃. 

 

For the horizontal tank, the heat release from tank to air ES2 is predicted using 

Equation(4.32). 

 2 2 8 1( )aES K F t t= −   (4.32) 

where, ES2 = heat loss of bitumen in the storage tank (horizontal), kJ; 

F2 = the superficial area of tank, m2; 

The other variables are the same as those shown in Equation(4.27)–(4.31). 

 

Generally, bitumen is transported to an asphalt mixture plant by tanker truck or 

barreling. The former is the most widely used for transporting a large quantity of 

bitumen (e.g., 20 tons). It is equipped with a high-power burner for long distance 

transportation. The moisture in bitumen is almost completely removed during 

production and transportation in the tanker. In some remote regions, barreled bitumen 
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which is about 150 kg per barrel is used. Bitumen should be heated and poured from 

the barrel before use, and moisture in the barreled bitumen cannot be totally removed 

and hence needs to be considered. The latent heat of water in the barreled bitumen can 

be calculated using Equation(4.33). 

 3 w b bES L Mω=   (4.33) 

where, ES3 = latent heat of water in bitumen, kJ; 

Lw = unit latent heat of water, kJ/kg; 

bω = the moisture content of bitumen, %; 

Mb = the mass of bitumen, kg. 

 

The LHV of fuel combustion for the bitumen storage and heating system ES4 is 

determined as the product of fuel mass and the unit LHV, as shown in Equation(4.34). 

 4 B BES M V=   (4.34) 

where, ES4 = the LHV of fuel for bitumen storage and heating, kJ; 

MB = the mass of fuel (m3 for natural gas and kilogram for diesel and heavy 

oil); 

VB = the unit LHV of the used fuel, kJ per unit. 

 

The heat loss due to incomplete combustion in the boiler of the bitumen storage and 

heating system ES5 can be calculated using Equation(4.35). 

 5 ' B BES q M V=   (4.35) 

where, ES5 = heat loss due to incomplete fuel combustion for bitumen storage and 

heating, kJ; 

q’ = boiler heat loss coefficient; 
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MB = the mass of fuel for bitumen storage and heating; 

VB = the unit LHV of the used fuel, kJ per unit. 

 

4.4.3 The electricity consumption 

 

The third component of energy consumption is electricity used for starting and 

operating the plant equipment that uses electrical motors. The rated power of the 

electrical motors can be obtained from the technical specifications. While the 

electricity consumption during the stable operation stage of equipment can be 

calculated by multiplying the rated power with the operating period, the electricity 

consumption during the startup stage varies greatly with equipment model, condition, 

and the experience of operators. Hence, the actual power consumed during the startup 

stage may be recorded manually from the electricity meter readings. The electricity 

energy consumption EE is estimated using Equation(4.36)–(4.38). 

 1 2EE EE EE= +   (4.36) 

 1
1

3600
n

i
i

EE P T
=

= ×   (4.37) 

 2 3600EE S= ×   (4.38) 

where, EE = energy consumption for the electricity system, kJ; 

EE1 = electricity for operating the equipment, kJ; 

EE2 = electricity for starting the equipment, kJ; 

Pi = the rated power of the ith electrical motor, kW; 

T = time of the plant operation, h; 

S = the difference in readings of the electricity meter before starting the plant 

before normal operation, kWh. 
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4.4.4 The total energy consumption 

 

The total energy can be calculated as the sum of the individual components of energy 

consumption. In this study, energy consumed in the rotary dryer and the bitumen 

storage and heating system is shown as the total mass of fuel, while energy used in the 

electrical system is directly shown as the energy unit (kWh). 

 

The required mass of fuel MD in the rotary dryer can be computed using 

Equation(4.39), which is derived from the heat balance equation (Equation(4.1)). The 

numerator in the equation is the total energy calculated from the previous equations, 

while the denominator represents the released effective heat. The dryer heat efficiency 

 can be found from the technical specification. 

 1 2 3 4 8

0( )D
D D SG SG

ED ED ED ED ED
M

V qV C V t

μ
μ
+ + + +=

− −
  (4.39) 

For the bitumen heating and storage system, the required fuel mass MB is calculated in 

Equation(4.40). A heat efficiency factor is also used in the equation. After 

obtaining the fuel mass MD and MB, the study can calculate the relevant energy 

consumption for rotary dryer and bitumen heating and storage system respectively by 

multiplying them with corresponding energy factors.  

 1 2 3

'( ' )B
B B

ES ES ES
M

V q Vμ
+ +=

−
  (4.40) 

4.5 Models for GHG Emissions Prediction 

 

After obtaining MD (mass of fuel used in the rotary dryer), MB (mass of fuel used in 

the bitumen heating and storage system), and EE (energy consumption for the 
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electricity system), this section can predict GHG emissions. According to the 

guidelines for quantifying GHG emissions by The Climate Registry (TCR 2008), the 

total GHG emissions from asphalt mixture production can be divided into direct and 

indirect emissions. 

 

4.5.1 Direct GHG emissions 

 

The direct emissions include those from stationary and mobile sources. The GHG 

emissions emitted from fuel combustion in asphalt mixture plants, including carbon 

dioxide (CO2), methane (CH4) and nitrous oxide (N2O), are from stationary sources. 

The chemical components and amount of GHG emissions depend upon fuel type and 

quantity, combustion technology, and operation factors (Hong Kong EMSD & EPD 

2010). Fuel combustion in mobile sources such as vehicles and the assimilation of 

CO2 into biomass such as trees are not considered since these factors are uncertain. 

According to the accuracy levels, methods to quantify GHG emission from stationary 

combustion units can be divided into three tiers, as presented in Table 4.3. “Tier 1” is 

the most accurate approach for a given emission source, while “Tier 3” is the least 

accurate but still acceptable (TCR 2008). 

Table 4.3 Tiered quantification system for GHG emissions estimation 

Tier Method CO2 Emission Factors 
CH4 Emission 

Factors 
N2O Emission 

Factors 
1 Direct 

monitoring 
Continuous emission monitoring system 
(CEMS) in accordance with U.S. EPA’s sources 
on 40 CFR Part 75.  

CEMS CEMS 

1 Laboratory 
analysis 

Measured carbon content of each fuel to 
calculate CO2 based on mass balance in 
accordance with WRI/WBCSD GHG Protocol 
Guidance 

- - 

2 Laboratory 
analysis 

Measured heat content of fuel and default 
carbon content. 

- - 

3 Calculation Default CO2 emission factors by fuel type Default Default  
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The fuel-based approach (Tier 3) is used to calculate GHG emissions in the study, 

since CEMS and chemical analysis laboratory are not available in the asphalt mixture 

plants. This approach requires the knowledge of the type and quantity of fuel 

consumed in combustion as well as the emission factor data. In the study, the emission 

factors for CO2, CH4 and N2O were obtained from a combined database that 

incorporates information from Hong Kong Environmental Protection Department 

(EPD), TCR, NAPA, U.S. EPA, ICE, ROADEO toolkit, and relevant literature. CO2 

equivalent (CO2-e) is commonly used as the universal indicator of GHG emissions, 

and different gases can be converted to CO2-e by multiplying their GWP. According 

to the latest version of emission factors for greenhouse gas inventories by U.S. EPA 

and the Intergovernmental Panel on Climate Change (IPCC) (Pachauri and Reisinger 

2007, U.S. EPA 2014a), the factors for CH4 and N2O are 25 and 298 for 100-year 

GWP, respectively. They can be used to estimate the total direct GHG emission in 

CO2-e (Equation(4.41)). The mass of the individual GHG is a function of the 

consumed fuel mass at different plant component and the emission factors associated 

with the fuel type (Equation(4.42)–(4.44)), as shown in Table 4.4. 

 
2 4 2

( ) 25 298GHG CO CH N OTE Direct E E E= + +   (4.41) 

where, TEGHG = total direct GHG emissions, kg CO2-e; 

2COE = mass of CO2, kg; 

4CHE = mass of CH4, kg; 

2N OE = mass of N2O, kg. 

 
2 2 2CO D CO B COE M EF M EF= × + ×   (4.42) 

 
4 4 4CH D CH B CHE M EF M EF= × + ×   (4.43) 
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2 2 2N O D N O B N OE M EF M EF= × + ×   (4.44) 

where, MD and MB are consumed mass of fuel for rotary dryer and bitumen storage 

and heating system, respectively, 

2COEF = the emission factor of CO2 for a certain type of fuel, kg per unit; 

4CHEF = the emission factor of CH4 for certain fuel, kg per unit; 

2N OEF = the emission factor of N2O for certain fuel, kg per unit.  

 

Table 4.4 Emission factors for stationary combustion  

Fuel Type Unit 
CO2 Factor 

(kg/unit) 

CH4 Factor 

(g/unit) 

N2O Factor 

(g/unit) 

CO2-e Factor 

(kg/unit) 

Heavy Fuel Oil Liter 3.189 0.12 0.064 3.211 

Diesel Oil Liter 2.614 0.0239 0.0074 2.617 

Natural Gas m3 1.922 0.0364 0.0035 1.924 

Liq. Petro. Gas Kg 3.017 0.0020 0.0000 3.017 

Kerosene Liter 2.429 0.0241 0.0076 2.432 

Charcoal Kg 2.970 5.5290 0.0276 3.116 

 

4.5.2 Indirect GHG emissions 

 

The indirect GHG emissions from the consumption of purchased electricity for 

operating the asphalt plant equipment can be estimated using Equation(4.45). Two 

methods may be used to determine the emission factor of electricity. Firstly, a 

territory-wide default value can be used to account for GHG emissions associated 

with electricity, which is 0.7 kg CO2-e/kWh in Hong Kong (Hong Kong EMSD & 

EPD, 2010). Secondly, the emission factor provided by the respective power grid or 

electricity provider can be used. Such factor is usually provided on the websites of 

electricity providers. For instance, Table 4.5 and 4.6 provide the GHG emission 
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factors for different power grids in Mainland China and power companies in Hong 

Kong. Users may select the appropriate emission factors that fit their needs. 

 ( ) *GHG ElectricityTE Indirect EE EF=   (4.45) 

where, TEGHG(Indirect) = total GHG emissions by indirect source, kg CO2-e; 

EE = quantity of electricity consumed, kWh; 

EFElectricity = emission factor for purchased electricity, kg CO2-e/kWh. 

 

Table 4.5 Emission factors for different power grid in Mainland China 

Power Grid  

(Mainland China) 

CO2 Factor 

(kg/kWh) 

CH4 Factor 

(g/kWh) 

N2O Factor 

(g/kWh) 

CO2-e Factor 

(kg/kWh) 

Northeast Region 1.137 0.0119 0.0174 1.142 

Northwest Region 0.812 0.0087 0.0127 0.816 

Central Region 0.703 0.0072 0.0105 0.706 

North Region 1.128 0.0117 0.0169 1.133 

East Region 0.784 0.0085 0.0120 0.788 

South Region 0.669 0.0072 0.0100 0.672 

 

Table 4.6 GHG emissions factors for two power companies in Hong Kong (in 

kg/kWh) 

Power 

Company 

(HK) 

2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012

CLP 0.48 0.56 0.53 0.52 0.53 0.57 0.84 0.83 0.80 0.80 0.77

HEC 0.96 0.98 0.98 0.92 0.91 0.83 0.84 0.84* 0.84* 0.84* 0.84*

Note: *The data is not available in that year, so the latest data is used. 

 

4.6 Model Validation by Case Studies 

 

A large number of case studies were conducted to validate the above energy 

consumption prediction models. Six batch plants, two in Hong Kong and four in 

Mainland China were visited to collect the first-hand information. The basic 
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information of the asphalt mixture plants is described in Table 4.7. Interviews with 

experienced engineers and operators were conducted in these plants to amend and 

improve the prediction models.
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Table 4.7 Basic information about the six asphalt mixture plants for model validation 

Plant Name Location Equipment Model
Service 
years 

Dryer 
dimension 

Fuel Type Mixture Type 

Anderson Asphalt Limited 
(Plan A) 

Hong Kong Marini 
MAP260E250L-3
000 

N.A. Ф=2.5m 
L=10m 

Rotary Dryer: Diesel  
Bitumen Heating System: 
Diesel 

Normal: 6  
RAP: 10  
Polymer modified: 3  
SMA: 4  

HKAsphalt (Green) Limited 
(Plant B) 

Hong Kong N.A. N.A. N.A. Rotary Dryer: Diesel  
Bitumen Heating System: 
Diesel 

Normal: 6  
RAP: 5  
Polymer modified: 3  
SMA: 3  

Shenzhen Road & Bridge 
Group 

(Plant C) 

Guangdong SPECO-3000 10 Ф=2.8m 
L=10m 

Rotary Dryer: Diesel  
Bitumen Heating System: 
Diesel 

AC: 4 
Polymer modified: 2  
SMA: 2  

Guangdong Zhubo 
Highway & Bridge 

Engineering Co., Ltd 
(Plant D) 

Guangdong LB3000 8 Ф=2.8m 
L=12m 

Rotary Dryer: Heavy Fuel 
Oil  
Bitumen Heating System: 
Heavy Fuel Oil 

AC: 2  
SMA: 2  
 

Minggang Road & Bridge 
Construction Ltd. 

(Plant E) 

Jiangsu AMP4000 5 Ф=2.78m 
L=11m 

Rotary Dryer: Heavy Fuel 
Oil  
Bitumen Heating System: 
Heavy Fuel Oil 

AC: 2  
Super: 2  
Polymer Modified: 2  
SMA: 2  
Rubber: 1  

Longyue Road and Bridge 
Construction Ltd. 

(Plant F) 

Jiangsu AMP4000C 2 Ф=2.8 
L=12.6m 

Rotary Dryer: Heavy Fuel 
Oil, Natural Gas  
Bitumen Heating System: 
Diesel, Natural Gas 

AC: 2  
Super: 2  
Polymer Modified: 2  
SMA: 2  
Rubber: 1 
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4.6.1 Field data collection 

 

Asphalt mixture production is an intensive process, driven by tight construction 

schedules. Nighttime production is also very common. During the visits, it was found 

that none of the plants had detailed daily energy consumption records. Only a few of 

them were able to provide quarterly or monthly production and fuel consumption 

information, which cannot be used for model verification. Therefore, all the fuel and 

electricity consumption data were collected daily by the author at the plants. 

 

The information collected at the plants includes fuel types and equipment operation 

parameters. Each type of fuel has its unique combustion and emission profiles. The 

equipment operation parameters include asphalt mixture designs, equipment aging, 

pugmill capacity, dryer dimension, oil storage tank dimension, operation proficiency, 

etc. An energy usage sheet was designed and used to monitor daily energy 

consumption in selected plants (Plant C, E, and F). For Plant C (using diesel), data 

was collected from August 25, 2014 to September 5, 2014. For Plant E (using heavy 

fuel oil), data was collected from April 29, 2014 to July 4, 2014. For Plant F (using 

natural gas), data was collected by two stages: from September 16, 2013 to October 

18, 2013 and from April 30, 2014 to May 7, 2014. 

 

The data collection sheet consists of information on date, project name, distance, daily 

fuel usage, daily production, production period, mix design, aggregate moisture 

content, temperature of heated aggregates, exhaust gas temperature, dryer shell 

average temperature, and start-and-stop numbers. For the plants using natural gas, 

daily fuel usage was obtained from gas meter readings. For the plants using heavy oil 

or diesel, no flow meters are available. The fuel consumption was measured manually 
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by checking the daily fuel level changes in the tanks, and the fuel usage was 

calculated by the height differences and oil tank dimensions. The moisture content of 

aggregates is analyzed in laboratory according to the ASTM Test Method C566-13 

(ASTM 2013). Aggregate samples are taken from each cold feed bin at the depth of 

0.5m-0.8m beneath the surface. At the end of the data collection period, 8 types of 

HMA materials and 75 production events were recorded. The production varies in 

aggregate temperature, moisture content, exhaust gas temperature, and ambient 

temperature. The variations are important for the verification of energy consumption 

models in different conditions. Table 4.8 provides the statistics of the collected data.  
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Table 4.8 Summary of statistics for the major variables used in the thermodynamic 

models 

Mixture 
Types 

Statistics 
Coarse 
Agg. 

Moisture 

Fine 
Agg. 

Moisture

Heated 
Temp.

Ambient 
Temp. 

Asphalt-agg. 
ratio 

Gas 
Temp. 

Operation 
Period 
(hours) 

AC13 

Max. 1.50% 5.00% 178 27.5 5 96 9 
Min. 1% 3.10% 170 21.5 4.9 85 1 
Average 1% 3.59% 171 23.6 5.0 92.8 3.3 
S.D. 0.002 0.005 2.287 1.979 0.036 3.527 2.635 
Samples 13 13 13 13 13 13 13 
No. of plants 2 2 2 2 2 2 2 

AC20 

Max. 1.40% 6.60% 210 28 4.5 110 17 
Min. 0.90% 2.80% 170 16.5 4.4 80 0.5 
Average 1.13% 4.03% 173.3 23.1 4.4 92.3 5.5 
S.D. 0.002 0.011 7.964 2.961 0.020 6.287 4.036 
Samples 22 22 22 22 22 22 22 
No. of plants 3 3 3 3 3 3 3 

AC25 

Max. 1% 2.40% 172 28 4 99 9 
Min. 1% 1.80% 170 18 4 94 1 
Average 1% 2.24% 171 24 4 96.8 4 
S.D. 0.001 0.002 0.894 3.479 0.000 1.939 2.828 
Samples 5 5 5 5 5 5 5 
No. of plants 1 1 1 1 1 1 1 

AC20 
(20%RAP) 

Max. 1.10% 2.30% 200 27.5 4.4 94 3.5 
Min. 0.90% 2.30% 200 20.5 4.4 92 2 
Average 0.97% 2.30% 200 23.8 4.4 92.7 2.7 
S.D. 0.001 0.000 0.000 2.867 0.000 0.943 0.624 
Samples 3 3 3 3 3 3 3 
No. of plants 1 1 1 1 1 1 1 

SMA13 

Max. 2.47% 7.20% 220 30.0 6.1 110 9.5 
Min. 1.20% 4.70% 186 16.5 5.9 82 1 
Average 1.73% 5.30% 200.5 23.9 6.0 95.1 5.4 
S.D. 0.004 0.007 13.841 4.588 0.094 10.620 2.792 
Samples 15 15 15 15 15 15 15 
No. of plants 2 2 2 2 2 2 2 

ARAC13 

Max. 1.60% 6.00% 191 28 6.6 110 6 
Min. 1.00% 4.86% 190 19 6.3 85 2 
Average 1.19% 5.20% 190.2 24.25 6.48 100.2 3.9 
S.D. 0.002 0.004 0.400 2.952 0.147 12.007 1.319 
Samples 10 10 10 10 10 10 10 
No. of plants 2 2 2 2 2 2 2 

SUP-13 

Max. 1.96% 4.86% 186 22.5 4.9 100 6 
Min. 1.87% 3.26% 185 18 4.9 98 4 
Average 1.93% 4.11% 185.3 20.2 4.9 99.3 4.8 
S.D. 0.000 0.007 0.471 1.841 0 0.943 0.850 
Samples 3 3 3 3 3 3 3 
No. of plants 1 1 1 1 1 1 1 

SUP-20 

Max. 1.98% 4.95% 176 21.5 4 97 10 
Min. 1.92% 4.85% 175 15.5 4 95 5 
Average 1.95% 4.90% 175.7 18.8 4 96.3 8.3 
S.D. 0.000 0.000 0.471 2.494 0 0.943 2.357 
Samples 3 3 3 3 3 3 3 
No. of plants 1 1 1 1 1 1 1 

Note: S.D.= standard deviation; Agg.= aggregate; Temp.= temperature 
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4.6.2 Comparison of the predicted results and field measurements 

 

Figure 4.4 shows the predicted versus measured fuel consumption values for 

producing one ton of hot-mix asphalt (HMA) mixtures. The values cover three fuel 

types and six mixture types. As can been seen from the figure, the predicted values 

agree with the actual data quite well except for a few outliers. This indicates the 

thermodynamic models accurately reflect the energy consumption in asphalt mixture 

production. 

 

 

Figure 4.4 Predicted vs. measured fuel consumption values per ton of HMA mixture 

 

Detailed comparisons between the predicted and measured results for the three types 

of fuel, including natural gas, heavy fuel oil and diesel for drying and heating 

aggregates are plotted in Figure 4.5. The three diagrams suggest that the predicted 

results are generally slightly higher than the measurements at high production rate and 

slightly lower than the measurements at the low production rate (usually < 500 tons). 
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This is largely due to the extra energy consumed in plant warmup. 

 

(a)Natural gas                    (b)Heavy oil 

 
(c)Diesel 

Figure 4.5 Comparisons of the predicted and measured unit energy consumption 

 

The root-mean-square errors (RSME) of the predicted values vs. measurements were 

calculated using Equation(4.46) and shown in Table 4.9. The differences between the 

measured and predicted results are small, indicating that the thermodynamic models 

well capture the fundamental combustion and heat exchange processes in asphalt 

mixture production. 

 
, ,

1

1
( )

n

i measured i simulated
i

RMSE M M
n =

= −   (4.46) 

where, ,i measuredM = the measured energy consumption for the ith mixture type; 

,i simulatedM = the calculated energy consumption for the ith mixture type. 
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Table 4.9 Summary of the comparison results for the predicted and measured energy 

consumption (m3/t for natural gas while kg/t for the other two) 

Fuel Types Natural Gas Consumption (total=43) 

HMA Types AC13 AC20 AC25 ARAC13 AC20(20%RAP) SUP-13 SUP-20 

Sample Size 11 12 5 6 3 3 3 

RMSE 0.203 0.286 0.222 0.204 0.256 0.818 0.487 

Fuel Types Heavy Fuel Oil Consumption(total=26) Diesel Consumption (total=6)  

HMA Types AC20 AC13 ARAC13 SMA13 AC20 SMA13  

Sample Size 10 2 4 10 1 5  

RMSE 0.119 0.202 0.059 0.185 - 0.013  

 

4.6.3 Effects of mixture types and temperatures on energy consumption and 

GHG emissions  

 

The integrated models may be used to assess the influences of various factors on 

energy consumption and GHG emissions. Only the influences of mixture types and 

ambient temperatures are examined. Three types of mixtures are used as examples, 

including a dense-graded asphalt mixture (AC 20), a rubberized asphalt mixture 

(ARAC 13), and a stone-mastic asphalt mixture (SMA 13). These standard mixtures 

are commonly used in highway pavement construction in Mainland China. The 

ARAC 13 incorporates crumb rubber recycled from waste automobile tires based on 

the ‘wet’ process. The SMA 13 uses polymer-modified bitumen as binder. Two 

ambient temperature levels are assumed: 30℃ and 15℃. They are used to represent 

environmental temperatures in the summer and fall seasons, respectively. All the 

other material properties and production parameters are assumed to be the same, and 

the fuel is assumed to be diesel. 

 

Both the total and three categories of energy consumption rates are shown in Figure 
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4.6. It indicates that production in the warm temperature is more environmentally 

friendly that that in the cool temperature. In addition, SMA 13 and ARAC 13 

mixtures demand more energy than the conventional mixture. The figure also shows 

that energy consumption in the rotary dryer (ED) accounts for more than 80% of the 

total energy consumption. 

 

 

Figure 4.6 Energy consumption of different mixtures (left: 30℃ and right: 15℃) 

 

The GHG emissions of the different types of mixtures at two temperatures are shown 

in Figure 4.7. The GHG emissions of the ARAC 13 and SMA 13 mixtures are higher 

than those of the conventional mixture. Production at the cooler temperature also 

slightly increases emissions. Direct emissions from fuel combustion are the 

predominant source of the total GHG emissions. The difference in total emissions 

between the ARAC 13 and SMA 13 mixtures, however, appears not large. This is 

because it takes longer to mix the ARAC 13 mixture in the pugmill, hence consuming 

more electricity. 
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Figure 4.7 GHG emissions of different mixtures (left: 30℃ and right: 15℃) 

 

4.6.4 Sensitivity Analysis 

 

Sensitivity analysis is a technique used to determine how different values of an 

independent variable will impact the particular dependent variable under a given set 

of assumptions. In this study, six independent variables were chosen to conduct the 

sensitivity analysis. The 10 mm Wearing Course mixture type is used as an example 

for illustration. 

 

Six variables including ωCA, ωFA, t1, t3, t4 and t0 were selected as the independent 

variables, as shown in Table 4.10. The sensitivity coefficient β can be calculated using 

Equation(4.47) to compare the sensitivity of the above six independent variables. 

Higher value indicates that the result is more sensitive to a particular variable. Table 

4.10 indicates that t3 (heated aggregate temperature), t0 (exhausted gas temperature) 

and ωFA (moisture content of fine aggregate) are much more sensitive than the other 

two variables.  

 A

F
β Δ=

Δ
  (4.47) 

where, β = sensitivity coefficient; 
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													∆  = independent variable range; 													∆  = dependent variable range. 

 

Table 4.10 Six sensitivity coefficient 

Factor β Description 

t3 0.054 Heated aggregate temperature 

t0 0.039 Stack gas temperature 

ωFA 0.022 Moisture content of wet fine aggregate 

t1 0.004 Cold aggregate (Ambient) temperature  

ωCA 0.003 Moisture content of wet coarse aggregate 

t4 0.001 Average temperature of dryer shell 

 

The one factor sensitivity analysis result is also shown in Figure 4.8. The theoretically 

required diesel usage when producing one ton of HMA mixture was regarded as the 

dependent variable. In the base case, 7.468 liter of diesel is consumed in producing 

one ton of mixture. The values of the six factors range between -20% and +20%. 

Similar to the results in Table 4.10, Figure 4.8 indicates that fuel consumption is most 

sensitive to t3, followed by t0 and ωFA.  

 

 

Figure 4.8 The one factor sensitivity analysis results  

 

4.7 A Software Tool for Convenient Application of the Models  
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To facilitate the implementation of the models, a software toolkit named Green 

Asphalt Calculator (GAC) was developed. The toolkit is anticipated to serve several 

user groups for various purposes. For pavement practitioners, the toolkit can quickly 

estimate the energy use of different materials under various production conditions. 

The information may assist in cost estimation as well as identifying the areas (e.g., 

fuel type, equipment refurbishment, and production planning) that can be potentially 

improved for energy saving. For government agencies and researchers, the software 

may serve as a tool for GHG emission auditing, LCA, pavement design and material 

selection optimization. 

 

The GAC toolkit was developed as a set of spreadsheets that are compatible with most 

versions of Microsoft Excel and Open Office, regardless of the OS platform. The front 

page of the toolkit is presented in Figure 4.9. It consists of six modules, including 

“User Guide”, “Main Input”, “Rotary Dryer”, “Bitumen System”, “Electricity” and 

“GHG Emissions”. The overall architecture of GAC tool is depicted in Figure 4.10. 

The database structure and calculation algorithms cannot be modified by the users, 

but some calibration factors or coefficients may be adjusted. The users are suggested 

to enter required and optional information step by step according to the specific 

production characteristics. Based on the users’ inputs, the software calculates the total 

energy consumption and breakdowns, fuel usage, and GHG emissions. The GAC 

toolkit can be freely downloaded from a web site (Wang 2015). 
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Figure 4.9 The front page of the Green Asphalt Calculator (GAC) tool 

 

 

Figure 4.10 The overall architecture of the GAC tool 

 

The individual worksheets in the GAC tool are described subsequently as follows.  

 

 Navigation: The navigation sheet connects to all the other sheets. The user is 

guided sequentially through each component in an asphalt mixture plant using a 

series of worksheets and hyperlinks.  

 

 User Guide: GAC User Guide summarizes the main steps to be followed for the 

evaluation of energy consumption and GHG emissions in asphalt mixture 
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production. GAC has been designed to be as open, transparent and flexible as 

possible. It provides default values and suggestions to assist user in estimating 

energy consumption and GHG emissions as well as identifying alternatives to 

reduce energy consumption and GHG emissions. 

 

 Main Input worksheet: The Main Input worksheet enables users to select / enter 

the main data. Five major categories including “Plant details”, “Production 

information”, “Material information”, “Production parameters”, and 

“Environmental information” are incorporated into this Main Input worksheet. It 

has been designed to gather the minimum information required by the models to 

compute energy consumption and subsequent GHG emissions. The screenshot of 

Main Input worksheet is shown in Figure 4.11, where all the yellow cells should 

be entered by users. 

 

 
Figure 4.11 Screenshot of the Main Input worksheet 
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Four additional worksheets of the GAC tool are used to serve various functions, 

which are described in detail as follows. 

 

 Rotary Dryer worksheet: In this worksheet, the user enter the dimension details 

of the rotary dryer. Many coefficients can be calculated automatically. Four types 

of results can be provided: 1) Average fuel usage per ton of asphalt mixture; 2) 

Total fuel usage for rotary dryer; 3) Average energy consumption per ton of 

asphalt mixture (MJ); 4) Total energy consumption for rotary dryer (MJ).  

 

 
Figure 4.12 Screenshot of the Rotary Dryer worksheet 

 

 Bitumen System worksheet: In this worksheet, the users can choose the bitumen 

tank type (vertical or horizontal) and enter the dimension data of the bitumen 

system. The outputs are similar to those generated by the Rotary Dryer worksheet, 
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and the screenshot of this worksheet is shown in Figure 4.13.  

 

 
Figure 4.13 Screenshot of the Bitumen System worksheet 

 

 Electricity worksheet: Users should collect the rated power of the electrical 

motors from the technical documents and record the difference of readings of 

electricity meter before plant start up and after regular production. This worksheet 

can generate the average electricity usage and average energy consumption per 

ton of asphalt mixture, as well as the total electricity and energy consumption. 

Figure 4.14 shows the screenshot of this worksheet. 
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Figure 4.14 Screenshot of the Electricity worksheet 

 

 GHG Emissions worksheet: Users can choose the location of plant, both the 

direct and indirect GHG emissions are generated and illustrated with graphs and 

numbers. The screenshot of the GHG Emissions worksheet is shown in Figure 

4.15. 

 

Figure 4.15 Screenshot of the GHG emissions worksheet 
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4.8 Chapter Summary 

 

Producing asphalt mixtures for pavement construction is an energy intensive process. 

Accompanied by energy consumption are enormous costs and GHG emissions. In the 

study, energy consumption in asphalt mix production and the associated GHG 

emissions are predicted using a system of integrated thermodynamic models. The 

theoretical models were validated through data collected from six asphalt mixture 

plants and 75 production events. The thermodynamic approach reveals the 

fundamental heat and mass transfer in the mixture production process. This enables 

different asphalt mixture (batch) plants to use the same procedure to estimate energy 

use. It also helps examine the sensitivity of energy consumption to different 

production parameters and hence offers the opportunity to improve production 

efficiency. 

 

The following conclusions are drawn from this part of the study. (1) The rate of 

energy consumption is affected by asphalt mixture types. (2) The aggregate 

temperature difference before and after production, exhaust gas temperature, and 

moisture content are the most important factors in determining fuel consumption. (3) 

There is a positive correlation between plant heat efficiency  and production output, 

and the heat efficiency  is heavily influenced by plant equipment age. (4) 

Noncontinuous operation results in higher energy consumption rate compared with 

continuous operation. 

 

Based on the developed models and collected data, some recommendations are made 

for the asphalt mixture production to save energy and reduce GHG emissions. (1) The 

aggregate stockpiles may be covered and built on a slope to reduce the moisture 
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content. (2) The rotary dryer needs to be well insulated to reduce heat loss. (3) 

Periodical maintenance of the plant equipment is beneficial for improving combustion 

efficiency and reducing heat loss. (4) If possible, daily and seasonal temperature 

variations may be taken advantage of in production planning. (5) The system of 

models and the software tool developed in the study may be used for the estimation of 

energy use, costs, and GHG emissions.
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CHAPTER 5 THE HEALTH EFFECTS OF ASPHALT PAVEMENT 

CONSTRUCTION12 

5.1 Overview 

 

The social dimension of highway pavement sustainability consists of three aspects: 

mobility, safety, and health. Mobility is affected by pavement construction activities. 

This has been discussed in Chapter 3 as part of the road user delay costs. Safety 

associated with road pavement conditions and construction activities is not considered 

due to the lack of local data. The health effects of asphalt pavement construction are 

chosen as the focus of the social dimension of sustainability for investigation. 

 

A unique feature of asphalt pavement construction is that mixing, placement, and 

construction have to be conducted at elevated temperatures, which typically range 

from 135 °C to 150 °C for conventional hot-mix asphalt (HMA) materials and 140 °C 

to 150 °C for polymer-modified ones (Scherocman, 2006). Asphalt binder is an 

organic material; therefore, at such high temperatures, massive amount of asphalt 

fumes are generated and emitted into the air (Gudimettla et al. 2002, Linch 2002, 

McClean 2004). The typical components of asphalt fumes consist of volatile organic 

compounds (VOCs), organic particulate matters (PMs) mainly made of polycyclic 

aromatic hydrocarbons (PAHs), inorganic PMs, sulfur, nitrogen oxides, and carbon 

monoxide (New Hampshire Department of Environmental Services, 2011). The VOCs 

and PMs are the two major components of asphalt fumes which represent the gaseous 

                                                 
1 Published in Chong, D., Wang, Y., Guo, H. & Lu, Y., 2013. Volatile organic compounds generated 
in asphalt pavement construction and their health effects on workers. ASCE Journal of Construction 
Engineering and Management, 140 (2). 
2 Published in Chong, D., Wang, Y., Dai, J., and Hung, W., 2013. Pollutants generated in asphalt 
resurfacing construction and their effects on workers’ health. Proceedings of the 4th Construction 
Specialty Conference, Montréal, Québec, May 29- June 1, 2013. 
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and solid portion of asphalt fumes, respectively. These chemicals affect the 

surrounding air quality and may cause adverse health effects on pavement 

construction workers. In this study, the effects of asphalt fumes on workers’ health are 

investigated by field experiments, laboratory tests, and desktop studies. The field and 

laboratory analysis results are compared with existing occupational exposure limits to 

assess the health risks exposed by pavement construction workers. 

 

5.2 Existing Studies 

 

Every year, Hong Kong produces about 600,000 tons of asphalt mixtures, the 

predominant majority of which are placed on roads. It is estimated that the local 

paving industry employs hundreds or thousands of workers, although the exact figure 

is unknown. In the U.S. alone, over half-million workers are estimated to be exposed 

to asphalt fumes in the occupational environment (OSHA 2007). Asphalt fumes are 

found to affect human health in both acute and chronic ways through inhalation and 

skin contamination (McClean et al. 2004, Celebi and Vardar 2008), hence posing a 

health risk to pavement construction workers. 

 

A number of studies used laboratory asphalt fume generators to mimic the fume 

generation process and conducted chemical analysis based on the artificially 

generated fumes (Kurek et al. 1999, Viranaiken et al. 2010). Asphalt fumes were also 

directly collected from pavement construction sites for chemical analysis (Reinke et 

al. 2000). Comparative studies, however, often indicate that the chemical composition 

and toxicological properties of laboratory-generated asphalt fumes differ from those 

in the fields (Kriech et al. 1999, McCarthy et al. 1999, Reinke et al. 2000). The 

discrepancies may be caused by differences in HMA materials, HMA mixture 
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temperatures, motion of the mixtures (in construction equipment vs. in laboratory 

equipment), sampling methods, and locations or a combination of these factors. 

Despite the use of fume generation devices offers the advantages of better temperature 

control, elimination of meteorological influences, low sample collection costs, and 

easy switching of HMA materials for assessment, producing asphalt fumes that are the 

same as those generated in the field remains a challenge. 

 

The effects of asphalt fumes on human health have been investigated in a large 

number of studies. The reported non-carcinogenic toxic effects of asphalt fumes 

include irritation of the eye, nose, throat, skin and respiratory tissues; fatigue; 

headaches; dizziness; nausea; stomach discomfort; insomnia (ATSDR 2007a); and 

chronic lung diseases such as bronchitis, emphysema, and asthma (Maizlish et al. 

1988, Hansen 1991). The existing studies on health effects are mainly based on 

observations or survey questionnaires. The research results on the possible 

carcinogenic toxic effects of asphalt fumes are often contradictory and thus remain 

inconclusive (ATSDR 2007a). Another approach for studying the effects of asphalt 

fumes is the use of biomarkers taken from urine samples of pavement workers (Zhou 

1997). The health effects of asphalt fumes were also examined through animal studies. 

An early study in 1988 by the U.S. National Institute for Occupational Safety and 

Health (NIOSH) found that malignant skin tumors were induced in mice by 

laboratory-generated roofing asphalt fume condensates applied dermally; however, 

the effects of the pavement asphalt fume condensates have not been thoroughly 

investigated through animal studies. One study conducted by Chinese researchers 

examined the influence of asphalt fume exposures at different levels (55 and 165 

mg/m3) and durations (30 and 60 days) on experimental mice (Guo et al. 2007). No 

malignant tumors were found in the mice, but abnormalities in the mice’s lung cells 
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were found to be correlated with the exposure level and duration (Guo et al. 2007). 

 

Because of the discrepancies between the laboratory- and field-generated asphalt 

fumes, using site-collected fume specimens may be more preferable in analyzing the 

asphalt fumes and assessing their health effects on onsite workers. In addition, 

because pavement construction is a dynamic process that involves multiple tasks, 

pieces of equipment, and a number of construction workers who participate in these 

different tasks, the VOCs and PMs emission levels presented to the workers are 

subject to temporal and spatial variations. The connection between the pavement 

workers’ exposure to asphalt fumes and the pavement construction process has not 

been adequately addressed in existing studies. In particular, the missing aspects 

include:  

 

(1) the components of VOCs and PMs emitted in different work tasks during HMA 

pavement construction,  

(2) the concentration of chemical components presented to the workers based on 

their proximity to the emission sources,  

(3) the change of VOC and PMs concentrations with HMA materials and 

construction conditions,  

(4) approaches to mitigating the potential harmful effects of asphalt fumes. 

 

The aim of this study is to assess the VOCs and the organic components in PMs 

generated in HMA pavement construction and examine their potential effects on 

workers’ health. The VOCs and PMs samples were collected from various locations 

and time points of multiple projects during HMA pavement construction and were 

subsequently analyzed in the laboratory for characterization of their chemical 
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concentrations and compositions. The relationship between the dominant chemical 

species and their health effects was analyzed by comparing the results with existing 

occupational exposure studies. Possible mitigation opportunities were also examined. 

The findings of this study are expected to help the pavement industry better 

understand the occupational health risks presented to onsite workers, establish 

effective measures to monitor and control the occupational environmental risks, and 

create a healthy working environment for the pavement industry. 

 

5.3 Sample Collection and Laboratory Tests 

 

Because laboratory-generated asphalt fumes may not be well representative of those 

experienced in real workplaces, asphalt fume samples in this study were collected at 

construction sites. The gaseous asphalt fumes (e.g., VOCs) were collected at multiple 

locations and time points and saved in air-tight metal containers for laboratory 

analysis. Gas chromatography (GC) coupled with mass selective detector (GC-MSD) 

was used to identify the chemical components and concentrations of the VOCs 

species. On the other hand, the PMs samples in asphalt fumes were collected from 

worker’s breathing zones during construction in accordance with the NIOSH Method 

5506 (NIOSH 1998b). The PMs samples were analyzed both by gravimetric method 

for the determination of concentration and high-performance liquid chromatography 

(HPLC) for the identification of chemical compositions. The effects of the individual 

chemical compounds on human health were analyzed by comparing the concentration 

at the workers’ breathing zones (WBZs) with widely acknowledged health standards. 

The method framework is shown in Figure 5.1. The first four steps in Figure 5.1 are 

further illustrated in the following section, whereas the last two steps are discussed in 

the next section. 
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Figure 5.1 The flow chart of research process 

 

5.3.1 Descriptions of the identified projects 

 

Samples for VOCs and PMs were collected separately due to the different sampling 

methods and research focuses. VOCs samples were collected from five resurfacing 

projects located in Hong Kong, as summarized in Table 5.1. Since project-3 was 

divided into two construction stages and each stage used different materials, sample 

collection and analysis were conducted separately. The sampling period was from 

August 2012 to July 2013. Despite the different asphalt mixtures used in these 

projects, they can be generally categorized into two groups. One group is the 
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polymer-modified friction course (PMFC) which uses polymer-modified asphalt 

binder and has about 20% of air voids. The other group is the densely graded asphalt 

mixture which uses regular penetration grade (Pen 60/70) asphalt binder and has only 

about 5% of air voids. These projects follow standard mix design, production, and 

construction process in Hong Kong; therefore, it is anticipated that the information 

collected is representative of all resurfacing projects and even new pavement 

construction if similar materials are used. 

 

Table 5.1 Summary of the project cases used for VOCs sampling (Hong Kong) 

Project 

No. 
Road Name 

Material 

Type 

Material 

Class. 

Ambient 

Temp.(oC)

Avg. Wind 

(m/s) 

Max. Wind

(m/s) 

Wind 

Direction 

Avg. Pav. 

Temp. (oC) 

Humidity

(%) 

No. of 

Samples

VOCs-1 Sassoon Rd. PMFC Porous 28.0 0.70 2.7 Southeast 141.0 74 10 

VOCs-2 Fei Tsui Rd. SMA Dense 27.0 0.83 1.0 Southwest 139.5 73 10 

VOCs-3(a) Connaught Rd. WC(10) Dense 27.5 0.58 1.1 Southwest 128.0 79 5 

VOCs-3(b) Connaught Rd. PMFC Porous 27.5 0.58 1.8 Southwest 132.7 79 5 

VOCs-4 Sha Tau Kok Rd. WC (20) Dense 27.0 0 0 - 102.0 80 6 

VOCs-5 King Wan Str. WC (20) Dense 29.0 0.55 1.1 Southwest 127.6 72 4 

Note: SMA: stone-mastic asphalt; WC: wearing course; PMFC: polymer modified friction course.  

 

PMs samples were collected during the period of January 2014 to June 2014 from 

twelve new construction and resurfacing projects located in both Hong Kong and 

Mainland China. The project information is summarized in Table 5.2. Drawn lessons 

learned from VOCs sampling, the asphalt binder type and work rate were considered 

in PMs sampling. Because HMA construction is conducted in an open-air 

environment, the asphalt fumes concentration may be affected by meteorological 

conditions including air temperature, wind speed and direction, and other weather 

conditions. In addition, asphalt fume emissions may be affected by pavement 

lay-down temperature. Therefore, meteorological conditions and HMA placement 
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temperature were recorded during the sampling process and are also shown in Table 

5.1 and Table 5.2. In general, these projects were carried out under normal weather 

conditions and operations, as well as under similar surrounding environment.  

Table 5.2 Summary of the project cases used for PMs sampling  

Project 

No. 
Road Name Location 

Material 

Type 

Material 

Class. 

Bitumen 

Type 

Ambient 

Temp.(oC)

Avg. Wind 

(m/s) 

Avg. Pav. 

Temp. (oC) 
Weather 

Work Rate 

(ton/hour)

 

No. of 

Samples

PAHs-1 Lianggang Rd. Shanghai AC(20) Dense Modified 28 1.4 147.3 Cloudy 353 4 

PAHs-2 Lianggang Rd Shanghai SMA(13) Dense Modified 29 0.9 159.8 Cloudy 289 4 

PAHs-3 Meilan Rd. Shanghai AC(25) Dense Basis 29 1.2 155.5 Cloudy 120 4 

PAHs-4 Fengpu Rd. Shanghai AC(25) Dense Basis 29 1.1 149.7 Cloudy 308 4 

PAHs-5 Binhu Rd. Suzhou SMA(13) Dense Modified 27 0.5 157.2 Cloudy 120 4 

PAHs-6 Tolo Highway HK RB(37.5) Dense Basis 15 1.4 133 Sunny 198 4 

PAHs-7 Danzi Rd. Shenzhen AC(20) Dense Modified 16 1.8 160 Sunny 350 6 

PAHs-8 Shek Kok Rd. HK DBM Dense Basis 20 1.9 170 Cloudy 110 4 

PAHs-9 Shek Kok Road HK RB(37.5) Dense Basis 18 1.5 178 Sunny 200 4 

PAHs-10 Fanling Highway HK PMFC Porous Modified 19 0.9 130 Sunny 180 8 

PAHs-11 Ma Tau Wai Rd. HK RB(37.5) Dense Basis 15 0.6 170 Sunny 240 4 

PAHs-12 Concorde Rd. HK RB(37.5) Dense Basis 20 2.3 165 Sunny 225 8 

Note: HK: Hong Kong; AC: asphalt concrete; SMA: stone-mastic asphalt; RB: roadbase; DBM: dense 

bitumen macadam; WC: wearing course; PMFC: polymer modified friction course. 

 

5.3.2 Asphalt pavement construction and subjects of this study 

 

As described in Chapter 2, three types of construction activities are typically 

performed on a highway pavement, including new construction or reconstruction, 

rehabilitation, and resurfacing. Asphalt fumes are generated from the HMA mixtures; 

therefore, sample collection is limited to the asphalt mixture placement and 

compaction in the three types of construction activities.  

 

At the job sites, HMA materials are loaded from trucks into the front hopper of a 
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paving machine (paver). The screed, which is attached to the rear end of the paver, is 

used to partially compact the HMA mixture, adjust the thickness and width of the 

placed mixture. The pavement crew works closely around the paver and are 

continuously exposed to asphalt fumes emitted from the source. After placement of 

HMA, compaction machine (roller) is used to smooth and compact the laid-down 

HMA. During the compaction stage, asphalt fumes are emitted from the hot, freshly 

paved surface and are exacerbated as the roller forces out the fumes trapped in the 

partially compacted mixture. 

 

In view of the pavement construction process, four types of pavement construction 

workers including paver operator, screedman, raker, and roller operator are identified 

as the investigation target, which is exhibited in Figure 5.2. The detailed task 

descriptions of the targeted onsite workers are listed in Table 5.3.  

  

Figure 5.2 Pavement construction workers 

Table 5.3 The detailed description of workers’ task 

Stage Worker Duty 

Paving 

Paver operator 

The worker who is responsible for maneuvering the paver 
while laying down HMA. The primary opportunity for 
asphalt fume exposure for paver operator is from the paver 
hopper or the screed auger. 

Screedman 

The worker who is responsible for raising or lowering the 
paver screed to the proper depth and width. The primary 
opportunity for fume exposure for the screedmen is from the 
spreading auger. 
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Raker 

The worker who is responsible for raking the HMA to the 
correct thickness to reduce high or low areas in the 
pavement. Rakers are mobile and move around as needed, 
but typically are in proximity to the paver. 

Compaction Roller operator 
The worker who is responsible for maneuvering the roller 
while compacting the pavement. 

5.3.3 Sample collection 

 

The sampling methods for VOCs and PMs are different; therefore, they are introduced 

separately as follows. 

 

5.3.3.1 Sample collection for VOCs 

 

VOCs samples were collected at various time points and locations. The time points 

include the beginning of pavement, 4 min after pavement, beginning of compaction, 5 

min after compaction and 8 min after compaction. The collection locations include the 

emission source points (ESPs), worker breathing zones (WBZs), paver hopper (PH), 

and background (B). The ESPs, located at the ground level about 0.5 m to the edge of 

freshly paved HMA, were stationary during the sampling process. For the paving 

operation, sampling started immediately after the paver passed; for the compaction 

operation, it started immediately after the compactor passed. The WBZs were selected 

to be at the height of construction workers’ mouth and nose areas, about 1 m from the 

fresh mixture because the workers need to continuously bend down to check the 

mixture. The sampler moved with the workers during the sample collection process. It 

was noticed that certain workers were occasionally exposed to heavy asphalt fumes 

when trucks unloaded HMA mixtures to paver hopper. To take this special condition 

into consideration, several samples at paver hopper were also taken during material 

unloading. For comparison purpose, background air samples were collected before 

paving operation started. However, the background air should not be regarded as the 
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typical air in Hong Kong because it may be contaminated by tack coat that was placed 

on road a few hours before paving started. 

 

The details of the collected samples from ESPs, WBZs, paver hopper, and background 

are labeled in the first column in Table 5.4. The collection locations during paving and 

compaction are illustrated in Figure 5.3.  

 

Table 5.4 Information of onsite VOCs samples 

Sample No. Location Time Construction stage 

ESP-P-0 ESP At the beginning of paving Paving 

ESP-P-4 ESP 4 min. after paving started Paving 

ESP-C-0 ESP At the beginning of compaction Compaction 

ESP-C-5 ESP 5 min. after compaction started Compaction 

ESP-C-8 ESP 8 min. after compaction started Compaction 

WBZ-P-0 WBZ At the beginning of paving Paving 

WBZ-P-4 WBZ 4 min. after paving started Paving 

WBZ-C-0 WBZ At the beginning of compaction Compaction 

WBZ-C-5 WBZ 5 min. after compaction started Compaction 

WBZ-C-8 WBZ 8 min. after compaction started Compaction 

PH Paver Hopper During mixture unloading Start of paving 

B Background Before paving starts N.A. 

 

 

 

 

 

Figure 5.3 VOCs sampling locations during the paving and compaction stage 

 

Paving Compaction stage 

ESP-P-0; ESP-P-4 

WBZ-P-0; WBZ-P-4 

WBZ-C-0;WBZ-C-5; WBZ-C-8

ESP-C-0; ESP-C-5; ESP-C-8 
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Three sampling methods are commonly used to collect VOCs from ambient 

environments, including: 1) air bag sampling, 2) absorbent tube sampling, and 3) 

canister sampling. The canister sampling method, which is chosen for this study, is the 

most widely used because of convenient transportation, sufficient sample volume, 

storage stability, etc. (Guo et al. 2004). The use of canister sampling method in this 

study follows the U.S. Environmental Protection Agency (EPA) compendium method 

TO-14A (U.S. EPA 1999). Before field sampling, all the SUMMA polished stainless 

steel canisters (2 L) were cleaned through at least five repeated cycles of filling and 

evacuating of dehumidified pure nitrogen gas. The gas in the cleaned canister was 

subsequently analyzed to ensure it is thoroughly cleaned. The flow rate during the 

sampling process was adjusted to 0.69 L/min for 3 minutes by using a critical orifice 

flow controller. A photograph of the author’s onsite VOCs sample collection using the 

canister sampling method is shown in Figure 5.4. 

 

Figure 5.4 Onsite collection of VOCs samples  

 

5.3.3.2 Sample collection for PMs 

 

PMs samples were collected from pavement workers’ breathing zones in accordance 
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with NIOSH Method 5506 (NIOSH 1998b). The sampling system consists of a 

portable air pump, 37-mm Teflon filter, 3-pc filter cassette holder, and a cyclone as 

shown in Figure 5.5 and Figure 5.6. The 37-mm diameter filter (PTFE with 2 μm pore 

size) is placed in a cassette with a support pad. Reparable dust aluminum cyclone 

operates at 2.5 L/min to conform to the ISO/CEN (International Organization for 

Standards /European Standards Organization) particle size selection criteria. The 

portable pump (AirLite○R  sample pump) is small and lightweight for easy attachment 

to a worker’s belt where it does not interfere with worker activity. The filter cassette 

holder with cyclone was attached to the worker’s lapel near the worker’s breathing 

zone. Figure 5.7 shows an example of a worker who carries on the sampling system. 

The flow rate of the pump was checked before, during and after sample collection by 

a calibrator to achieve a stable air intake rate of around 2.5 L/min. 

 
Figure 5.5 37-mm diameter filter before (left) and after (right) PMs sampling (Note 

the change of color after sampling) 
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(a)                     (b) 

Figure 5.6 Assembled cassette/cyclone holder (a) and AirLite sampling pump (b) 

 

 

Figure 5.7 Onsite workers who carry on the PMs sampling system 

 

The total PMs sampling involved fifty-eight worker-days from twelve HMA 

pavement construction projects. The sampled workers included 16 paver operators, 19 

screedmen, 15 rakers, and 8 roller operators. The sampling period ranged from 30 min 

to 120 min, and sampling is conducted during the similar weather conditions to reduce 

the interference of external environment factors. After samples were taken from 

construction sites, they were kept in opaque filter cassettes to be transported and 

stored at -5℃ to prevent degradation. 
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5.3.4 Laboratory analysis 

 

The collected VOCs and PMs samples were immediately analyzed in laboratory to 

ensure their stability. As stated previously, the concentrations and components of 

VOCs were analyzed by the GC/MSD method, while PMs were characterized by 

using the gravimetric and HPLC methods. 

 

5.3.4.1 Laboratory analysis of VOCs 

 

The VOCs species were analyzed by following the U.S. EPA method TO-14 with an 

HP 6890/5973 GC/MSD (Hewlett Packard/Agilent Technologies, Palo Alto, CA, USA) 

equipped with a TDS thermal desorption apparatus (Gerstel, Mulheim an der Ruhr, 

Germany). GC, a chemical analysis instrument, is commonly used in analytical 

chemistry to separate and analyze chemical compounds that can vaporize without 

decomposition. It utilizes a flow-through narrow tube (known as column) to allow 

different chemicals from a sample to flow in a gas stream at different rates, depending 

on their chemical and physical properties and interactions with a specific column 

filling. GC is widely used in testing the purity of a substance, separating the different 

components of a mixture, and identifying the compounds in a mixture. MSD is a 

commonly used detector which is sensitive to a wide range of components and their 

concentrations. Prior to the test, multipoint dynamic calibration was performed on the 

GC/MSD system. VOCs sampled in the canister were concentrated in a NUTECH 

3550A cryogenic concentrator and then were injected into the GC/MSD system. 

VOCs were identified from the mass spectra and quantified by multipoint calibration. 

The GC/MSD system is shown in Figure 5.8.  
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Figure 5.8 The GC/MSD system for VOCs analysis 

 

The chromatographic data generated using the GC-MSD is presented as a graph 

(chromatogram) of the MSD response (y-axis) against the retention time (x-axis). The 

VOCs chromatogram of ESP-P-0 taken from VOCs project-1 is shown in Figure 5.9 

as an example. Each peak in the figure stands for an analyte that elutes from the 

column at a particular time point, and the area under each peak curve is proportional 

to the concentration of the specific analyte in the sample. The area is computed by 

integration in the subsequent analysis. Figure 5.9 shows that distinctive peaks and 

some strong signals appear at 30.5, 34, and 37.5 min. 
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Figure 5.9 An example of GC/MSD chromatogram(one sample from VOCs project-1) 

 

5.3.4.2 Laboratory analysis of PMs 

 

The analytical method for the characterization of PMs follows the NIOSH Method 

5800 (NIOSH 1998a). The method targets at the polycyclic aromatic hydrocarbons 

(PAHs) in the PMs of asphalt fumes, not the inorganic constituents. The analysis 

procedure is shown in Figure 5.10. Before sampling, the filter was conditioned in the 

desiccator chamber for 24 hours, the relative humidity in the chamber is kept between 

30% to 50%, and the ambient temperature is controlled at around 19.5 oC. After 

sampling, the filter with the collected PMs was reconditioned to the same level of 

temperature and humidity for 24 hours before being weighed. A microbalance of the 

order of 0.001 mg was used. After the weight of the sample was determined, the PMs 

on the filter were extracted and used for quantitative analysis by HPLC. The process 

of sample extraction and analysis by HPLC will be described as follows. 
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Figure 5.10 Laboratory analysis process for PMs 

 

(1) The extraction of PAHs by using Soxhlet extractor 

 

PAHs on the filters were extracted with 150 mL hexane by using a Soxhlet extractor 

(Neumeister et al. 2003). The extraction process took three hours at 80 oC and the 

cooling process took one hour. 5 mL extracted solution was transferred into amber 

volumetric flasks, which were kept in the refrigerator for further analysis. The theory 

of extraction is that the PAHs compounds can be soluble in the extraction solvent 

(hexane), while the non-organic PMs are insoluble in that solvent. The hexane is 

heated to reflux so that the solvent vapor travels up a distillation path and infiltrates 

the filters in the thimble. The condenser at the top of extractor ensures that any 
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solvent vapor cools and drips back down into the thimble. When the thimble is filled 

full with solvent, it is emptied by the siphon and all the solvent is returned to the 

distillation flask. This completes one extraction cycle. This cycle is allowed to repeat 

for three hours to ensure that almost all the PAHs on the filters are dissolved in the 

solvent. The extraction process is illustrated in Figure 5.11. 

 

 

Figure 5.11 The extraction process for PAHs 

(2) The analysis process for PAHs by using HPLC 

 

After extraction, the concentrated PAHs samples were analyzed by using HPLC to 

characterize the chemical components. HPLC is an analytic chemistry technique to 

separate, identify, and quantify the components in a mixture. The sample mixture is 

contained in the pressurized liquid solvent, and it passes through a column filled with 

solid adsorbent material. Each compound in the sample mixture interacts with the 

Thimble

Siphon 

Distillation flask 
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solid adsorbent material, which causes different flow rates for the various components 

and results in the separation of these components when flowing out of the column. 

 

All the samples in this study were analyzed by the HPLC analysis system with UV 

detector, which consists of a Water 2478 Dual λAbsorbance Detector and a Waters 

515 HPLC Pump, as shown in Figure 5.12. The chromatographic separations were 

performed on a stainless steel Restek column: 4.6 (ID)×250mm Inverse ODS column. 

The mobile phase was prepared by mixing 70% acetonitrile with 30% DDW 

(deuterium-depleted water) and delivered at a flow rate of 1.0 mL/min. The peaks of 

the PAHs species were found at 6-28 min. 

 

Figure 5.12 The HPLC system for PAHs analysis 

 

The chromatographic data generated by HPLC is presented as a chromatogram of the 

detector response (y-axis) against the retention time (x-axis), which is similar to the 

VOCs chromatogram as shown above. A standard mixture of the U.S. EPA 16 priority 

PAHs was purchased from Sigma-Aldrich Company as the standard solution. The 

standard solution contains known amounts of PAHs. The standard solution was 

diluted using HPLC grade acetonitrile to different concentrations to prepare standard 
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curves for each PAHs component. The results assisted the generation of linear 

standard curves with the intercepts being close to 0 and r-square approaching to 1.0. 

The linearity was evaluated at different concentrations using peak height. The types of 

the PAHs components were identified based on their retention times. In order to 

achieve the highest sensitivity, the wavelength of retention time for each PAHs should 

be optimized by changing the gain setting of the photomultiplier of the detector. This 

is accomplished through peak scanning. The HPLC chromatograms of a standard 

solution and one sample are exhibited in Figure 5.13 and Figure 5.14, respectively. 
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Figure 5.13 The HPLC chromatogram of a standard solvent 
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Figure 5.14 An example of HPLC chromatogram (one sample from PAHs project-7)
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(3) The process of identifying PAHs concentrations 

 

The concentration of the ith type of the PAHs components in a collected inhalation 

sample Ci was measured by the following procedure. Firstly, the type of the PAHs 

components in the sample was identified by comparing the sample chromatogram 

with the chromatogram of the standard solution (Figure 5.13). Secondly, the peak 

height of each PAHs in the sample was measured from the chromatogram of the 

sample (Figure 5.14). Thirdly, the standard curve reveals the relationship between the 

peak height and the concentration of each PAHs component. Using such information, 

the concentration of the ith identified PAHs component in the solution, C’i , were 

determined. The PAHs concentration in the solution, C’i , was multiplied by the 

volume of the solution Vs to obtain the mass Mi of the PAHs component in the solution. 

The concentration of the ith PAHs component in the air for the sample Ci was 

calculated by dividing the total inhalation air volume Va measured by the AirLite 

Sample Pump system, as shown in Equation(5.1)–(5.2).  

 
'

i i sM C V= ×    (5.1) 

 i
i

a

M
C

V
=   (5.2) 

where, Mi = total mass of the ith PAHs component; 

      Ci = concentration of the ith PAHs component in the solution; 

Vs = volume of extraction solvent; 

Ci = concentrations of the ith PAHs component in collected inhalation samples; 

Va = total inhalation air volume. 

 

5.4 Analysis Results 
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5.4.1 Concentrations of VOCs and PMs  

5.4.1.1 Temporal–Spatial variations of VOCs concentrations 

 

The change of VOCs concentration with time can be examined by VOCs variations in 

ESP samples, which were taken at fixed locations but at different time points. The 

total VOCs concentration data of ESP samples is shown in Table 5.5. The data is also 

plotted in Figure 5.15 to present the trend of VOCs concentration with time. It can be 

seen the VOCs concentration generally decline quickly as time elapses. This indicates 

that the impacts of VOCs on stationary roadside objects such as pedestrians or 

businesses do not last long. 

 

Table 5.5 Total VOCs concentration data of ESPs samples (unit: ppb) 

Project 
Paving Stage Compaction Stage 

ESP-P-0 ESP-P-4 ESP-C-0 ESP-C-5 ESP-C-8 

Project 1 45.8 28.8 17.7 18.0 7.5 

Project 2 3.8 2.0 1.5 1.0  

Project 3(a) 5.1 16.3  

Project 3(b) 7.9 4.1  

Project 4 68.5 16.6  

Project 5 2.0 1.6  

 

 

Figure 5.15 The trend of total VOCs concentrations at ESPs 

0

10

20

30

40

50

60

70

ESP-P-0 ESP-P-4 ESP-C-0 ESP-C-5 ESP-C-8

C
on

ce
nt

ra
tio

n 
(p

pb
)

Sampling Location

Project 1

Project 2

Project 3(a)

Project 3(b)

Project 4

Project 5



172 
 

Unlike fixed objects, paving crew move with the paving train; therefore, they are 

continuously exposed to VOCs at elevated levels. The total VOCs concentrations of 

WBZs samples are shown in Table 5.6, and the data is also plotted in Figure 5.17. It 

can be seen that large variations exist among these samples, likely due to the complex 

air dynamics in the emission propagation path caused by wind, equipment, and 

worker’s motion. Figure 5.16 demonstrates that the VOCs concentrations during 

filling paver hopper are generally higher than the concentrations during paving, which 

in turn are higher than those during compaction. This indicates that the workers near 

the paver hopper are likely exposed to a higher VOCs level than the workers behind 

the paver, who receive higher exposures than the roller operator(s). 

Table 5.6 Total VOCs concentration data of WBZs samples (unit: ppb) 

Project 
Filling Paver 

Hopper 
Paving Stage Compaction Stage 

PH WBZ-P-0 WBZ-P-4 WBZ-C-0 WBZ-C-5 WBZ-C-8 
Project 1  7.8 27.4 2.9 10.8 14.9 

Project 2 4.8 8.7 1.2 1.7 1.2  

Project 3(a)  15.3  9.9   

Project 3(b) 327.4 262.2  204.1   

Project 4 126.9      

Project 5 64.9 10.8     

 

Figure 5.16 The trend of total VOCs concentrations at WBZs 
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To explore the relationship between the samples, a Pearson’s correlation analysis was 

conducted using project one as an example, and the results are shown in Table 5.7. 

The data indicates that the VOCs concentrations are strongly correlated among most 

samples. The results suggest that no major changes occur in the chemical 

compositions of VOCs from ESPs to WBZs. This proves that the VOCs inhaled by 

workers are originated from the HMA materials. 

 

Table 5.7 Pearson’s rho correlations between collected samples 

 ESP-P-0 ESP-P-4 ESP-C-0 ESP-C-5 ESP-C-8 WBZ-P-0 WBZ-P-4 WBZ-C-0 WBZ-C-5 WBZ-C-8 

ESP-P-0 
1.00 .805** .805** .655** .572** .906** .942** -.020 .554** .640** 

 .000 .000 .000 .008 .000 .000 .934 .003 .000 

ESP-P-4 
 1.00 .849** .216 .287 -.063 .920** -.080 .1.06 .105 

  .000 .262 .207 .864 .000 .717 .605 .611 

ESP-C-0 
  1 .183 .671** -.066 .865** .076 .156 .185 

   .341 .000 .847 .000 .730 .429 .356 

ESP-C-5 
   1 .343 .964** .487** .180 .947** .933** 

    .128 .000 .007 .423 .000 .000 

ESP-C-8 
    1 .804* .441* .496* .469* .851** 

     .016 .035 .022 .024 .000 

WBZ-P-0 
     1 .916** -.176 .962** .974** 

      .000 .677 .000 .000 

WBZ-P-4 
      1 -.033 .398* .431* 

       .878 .032 .020 

WBZ-C-0 
       1 .421 .468* 

        .051 .032 

WBZ-C-5 
        1 .855** 

         .000 

WBZ-C-8 
         1 

          

**Correlation is significant at the 0.01 level (two-tailed) 

*Correlation is significant at the 0.05 level (two-tailed) 

 

5.4.1.2 Variations of PMs concentrations 
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The PMs in asphalt fumes were collected at the WBZs from twelve HMA pavement 

construction sites. The sample size is fifty-eight worker-days. The weights of total 

particulates were measured by microbalance while the inhalation air volume was 

recorded by the portable pump. The concentrations of total PMs were calculated by 

using Equation(5.3). Of all the samples, only thirty-four were above the detection 

limit of PAHs by the HPLC system. Figure 5.17 shows the relationship between total 

PMs and total PAHs among the construction workers. A strong correlation can be seen 

in the figure (r=0.842, P<0.001). 

 , ,
,

,

After j Before j
PMs j

a j

M M
C

V

−
=   (5.3) 

where, CPMs,j = concentration of total PMs for the jth sample (filter), mg/m3; 

      MAfter,j = mass of the jth filter after sampling, mg; 

      MBefore,j = mass of the jth filter before sampling, mg; 

      Va,j = total inhalation air volume for the jth filter during sampling period, which 

was recorded by the portable pump, m3. 

 

 
Figure 5.17 Correlations between total particulates and PAHs concentrations 
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Table 5.8 shows the concentrations of both total PMs and PAHs by projects. 

Approximately 67% of the total PMs exceed the average threshold limit value (TLV) 

of asphalt fumes (0.5 mg/m3, benzene-soluble aerosol) recommended by the American 

Conference of Governmental Industrial Hygienists (ACGIH 2000). The highest 

concentration of total PMs was found at the breathing zone of paver operator in 

project 1, which uses modified asphalt binder. While concentration of total PMs 

collected from the projects used conventional neat asphalt binder is much lower. In 

addition, higher work rate generally results in higher exposure levels for the pavement 

construction workers. Due to variations in sampling time and PMs concentrations, 

PAHs in some samples were below the detection limit of the HPLC system. This does 

not necessarily mean that PAHs do not exist in the asphalt fumes of those projects. 

 

Table 5.8 Concentrations of total PMs and total PAHs by projects 

Project 
Total Particulates (mg/m3) Total PAHs (µg/m3) No. of 

Workers Mean Range Mean Range 

PAHs-1 2.708 0.437-7.801 150.199 24.229-432.665 4 

PAHs-2 1.760 0.157-3.800 49.966 4.465-26.967 4 

PAHs-3 0.597 0.315-1.273 1.027 0.542-2.187 4 

PAHs-4 0.735 0.265-1.391 1.897 0.684-3.591 4 

PAHs-5 2.513 1.124-4.554 10.541 4.715-19.102 4 

PAHs-6 0.344 0.047-0.603 N.A. N.A. 4 

PAHs-7 2.108 0.053-6.683 52.165 1.315-165.428 6 

PAHs-8 0.330 0.250-0.458 N.A. N.A. 4 

PAHs-9 0.344 0.171-0.513 N.A. N.A. 4 

PAHs-10 0.876 0.300-2.187 13.832 2.657-34.548 8 

PAHs-11 0.306 0.211-0.421 N.A. N.A. 4 

PAHs-12 0.690 0.107-1.092 N.A. N.A. 8 

Arithmetic mean 1.109   

 

The concentrations of total PMs and PAHs vary among workers performing different 

tasks. The statistics of the concentrations of total PMs and PAHs exposed by the four 
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different worker types are presented in Table 5.9. Data in this study shows that the 

inhalation average exposures to PAHs are considerably higher than those observed by 

McClean et al. (2004) and Heikkilä et al. (2002). The discrepancy is probably due to 

the different HMA materials, weather conditions, and work rate. The results indicate 

that the PMs and PAHs exposure levels are generally consistent with the workers’ 

proximity to the HMA mixture. The trends are shown in Figure 5.18 and Figure 5.19. 

It appears that the paver operators are the most vulnerable to asphalt fumes while the 

exposure levels of the roller operators are the least among the workers. The 

screedmen and rakers are also close to the fresh HMA mixture during paving, hence 

their exposure levels are both relatively high. 
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Table 5.9 Statistics of concentrations of total PMs and PAHs by worker types 

Worker Types 
Total Particulates (mg/m3) Total PAHs (µg/m3) 

No. of workers Mean S.D. Median Range No. of workers Mean S.D. Median Range 

Paver operator 16 2.185 0.558 1.332 0.167-7.801 10 95.205 41.393 52.107 2.187-432.665 

Screedman 19 1.018 0.256 0.603 0.110-4.454 12 19.381 6.727 12.337 0.542-77.687 

Raker 15 0.752 0.241 0.437 0.157-3.908 9 18.057 10.255 4.715  0.684-96.742 

Roller operator 8 0.161 0.034 0.147 0.047-0.300 3 2.906 0.998 2.657  1.315 -4.745 

Note: S.D.= standard deviation. 
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Figure 5.18 Average concentrations of total PMs by different job tasks (12 projects) 

 

 

Figure 5.19 Average concentrations of total PAHs by different job tasks (7 projects) 

 

5.4.2 Dominant chemical species in the VOCs and PMs 

 

Twenty-eight chemical compounds were identified from the thirty-seven air samples 

collected from paving and compaction stages (excluding background air samples). 

The top five chemicals with the highest concentration in each sample were 
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summarized and presented in Table 5.10, where the concentration is presented in parts 

per billion (ppb). Table 5.10 indicates that the most frequently encountered species is 

Toluene, followed by 4-Ethyltoluene, P-Xylene, 1,3,5-Trimethylbenzene, and 

Ethylbenzene. 4-Ethyltoluene also has the highest average concentration among all 

the chemicals.  

 

Table 5.10 Chemical components and their concentrations from 37 VOCs samples 

Compound  Freq. of occurrence
Percent of 
occurrence 

Avg. Concentration 
(unit:ppb) 

Toluene  28 75.7% 3.9 

4-Ethyltoluene 27 73.0% 18.2 

P-Xylene  23 62.2% 6.5 

1,3,5-Trimethylbenzene 22 59.5% 9.3 

Ethylbenzene  19 51.4% 5.7 

Benzene 8 21.6% 2.9 

Choromethane 8 21.6% 0.3 

1,2,4-Trichlorobenzene  6 16.2% 0.5 

1.2-Dibromoethane 6 16.2% 6.4 

O-Xylene  5 13.5% 0.8 

1,2-Dichloroethane 5 13.5% 1.3 

1,2,4-Trimethylbenzene 4 10.8% 0.8 

Carbon Tetrachloride  4 10.8% 0.1 

Hexachloro 1,3-Butadiene  4 10.8% 0.4 

1,1-Dichloroethane 3 8.1% 0.1 

1,2-Dichlorobenzene 3 8.1% 0.1 

1,3-Butadiene 3 8.1% 2.3 

1,2-Dichloropropane  2 5.4% 3.9 

1,1,2-Trichloroethane 1 2.7% 0.7 

1,4-Dichlorobenzene  1 2.7% 3.3 

3-Chloropropene 1 2.7% 0.4 

Styrene  1 2.7% 0.0 

Trans-1,3-Dichloropropene 1 2.7% 0.2 

 

Thirteen PAHs species were identified from the thirty-four filters collected from seven 
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HMA construction projects as shown in Table 5.11. The most frequently encountered 

species is Phenanthreneo, Chrysene, Benzo(b)fluoranthene, Anthracene, and 

Benzo(k)fluoranthene. However, the top five species with highest average 

concentration are not among the five most frequently encountered ones. They were 

only identified in Project 1, 4, 7, and 10. A common characteristic of these projects is 

that they all use modified asphalt binder. 

 

Table 5.11 Chemical components and their concentrations from 34 PAHs samples 

Compound  Freq. of occurrence
Percent of 

occurrence 

Avg. Concentration 

(µg/m3) 

Phenanthreneo 34 100% 2.9 

Chrysene 30 88.2% 2.7 

Benzo(b)fluoranthene 26 76.7% 3.2 

Anthracene 22 64.7% 4.8 

Benzo(k)fluoranthene 22 64.7% 2.6 

Pyrene 18 52.9% 3.8 

Fluoranthene 14 41.2% 4.8 

Acenaphthene 14 41.2% 2.7 

Acenaphthylene 10 29.4% 6.0 

Naphthalene 10 29.4% 5.0 

Benzo(a)pyrene (BAP) 8 23.5% 7.8 

dibenzanthracene 4 11.8% 95.5 

Benzo(a)anthracene 4 11.8% 38.8 

 

5.4.3 Factors affecting VOCs and PMs 

5.4.3.1 Impacts of materials and wind on VOCs 

 

The sample data apparently reveals a difference in VOCs concentrations emitted by 

porous asphalt mixtures and those by non-porous mixtures. As shown in Table 5.12, 

the VOCs levels emitted by porous mixtures are generally much higher for both ESPs 
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and WBZs samples taken at both paving and compaction stages. To test the difference 

more rigorously, a pair-t test was performed. As shown in Table 5.12, each pair was 

taken at similar conditions. The null hypothesis (h0) is that there is no difference 

between the VOCs levels emitted by porous and non-porous mixtures. The statistic for 

the test is: 

 
/D

D
t

s n
=   (5.4) 

where, D = the mean of the differences between all the pairs;  

1

)( 2

−
−

=
n

DD
s j

D  is the sample standard deviation of the difference scores 

(Dj), and n is the number of the observations.  

 

Table 5.12 Total VOCs concentration data for porous and non-porous materials 

Sample ID 

Projects 

Project 1 

(porous) 

Project 2 

(non-porous) 

Project 3 (b) 

(porous) 

Project 3 (a) 

(non-porous) 

ESP-P-0 45.813 3.774 7.946 5.130 

ESP-C-0 17.669 1.451 4.135 16.278 

WBZ-P-0 7.809 8.690 262.227 15.262 

WBZ-C-0 2.923 1.659 204.147 9.917 

 

If one-sided test is interested, the alternative hypothesis (ha) is that the VOCs 

emissions by porous mixture is higher; if two-sided test is interested, the ha is that 

emission from the two mixtures are significantly different. The one-sided test is more 

powerful than the two-sided one. The average difference between the porous and 

non-porous mixture is 61.3 ppb, and the probability of the one-side t-test is 0.064. 

This is marginally insignificant at 0.05 significance level but significant at 0.1 

significance level.  
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Although large variations in the samples reduce the power of the significance test, the 

data show moderate evidence that VOCs emissions by porous mixtures is higher than 

those by non-porous mixtures. To study the mechanism of the difference, x-ray 

computed tomography (X-ray CT) imaging was performed on both the porous and 

non-porous mixtures (Figure 5.20). It can be seen that the porous mixture has much 

more interconnected voids (the dark areas) than the dense mixture. The interconnected 

voids facilitate the flow of the VOCs from inside out. Therefore, the VOCs emissions 

generated by porous mixtures are expected to be high.  

 

Figure 5.20 X-ray CT image of porous asphalt mixture on top of dense asphalt 

mixture (regular wearing course) 

 

To investigate the impact of wind on VOCs emissions, the prevailing wind direction 

and wind speed at sampling locations were measured by a portable anemometer. 

Efforts were made to capture the samples at the downwind locations. The 

concentrations of 14 VOCs (named as C1 to C14) that were detected in three samples 

were compared and shown in Figure 5.21. To eliminate variations caused by locations 

and materials, only ESP-P-0 samples taken from WC materials of project 3(a), project 
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4, and project 5 were used. The measured average wind speed was 0.7 m/s, 0 m/s, and 

0.4 m/s, respectively. Figure 5.21 indicates that the increase of wind speed causes 

more variations in the concentrations of the compounds. Moreover, the concentrations 

of the sample taken at windless condition are generally much higher than those of the 

other two samples. The concentrations of the sample at 0.4 m/s are also slightly higher 

than those of the sample at 0.7 m/s. The data indicates that VOCs concentration is 

sensitive to wind speed, and the most hazardous construction conditions take place in 

the absence of wind. 

 

Figure 5.21 Targeted VOCs concentration at different wind speeds 

 

5.4.3.2 Impacts of asphalt binder type and work rate on PMs and PAHs 

 

Laboratory tests reveal that the total PMs and PAHs concentrations of projects using 

modified asphalt binders are much higher than those using conventional neat binders. 

T-test was performed to statistically evaluate such differences of PMs concentrations. 

The independent two-sample t-test results are shown in Table 5.13. The Levene's test 

for equality of variances indicates that the variances of the two groups are different at 
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the significance level of 0.05. Assuming that the variances of the two groups are 

different, the null hypothesis that the means of the two samples are equal is rejected at 

the 0.05 significance. Similar results are found in the concentrations of PAHs emitted 

from the two groups. Therefore, there is strong evidence that the concentrations of 

PMs and PAHs generated by the asphalt mixtures using modified asphalt binders are 

different than those using neat asphalt binders. 

 

Table 5.13 T-test results of modified asphalt binders and neat asphalt binders (PMs) 

 Levene's Test for 
Equality of Variances 

t-test for Equality of Means 

F Sig. t df Sig. 
Mean 

Difference
Std. Error 
Difference

95% Confidence Interval 
of the Difference 

Lower Upper 
Equal variances 
assumed 

6.173 .032 5.384 10 .000 1.515 .281 .888 2.142 

Equal variances 
not assumed 

  4.570 4.389 .008 1.515 .332 .626 2.404 

 

The work rate may be another factor that affects the PAHs emission levels. For the 

pavement construction projects using modified asphalt binders, the relationship 

between PAHs concentrations and work rate is depicted in Figure 5.22. It shows 

higher work rate generally results in higher exposure levels for the pavement 

construction workers. 
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Figure 5.22 The relationship between PAHs concentrations and work rate for projects 

using modified asphalt binders 

 

5.5 Assessment of Occupational Health Risk 

5.5.1 Assessment method 

 

The health risk of pavement workers is assessed based on the laboratory test results of 

asphalt fumes and widely acknowledged toxicological standards. Animal or 

occupational studies reveal that high-level and long-term exposure to VOCs can cause 

both acute and chronic health effects on workers (Ostrovskaya et al. 2002). For 

instance, xylene, one of the major compounds identified in the collected air samples, 

can affect the heart, liver, kidney, and nerve systems at an elevated concentration, 

whereas toluene is a known human carcinogen (Celebi and Vardar 2008). Several 

other types of identified chemicals can also potentially affect health. The key for the 

health assessment is their concentrations. 

 

Many government agencies in the world have developed regulations and 

recommendations regarding the safe exposure levels of various chemicals. For 

example, in the U.S., regulations for toxic substances have been made by 

governmental agencies such as the U.S. EPA, the OSHA, and the Food and Drug 

Administration (FDA), among others. In addition, non-enforceable recommendations 

have been made by several institutes, such as the Agency for Toxic Substances and 

Disease Registry (ATSDR) and the NIOSH (ATSDR 2007b). ACGIH recommends an 

average threshold limit value (TLV) of 0.5 mg/m3 for asphalt fumes, as 

benzene-soluble aerosol or an equivalent method (ACGIH 2000). NIOSH adopts an 

exposure limit of 5 mg/m3 for total particulates in asphalt fumes during any 15 min 
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period to minimize the risk of acute respiratory and eye irritation (Butler et al. 2000). 

OSHA currently does not have any standard for exposure to asphalt fumes. For the 

individual chemical specifies, the toxicological reference values (TRVs) issued by 

these agencies were used in this study to examine their health effects.  

 

After the TRVs having been determined, the health effect of a particular chemical 

compound can be assessed using the concept of hazard quotient (HQ), which is 

calculated in Equation(5.5) (Malherbe and Mandin 2007). 

 HQ i

i

IC
i

TRV
=   (5.5) 

where, HQi = the HQ used to assess the health risk of the ith chemical component; 

      ICi = the inhaled concentration of the ith chemical component by the workers; 

TRVi = the TRVs of the ith chemical component, this value is obtained from 

various regulatory agencies. 

 

Two issues must be addressed by using the TRVs. First, the TRVs are dependent on 

exposure durations. For example, for a certain chemical, the TRVs may be 37,000 

μg/m3 for 1 hour of exposure, 3,800 μg/m3 for 14 days of exposure, or 300 μg/m3 for 

lifetime exposure (Danzon et al. 2000). Second, different reference values are 

mandated or recommended by different agencies. 

 

In this study, the TRVs for VOCs provided by three organizations are used, including 

OSHA, NIOSH, and ATSDR. OSHA (2006) has established permissible exposure 

limits (PELs) for a large number of hazardous substances based on an 8-hour 

time-weighted average (TWA) concentration and a 40-hour workweek. NIOSH has 

created recommended exposure limits (RELs) for harmful substances based on a 
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10-hour average workday and a 40-hour workweek (NIOSH 2005) and short term 

exposure limits (STELs) based on 15-minute TWA. ATSDR (1992) has set minimal 

risk levels (MRLs) for many types of hazardous chemicals based on noncancerous 

health effects only. MRLs are recommended for acute (<= 14 days), intermediate 

(15-364 days), and chronic (365 days and longer) durations. The MRLs are typically 

much lower than PELs and RELs. In this study, PELs, RELs, STELs, and MRLS at 

three durations are all used to assess the health effects of the identified VOCs species. 

The five most frequently encountered VOCs species shown in Table 5.10 are assessed 

based on the measured concentrations and their TRVs. Benzene and 

1.2-Dibromoethane are also included because they belong to the most abundant 

chemicals in several samples and have relatively high concentrations. The TRVs of 

the selected compounds are shown in Table 5.14. 

 

Table 5.14 Recommended or regulated exposure limits of dominant VOCs species 

(unit: ppb) 

VOCs Species 

OSHA NIOSH ATSDR 

PEL 
(construction, 

8-hr TWA) 

REL 
(10-hr 
TWA)

STEL 
(15-min 
TWA)

MRL 
(acute, 
<=14 
days) 

MRL 
(intermediate, 
15-364 days) 

MRL 
(chronic, >=365 

days) 

Toluene 200 100 150 1 N.D. 0.08 

4-Ethyltoluene N.D. N.D. N.D. N.D. N.D. N.D. 

Xylene 100 100 150 2 0.6 0.05 

1,3,5-Trimethylbenzene N.D. 25 N.D. N.D. N.D. N.D. 

Ethylbenzene 100 100 125 5 2 0.06 

Benzene 1 0.1 1 0.009 0.006 0.003 

1.2-Dibromoethane 20 0.045 0.13 N.D. N.D. N.D. 

Note: N.D. stands for “not derived”. 

 

The TRVs for PAHs provided by three organizations are used, including OSHA, 

NIOSH, and ACGIH. The meanings of PEL set by OSHA and REL established by 
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NIOSH are described above. ACGIH also recommends a TLV for compounds that are 

not included in OSHA based on 8-hour TWA. The TRVs of the dominant compounds 

of PAHs identified in Section 5.4.2 are listed in Table 5.15.  

Table 5.15 Recommended or regulated exposure limits of dominant PAHs species  

 

PAHs Species 

OSHA NIOSH ACGIH 
 PEL (construction, 

8-hr TWA) 
REL (10-hr TWA) 

TLV (8-hr 
TWA) 

Top five 
most 
frequently 
detected 
species 

Phenanthreneo 0.2 mg/m3 0.1 mg/m3 0.2 mg/m3 

Chrysene 0.2 mg/m3 0.1 mg/m3 0.2 mg/m3 

Benzo(b)fluoranthene N.D. N.D. N.D. 

Benzo(k)fluoranthene N.D. N.D. N.D. 

Anthracene 0.2 mg/m3 0.1 mg/m3 0.2 mg/m3 

Top five 
species with 
the highest 
concentration 

Acenaphthylene N.D. N.D. N.D. 

Naphthalene 50 mg/m3 10 ppm 10 ppm 
Benzo(a)pyrene 
(BAP) 

0.2 mg/m3 N.D. N.D. 

dibenzanthracene N.D. N.D. N.D. 

Benzo(a)anthracene N.D. N.D. N.D. 

Note: N.D. stands for “not derived”. 

5.5.2 Health risk assessment  

5.5.2.1 Health risk assessment of major VOCs species 

 

The health effects of the major VOCs species in Table 5.14 are discussed as follows. 

The information for the following discussion is obtained by literature review. 

 

Toluene 

Toluene is produced in the process of making gasoline and other fuels from crude oil; 

therefore, it can be found in asphalt which is the residual of oil refinery process. 

Toluene is also contained in paints, paint thinners, adhesives, fingernail polish, and 

gasoline (ATSDR 2007a). It can easily evaporate and mix with air. Low to moderate 

day-after-day exposure to toluene can cause tiredness, confusion, weakness, 

drunken-type actions, memory loss, nausea, and loss of appetite (ATSDR 2007a).  
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4-Ethyltoluene 

To our best knowledge, the toxicological properties of 4-ethyltoluene have not been 

thoroughly investigated, although an animal experiment suggests that exposure to 

4-ethyltoluene can irritate the skin and eyes (Świercz et al. 2000). No PELs, RELs, or 

MRLs have been recommended for the inhalation exposure to 4-ethyltoluene in 

workplace. During the pavement stage, air samples collected both from the sources 

and WBZs indicate that 4-ethyltoluene has the highest concentration. An assessment 

of the health effects of 4-ethyltoluene on pavement workers may be made when its 

TRVs are established in the future. 

 

Xylene 

Xylene is contained in many products derived from oil or coal tar. Depending on the 

methyl groups on the benzene ring, three forms of xylene are available: meta-xylene, 

ortho-xylene, and para-xylene (m-, o-, and p-xylene). These three xylene forms are 

found to have very similar effects on health (ATSDR 2007c). Short-term exposure to 

high levels of xylene can cause irritation of the skin, eyes, nose, and throat; difficulty 

in breathing; impaired function of the lungs; delayed response to a visual stimulus; 

impaired memory; stomach discomfort; and possible changes in the liver and kidneys 

(ATSDR 2007c). In this study, the p-Xylene and o-Xylene were added together for 

assessment.  

 

1,3,5-Trimethylbenzene (TMB) 

TMB, which is a byproduct of the petroleum refining process, has been labeled as a 

central nerve system depressant. Several studies have shown that TMB can cause 

anemia, asthmatic bronchitis, and alterations in blood clotting (U.S. EPA 1999). 
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However, a toxicological profile has not been developed for TMB by ATSDR (2012). 

Currently, TMB is not regulated by OSHA, but the REL established by NIOSH is 25 

ppm as TWA (NIOSH 2010). Pennsylvania Department of Environmental Protection 

Bureau (2012) has recommended a human health criterion of 72 µg/L (15 ppb) for 

TMB. 

 

Ethylbenzene 

Ethylbenzene is a colorless chemical that smells similar to that of gasoline. It is 

prevalent in both the environment and as an intermediate to further produce styrene. 

Ethylbenzene in urban environment is primarily attributed to automobile emissions. It 

is reported that the median level of ethylbenzene in urban air is 0.62 ppb, in contrast 

to 0.013 ppb in rural air. The health effects of a high exposure level (>=2000 ppm) 

involve irritation, chest constriction, dizziness and vertigo, etc. At medium 

concentration level (200-400 ppm), animal studies suggest that Ethylbenzene mainly 

affects the hearing system. PEL, RELs, and MRLs are all available for Ethylbenzene. 

 

Benzene 

Benzene is also often found in products made from oil and coal tar. Brief exposure to 

benzene can cause drowsiness, dizziness, rapid heart rate, headaches, tremors, 

confusion, and unconsciousness (ATSDR 2007b). Long-term exposure to benzene 

may cause cancer of the blood-forming organs (ATSDR 2007b). Benzene is a known 

human carcinogen, EPA has estimated that exposure to 0.4 ppb in air over a lifetime 

could cause a risk of one additional cancer case for every 100,000 exposed persons 

(ATSDR 2007b). As shown in Table 5.14, the TRVs of Benzene are the lowest among 

the reported chemicals.  
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1.2-Dibromoethane 

One of the commonly found chemicals in the VOCs samples is 1.2-dibromoethane. It 

is widely used in pesticides and as an additive in gasoline. A detailed toxicological 

profile of the 1.2-dibromoethane has been provided by ATSDR (1992). Even with the 

lack of studies on the effects of breathing high levels of 1.2-dibromoethane on 

humans, animal studies showed that it can affect the liver and kidney and causes 

bronchitis, headache, and depression (ATSDR 1992).  

 

Due to the apparent difference in VOC concentrations between the nonporous and 

porous mixtures, they are assessed separately. For each chemical compound, the 

average concentration level at the WBZs was used to calculate the HQs for PELs, 

RELs, and MRLs, whereas the maximum concentration level was used to calculate 

STELs. The estimated HQs of the selected compounds based on different TRVs are 

shown in Table 5.16 and Table 5.17 for nonporous and porous mixtures respectively. 

 

As can be seen in Table 5.16 and Table 5.17, although many of these compounds are 

listed as hazardous chemicals, their individual concentrations are lower than the 

existing TRVs. In particular, they are lower than the chronic MRLs specified by 

ATSDR. However, we cannot be too optimistic because of several reasons. First, 

although the individual concentration is low, the collective effects of all the chemicals 

as a whole are unknown. Second, certain workers run the risk of being very close (less 

than one meter) to the emission sources. At certain points of time, they will likely be 

exposed to high levels of asphalt fumes. Third, TRVs for certain chemicals such as 

4-Ehyltolyene, 1,3,5-Trimethylbenzene, and 1.2-dibromoethane have not been fully 

derived. Fourth, certain meteorological conditions such as the absence of wind, 

special HMA materials, and mixture production variations (e.g., above the normal 
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temperature) may significantly affect the concentrations of the individual chemical 

and result in extreme values. 
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Table 5.16 Hazard quotients of selected VOCs chemicals from non-porous mixtures based on RELs and MRLs 

VOCs Species 

Measured Con. 
Relative to 

PEL 

Relative to 

REL 

Relative to 

STEL 
Relative to MRL 

Avg. 

Con.(ppb) 

Max. 

Con. 

Avg. 

Con./PEL 

Max. 

Con./REL 

Avg. 

Con./STEL 

Avg. 

Con./MRL 

(acute) 

Avg. Con./MRL 

(intermediate) 

Avg. 

Con./MRL 

(chronic) 

Toluene  3.28E-04 8.27E-04 1.64E-06 3.28E-06 5.51E-06 3.28E-04 N.D. 4.10E-03 

4-Ethyltoluene 1.74E-03 5.57E-03 N.D. N.D. N.D. N.D. N.D. N.D. 

Xylene 8.53E-04 2.32E-03 8.53E-06 8.53E-06 1.55E-05 4.27E-04 1.42E-03 1.71E-02 

1,3,5-Trimethylbenzene 7.13E-04 2.67E-03 N.D. 2.85E-05 N.D. N.D. N.D. N.D. 

Ethylbenzene  3.86E-04 1.40E-03 3.86E-06 3.86E-06 1.12E-05 7.72E-05 1.93E-04 6.43E-03 

Benzene 1.49E-04 2.79E-04 1.49E-04 1.49E-03 2.79E-04 1.65E-02 2.48E-02 4.96E-02 

1.2-Dibromoethane 1.66E-05 1.14E-04 8.28E-07 3.68E-04 8.77E-04 N.D. N.D. N.D. 

Note: Avg.=average, Con.=concentration, Max.=maximum, N.D.=not derived. 
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Table 5.17 Hazard quotients of selected VOCs chemicals from porous mixtures based on RELs and MRLs 

VOCs Species 

Measured Con. 
Relative to 

PEL 

Relative to 

REL 

Relative to 

STEL 
Relative to MRL 

Avg. 

Con.(ppb) 

Max. 

Con. 

Avg. 

Con./PEL 

Avg. 

Con./REL 

Max. 

Con./STEL 

Avg. 

Con./MRL 

(acute) 

Avg. Con./MRL 

(intermediate) 

Avg. 

Con./MRL 

(chronic) 

Toluene  6.36E-03 1.96E-02 3.18E-05 6.36E-05 1.31E-04 6.36E-03 N.D. 7.95E-02 

4-Ethyltoluene 2.62E-02 1.03E-01 N.D. N.D. N.D. N.D. N.D. N.D. 

Xylene 1.39E-02 4.80E-02 1.39E-04 1.39E-04 3.20E-04 6.96E-03 2.32E-02 2.78E-01 

1,3,5-Trimethylbenzene 1.15E-02 4.47E-02 N.D. 4.59E-04 N.D. N.D. N.D. N.D. 

Ethylbenzene  5.96E-03 2.37E-02 5.96E-05 5.96E-05 1.90E-04 1.19E-03 2.98E-03 9.93E-02 

Benzene 9.74E-04 2.83E-03 9.74E-04 9.74E-03 2.83E-03 1.08E-01 1.62E-01 3.25E-01 

1.2-Dibromoethane 2.86E-03 6.77E-03 1.43E-04 6.34E-02 5.21E-02 N.D. N.D. N.D. 

Note: Avg.=average, Con.=concentration, Max.=maximum, N.D.=not derived.
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5.5.2.2 Health risk assessment of major PAHs species 

 

PAHs always occur as a form of mixture, some of which are either known or 

suspected carcinogen (McClean et al. 2004). The hazard designations of selected 

PAHs are listed in Table 5.18. 

 

Due to the apparent difference in PAHs concentrations between the projects using 

modified and neat asphalt binders, the health risk was assessed separately. The 

calculation procedure was similar to that used for VOCs, and the results are shown in 

Table 5.19 and Table 5.20, respectively. The individual concentrations of all the PAHs 

are lower than the existing TRVs, although most of them are regarded as hazardous 

chemicals. Compared with the TRVs for VOCs, the TRVs for some PAHs species are 

much higher. In addition, the effects of the mixed PAHs on human health are currently 

unknown. 
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Table 5.18 Some selected PAHs and their properties  

Name 
Molecular 
formula 

Melting 
point (℃)

Boiling 
point (℃) Hazard designation 

Phenanthrene1 101 340 Not classifiable as to human carcinogenicity. 

Chrysene2 255 448 
Hazard: May cause cancer, presumably cause genetic defects, very toxic to aquatic 
organisms, with long term effects. 

Benzo(b)fluoranthene2 168 481 Hazard: May cause cancer, very toxic to aquatic organisms, with long term effects. 

Benzo(k)fluoranthene2 217 481 Hazard: May cause cancer, very toxic to aquatic organisms, with long term effects. 

Anthracene3 218 342 Not classifiable as to human carcinogenicity. 

Acenaphthylene4 92-93 265-275 Not classifiable as to human carcinogenicity. 

Naphthalene2 80.5 218 
Warning: May presumably cause cancer, harmful if swallowed, very toxic to aquatic 
organisms, with long-term effects. 

Benzo(a)pyrene (BAP)2 175 495 
Hazard: May cause cancer and genetic defects, impair fertility, and cause harm to 
unborn child, very toxic to aquatic organisms with long-term effects. 

Dibenzanthracene2 267 524 Hazard: May cause cancer, very toxic to aquatic organisms, with long-term effects. 

Benzo(a)anthracene2 160 435 Hazard: May cause cancer, very toxic to aquatic organisms, with long-term effects. 

Source: 1U.S. Environmental Protection Agency's Integrated Risk Information System (IRIS), Summary on Phenanthrene (85-01-8) [online]. 
http://www.epa.gov/iris/subst/0459.htm [Accessed Access Date May 8, 2015]. 

2German Federal Environment Agency Press Office, 2012. Polycyclic aromatic hydrocarbons: Harmful to the environment, toxic, inevitable? [online]. 
https://www.umweltbundesamt.de/sites/default/files/medien/publikation/long/4395.pdf [Accessed Access Date May 8, 2015]. 

3U.S. Environmental Protection Agency's Integrated Risk Information System (IRIS), Summary on Acenaphthylene (208-96-8) [online]. 
http://www.epa.gov/iris/subst/0443.htm [Accessed Access Date May 8, 2015].  

4U.S. Environmental Protection Agency's Integrated Risk Information System (Iris), Summary on Anthracene (120-12-7) [online]. 
http://www.epa.gov/iris/subst/0434.htm [Accessed Access Date May 8, 2015].  
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Table 5.19 Hazard quotients of selected PAHs chemicals from projects using modified asphalt binders 

PAHs Species 

Measured Con. Relative to to PEL  Relative to to REL Relative to TLV 

Avg.Con. 
(µg/m3) 

Max.Con. 

(µg/m3) 

Avg. 

Con./PEL 

Max. 

Con./PEL 

Avg. 

Con./REL 

Max. 

Con./REL 

Avg. 

Con./TLV 

Max. 

Con./TLV 

Phenanthrene 3.532 15.248 1.77E-02 7.62E-02 3.53E-02 1.52E-01 1.77E-02 7.62E-02 

Chrysene 3.883 25.129 1.94E-02 1.26E-01 3.88E-02 2.51E-01 1.94E-02 1.26E-01 

Benzo(b)fluoranthene 3.215 23.172 N.D. N.D. N.D. N.D. N.D. N.D. 

Benzo(k)fluoranthene 2.637 16.401 N.D. N.D. N.D. N.D. N.D. N.D. 

Anthracene 4.789 25.129 2.39E-02 1.26E-01 4.79E-02 2.51E-01 2.39E-02 1.26E-01 

Acenaphthylene 6.041 22.858 N.D. N.D. N.D. N.D. N.D. N.D. 

Naphthalene 4.957  20.451 9.91E-05 4.09E-04 9.91E-05 4.09E-04 9.91E-05 4.09E-04 

Benzo(a)pyrene (BAP) 7.847  19.599 3.92E-02 9.80E-02 N.D. N.D. N.D. N.D. 

dibenzanthracene 95.469  275.01 N.D. N.D. N.D. N.D. N.D. N.D. 

Benzo(a)anthracene 38.805  111.782 N.D. N.D.  N.D. N.D. N.D. N.D. 

Note: Avg.=average, Con.=concentration, Max.=maximum 
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Table 5.20 Hazard quotients of selected PAHs chemicals from projects using neat asphalt binders 

PAHs Species 

Measured Con. Relative to PEL  Relative to REL Relative to TLV 

Avg.Con. 

(µg/m3) 

Max.Con. 

(µg/m3) 

Avg. 

Con./PEL 

Max. 

Con./PEL 

Avg. 

Con./REL 

Max. 

Con./REL 

Avg. 

Con./TLV 

Max. 

Con./TLV 

Phenanthreneo 1.153 2.985 5.76E-03 1.49E-02 1.15E-02 2.99E-02 5.76E-03 1.49E-02 

Chrysene 0.309 0.635 1.55E-03 3.18E-03 3.09E-03 6.35E-03 1.55E-03 3.18E-03 

Note: Avg.=average, Con.=concentration, Max.=maximum 
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5.6 Mitigation Opportunities 

 

Based on the above discussions, long-term exposure in a HMA pavement construction 

environment may pose health risks to workers. Hence, mitigation measures are 

necessary to reduce the risks of the workers. Based on the findings from this research, 

three approaches are recommended to reduce exposures, including emission source 

control, intervention in the propagation path of asphalt fumes, and receptor protection. 

 

5.6.1 Emission source control 

 

Alternative asphalt pavement materials or technologies may be considered to mitigate 

asphalt fume emissions. Different materials are being produced and used in the 

asphalt pavement industry, and their effects on VOCs and PAHs emissions and 

workers’ health are different. For example, according to a case study reported by 

NIOSH, workers who worked on projects using crumb rubber-modified asphalt 

reported an “8-fold increase in the number of health symptoms and 14-fold increase in 

symptoms per hour” than those who worked on projects using conventional HMA 

asphalt (Hanley and Miller 1996). On the other hand, the use of warm-mix technology 

can significantly cut down asphalt fumes because of a 20 °C to 50 °C degree 

reduction in the mixture temperature (FHWA 2010). VOCs and PMs will be 

considerably reduced with the reduction in asphalt mixture temperature and oxygen 

content during production (Gasthauer et al. 2008). 

 

5.6.2 Propagation path control 

 

Asphalt fume emissions follow a propagation path to reach the construction workers. 
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According to the generalized Gaussian dispersion equation (Schnelle and Dey 2000), 

the concentration of the emissions received by a receptor is affected by the source 

emission rate, height of the emission source, horizontal wind velocity, the receptor’s 

downwind distance from the emission source, the receptor’s crosswind distance from 

the emission source, and the amount of turbulence in ambient air. Even though 

controlling the source emission rate of a particular material may be difficult, measures 

can be taken to increase the horizontal wind velocity. In addition, wind can accelerate 

the cooling of asphalt pavement surface, which further contributes to the reduction in 

the emission rate at the source. In Hong Kong, wind blowers have been experimented 

to accelerate HMA pavement cooling during summer (Wang et al. 2014b). This 

practice may be beneficial in reducing the VOCs and PAHs inhaled by workers. 

 

5.6.3 Receptor protection 

 

Pavement construction workers involved in different construction activities are 

exposed to different levels of asphalt fume emissions. In addition to meteorological 

conditions, two factors mainly affect the exposure they receive: the source emission 

rate, which is related to HMA mixture type, mixture temperature and state (loose or 

compacted), as well as the distance between the workers and the emission source. In 

general, workers in the paving stage receive higher levels of VOCs and PAHs than 

those in the compaction stage. Moreover, certain workers have more risks of being 

exposed to a much higher concentration level of emissions. For these workers, 

proactive protection approaches may be taken, for example, by wearing of protection 

masks especially during hot and windless days. 

 

5.7 Research Implication and Future Studies 
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5.7.1 Relationship between the health effects and pavement management 

optimization 

 

Although the human health effects of highway pavement construction can be 

quantified by hazard quotient (HQ) value as represented previously. Human health 

impact of highway pavement construction is not regarded as one of the optimization 

objectives, the reason is that human health impact of pavement construction is better 

to be approached from the occupational hygiene perspective rather than from the 

mathematic optimization perspective. This study primarily focuses on (1) identifying 

the influences of pavement management decisions on life cycle costs and 

environmental impacts, and (2) the mathematical modeling and optimization of the 

management decisions. The two management decision variables are pavement 

thickness and threshold roughness value. The two decision variables are in fact related 

the health effects. More durable pavements may be preferred to reduce the life cycle 

costs and environmental impacts. More durable pavements will also decrease the 

frequency of road construction activities, which affect the total exposure hours of the 

construction workers in the pavement’s life cycle. It is arguable, however, that the 

goal of management decisions is to reduce total work hours. Therefore, health effects 

are excluded from mathematical management optimization calculations. 

 

On the other hand, it is a legitimate concern that highway pavement agencies usually 

neglect the health impacts of pavement materials when they select materials with 

better engineering properties. For instance, polymer-modified asphalt binder is widely 

used to replace the conventional neat asphalt binder for the improvement of pavement 

durability, rutting, and roughness, but it emits more harmful asphalt fumes. Porous 

asphalt mixture provides better drainage and skid resistance, but it emits more VOCs. 
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It is believed that the health concerns may be better addressed by the development of 

effective mitigation measures. 

 

5.7.2 Future research needs 

 

Despite the low concentrations of the individual harmful chemicals, their collective 

health effects remain unknown and may present a concern. The methods to study the 

effects of asphalt fumes as a whole have not been well developed. 

 

In the pavement construction industry, some nontraditional materials are being used. 

For instance, a material called “mastic asphalt” is used in the Hong 

Kong-Zhuhai-Macao Bridge project. The material needs to be heated to more than 

200 oC (vs. 140 oC of traditional material). The health effects of the nontraditional 

asphalt pavement materials remain a concern. 

 

In addition, certain crew members are at risk of being exposed to higher levels of 

asphalt fumes during construction and certain undesirable meteorological conditions 

may greatly increase the both VOCs and PAHs concentrations. Therefore, mitigation 

measures may be considered for workers close to the asphalt mixture sources during 

the placement stage. 

 

5.8 Chapter Summary 

 

In this study, the effects of asphalt pavement construction on the health of workers are 

investigated. A unique characteristic of asphalt pavement construction is that massive 

amount of asphalt fumes are generated in the HMA construction process. VOCs and 
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PMs are the two major components of the asphalt fumes, representing the gaseous and 

particulate portion of the fumes, respectively. Although VOCs and PAHs in asphalt 

fumes are commonly recognized to be harmful to human health, the exposure levels 

received by workers and factors affecting the exposure levels are unclear. In the study, 

VOCs samples (sample size = 40) were collected at different time points and locations 

from five HMA construction projects, and their compositions and concentrations were 

analyzed by using GC-MSD. PMs (sample size = 58) samples were collected from 

twelve HMA construction projects, and the PAHs in the samples were analyzed by 

using HPLC. The dominant chemical compounds were analyzed in detail and 

reviewed for potential health effects. Mitigation measures were also discussed.  

 

The findings of this study are expected to help enhance the sustainability of pavement 

construction industry by improving the health and wellbeing of the workers. 

 

The findings of this part of the research are summarized as the following salient 

points. 

 

(1) Variations of VOCs and PMs exposures with job tasks: The VOCs concentrations 

during the paving stage are generally higher than those during the compaction 

stages. Paver operators are exposed to the highest level of PMs, followed by 

screedmen and rakers. 

 

(2) Effects of materials on VOCs and PMs emissions: Porous asphalt mixture 

seemingly generates more VOCs emissions than the no-porous asphalt mixtures. 

Mixtures using modified asphalt binders release more PMs than those using 

conventional neat asphalt binders. 
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(3) Effects of weather conditions on VOCs emissions: VOCs concentration is higher 

at the workplace in the absence of wind. 

 

(4) Effects of work rate on PMs emissions: The PAHs concentrations are positively 

related to onsite work rate. Higher productivity results in more harmful effects. 

 

(5) Risk assessment: The majority of the identified chemicals are listed as hazardous 

materials by various occupational regulatory agencies; however, their individual 

concentrations are below the mandated or recommended exposure limits, except 

for a few identified chemicals whose toxicological profiles have not been 

developed. The collective effects of the harmful mixtures, however, remain 

unknown at this point of time. 
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CHAPTER 6 MULTI-OBJECTIVE OPTIMIZATION OF ASPHALT 

PAVEMENT DESIGN AND MAINTENANCE DECISIONS 

 

6.1 Overview 

 

The results of the mechanistic-empirical (ME) pavement design simulations, life cycle 

cost analysis (LCCA), and life cycle assessment (LCA) were integrated in this chapter 

to examine the influences of pavement design and maintenance decisions on 

pavement sustainability. The applications of Pavement ME Design and LCCA to 

Hong Kong’s flexible pavement were introduced in Chapter 3. The results in Chapter 

4 were integrated into LCCA and LCA. The human health effects as presented in 

Chapter 5, which is one of the social dimensions of sustainability, is not considered as 

a part of optimization objectives in this chapter. The reason is that the human health 

effect may be better approached from the front of occupational hygiene than from 

pavement structure and maintenance optimization. The typical flexible pavement 

structure in Hong Kong was used as a basis for discussion in this chapter. 

 

The main components of this chapter and the relationships between the components 

are shown in Figure 6.1. The simulation results which involve 206 design and 

maintenance scenarios are introduced in section 6.2. The life cycle economic and 

environmental impacts of all the 206 scenarios are discussed in section 6.3 and 

Section 6.4 respectively and; also introduced in the sections are regression models. 

Polynomial regression models were developed to estimate the total life cycle costs 

(LCC), energy consumption, and greenhouse gas (GHG) emissions by using 

pavement thickness and roughness trigger value as independent variables. Regression 

analysis was performed separately for three traffic levels. The regression models not 
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only shed light on how design and maintenance decisions affect flexible pavement 

sustainability, but also provide necessary inputs for multi-objective optimization. 

Multi-objective nonlinear programming optimization is discussed in section 6.5. The 

optimization models were formulated based on the polynomial regression models, 

decision variables, and feasible constraints. The Pareto optimal frontiers and optimal 

solutions were derived from the optimization models. In addition, under the 

assumption that different sustainability concerns are equally important, goal 

programming method was used to identify a single solution for flexible pavement at 

each traffic level. The results are anticipated to assist the highway agencies optimizing 

pavement design and maintenance decisions. Although the study was conducted in the 

context of highway pavement management in Hong Kong, the methodology and 

insights developed may be applied to general highway pavement management or even 

the management of other types of infrastructures. 
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 Figure 6.1 Framework of this chapter 
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6.2 Simulations for Pavement Design and Maintenance Analysis  

 

AASHTOWare Pavement ME Design Version 2.0 (hereinafter referred to as Pavement 

ME Design) was used for life cycle design and maintenance simulations. The life 

cycle period is defined as 40 years, which is consistent with the practice by Hong 

Kong Highways Department (HKHyD 2013) and U.S. Federal Highway 

Administration (FHWA) (Walls III and Smith 1998). Figure 6.2 shows the user 

interface of this software. Simulations were performed at various combinations of 

traffic volume, pavement thickness, and roughness trigger value. In accordance with 

the practice in Hong Kong, only wearing course (WC) resurfacing is regarded as an 

effective maintenance technique. 

 

 

Figure 6.2 The user interface of Pavement ME Design 

 

6.2.1 Determination of simulation scenarios 
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Pavement thickness and material stiffness are two directions for the improvement of 

pavement structural performance (Newcomb et al. 2001). Material types used in Hong 

Kong are very limited. Therefore, thickness has been the main consideration in 

pavement structure design. In addition, since the thickness of WC and base course 

(BC) is fixed, structural capacity is mainly determined by the roadbase (RB) layer 

thickness. In this study, the RB thickness varies from 50 mm to 500 mm with an equal 

increment of 50 mm. 

 

As discussed previously, reconstruction and resurfacing are the two major activities 

performed on existing roads in Hong Kong. The former is a complete structural 

overhaul, while the latter is treated as a maintenance activity even though it may 

provide structural improvement. According to local practice and overseas research 

(Tarefder and Bateman 2010, Mandapaka et al. 2012), bottom-up fatigue cracking is 

treated as the structural damage indicator. When it is greater than 20%, it is believed 

that the pavement structure has been completely damaged and the only effective 

remedial measure is reconstruction (Tarefder and Bateman 2010). 

 

Even if pavement structure is intact, deterioration may occur in pavement surface 

layer due to wear and tear by traffic. Surface distresses may be rectified by timely 

resurfacing to prevent them from propagating downwards. Resurfacing also improves 

ride quality and vehicle economy. Pavement roughness, measured by the International 

Roughness Index (IRI), has been commonly used as the indicator for making 

resurfacing decisions. However, the roughness threshold upon which a resurfacing 

decision is based remains a question. In this study, the IRI threshold varies from 1.56 

m/km to 3.16 m/km with an equal increment of 0.2 m/km. 
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In summary, simulation scenarios were created on the basis of RB layer thickness, IRI 

threshold for resurfacing, and three traffic levels. The flexible pavement materials, 

climate conditions, and traffic characteristics in Hong Kong were chosen as the 

simulation inputs. A total of 206 scenarios were defined according to Equation(6.1). 

        Scenario Matrix Traffic level RB Thickness IRI Trigger Value= × ×   (6.1) 

 

Table 6.1 lists the 206 pavement simulation scenarios at three traffic levels, the 

numbers in the parentheses in Table 6.1 indicate the times of reconstruction or 

resurfacing during the life cycle of a particular simulation scenario. All the pavement 

simulation scenarios has been discussed with the Highways Department to confirm 

their reflection of Hong Kong practices and situation. In performing the simulations, 

whenever the predicted roughness exceeds a predefined IRI threshold, a resurfacing 

activity is scheduled at that time point. As a result, a total of 706 simulations were 

conducted in Pavement ME Design, including 206 simulations for new construction, 

119 for reconstruction, and 381 for resurfacing. 

 

In general, there are some assumptions in simulations for pavement design and 

management analysis. 1) Pavement life span is defined as 40 years, which is 

consistent with the actual practices by HKHyD and U.S. FHWA. 2) The RB thickness 

is defined as varying from 50 mm to 500 mm, which is according to the local practice. 

3) The IRI trigger value is set as varying from 1.56 m/km to 3.16 m/km, which is 

according to the local practice and overseas research. 4) The annual average daily 

truck traffic (AADTT) volume is assumed to be 10,000, 5,000, and 2,500 per lane per 

direction, representing the heavy, medium, and light traffic level, respectively. The 

heavy truck volume, vehicle class distribution, monthly adjustment, and axle load 

distributions are all based on real traffic data acquired from three weight-in-motion 
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(WIM) stations in Hong Kong. 
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Table 6.1 Pavement simulation scenarios 

(a) Heavy traffic level 

Traffic level IRI threshold RB:50 RB:100 RB:150 RB:200 RB:250 RB:300 RB:350 RB:400 RB:450 RB:500 

Heavy 

(AADTT=10,000) 

IRI:1.56 

Scenario1 

(56) 

Scenario2 

(12) 

Scenario3 

(3) 

Scenario4(10) Scenario13(7) Scenario22(6) Scenario31(6) Scenario40(6) Scenario49(6) Scenario58(6) 

IRI:1.76 Scenario5(5) Scenario14(3) Scenario23(3) Scenario32(3) Scenario41(3) Scenario50(3) Scenario59(3) 

IRI:1.96 Scenario6(3) Scenario15(2) Scenario24(2) Scenario33(2) Scenario42(2) Scenario51(2) Scenario60(2) 

IRI:2.16 Scenario7(2) Scenario16(2) Scenario25(2) Scenario34(2) Scenario43(2) Scenario52(2) Scenario61(2) 

IRI:2.36 Scenario8(2) Scenario17(1) Scenario26(1) Scenario35(1) Scenario44(1) Scenario53(1) Scenario62(1) 

IRI:2.56 Scenario9(1) Scenario18(1) Scenario27(1) Scenario36(1) Scenario45(1) Scenario54(1) Scenario63(1) 

IRI:2.76 Scenario10(1) Scenario19(1) Scenario28(1) Scenario37(1) Scenario46(1) Scenario55(1) Scenario64(1) 

IRI:2.96 Scenario11(1) Scenario20(1) Scenario29(1) Scenario38(1) Scenario47(1) Scenario56(1) Scenario65(1) 

IRI:3.16 Scenario12(1) Scenario21(1) Scenario30(1) Scenario39(1) Scenario48(1) Scenario57(1) Scenario66(1) 
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(b) Medium traffic level 

Traffic level IRI threshold RB:50 RB:100 RB:150 RB:200 RB:250 RB:300 RB:350 RB:400 RB:450 RB:500 

Medium 

(AADTT=5,000) 

IRI:1.56 

Scenario67 

(27) 

Scenario68 

(5) 

Scenario69 

(1) 

Scenario70(7) Scenario79(5) Scenario88(5) Scenario97(5) Scenario106(5) Scenario115(5) Scenario124(5) 

IRI:1.76 Scenario71(4) Scenario80(3) Scenario89(3) Scenario98(3) Scenario107(3) Scenario116(3) Scenario125(3) 

IRI:1.96 Scenario72(2) Scenario81(2) Scenario90(2) Scenario99(2) Scenario108(2) Scenario117(2) Scenario126(2) 

IRI:2.16 Scenario73(2) Scenario82(2) Scenario91(2) Scenario100(1) Scenario109(1) Scenario118(1) Scenario127(1) 

IRI:2.36 Scenario74(1) Scenario83(1) Scenario92(1) Scenario101(1) Scenario110(1) Scenario119(1) Scenario128(1) 

IRI:2.56 Scenario75(1) Scenario84(1) Scenario93(1) Scenario102(1) Scenario111(1) Scenario120(1) Scenario129(1) 

IRI:2.76 Scenario76(1) Scenario85(1) Scenario94(1) Scenario103(1) Scenario112(1) Scenario121(1) Scenario130(1) 

IRI:2.96 Scenario77(1) Scenario86(1) Scenario95(1) Scenario104(1) Scenario113(1) Scenario122(1) Scenario131(1) 

IRI:3.16 Scenario78(1) Scenario87(1) Scenario96(1) Scenario105(1) Scenario114(1) Scenario123(1) Scenario132(1) 
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(c) Light traffic level 

Traffic level IRI threshold RB:50 RB:100 RB:150 RB:200 RB:250 RB:300 RB:350 RB:400 RB:450 RB:500 

Light 

(AADTT=2,500) 

IRI:1.56 

Scenario133 

(13) 

Scenario134 

(2) 

Scenario135(7) Scenario144(6) Scenario153(5) Scenario162(4) Scenario171(4) Scenario180(4) Scenario189(4) Scenario198(4) 

IRI:1.76 Scenario136(3) Scenario145(3) Scenario154(3) Scenario163(3) Scenario172(3) Scenario181(3) Scenario190(3) Scenario199(3) 

IRI:1.96 Scenario137(2) Scenario146(2) Scenario155(2) Scenario164(2) Scenario173(2) Scenario182(2) Scenario191(2) Scenario200(2) 

IRI:2.16 Scenario138(2) Scenario147(2) Scenario156(1) Scenario165(1) Scenario174(1) Scenario183(1) Scenario192(1) Scenario201(1) 

IRI:2.36 Scenario139(1) Scenario148(1) Scenario157(1) Scenario166(1) Scenario175(1) Scenario184(1) Scenario193(1) Scenario202(1) 

IRI:2.56 Scenario140(1) Scenario149(1) Scenario158(1) Scenario167(1) Scenario176(1) Scenario185(1) Scenario194(1) Scenario203(1) 

IRI:2.76 Scenario141(1) Scenario150(1) Scenario159(1) Scenario168(1) Scenario177(1) Scenario186(1) Scenario195(1) Scenario204(1) 

IRI:2.96 Scenario142(1) Scenario151(1) Scenario160(1) Scenario169(1) Scenario178(1) Scenario187(1) Scenario196(1) Scenario205(1) 

IRI:3.16 Scenario143(1) Scenario152(1) Scenario161(1) Scenario170(1) Scenario179(1) Scenario188(1) Scenario197(1) Scenario206(1) 
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6.2.2 Simulation results  

 

Simulation for each design scenario starts with the new construction module in the 

Pavement ME Design software (Figure 6.3). The construction date marks the 

beginning of the life cycle. The continuous performance prediction is generated by the 

software, and the pre-established fatigue and roughness criteria assist the 

determination of the time points at which reconstruction or resurfacing need to be 

scheduled. When fatigue cracking exceeds 20%, reconstruction should be performed; 

otherwise, resurfacing treatment (maintenance) is triggered by the roughness 

threshold. 

 

 
Figure 6.3 An example of a new construction design simulation 

 

The distress thresholds and inputs for reconstruction simulation are similar to those 

for new construction. The reconstruction date was chosen as the time point at which 
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the fatigue cracking of the previous pavement reaches the threshold. An example of 

life cycle simulation for a new construction/reconstruction case is shown in Figure 6.4. 

IRI values during the 40 years of the analysis period were subsequently used to 

calculate the vehicle operating costs and environmental burdens. As shown in this plot, 

five reconstruction activities are conducted after initial construction as fatigue 

cracking reaches 20%. The life span of each reconstructed pavement is 7.25 years, 

6.75 years, 6.08 years, 6.17 years, 6.75 years, and 7.25 years, respectively. The 

difference in life span is caused by subgrade settlement as well as the season of 

construction. 

 

 
Figure 6.4 An example of life cycle simulation for new construction and 

reconstruction (Scenario No. 68, with 100 mm RB and medium traffic level) 

 

Even if the structure of a pavement is sound, it may be periodically resurfaced to 

correct the surface distresses and improve its functional quality. The application of 

maintenance activities (including resurfacing) at the right time extends pavement life, 

saves life cycle costs, and cuts down GHG emissions (Zhang et al. 2009, Mandapaka 

et al. 2012, Wang et al. 2012a). Different approaches have been used to schedule 

maintenance activities. Most highway agencies use certain pre-established pavement 

condition indices as trigger values and pavement performance models to predict the 
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time at which a pavement section reaches the trigger values. The pavement 

performance models may be derived from the historical data in pavement 

management system. 

The selection of the trigger values, however, is quite arbitrary. The U.S. FHWA has 

adopted the IRI of 2.7 m/km as the trigger value (Shafizadeh et al. 2002, Shafizadeh 

and Mannering 2003). California Department of Transportation (Caltrans) (2012) 

used 3.5 m/km in the past and now sets the threshold to be 2.7 m/km. Washington 

State Department of Transportation (WSDOT) recommended using IRI of 3.5 m/km 

as the trigger value for resurfacing (Li et al. 2004). The default IRI trigger value in 

Pavement ME Design is 3.16 m/km. In certain developing countries, the IRI trigger 

value may be much higher (e.g., greater than 4 m/km). The use of a uniform trigger 

value for the entire highway network may cause two issues. Firstly, it is unclear if the 

value leads to the best economic, environmental, and social effects on average. 

Secondly, it ignores the effects of different traffic levels on the roads. In this study, 

the IRI trigger value varies from 1.56 m/km to 3.16 m/km with an equal increment of 

0.2 m/km. The range of IRI trigger value is determined by discussion with 

experienced engineers in Hong Kong and the past experience. Figure 6.5 shows an 

example of simulation for new construction and resurfacing (Design scenario No.81, 

with 250 mm RB, IRI trigger value of 1.96 m/km, and medium traffic level). During 

the life span, resurfacing was carried out twice as IRI rises to 1.96 m/km at the year of 

11.42 and 29.83. 
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Figure 6.5 An example of life cycle simulation for new construction and resurfacing 

(Scenario No. 81, with 250 mm RB, IRI trigger value of 1.96 m/km, and medium 

traffic level) 

In performing resurfacing simulations, the material properties of WC, the climate and 

traffic conditions remain the same as those used in new construction simulations. 

Design level 2 in the software was selected. The conditions of the existing pavement 

(before resurfacing activity), including fatigue cracking and rutting in each layer, were 

obtained from the simulation before resurfacing. The detailed input variables for 

Pavement ME Design are shown in Appendix 7. 

 

6.3 The Effects of Design and Maintenance Decisions on Life Cycle Costs (LCC) 

 

Pavement LCC consists of agency costs and user costs. The definitions of the cost 

items and estimation methods have been introduced in Chapter 3 and hence will not 

be repeated. The agency costs, user delay costs, vehicle operating costs due to work 

zone were calculated using the software RealCost (Version 2.5), while the vehicle 

operating costs due to pavement roughness were analyzed by the proposed model in 

Chapter 3. The overall distribution of the LCC of the 206 simulation scenarios is 

shown in Figure 6.6, where the costs are presented in a logarithmic scale. The 

inflation of the cost items occurring at different times was not considered. The agency 
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costs are financed by the government, while the user delay and vehicle operating costs 

are paid by road users. It is difficult to justify a commonly agreed interest rate for 

both groups. Therefore, the interest rate in LCCA was assumed to be zero. The 

exclusion of the inflation factor and the use of zero interest rate enable this study to 

compare the constant values of different scenarios. Hence, the LCC of each scenario 

truly reflects the quantity of materials, labor, and equipment invested in the road. 
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Figure 6.6 The total LCC of the 206 design scenarios 
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6.3.1 The results of LCCA 

 

The relationship between the LCC, RB thickness and IRI trigger value is shown in 

Figure 6.7. Different traffic levels are presented in separate plots. The plots indicate 

that certain combinations of IRI trigger values and RB thickness may result in low 

LCC. It also appears that the total LCC and the minimum LCC are affected by traffic 

levels. At the heavy traffic level, pavements of thinner RB corresponds to much 

higher LCC, while at the medium and low traffic levels, pavements of thicker RB 

corresponds to higher LCC. 
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Figure 6.7 The total LCC at different traffic levels
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6.3.2 The influence of RB thickness on LCC 

 

The influence of pavement thickness on LCC may be examined at a fixed IRI trigger 

value. Figure 6.8 shows the change of LCC at the three traffic levels and IRI value of 

2.16 m/km. This plot reveals that the relationships between LCC and the RB thickness 

follow concave-shaped curves. Thin RB results in much higher LCC even though the 

initial construction cost may be lower. At heavy or medium traffic level, if the RB 

layer thickness is greater than or equal to 200 mm, only several resurfacing activities 

are needed to restore the surface conditions. Otherwise, expensive reconstruction is 

needed during the analysis period. The further increase of RB thickness beyond the 

optimum value leads to the increase of LCC. For pavement subject to light traffic, the 

minimum RB thickness corresponding to the minimum cost is 150 mm, which is 

thinner than the RB thickness corresponding to the minimum cost for pavements with 

medium or heavy traffic. At this predetermined roughness threshold, an optimal 

pavement thickness from the perspective of LCC may be identified. However, the 

optimal thickness may vary with the roughness threshold. 

 

 
Figure 6.8 The change of LCC with RB thickness at a fixed IRI trigger value (2.16 

m/km) 
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6.3.3 The influence of IRI trigger value on LCC 

 

In the previous example, a fixed IRI trigger value is assumed. In real situations, 

however, the roughness threshold needs to be decided. The influence of different IRI 

trigger values on the total LCC is presented by assuming a fixed RB thickness (250 

mm) (Figure 6.9). This plot indicates that the highway pavement subject to heavy 

traffic is more sensitive to the IRI threshold changes. At all the traffic levels, the LCC 

initially decreases with the IRI trigger value, and then increases with the trigger value 

after an apparent minimum value is reached. 

 

 
Figure 6.9 The change of LCC with IRI trigger value at fixed RB thickness (250 mm) 

 

Highway agency may be interested in understanding how its own share of cost 

changes with decision variables. Such information is important for long-term financial 

planning of the agency. Figure 6.10–Figure 6.12 show the breakdown of the LCC 

between the agency and road users at a fixed RB thickness (200 mm). At the heavy 

traffic level, the user costs are much higher than the agency costs. While at the 

medium and light traffic levels, the agency costs are much higher than the user costs. 

At all the traffic levels, the agency cost decreases with the IRI threshold. The user 
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costs at the heavy traffic level generally decrease with the IRI threshold and then 

slightly increase after a minimum value is reached. The user costs at the medium and 

light traffic levels, however, quickly reach a minimum value and then increase with 

the IRI threshold. It appears that different IRI thresholds may be applied to roads of 

different traffic levels. 

 

 
Figure 6.10 The breakdown of agency and user costs at heavy traffic level (RB=200 

mm) 

 

 
Figure 6.11 The breakdown of agency and user costs at medium traffic level (RB=200 

mm) 



226 
 

 
Figure 6.12 The breakdown of agency and user costs at light traffic level (RB=200 

mm) 

 

6.3.4 The influence of traffic volume on LCC 

 

Traffic volume plays an important role in determining the total LCC. For the design 

scenarios with the same RB thickness and IRI trigger values, heavier traffic volume 

leads to higher LCC. One reason is that traffic volume affects pavement longevity. For 

instance, if RB is 50 mm thick, pavement with the heavy traffic level (scenario 1) 

needs to be reconstructed 56 times in 40 years while pavement with the light traffic 

level (scenario 133) only needs to be reconstructed 13 times, assuming that the IRI 

trigger value is the same. More reconstruction activities raise the agency costs. In 

addition, traffic volume is a primary factor that affects the user delay costs. The user 

delay costs at the heavy traffic level are twofold more than that for the medium traffic. 

 

The proportions of agency costs, user delay costs, and vehicle operating costs may 

also change with traffic volume. Scenario 17 (heavy traffic), 83 (medium traffic), and 

157 (light traffic) were selected as examples for illustration in Figure 6.13. The three 

scenarios have the same pavement thickness (RB thickness of 250 mm) and IRI 

trigger value (2.36 m/km). Each of the three scenarios is only subject to one 
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resurfacing treatment during the analysis period. This makes them comparable. The 

figure reveals that the three cost components change dramatically with traffic levels: 

the LCC is dominated by the user delay costs at heavy traffic level, while it is 

dominated by the agency cost at the low traffic level. 

 

 

Figure 6.13 The change of the proportions of cost components with traffic levels 

(Scenario No.17, No. 83 and No.157) 

 

The changes of the individual cost components at the three traffic levels, different 

pavement thickness, and IRI trigger values are shown in Figure 6.14–Figure 6.16. The 

figures clearly reveal the trends of costs with different variables. 

 

At the heavy traffic level, the user delay costs dominate the total costs, and the user 

delay costs decrease with RB thickness and IRI trigger values. Conversely, the vehicle 

operating costs increase rapidly with IRI trigger values. Except for the scenarios with 

thin RB (50 mm–150 mm), the agency costs generally increase with RB thickness, 

and it is not sensitive to the change of IRI trigger values. 
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At the medium traffic level, the agency costs dominate the total costs, and the agency 

costs become more sensitive to the IRI trigger values. The user delay costs and 

vehicle operating costs are at the same level. The user delay costs generally decrease 

with the increase of the IRI trigger value, while the vehicle operating costs increase 

steeply with the increase of IRI trigger value. 

 

At the light traffic level, the agency costs occupy an even higher proportion of the 

total LCC. The user delay costs and vehicle operating costs are at the same level. The 

user delay costs are not sensitive to the change of the IRI trigger value. The vehicle 

operating costs still increase obviously with the increase of the IRI trigger value, but 

at a lower changing rate compared with the scenarios at the heavy and medium traffic 

levels. 

 

The different trends of the individual cost components at the three traffic levels imply 

that optimal pavement management decisions are dependent on road traffic. 
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Figure 6.14 The proportions of individual cost components at heavy traffic level  

 

Figure 6.15 The proportions of individual cost components at medium traffic level 
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Figure 6.16 The proportions of individual cost components at light traffic level 

 

6.3.5 Development of regression models for LCC prediction 

 

Based on the simulation results, regression models were developed to evaluate the 

effects of pavement design and maintenance strategies on LCC. The total LCC was 

chosen as the dependent variable, while the RB thickness and IRI trigger value were 

chosen as the independent variables. Regression analysis was conducted separately 

for the three traffic levels. The exploratory analysis shown above suggests that the 

relationship between the dependent and independent variables may be nonlinear; 

therefore, polynomial model was adopted. Forward selection procedure was chosen to 

help determine the order of the polynomial model. This approach is to successively fit 

the model by increasing the order and test the significance of regression coefficient at 

each step of model fitting until the t-test results for the higher order terms become 

non-significant (Kleinbaum et al. 2013). The forward selection procedure indicated 

that a quadratic model is sufficient; therefore, the multiple polynomial regression 
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model is proposed in Equation(6.2). 

 
2 2

0 11 1 12 1 21 2 22 2y x x x xβ β β β β ε= + + + + +   (6.2) 

where, y = the LCC;  

1x = the RB thickness; 

2x = the IRI trigger value; 

0β = the constant; 

ijβ = the coefficients of independent variables; 

ε= the random disturbance term. 

 

All the 206 simulation scenarios were initially employed to fit the quadratic 

regression models at the three traffic levels. The results of regression analysis are 

summarized in Table 6.2. The adjusted R2 values indicate the overall fitness of the 

model (Glantz and Slinker 1990). The high adjusted R2 values indicate that the model 

well captures the trends in the data. 

 

Table 6.2 Multiple polynomial regression analysis for total LCC (TC) at three traffic 

levels 

Model 
Unstandardized 

coefficients 

Standardized 

coefficients 
t-value Sig. 

For High Traffic: The adjusted R2=0.942 

(Constant) 8042242.772  27.505 .000***

x1: Ln(Thickness) (mm) -2743887.523 -10.667 -26.286 .000***

x1
2: Ln(Thickness)2 (mm) 238958.042 10.082 24.862 .000***

x2: IRI trigger value (m/km) -119402.656 -.572 -1.827 .073 

x2
2: (IRI trigger value)2 (m/km) 23369.015 .531 1.695 .095 

For Medium Traffic: The adjusted R2=0.934 

(Constant) 1836709.763  27.067 .000***

x1: Ln(Thickness) (mm) -633301.154 -11.292 -26.173 .000***

x1
2: Ln(Thickness)2 (mm) 55719.461 10.782 25.003 .000***
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x2: IRI trigger value (m/km) -19221.373 -.426 -1.263 .211 

x2
2: (IRI trigger value)2 (m/km) 3738.031 .394 1.166 .248 

For Low Traffic: The adjusted R2=0.848 

(Constant) 796276.955  20.076 .000***

x1: Ln(Thickness) (mm) -278514.969 -14.101 -19.725 .000***

x1
2: Ln(Thickness)2 (mm) 25223.959 13.907 19.461 .000***

x2: IRI trigger value (m/km) -12804.512 -.732 -1.538 .129 

x2
2: (IRI trigger value)2 (m/km) 2465.256 .668 1.403 .165 

Note: *** means significant at the 0.001 level. 

 

The p-values in Table 6.2 suggest that x2 and x2
2 are not significant at the 0.05 

significance level. Two approaches were used to handle this issue: One was to remove 

the non-significant independent variables (x2 and x2
2) and the other was to remove 

possible outliers in the data. The updated regression models without x2 and x2
2 are 

shown in Table 6.3. These models have high adjusted R2 values and both x1 and x1
2 are 

significant. It seems that only RB thickness has significant impacts on LCC if all the 

simulation cases are considered. Based on all the simulation cases, the equations for 

predicting the total LCC are formulated in Equation(6.3)–(6.5). 

 2
1 17931151.169 2756627.690 240127.883H ighT C x x= − +   (6.3) 

 2
1 11818742.141 635338.785 55904.022MediumTC x x= − +   (6.4) 

 2
1 1783292.637 279560.631 25319.163LightTC x x= − +   (6.5) 

where, TCHigh = the total LCC at high traffic level, 1000 HK$;  

TCMedium = the total LCC at medium traffic level, 1000 HK$;  

TCLight = the total LCC at light traffic level, 1000 HK$;  

x1 = the base-10 logarithm of initial RB thickness, mm. 

 

Table 6.3 Multiple polynomial regression analysis for total LCC (TC) at three traffic 

levels (excluding x2) 

Model Unstandardized Standardized t-value Sig. 
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coefficients coefficients 

For High Traffic: The adjusted R2=0.939 

(Constant) 7931151.169  27.596 .000***

x1: Ln(Thickness) (mm) -2756627.690 -10.717 -25.953 .000***

x1
2: Ln(Thickness)2 (mm) 240127.883 10.132 24.536 .000***

For Medium Traffic: The adjusted R2=0.934 

(Constant) 1818742.141  27.827 .000***

x1: Ln(Thickness) (mm) -635338.785 -11.328 -26.302 .000***

x1
2: Ln(Thickness)2 (mm) 55904.022 10.818 25.117 .000***

For Low Traffic: The adjusted R2=0.844 

(Constant) 783292.637  20.250 .000***

x1: Ln(Thickness) (mm) -279560.631 -14.154 -19.598 .000***

x1
2: Ln(Thickness)2 (mm) 25319.163 13.959 19.329 .000***

Note: *** means significant at the 0.001 level. 

 

Another approach was to identify and remove the outliers which may result in a large 

negative impact on the accuracy and reliability of the model. According to the 

exploratory analysis as shown previously, design scenarios with reconstruction 

activities apparently exhibit extremely high LCC in comparison with other scenarios 

with only resurfacing activities. Therefore, 8 cases with reconstruction activities were 

excluded from the regression analysis. The regression results without those cases are 

given in Table 6.4. The adjusted R2 values are quite high except for the model for 

heavy traffic, and both RB thickness and IRI trigger values are significant in the 

models. The equations for pavements without reconstruction activities are formulated 

in Equation(6.6)–(6.8). 

 2 2
1 1 2 2520228.134 137450.296 12343.495 75405.653 14245.837HighTC x x x x= − + − +  (6.6) 

 2 2
1 1 2 2171454.701 54011.502 5319.601 14857.908 2986.549MediumTC x x x x= − + − +   (6.7) 

 2 2
1 1 2 2115368.478 37611.574 3928.977 10638.949 2071.040LightTC x x x x= − + − +   (6.8) 

where, TCHigh = the total LCC at high traffic level, 1000 HK$;  

TCMedium = the total LCC at medium traffic level, 1000 HK$;  
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TCLight = the total LCC at light traffic level, 1000 HK$;  

x1 = the base-10 logarithm of initial RB thickness, mm; 

x2 = the IRI trigger value, m/km. 

 

Table 6.4 Multiple polynomial regression analysis for total LCC (TC) at three traffic 

levels (excluding 8 reconstruction cases) 

Model 
Unstandardized 

coefficients 

Standardized 

coefficients 
t-value Sig. 

For High Traffic: The adjusted R2=0.824 

(Constant) 520228.134  3.858 .000***

x1: Ln(Thickness) (mm) -137450.296 -6.740 -2.935 .005** 

x1
2: Ln(Thickness)2 (mm) 12343.495 6.977 3.038 .004** 

x2: IRI trigger value (m/km) -75405.653 -6.292 -11.291 .000***

x2
2: (IRI trigger value)2 (m/km) 14245.837 5.636 10.115 .000***

For Medium Traffic: The adjusted R2=0.973 

(Constant) 171454.701  8.286 .000***

x1: Ln(Thickness) (mm) -54011.502 -6.767 -7.516 .000***

x1
2: Ln(Thickness)2 (mm) 5319.601 7.682 8.533 .000***

x2: IRI trigger value (m/km) -14857.908 -3.168 -14.500 .000***

x2
2: (IRI trigger value)2 (m/km) 2986.549 3.019 13.821 .000***

For Low Traffic: The adjusted R2=0.989 

(Constant) 115368.478  14.964 .000***

x1: Ln(Thickness) (mm) -37611.574 -5.390 -13.741 .000***

x1
2: Ln(Thickness)2 (mm) 3928.977 6.337 16.157 .000***

x2: IRI trigger value (m/km) -10638.949 -2.025 -15.839 .000***

x2
2: (IRI trigger value)2 (m/km) 2071.040 1.869 14.620 .000***

Note: *** means significant at the 0.001 level; ** means significant at the 0.01 level. 

 

6.4 The Effects of Design and Maintenance Decisions on LCA 

 

As discussed in Chapter 2 and 3, energy consumption and GHG emissions were 

chosen for LCA. The life cycle inventory (LCI) and impacts were calculated from the 

material, construction, maintenance and rehabilitation (M&R), transportation, use, 
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congestion, and end-of-life (EOL) modules. Each simulation case was calculated 

separately. The detailed calculation procedure for LCI is introduced in Chapter 3. The 

LCI results were used to evaluate the potential environmental impacts. 

 

6.4.1 The results of LCA 

 

The 206 design scenarios are categorized into two groups: “new construction with 

reconstruction” and “new construction with resurfacing only”. The relationship 

between the life cycle energy consumption and RB thickness and IRI trigger value is 

shown in Figure 6.17, while the relationship between the life cycle GHG emissions 

and the two influencing factors are shown in Figure 6.18. The concave shapes of the 

plots indicate that the optimal combinations may be located in the middle range of the 

decision criteria. For instance, at heavy traffic level, scenario No.15 with 250 mm RB 

and 1.96 m/km IRI trigger value consumes the least energy (approximately 35,553 

GJ). The plots also show that the simulation results are sensitive to traffic levels. 
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(a) High traffic level                         (b) Medium traffic level                           (c) Low traffic level 

Figure 6.17 The total life cycle energy consumption at different traffic levels 

 

   
(a) High traffic level                         (b) Medium traffic level                           (c) Low traffic level 

Figure 6.18 The total life cycle GHG emissions at different traffic levels
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The detailed life cycle energy consumption and GHG emissions of a typical 

simulation case (scenario No. 82, with 250 mm RB, 2.16m/km IRI trigger value, and 

medium traffic) are illustrated in Figure 6.19. It appears that energy consumption and 

GHG emissions concentrate on three stages: material production, road use, and 

congestion due to road closures. In the pavement’s life cycle, only less than 5% of the 

total environmental burdens are attributed to non-road equipment fuel consumption in 

construction, resurfacing, and demolition. The proportions of energy consumption and 

GHG emissions at the different stages in Figure 6.19 are similar. Therefore, GHG 

emissions mainly originate from fuel consumption. 

 
Figure 6.19 Energy consumption and GHG emissions in each stage of the life cycle 

for a typical pavement (Scenario No. 82, with 250 mm RB, 2.16m/km IRI trigger 

value, and medium traffic) 

 

6.4.2 The influence of RB thickness on LCA 

 

At a fixed roughness threshold, the change of RB thickness affects the energy 

consumption and GHG emissions of a pavement in its life cycle. The impact of RB 

thickness is examined from two aspects: the total life cycle environmental impacts 
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and the distribution of environmental loads at each stage of the pavement life cycle. 

 

6.4.2.1 The change of the total life cycle environmental impacts with RB thickness 

 

Figure 6.20 reveals that the total energy consumption and GHG emissions drop 

considerably as the RB thickness increases from 50 mm to 200 mm (IRI = 2.16 

m/km). After that, a slight upward trend is detected at the three traffic levels. This is 

essentially determined by the scheduled construction and resurfacing activities. If RB 

is too thin, reconstruction will have to be applied to correct the structural damage. 

Reconstruction creates significant environmental impacts associated with material 

consumption and traffic congestion, which are much higher than those generated in 

pavement resurfacing. 

 

         (a)                             (b) 

Figure 6.20 (a) Total life cycle energy consumption and (b) GHG emissions at three 

traffic levels (IRI = 2.16 m/km) 

 

6.4.2.2 The proportional change of the environmental impacts with RB thickness 

 

The proportional changes of energy consumption and GHG emissions from three 

major modules (material, road use, and congestions) with RB thickness were 
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examined at a fixed roughness level (IRI=2.16 m/km). The proportional changes are 

shown in Figure 6.21 and Figure 6.22, respectively. The trends in the figures are 

apparently affected by traffic levels. At the heavy traffic level, energy consumption 

due to congestion is the highest and apparently not sensitive to RB thickness changes. 

At the medium traffic level, energy consumption from the material module only 

contributes to a small portion of the total energy consumption. However, at the light 

traffic level, the contributions from the material module are significantly increased. At 

all the traffic levels, the contribution from the material module increases with 

pavement thickness. The trends of GHG emissions are similar to those of energy 

consumption, except that emission contribution from material module at heavy traffic 

level is even less sensitive to the RB thickness change. 

.  

Figure 6.21 The energy consumption distribution trend of designs with different RB 

thickness (IRI = 2.16m/km) 
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Figure 6.22 The GHG emissions distribution trend of designs with different RB 

thickness (IRI = 2.16 m/km) 

 

6.4.3 The influence of IRI trigger value on LCA 

 

Another important decision variable is the IRI trigger value. It not only affects the 

frequency of reconstruction or resurfacing activities, but also influences vehicle fuel 

consumption. If the IRI trigger value is stringent, more resurfacing activities may be 

scheduled in the life cycle, causing the increase of environmental burdens associated 

with material consumption, construction, and congestion. On the other hand, vehicles 

traveling on rougher road consume more energy than those on smoother road. The use 

of a high IRI trigger value will increase environmental burdens associated with 

vehicle operation. There may exist an optimal IRI trigger value at which the total 

environmental loads are minimized. 

 

6.4.3.1 The change of the total life cycle environmental impacts with IRI trigger 

values 
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At a fixed RB thickness (250 mm), the changes of life cycle energy consumption and 

GHG emissions with IRI trigger values are presented in Figure 6.23. It indicates that 

pavement subject to heavy traffic is more sensitive to the IRI trigger value than those 

subject to medium or light traffic. At all the traffic levels, the minimum life cycle 

environmental loads do not occur at either low or high IRI trigger values, but at an IRI 

value approximately equal to 2.0 m/km. The observation is obtained at fixed RB 

thickness. The optimum IRI trigger value, however, may also depend on RB 

thickness. 

 

(a)                                   (b) 

Figure 6.23 (a) Total life cycle energy consumption and (b) GHG emissions at three 

traffic levels (RB = 250mm) 

 

6.4.3.2 The proportional change of the environmental impacts with IRI trigger values 

 

The environmental burdens are mainly from three sources: material production, road 

use, and congestion due to road closure. The proportions of the environmental 

burdens originated from the three sources may change with IRI trigger values. Such 

changes are presented in Figure 6.24 and Figure 6.25. The figures indicate that energy 

consumption and GHG emissions follow similar trends. The environmental burdens 

due to congestion decrease with the increase of IRI trigger value, because higher 
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trigger value implies less frequent pavement treatment. Conversely, the environmental 

burdens due to road use increase with the increase of the IRI trigger value, because 

vehicles consume more fuel on rougher road pavement. The environmental burdens 

from material production decrease with the increase of IRI trigger value due to the 

relationship between the trigger value and resurfacing frequency.  

 

Traffic levels also appear to affect the proportions. At the heavy and medium traffic 

levels, the environmental burdens are dominated by congestion and road use, while at 

the light traffic level, the environmental burdens from congestion and material 

production are at the same scale. 

 

Figure 6.24 The proportional change of energy consumption with IRI trigger value 

(RB = 250 mm) 



243 
 

 

Figure 6.25 The proportional change of GHG emissions with IRI trigger value (RB = 

250mm) 

 

6.4.4 The influence of traffic volume on LCA 

6.4.4.1 Environmental impacts at different traffic levels 

 

Figure 6.20 and Figure 6.23 in previous section indicate that traffic level is one of the 

most critical factors in determining the total energy consumption and GHG emissions. 

Therefore, the reduction of vehicle use or switch to vehicles using clean energy may 

significantly improve the environmental stewardship of highway pavement. At a fixed 

RB thickness and IRI trigger value, the detailed proportions of energy consumption 

from various sources are shown in Figure 6.26. It appears that energy use in material 

production, vehicle normal operation and congestion dominates the energy stream. 

Energy use from material production and construction occupy more significant part 

for pavements with light traffic. Energy use from resurfacing and demolition only 

accounts for a small proportion of energy use. 
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Figure 6.26 Proportional energy consumption (RB = 250 mm with the IRI trigger 

value of 2.36 m/km) 

  

6.4.4.2 Energy consumption from agency and road users 

 

Energy use in pavement life cycle is further classified into energy related to road users 

and agency (Figure 6.27). The user related energy is attributed to traveling vehicles 

and congestion during road construction, and the remaining portion is consumed by 

agency--related activities such as construction, resurfacing and demolition. As shown 

in Figure 6.27, the proportion of agency-related energy consumption increases as the 

traffic level decreases. 
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Figure 6.27 The distribution of agency-related and user-related energy consumption 

(RB = 250 mm with the IRI trigger value of 2.36 m/km)  

 

6.4.5 Development of regression models for LCA prediction 

 

The regression analysis method for predicting life cycle energy consumption and 

GHG emissions is similar to that used for predicting LCC. Therefore, the detailed 

procedure is not reiterated. Similar to the cost prediction models, the energy and 

emission prediction models are divided into two types: models including 

reconstruction cases (Type I Model) and models excluding reconstruction cases (Type 

II Model). Scenarios of different traffic levels were analyzed separately. 

 

6.4.5.1 Prediction models for life cycle energy consumption 

 

The analysis results of the Type I Model for predicting life cycle energy consumption 

are summarized in Table 6.5. The adjusted R2 of the models for high, medium, and 

low traffic levels are 0.942, 0.938, and 0.860, respectively, indicating that the models 

well capture the trends in the data. In addition, the t-tests of the independent variables 
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suggest that they are significant at the 0.05 significance level. Therefore, the life cycle 

energy consumption can be depicted as a function of pavement thickness and IRI 

trigger value. The polynomial regression equations for predicting life cycle energy 

consumption of the Type I Model are given in Equation(6.9)–(6.11). 

 

Table 6.5 Regression analysis results for predicting the life cycle energy consumption 

(EC) at three traffic levels (Type I Model: including 8 reconstruction cases) 

Model 
Unstandardized 

coefficients 

Standardized 

coefficients 
t-value Sig. 

For High Traffic: The adjusted R2=0.942 

(Constant) 4384434.177  27.658 .000***

x1: Ln(Thickness) (mm) -1487343.829 -10.613 -26.282 .000***

x1
2: Ln(Thickness)2 (mm) 129232.065 10.008 24.800 .000***

x2: IRI trigger value (m/km) -71098.153 -.625 -2.007 .049* 

x2
2: (IRI trigger value)2 (m/km) 15375.328 .641 2.057 .044* 

For Medium Traffic: The adjusted R2=0.938 

(Constant) 875082.274  27.671 .000***

x1: Ln(Thickness) (mm) -295247.273 -10.926 -26.182 .000***

x1
2: Ln(Thickness)2 (mm) 25773.224 10.351 24.815 .000***

x2: IRI trigger value (m/km) -15734.534 -.724 -2.218 .030* 

x2
2: (IRI trigger value)2 (m/km) 3831.743 .838 2.564 .013* 

For Low Traffic: The adjusted R2=0.860 

(Constant) 294026.020  20.973 .000***

x1: Ln(Thickness (mm)) -98815.935 -13.615 -19.800 .000***

x1
2: Ln(Thickness)2 (mm) 8846.158 13.273 19.310 .000***

x2: IRI trigger value (m/km) -9585.766 -1.491 -3.257 .002** 

x2
2: (IRI trigger value)2 (m/km) 2259.439 1.667 3.639 .001***

Note: *** means significant at the 0.001 level; ** means significant at the 0.01 level; * means 

significant at the 0.05 level. 

 

 2
2 2

1 1 24384434.177 1487343.829 129232.065 71098.153 15375.328HighEC x x x x= − + − +   (6.9) 

 2 2
1 1 2 2875082.274 295247.273 25773.224 15734.534 3831.743MediumEC x x x x= − + − +  (6.10) 

 2 2
1 1 2 2294026.020 98815.935 8846.158 9585.766 2259.439LightEC x x x x= − + − +  (6.11) 
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where, ECHigh = the total life cycle energy consumption at high traffic level, GJ;  

ECMedium = the total life cycle energy consumption at medium traffic level, GJ;  

ECLight = the total life cycle energy consumption at light traffic level, GJ;  

x1 = the base-10 logarithm of initial RB thickness, mm; 

x2 = the IRI trigger value, m/km. 

 

The analysis results of the Type II Model for predicting life cycle energy consumption 

are summarized in Table 6.6. The adjusted R2 of the models for high, medium, and 

low traffic levels are 0.699, 0.938, and 0.952, respectively, indicating that the models 

still fit the data quite well. All the independent variables are significant at the 0.01 

significance level. Therefore, the life cycle energy consumption on the simulation 

scenarios without reconstruction can also be depicted as a function of pavement 

thickness and IRI trigger value. The regression equations for predicting the life cycle 

energy consumption of the Type II Model are given in Equation(6.12)–(6.14). 

 

Table 6.6 Regression analysis results for predicting the life cycle energy consumption 

(EC) at three traffic levels (Type II Model: excluding 8 reconstruction cases) 

Model 
Unstandardized 

coefficients 

Standardized 

coefficients 
t-value Sig. 

For High Traffic: The adjusted R2=0.699 

(Constant) 363844.919  3.949 .000***

x1: Ln(Thickness) (mm) -94083.565 -8.831 -2.941 .005** 

x1
2: Ln(Thickness)2 (mm) 8088.630 8.751 2.914 .005** 

x2: IRI trigger value (m/km) -47544.546 -7.594 -10.421 .000***

x2
2: (IRI trigger value)2 (m/km) 10482.388 7.939 10.895 .000***

For Medium Traffic: The adjusted R2=0.938 

(Constant) 113334.474  5.112 .000***

x1: Ln(Thickness) (mm) -30298.589 -5.368 -3.935 .000***

x1
2: Ln(Thickness)2 (mm) 2720.342 5.555 4.073 .000***

x2: IRI trigger value (m/km) -13575.820 -4.093 -12.366 .000***
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x2
2: (IRI trigger value)2 (m/km) 3450.944 4.933 14.906 .000***

For Low Traffic: The adjusted R2=0.952 

(Constant) 53256.147  9.215 .000***

x1: Ln(Thickness) (mm) -13608.410 -5.535 -6.632 .000***

x1
2: Ln(Thickness)2 (mm) 1315.554 6.023 7.217 .000***

x2: IRI trigger value (m/km) -8922.028 -4.820 -17.719 .000***

x2
2: (IRI trigger value )2 (m/km) 2141.214 5.485 20.164 .000***

Note: *** means significant at the 0.001 level; ** means significant at the 0.01 level. 

 

 2 2
1 1 2 2363844.919 94083.565 8088.630 47544.546 10482.388HeavyEC x x x x= − + − +   (6.12) 

 2 2
1 2 2113334.474 30298.589 2720.342 1 13575.82 3450.944MediumEC x x x x= − + − +   (6.13) 

 2 2
1 1 2 253256.147 13608.410 1315.554 8922.028 2141.214LightEC x x x x= − + − +   (6.14) 

where, ECHigh = the total life cycle energy consumption at high traffic level, GJ;  

ECMedium = the total life cycle energy consumption at medium traffic level, GJ;  

ECLight = the total life cycle energy consumption at light traffic level, GJ;  

x1 = the base-10 logarithm of initial RB thickness, mm; 

x2 = the IRI trigger value, m/km. 

 

6.4.5.2 Prediction models for life cycle GHGs 

 

The analysis results of the Type I Model for predicting life cycle GHG emissions 

(GHGs) are summarized in Table 6.7. The adjusted R2 of the models for high, medium, 

and low traffic levels are 0.941, 0.939, and 0.860, respectively. The p-values of the 

independent variables indicate that they are all significant at the 0.05 significance 

level. Similar to EC, the life cycle GHGs can be well depicted as a function of 

pavement thickness and IRI trigger value. The polynomial regression equations for 

predicting the life cycle GHGs of Type I Model are given in Equation(6.15)–(6.17). 
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Table 6.7 Regression analysis results for predicting the life cycle GHGs at three traffic 

levels (Type 1 Model: including 8 reconstruction cases) 

Model 
Unstandardized 

coefficients 

Standardized 

coefficients 
t-value Sig. 

For High Traffic: The adjusted R2=0.941 

(Constant) 316550.165  27.518 .000***

x1: Ln(Thickness) (mm) -107407.789 -10.647 -26.154 .000***

x1
2: Ln(Thickness)2 (mm) 9337.436 10.046 24.693 .000***

x2: IRI trigger value (m/km) -5218.063 -.637 -2.030 .047* 

x2
2: (IRI trigger value)2(m/km) 1134.380 .657 2.092 .041* 

For Medium Traffic: The adjusted R2=0.939 

(Constant) 64527.259  27.960 .000***

x1: Ln(Thickness) (mm) -21783.619 -11.014 -26.471 .000***

x1
2: Ln(Thickness)2 (mm) 1904.127 10.448 25.123 .000***

x2: IRI trigger value (m/km) -1180.304 -.742 -2.280 .026* 

x2
2: (IRI trigger value)2 (m/km) 283.923 .848 2.604 .012* 

For Low Traffic: The adjusted R2=0.860 

(Constant) 22090.999  21.315 .000***

x1: Ln(Thickness) (mm) -7434.678 -13.842 -20.151 .000***

x1
2: Ln(Thickness)2 (mm) 667.807 13.540 19.718 .000***

x2: IRI trigger value (m/km) -737.054 -1.549 -3.387 .001***

x2
2: (IRI trigger value)2 (m/km) 170.823 1.703 3.722 .000***

Note: *** means significant at the 0.001 level; * means significant at the 0.05 level. 

 

 2 2
1 1 2 2316550.165 107407.789 9337.436 5218.063 1134.380HighGHG x x x x= − + − +   (6.15) 

 2 2
1 1 2 264527.259 21783.619 1904.127 1180.304 283.923MediumGHG x x x x= − + − +   (6.16) 

 2 2
1 1 2 222090.999 7434.678 667.807 737.054 170.823LightGHG x x x x= − + − +   (6.17) 

where, GHGHigh = the total life cycle GHG emissions at high traffic level, ton CO2-e;  

GHGMedium = the total life cycle GHG emissions at medium traffic level, ton 

CO2-e;  

GHGLight = the total life cycle GHG emissions at light traffic level, ton CO2-e;  

x1 = the base-10 logarithm of initial RB thickness, mm; 

x2 = the IRI trigger value, m/km. 
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The analysis results of the Type II Model for predicting life cycle GHGs are 

summarized in Table 6.8. The adjusted R2 of the models for high, medium, and low 

traffic levels are 0.673, 0.934, and 0.953, respectively. All the independent variables 

are significant at the 0.05 significance level. Therefore, the life cycle GHGs of the 

pavements without reconstruction can also be well predicted as a function of 

pavement thickness and IRI trigger value. The regression equations for predicting life 

cycle GHGs of the Type II Model are given in Equation(6.18)–(6.20). 

 

Table 6.8 Regression analysis results for predicting the life cycle GHGs at three traffic 

levels (Type II Model: excluding 8 reconstruction cases) 

Model 
Unstandardized 

coefficients 

Standardized 

coefficients 
t-value Sig. 

For High Traffic: The adjusted R2=0.673 

(Constant) 21609.061  2.929 .005** 

x1: Ln(Thickness) (mm) -5200.056 -6.355 -2.029 .047* 

x1
2: Ln(Thickness)2 (mm) 451.817 6.365 2.032 .047* 

x2: IRI trigger value (m/km) -3535.057 -7.352 -9.676 .000***

x2
2: (IRI trigger value)2 (m/km) 784.995 7.741 10.188 .000***

For Medium Traffic: The adjusted R2=0.934 

(Constant) 8749.311  5.339 .000***

x1: Ln(Thickness) (mm) -2382.894 -5.871 -4.187 .000***

x1
2: Ln(Thickness)2 (mm) 216.156 6.138 4.378 .000***

x2: IRI trigger value (m/km) -1024.852 -4.296 -12.629 .000***

x2
2: (IRI trigger value)2 (m/km) 256.606 5.101 14.993 .000***

For Low Traffic: The adjusted R2=0.953 

(Constant) 4301.320  9.673 .000***

x1: Ln(Thickness) (mm) -1138.875 -5.984 -7.215 .000***

x1
2: Ln(Thickness)2 (mm) 111.393 6.588 7.943 .000***

x2: IRI trigger value (m/km) -688.458 -4.805 -17.772 .000***

x2
2: (IRI trigger value)2 (m/km) 162.180 5.367 19.851 .000***

Note: *** means significant at the 0.001 level; * means significant at the 0.05 level. 
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 2 2
1 1 2 221609.601 5200.056 451.817 3535.057 784.995HeavyGHG x x x x= − + − +   (6.18) 

 2 2
1 1 2 28749.311 2382.894 216.156 1024.852 256.606MediumGHG x x x x= − + − +   (6.19) 

 2 2
1 1 2 24301.320 1138.875 111.393 688.458 162.180LightGHG x x x x= − + − +   (6.20) 

where, GHGHigh = the total life cycle GHG emissions at high traffic level, ton CO2-e;  

GHGMedium = the total life cycle GHG emissions at medium traffic level, ton 

CO2-e;  

GHGLight = the total life cycle GHG emissions at light traffic level, ton CO2-e; 

x1 = the base-10 logarithm of initial RB thickness, mm; 

x2 = the IRI trigger value, m/km. 

 

6.5 Multi-objective Optimization 

 

Findings from the previous sections were used to identify the optimum solutions for 

highway pavement management under the principles of sustainable development. The 

economic and social (user delay) dimensions were reflected in the LCC of the 

pavement. The environmental dimension was addressed through two factors: energy 

consumption and GHG emissions. Mathematical models were developed to optimize 

the LCC, energy consumption, and GHG emissions based on two important decision 

variables by highway agency: pavement thickness and roughness threshold. 

 

The multiple objectives to be achieved simultaneously entail the use of 

multi-objective optimization techniques. Two directions may be pursued for 

multi-objective optimization: 1) treating each objective separately and developing a 

set of optimum solutions or 2) transforming the multi-objective optimization problem 

to a single-objective optimization problem by assigning weight factors to individual 

objectives. Both directions were attempted in this study. The former allows the 
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highway decision makers fully understanding the tradeoffs between the objectives, 

while the latter provides a single solution. The findings are expected to help highway 

agencies to make better decisions in pavement design and maintenance. The 

procedure for solving the multi-objective optimization problem in this study is 

illustrated in Figure 6.28.  

 

 

Figure 6.28 The procedure for solving multi-objective optimization problem 

 

6.5.1 Multi-objective nonlinear programming model 
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Pavement RB thickness (designated as x1) and IRI threshold value (designated as x2) 

were determined as two decision variables. The objectives, including LCC, energy 

consumption, and GHG emissions are functions of the two decision variables. Their 

relationships were established by the polynomial regression models developed in the 

previous section. Feasibility in pavement practice was followed to set the constraints 

in the equations. The lower bound of RB thickness was selected to be 50 mm for ease 

of construction, while the upper bound was set to be 600 mm because pavement 

thickness cannot be infinite. The IRI trigger value reflects the tolerance of “bad” 

pavement conditions by highway agency and public users. The minimum achievable 

IRI value after construction is 0.95 m/km, while the IRI trigger value is not allowed to 

exceed 5.05 m/km as recommend by highway agency in Hong Kong. In existing 

studies, available financial resource from highway agency has been commonly used 

as a constraint condition (Fwa et al. 2000, Labi and Sinha 2003, Sathaye and Madanat 

2011). This may be achieved by setting a limit on the agency cost. In Hong Kong, 

however, the budget for constructing and maintaining highway pavements is not fixed. 

The agency is willing to accept a solution that is economic in pavement life cycle and 

beneficial for environment and society. Therefore, the budget constraint is not 

included in the equations. 

 

Because the objective functions for the Type I Model (with reconstruction cases) are 

different than those for Type II Model (without reconstruction cases), two sets of 

formula were developed in Section 6.3.5 and Section 6.4.5. Under each set, different 

traffic levels were treated separately. The equations are presented as follows. 

 

Formulas based on Type I Model  

Objective functions for road with heavy traffic:  
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Minimize 

 2
1 17931151.169 2756627.690 240127.883HighTC x x= − +   (6.21) 

 2
2 2

1 1 24384434.177 1487343.829 129232.065 71098.153 15375.328HighEC x x x x= − + − +   (6.22) 

 2 2
1 1 2 2316550.165 107407.789 9337.436 5218.063 1134.380HighGHG x x x x= − + − +   (6.23) 

 

Objective functions for road with medium traffic:  

Minimize 

 2
1 11818742.141 635338.785 55904.022MediumTC x x= − +   (6.24) 

 2 2
1 1 2 2875082.274 295247.273 25773.224 15734.534 3831.743MediumEC x x x x= − + − +   (6.25) 

 2 2
1 1 2 264527.259 21783.619 1904.127 1180.304 283.923MediumGHG x x x x= − + − +   (6.26) 

 

Objective functions for road with light traffic:  

Minimize 

 2
1 1783292.637 279560.631 25319.163LightTC x x= − +   (6.27) 

 2 2
1 1 2 2294026.020 98815.935 8846.158 9585.766 2259.439LightEC x x x x= − + − +  (6.28) 

 2 2
1 1 2 222090.999 7434.678 667.807 737.054 170.823LightGHG x x x x= − + − +   (6.29) 

Subject to  

1ln(50) ln(600)x≤ ≤   

20.95 5.05x≤ ≤   

 

where, TC = the total LCC, 1000 HK$; 

EC = the total life cycle energy consumption, GJ; 

GHG= the total life cycle GHG emissions, ton CO2-e; 

x1 = the base-10 logarithm of initial RB thickness, mm; 

x2 = the IRI trigger value, m/km. 
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Formulas based on Type II Model  

Objective functions for road with heavy traffic:  

Minimize 

 2 2
1 1 2 2520228.134 137450.296 12343.495 75405.653 14245.837HighTC x x x x= − + − +   (6.30) 

 2 2
1 1 2 2363844.919 94083.565 8088.630 47544.546 10482.388HighEC x x x x= − + − +   (6.31) 

 2 2
1 1 2 221609.601 5200.056 451.817 3535.057 784.995HighGHG x x x x= − + − +   (6.32) 

Subject to  

1ln(200) ln(600)x≤ ≤   

20.95 5.05x≤ ≤   

 

Objective functions for road with medium traffic:  

Minimize: 

 2 2
1 1 2 2171454.701 54011.502 5319.601 14857.908 2986.549MediumTC x x x x= − + − +   (6.33) 

 2 2
1 1 2 2113334.474 30298.589 2720.342 13575.82 3450.944MediumEC x x x x= − + − +   (6.34) 

 2 2
1 1 2 28749.311 2382.894 216.156 1024.852 256.606MediumGHG x x x x= − + − +   (6.35) 

Subject to:  

1ln(200) ln(600)x≤ ≤   

20.95 5.05x≤ ≤   

 

Objective functions for road with light traffic:  

 

Minimize: 

 2 2
1 1 2 2115368.478 37611.574 3928.977 10638.949 2071.040LightTC x x x x= − + − +   (6.36) 

 2 2
1 1 2 253256.147 13608.410 1315.554 8922.028 2141.214LightEC x x x x= − + − +   (6.37) 

 2 2
1 1 2 24301.320 1138.875 111.393 688.458 162.180LightGHG x x x x= − + − +   (6.38) 

Subject to:  
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1ln(150) ln(600)x≤ ≤   

20.95 5.05x≤ ≤   

 

where, TC = the total LCC, 1000HK$; 

EC = the total life cycle energy consumption, GJ; 

GHG = the total life cycle GHG emissions, ton CO2-e; 

x1 = the base-10 logarithm of initial RB thickness, mm; 

x2 = the IRI trigger value, m/km. 

 

6.5.2 Pareto optimal solutions 

 

Generally, there is no single global solution for a multi-objective optimization 

problem. A solution is called Pareto optimal, if no other solution can simultaneously 

improve all the objective values as defined by the objective functions. Multi-objective 

optimization problems commonly have multiple, even infinite solutions. 

Mathematically, all the Pareto optimal solutions are equally acceptable (Wu 2008). In 

practice, it may be useful to present the decision makers the set of Pareto optimal 

solutions, from which they weigh the tradeoffs among the conflicting objectives and 

subjectively choose a solution that best meets their needs. Due to the relative simple 

form of the multi-objective equations, RB thickness and IRI trigger values were first 

transformed into discrete variables by making RB thickness to increase 1 cm and IRI 

value to increase 0.05 m/km every time from their respective lower ends till the upper 

ends. The complete enumeration method was used to identify the set of Pareto optimal. 

The range of decision variables for optimum solutions for both Type I Model and 

Type II Model with different traffic volumes is listed in Table 6.9. The ranges of RB 

thickness for optimum solutions imply that no reconstruction activities are scheduled 
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for the optimum scenarios. If no reconstruction is considered, Type II Model are more 

appropriate because they are based on cases without reconstruction. Therefore, only 

optimum solutions for Type II Model were further analyzed. 

 

Table 6.9 The range of decision variables for optimal solutions 

Traffic Type I Model Type II Model 

Heavy 
traffic 

RB thickness [ ]310,320∈ mm 

IRI trigger value [ ]2 .30, 2 .55∈ m/km 

RB thickness [ ]260,340∈ mm 

IRI trigger value [ ]2.25, 2 .65∈ m/km 

Medium 

traffic 

RB thickness [ ]290,310∈ mm 

IRI trigger value [ ]2 .05, 2 .55∈ m/km 

RB thickness [ ]200, 260∈ mm 

IRI trigger value [ ]1 .95, 2 .50∈ m/km 

Light 

traffic 

RB thickness [ ]250, 270∈ mm 

IRI trigger value [ ]2.10, 2 .60∈ m/km 

RB thickness [ ]150,180∈ mm 

IRI trigger value [ ]2.10, 2 .55∈ m/km 

 

6.5.2.1 2D presentation of the Pareto optimal set  

 

Each optimum solution consists of three values: LCC, energy consumption, and GHG 

emissions. To clearly show the relationships between the optimum values, each pair of 

the three values is presented in a 2D plot (Pareto frontier) as shown in Figure 

6.29-Figure 6.31. The Pareto frontier of any of the two objectives facilitates the 

decision makers to select their preferred optimum solutions. 

 

The plots reveal a curvilinear relationship between cost and energy consumption, as 

well as between cost and GHG emissions. An approximately linear relationship can be 

detected between energy consumption and GHG emissions, indicating that lower 

energy consumption corresponds to lower GHG emissions. The values of cost, energy 

consumption, and GHG emissions appear to be sensitive to the change of traffic levels. 

As the values in the plots are already the optimum solutions, the ranges of the 

optimum values appear not large. 



258 
 

 

 

Figure 6.29 Pareto optimal sets for two objectives: Type II Model at heavy traffic 
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Figure 6.30 Pareto optimal sets for two objectives: Type II Model at medium traffic 

 

Figure 6.31 Pareto optimal sets for two objectives: Type II Model at light traffic 
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6.5.2.2 3D presentation of the Pareto optimal set  

 

To present the relationships among all the three optimum values, 3D plots were 

developed and shown in Figure 6.32–Figure 6.34. 

 

 

Figure 6.32 3D plot of the Pareto frontier of the Type II Model at heavy traffic 

 

 

Figure 6.33 3D plot of the Pareto frontier of the Type II Model at medium traffic 
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Figure 6.34 3D plot of the Pareto frontier of the Type II Model at light traffic 

 

6.5.3 Goal Programming solutions 

 

Goal programming (GP) can simultaneously optimize two or more conflicting 

objectives subject to certain constraints. In GP, a multi-objective programming 

problem is transformed into a single-objective linear or nonlinear programming 

problem. The fundamental theory behind GP is to find a feasible solution as close as 

possible to a given target goal 
iG  which is specified for each objective function

( )if x . The aim of GP is to minimize the total deviation from all the goals
1

m
hi

i

=

, where 

hi is the deviation from the goal Gi for the ith objective. Using underachievement hi
+  

and overachievement hi
−  to represent the absolute value of hi, one can obtain 

h h hi i i
+ −= + , with , 0, 0h h h hi i i i

+ − + −≥ ⋅ = . Hence, the optimization problem of a GP model is 

formulated as: 

 

Minimize: 
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   ∑                                               (6.39) 

Subject to: 

   ( )i i if x h h G+ −+ − = , i=1,…m.                                     (6.40) 

   , 0i ih h+ − ≥ , i=1,…m.                                            (6.41) 

   0i ih h+ −⋅ = , i=1,…m.                                            (6.42) 

where, Gi-max, Gi-min = upper bound and lower bound of the ideal solution range for the 

ith objective; 

      ,i ih h+ −
= the positive and negative deviation variables for the ideal solution for 

the ith objective; 

fi(x) = objective function for the thi  objective. 

 

Weight may be assigned to different goals. Depending on if weight is assigned to each 

objective function, GP can be categorized into two types: non-preemptive GP and 

preemptive GP. Non-preemptive GP treats each goal equally, while preemptive GP is 

the opposite. For illustration purpose, non-preemptive goal programming method was 

used in this study.  

 

The payoff table for GP is shown in Table 6.10 (Wu 2008). In performing GP, the 

single objective optimization was first performed for each individual goal. The single 

optimal value is designated as Gi, where i is the ith objective. For each objective 

function, the maximum value from the Pareto optimal set was selected as the upper 

range of the solutions, i.e., Gi-max. The single objective optimization and GP results are 

shown in Table 6.11. 
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Table 6.10 A payoff table for optimization problem in this study 

Scenarios G1 G2 G3 
Min. G1=f1(x) Optimal value Non-optimal value Non-optimal value 
Min. G2=f2(x) Non-optimal value Optimal value Non-optimal value 
Min. G3=f3(x) Non-optimal value Non-optimal value Optimal value 
Range value of the 
ideal solution  

[G1-min, G1-max] [G2-min, G2-max] [G3-min, G3-max] 

Table 6.11 shows some interesting results regarding pavement thickness and 

maintenance optimization. It appears that the optimization of a single goal leads to 

different optimum solutions. For instance, from the perspective of total LCC, the 

optimum RB thickness is about 262 mm and IRI trigger value is about 2.65 m/km, 

while from the perspective of energy consumption, the optimum RB thickness and IRI 

trigger value becomes 336 mm and 2.27 m/km, respectively. It appears that cost 

savings favor the use of a thinner pavement and higher IRI trigger value, while 

environmental conservation favors the use of a thicker pavement and lower IRI trigger 

value. This trend is true for pavements of all the traffic levels. Assuming that all the 

goals are equally important, the optimum solutions and the values of LCC, energy 

consumption, and GHG emissions are shown in the last column of Table 6.11. It 

appears that traffic levels mainly affect optimum RB thickness, but not the IRI trigger 

values. The goal programming scripts in MATLAB are shown in Appendix 8.  

Table 6.11 Optimization results for Type II Model (excluding 8 reconstruction cases) 

Traffic Single-objective optimization results 
Multiple-objective 
optimization results 

Heavy 
Traffic 

For TC, the optimum RB=261.83mm, IRI=2.6466m/km 
For EC, the optimum RB=335.56mm, IRI=2.2678m/km 
For GHG, the optimum RB=315.64mm, IRI=2.2516m/km

Optimum RB=292.16mm, 
IRI=2.4685m/km; 
TC=38402 (1000 HK$) 
EC=36925 (GJ) 
GHG=2707 (ton CO2-e) 

Medium 
Traffic 

For TC, the optimum RB=200mm, IRI=2.4875m/km 
For EC, the optimum RB=262.15mm, IRI=1.9670m/km 
For GHG, the optimum RB=247.65mm, IRI=1.9969m/km

Optimum RB=200mm ，
IRI=2.1545m/km; 
TC=16469 (1000 HK$) 
EC=15939 (GJ) 
GHG=1175 (ton CO2-e) 

Light 
Traffic 

For TC, the optimum RB=150.00mm，IRI=2.5685m/km 
For EC, the optimum RB=176.28mm,IRI=2.0834 m/km 
For GHG, the optimum RB=166.00mm,IRI=2.1225m/km 

Optimum RB=150.00mm,
IRI=2.2858m/km; 
TC=12056 (1000 HK$) 
EC=8892 (GJ) 
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GHG=665 (ton CO2-e) 

 

6.6 Chapter Summary 

 

An integrated approach was developed for the optimization of highway pavement life 

cycle design and maintenance decisions. Pavement ME Design simulation was used to 

predict pavement performance based on decision variables. A total of 706 simulations 

for 206 design scenarios were conducted in the study. The predicted performance was 

used to perform LCCA and LCA. Regression models were developed to estimate the 

results of LCCA and LCA with the decision variables. The regression models were 

subsequently used as the objective functions in nonlinear, multi-objective 

optimization nonlinear programming that aims to find the optimum solutions within 

the feasible constraints. In addition, goal programming was used to consolidate the 

multi-objective optimization problems into single-objective optimization problem. 

Several conclusions can be drawn from the analysis process. 

 

1) LCC, energy consumption, and GHG emissions of flexible pavement at different 

traffic levels can be well predicted by pavement thickness and roughness trigger 

values for resurfacing. 

2) For road pavement subjects to heavy traffic, LCC is mainly attributed to road user 

costs, while for pavements subject to medium or light traffic, LCC is mainly 

attributed to agency costs. 

3) For road pavement at all the traffic levels, the life cycle energy consumption and 

GHG emissions are mainly attributed to road users. 

4) Pavements without the need for reconstruction in the analysis period are more 

economic and environmentally friendly than those having to be reconstructed. 
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However, too conservative designs also lead to high cost, energy consumption and 

GHG emissions. The optimum thickness and IRI trigger values are dependent on 

traffic levels. 

5) The optimum pavement thickness and IRI trigger values concentrate on a 

relatively narrow range. However, the optimum solution for the three objectives 

does not coincide with each other. A decision maker will have to weigh the 

tradeoffs between cost saving and environmental conservation in determining 

pavement design and maintenance solutions. 
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CHAPTER 7 CONCLUSION 

 

7.1 Summary of the Study 

 

The overall goal of the study is to apply sustainable development principles to the 

management of flexible highway pavement in its life cycle. The specific objectives 

include: to identify critical sustainability concerns throughout the life cycle of flexible 

highway pavement; to assess the effects of management decisions on pavement life 

cycle costs (LCC); to assess the effects of management decisions on the 

environmental impacts of the pavement; to evaluate the effects of management 

decisions on the social impacts of the pavement; and to optimize management 

decisions based on sustainability principles. Major research activities in achieving the 

objectives are presented in different chapters, which are summarized as follows. 

 

Chapter 1 introduces the research background and objectives. 

 

Chapter 2 presents a thorough literature review guided by the research objectives. The 

purpose of the literature review is to understand the current research status, identify 

critical research gaps, and develop general directions to tackle the research questions. 

The review is summarized into several sections, including the life cycle of highway 

pavement, pavement-related sustainability issues, and optimization of management 

decisions in the life cycle of highway pavement. The literature review lays a solid 

foundation for the development of research framework. 

 

Chapter 3 focuses on the development of an integrated framework for evaluating the 

different aspects of highway pavement sustainability. The major components of the 
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framework include calibrated mechanistic-empirical (ME) pavement design 

simulation, life cycle cost analysis (LCCA), life cycle assessment (LCA), 

experimental tests, and multi-objective optimization model. The methods and tools 

provided by the components enable the author to evaluate the engineering, economic, 

environmental, and social impacts of management decisions and optimize the 

decisions. 

 

Chapter 4 addresses a research gap identified in Chapter 2. Integrated thermodynamic 

models and a software tool were developed to assist accurate estimation of energy 

consumption and greenhouse gas (GHG) emissions in asphalt mixture production. 

The theoretical models were validated through data collected from six asphalt mixture 

plants and seventy-five production events. The developed software, named Green 

Asphalt Calculator, is anticipated to help estimate both costs and environmental loads 

in asphalt mixture production. 

 

Chapter 5 focuses on one of the social dimensions of sustainability—occupational 

hygiene. The health impacts of asphalt fumes, including volatile organic compounds 

(VOCs) and particulate matters (PMs), generated in asphalt pavement construction 

were studied. Field sampling, laboratory tests, and risk assessment were carried out. 

VOCs samples (sample size=40) were collected at different time points and locations 

from five asphalt pavement construction projects; their chemical compositions and 

concentrations were analyzed by using Gas chromatography (GC) coupled with mass 

selective detector (GC-MSD). Fifty-eight PMs samples were collected from twelve 

construction projects; the PMs samples were analyzed both by the gravimetric method 

for the determination of concentration and high-performance liquid chromatography 

(HPLC) for the identification of chemical compositions. The dominant chemical 
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compounds were analyzed in detail and reviewed for potential health effects. 

Mitigation measures were also discussed. 

 

Chapter 6 discusses the results of optimizing pavement design and maintenance 

decisions to enhance three sustainability objectives: cost, energy consumption, and 

GHG emissions. A total of 706 ME pavement analysis simulations for 206 design 

scenarios were generated to predict pavement performance based on decision 

variables at three traffic levels. The predicted performance was used to perform 

LCCA and LCA. Polynomial regression models were developed to estimate the LCC, 

life cycle energy consumption, and GHG emissions from pavement thickness and 

roughness trigger value. Multi-objective nonlinear programming models were 

formulated and used to develop a Pareto set of optimal solutions, while goal 

programming models were used to identify a single optimum solution for pavement at 

each traffic level. 

 

7.2 Major Findings  

 

The research objectives have been accomplished through the above research activities. 

The resultant major findings are summarized as follows. 

 

(1) Critical sustainability concerns in the life cycle of highway flexible pavement 

in the local context 

 

Sustainability needs to be addressed from the local context (Wang et al. 2012b). 

Sustainability concerns that are most relevant to the highway pavement industry and 

decision makers in Hong Kong were identified in the study. LCC (agency and road 



269 
 

users) was used to represent the comprehensive economic impact, energy 

consumption and GHG emissions were used to represent the environmental impacts, 

and mobility, safety, and health were chosen to represent the social impacts of 

highway pavement. 

 

(2) Methodological framework for the assessment of the critical sustainability 

concerns 

 

A methodological framework was developed for assessing the identified critical 

sustainability concerns related to highway pavement. In particular, the localized and 

calibrated ME pavement analysis is capable of accurately predicting pavement 

performance using local climate, traffic, and material property data. The proposed 

LCA model covers nearly all the significant contributors to energy consumption and 

GHG emissions during the pavement’s life cycle. 

 

(3) Models and tool for estimating energy consumption and GHG emissions in 

asphalt mixture production 

 

The thermodynamic models and a software tool for estimating energy consumption 

and GHG emissions in asphalt mixture production were developed. It was found that 

production factors, material properties, environmental factors, and equipment 

properties can be used to estimate energy consumption and GHG emissions with 

relatively high accuracy. The aggregate temperatures before and after production, 

exhaust gas temperature, and moisture content are the most important factors in 

determining fuel consumption and GHG emissions. In addition, energy consumption 

and GHG emissions vary with asphalt mixture types. 
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(4) The health effects of asphalt fumes generated in real pavement construction 

conditions 

 

The study found that workers exposed in asphalt pavement construction environment 

over a long term are subject to health risks. VOCs and PMs are the gaseous and 

particulate portions of the asphalt fumes, respectively. The exposure levels to VOCs 

and PMs are related to job tasks and time points in the pavement construction process. 

Material types affect the workers’ exposure to the intensity of VOCs and PMs. 

Weather conditions and productivity also affect the concentrations of VOCs and PMs. 

The majority of the identified chemicals are listed as hazardous materials by various 

occupational regulatory agencies. Although their individual concentrations are below 

the mandated or recommended exposure limits (except for a few chemicals whose 

toxicological profiles have not been developed), the effects of the mixed pollutants as 

a whole remain unknown. 

 

(5) Sustainable highway pavement design and maintenance decisions 

 

Insights were gained on the effects of pavement thickness and roughness trigger 

values (for resurfacing) on the LCC, energy consumption, and GHG emissions. For 

instance, for road pavements subject to heavy traffic, LCC was found to be mainly 

attributed to road user costs; for pavements subject to medium or light traffic, LCC 

was mainly attributed to agency costs; for pavements of all traffic levels, the life cycle 

energy consumption and GHG emissions were mainly attributed to road users. 

 

The developed polynomial regression models enable the prediction of LCC, energy 
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consumption, and GHG emissions using pavement thickness and roughness trigger 

values as independent variables. Optimum pavement design and maintenance 

decisions at three traffic levels were identified in the study. They are presented as a 

Pareto-optimal set, which allows evaluating the tradeoffs among the different 

optimum decisions; or single values by assuming all the objectives are equally 

important. The analysis results suggest that durable road pavements (without the 

needs for reconstruction) are in general more sustainable. 

 

7.3 Significance and Contributions 

(1) Theoretical contributions 

 

A comprehensive life cycle analysis framework for evaluating and enhancing the 

sustainability of highway flexible pavements was developed from the perspective of 

effective public asset management. The developed LCA model covers nearly all the 

significant contributors to cumulative energy consumption and GHG emissions during 

the life cycle of flexible pavement. The LCA model is a consolidation of several 

self-developed sub-models (or modules) and available resources. Especially, the “use” 

module and “congestion” module, which are routinely neglected in most existing 

studies, were incorporated. 

 

Pavement construction has been traditionally considered from the perspectives of 

engineering performance and cost savings. In this study, theoretical thermodynamic 

models were integrated and calibrated to estimate the environmental performance of 

different pavement mixtures. The environmental performance of a project may add to 

a new dimension to assess the successfulness or viability of the project. 
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A sound and feasible approach has been developed to address the occupational health 

risks of construction workers. The approach consists of (1) workface sampling, (2) 

laboratory testing, (3) risk assessment by using the theory of “hazard quotient”, and (4) 

identification of opportunities for risk mitigation. The approach is expected to 

promote the health and wellbeing of construction workers exposed to a hazardous 

work environment. 

 

This research creatively integrates the methods and tools in engineering, statistics, and 

management science to solve a complicated problem. To the author’s best knowledge, 

this study is the first attempt to develop regression models for the prediction of 

pavement performance based on ME pavement analysis methods, and then to use the 

models as objective functions in multi-objective optimization. This paves the way to 

use cross-disciplinary approaches to addressing problems with engineering, 

management and social issues. Similar procedure may be applied to the management 

of other types of civil engineering infrastructures or buildings. 

 

(2)Practical contributions and policy implications 

 

A variety of tools have been localized, calibrated, and developed, which assist 

pavement practitioners in better applying sustainable development principles into the 

management of flexible highway pavement. The practical contributions include the 

following items. 

 

This study calibrated and localized the mechanistic-empirical pavement design guide 

(ME-PDG) based on Hong Kong’s climate, traffic, and material properties data. This 

is the first attempt in the context of Hong Kong. This localized and calibrated design 
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process will assist pavement agencies designing pavements more effectively and 

efficiently. 

 

This study evaluated the use of FHWA (Federal Highway Administration) RealCost 

software (Version 2.5) with a supplementary vehicle operating costs calculation model 

for LCCA of highway pavement. The traffic information, unit cost, and construction 

activities were based on real situations in Hong Kong, which may assist the highway 

agency comparing and selecting the most cost-effective design alternatives.  

 

This study developed a software tool named Green Asphalt Calculator (GAC) based 

on the validated thermodynamic models for accurate estimation of energy 

consumption and GHG emissions during asphalt mixture production. This GAC tool 

can help estimate the energy use of different materials under various production 

conditions. Pavement practitioners can easily utilize such information to estimate the 

cost and identify the potential areas that may be improved for energy saving. This 

user-friendly software may also serve as a tool for energy or emission auditing. 

 

The findings of this research also contribute to policy development by the highway 

agency in Hong Kong. The findings from Chapter 6 indicate that long life flexible 

pavement is more cost-effective and environmentally friendly. The findings have been 

adopted in the latest Hong Kong Highways Department (HyD) Guidance Note on 

“Pavement Design for Carriageway Construction” (RD/GN/042) (HKHyD 2013). The 

HyD guideline states that “a design life of 40 years is generally recommended for new 

flexible pavement. With this life span, it is expected that no structure reconstruction is 

required under normal circumstances and the service life of the pavement structure 

can be sustained by minor repairs coupled with resurfacing at appropriate intervals.” 
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The optimum design thickness and the roughness threshold values may be 

implemented to further enhance sustainability. 

 

7.4 Limitations 

 

This study has several limitations that are worth of further investigation in the future. 

Firstly, the sustainability indicators for life cycle pavement optimization were 

constrained by available data. For example, data about pavement roughness or 

construction activities on road user safety were not available and not considered in 

this study. Secondly, only the most commonly used materials were considered in this 

study for optimizing design and maintenance decisions. Thirdly, asphalt fumes were 

only sampled from several project sites in Hong Kong and Mainland China. As a 

result, the concentrations and compositions of asphalt fumes were limited to common 

mixture types, and the effects of weather conditions were not fully considered. 

 

7.5 Recommendations for Future Work 

 

The methodologies and models developed in the study may be further improved 

and/or extended in the following directions. 

 

(1) The life cycle optimization framework for evaluating and enhancing the 

sustainability of flexible highway pavement may be further improved by revising 

the existing input factors and adding other relevant ones. Traffic volumes may be 

considered as a continuous variable instead of as a discrete variable. The impacts 

of asphalt mixture types on pavement performance, LCC, and life cycle 

environmental impacts may be incorporated. In this study, only one type of 
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maintenance technique (resurfacing) was considered. Although resurfacing is the 

only maintenance technique used in Hong Kong, a variety of other maintenance 

techniques are available and they are widely used in other regions. In future 

studies, alternative rehabilitation and maintenance methods may be incorporated 

into the life cycle optimization framework. 

 

(2) The use of environmentally friendly materials and technologies in highway 

pavements has attracted increasing interests among the pavement researchers and 

the industry. Examples include warm-mix asphalt (WMA), reclaimed asphalt 

pavement (RAP), glasphalt, and crumb-rubber modified asphalt (CRMA). The life 

cycle optimization model in the future may include the assessment of such 

materials and technologies. 

 

(3) The health impacts of asphalt fumes on pavement construction workers may be 

further studied. In particular, the health effects of the mixed PAHs (Polycyclic 

Aromatic Hydrocarbons) in asphalt fumes deserve an in-depth study. Some other 

influencing factors on the exposure levels may be explored, including but not 

limited to paving temperature, ambient temperature, and material types. Effective 

mitigation measures also need to be developed and verified. 
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APPENDICES 

Appendix 1: Summary of Pavement ME Design Input Variables for WC 

 Items Value Input level 

Asphalt Layer 

 Layer thickness (mm) 40  

Mixture Volumetric 

 Unit weight (kg/m3) 2400 Input level 3: Default 
value 

 Effective binder content (%) 10.7 Input level 1: Actual 
experiment results  

 Air voids (%) 3.5 Input level 1: Actual 
experiment results 

 Poisson’s ratio 0.35 Input level 3: Default 
value 

Mechanical Properties 

 Dynamic modulus Gradation Percent Passing 
19 mm-inch sieve  97% 
9.50mm sieve     79% 
4.75mm sieve     62% 
0.075mm sieve    7.8% 

Input level 2: Using 
aggregate gradation 

 G star predictive model Use viscosity based model (nationally calibrated) 

 Reference temperature (deg C) 21.1 Input level 3: Default 
value 

 Asphalt binder Temperature  Binder G*  Phase 
angle 
58.1℃      5834.26Pa     85.34 °
64℃        2281.40Pa     86.9 °
70 ℃         980.34Pa  
87.95 ° 

Input level 1: Actual 
experiment results using 
SuperPave system 

 Indirect tensile strength at -10 
deg C (MPa) 

2.67 Input level 1: Actual 
experiment results 

 Creep compliance (1/GPa)  Input level 3: Default 
value 

Thermal 

 Thermal 
conductivity(watt/meter-kelvin) 

1.16 Input level 3: Default 
value 

 Heat capacity (joule/kg-kelvin) 963 Input level 3: Default 
value 

 Thermal contraction 1.859E-05 Input level 3: Calculated 
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Appendix 2: Summary of Pavement ME Design Input Variables for BC 

 Items Value Input level 

Asphalt Layer 

 Thickness (mm) 60  

Mixture Volumetric 

 Unit weight (kg/m3) 2400 Input level 3: Default 
value 

 Effective binder content (%) 9.6 Input level 1: Actual 
experiment results  

 Air voids (%) 4.2 Input level 1: Actual 
experiment results 

 Poisson’s ratio 0.35 Input level 3: Default 
value 

Mechanical Properties 

 Dynamic modulus Gradation Percent Passing 
19 mm-inch sieve  91% 
9.50mm sieve     68% 
4.75mm sieve     49% 
0.075mm sieve    5.8% 

Input level 2: Using 
aggregate gradation 

 G star predictive model Use viscosity based model (nationally calibrated) 

 Reference temperature (deg C) 21.1 Input level 3: Default 
value 

 Asphalt binder Temperature  Binder G*  Phase 
angle 
58.1℃      5834.26Pa     85.34 °
64℃        2281.40Pa     86.9 °
70 ℃         980.34Pa  
87.95 ° 

Input level 1: Actual 
experiment results using 
SuperPave system 

 Indirect tensile strength at -10 
deg C (MPa) 

2.89 Input level 1: Actual 
experiment results 

 Creep compliance (1/GPa)  Input level 3:Predefined 
calculation program 

Thermal 

 Thermal 
conductivity(watt/meter-kelvin) 

1.16 Input level 3: Default 
value 

 Heat capacity (joule/kg-kelvin) 963 Input level 3: Default 
value 

 Thermal contraction 1.859E-05 Input level 3: Calculated 
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Appendix 3: Summary of Pavement ME Design Input Variables for RB 

 Items Value Input level 

Asphalt Layer 

 Thickness From 50 to 500 with an increment of 

50 

 

Mixture Volumetric 

 Unit weight (kg/m3) 2400 Input level 3: Default 

value 

 Effective binder content (%) 7 Input level 1: Actual 

experiment results  

 Air voids (%) 4 Input level 1: Actual 

experiment results 

 Poisson’s ratio 0.35 Input level 3: Default 

value 

Mechanical Properties 

 Dynamic modulus Gradation Percent Passing 

19 mm-inch sieve  72% 

9.50mm sieve     56% 

4.75mm sieve     46% 

0.075mm sieve    6.5% 

Input level 2: Using 

aggregate gradation 

 G star predictive model Use viscosity based model (nationally calibrated) 

 Indirect tensile strength at -10 

deg C (MPa) 

3.74 Input level 1: Actual 

experiment results 

 Creep compliance (1/GPa)  Input level 3:Predefined 

calculation program 

Thermal 

 Thermal 

conductivity(watt/meter-kelvin) 

1.16 Input level 3: Default 

value 

 Heat capacity (joule/kg-kelvin) 963 Input level 3: Default 

value 

 Thermal contraction 1.859E-05 Input level 3: Calculated 
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Appendix 4: Summary of Pavement ME Design Input Variables for Sub-base 

 Items Value Input level 

Unbound 

 Layer thickness (mm) 225  

 Poisson’s ratio 0.35 Input level 3: Default value 

 Coefficient of lateral 

earth pressure  

0.5 Input level 3: Default value 

Modulus 

 Resilient modulus (MPa) 172.4 Input level 3: Modify input values by 

temperature/moisture 

Sieve 

 Gradation  A-1-a  

 Sieve Sieve size Percent Passing 

0.075mm  8.70% 

0.180mm  12.9% 

0.425mm  20.0% 

2.000mm  33.8% 

4.750mm  44.7% 

9.500mm  57.2% 

12.50mm  63.1% 

19.00mm  72.7% 

25.00mm  78.8% 

37.50mm  85.8% 

50.00mm  91.6% 

75.00mm  100% 

 

 Liquid limit 6  

 Plasticity index 1  
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Appendix 5: Summary of Pavement ME Design Input Variables for Subgrade 

 Items Value Input level 

Unbound  

 Layer thickness (mm) Semi-infinite Input level3: Default value 

 Poisson’s ratio 0.35 Input level 3: Default value 

 Coefficient of lateral earth pressure 0.5 Input level 3: Default value 

Modulus 

 Resilient modulus (MPa) 103.3 Input level 3: Modify input 

values by temperature/moisture 

Sieve 

 Gradation  A-4 Input level 1: Actual sieving 

results in Hong Kong according 

to HyD Guidance Notes No. 

RD/GN/012. 

 Sieve Sieve size Percent 

Passing 

0.075mm  60.6% 

0.180mm  73.9% 

0.425mm  82.7% 

2.000mm  89.9% 

4.750mm  93.0% 

9.500mm  95.6% 

12.50mm  96.7% 

19.00mm  98.0% 

25.00mm  98.7% 

37.50mm  99.4% 

50.00mm  99.6% 

90.00mm  99.8% 

 Liquid limit 32.8 

 Maximum dry unit weight(kg/m3) 1800 

 Specific gravity of solids 2.65 

 Optimum gravimetric water 

content (%) 

15.5 
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Appendix 6: Summary of RealCost Input Variables 

 Items Value 

Analysis Option 

 Analysis period  40 years 

 Discount rate 0% 

Traffic Data 

 Two-way AADT1 For heavy traffic level: 28571; 

For medium traffic level: 14286; 

For light traffic level: 7143. 

 Percentage of passenger car of AADT2 30.0% 

 Percentage of single unit truck of AADT3 55.4% 

 Percentage of combination truck of AADT3 14.6% 

 Annual growth rate of traffic3 0% 

 Speed limit under normal operating conditions3 100kph 

 Lanes open in each direction under normal condition3 2 

 Free flow capacity4 1630vphpl 

 Queue dissipation capacity5 1333vphpl 

 Maximum two-way AADT6 127407 

 Maximum queue length3 1 km 

 Value of time for passenger cars7 57.34 HK$/hour 

 Value of time for single unit trucks7 91.80 HK$/hour 

 Value of time for combination trucks7 110.47 HK$/hour 

 Inbound and outbound3 Account for 50% respectively 

 AADT hourly distribution3 Derived from WIM data. 

 Added time per 1000 stops (hours) Default value 

 Added cost per 1000 stops US Inflation Calculator and change 

rate between US dollars and HK 

dollars are used to escalate the added 

cost.  

 Idling cost per vehicle-hour Same as above 

 Agency construction cost  According to Table 1 

 Activity service life According to ME Design results 

 Activity structural life  Same as activity service life 

 Work zone length 1 km 

 Work zone durations For initial construction, 90days; 

For reconstruction, 45 days; 

For resurfacing, 15 days. 
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 Work zone capacity8 815 vphpl 

 Work zone speed limit3 40 kph 

 No. of lanes opened in each direction during work 

zone 

1 

 Traffic hourly distribution  Same as input in ME Design 

 Work zone hours Period of lane closure is from 0:00 to 

24:00. 
 

1 Two-way AADT is derived from Table 1. 
2 Percentage of passenger car is based on three WIM stations real data. 
3 All are according to inputs of ME Design. 
4 Free flow capacity is calculated using Eq. 1. 

Free Flow Capacity: 
100

100 ( 1)

F
FC

P E

⋅=
+ ⋅ −

 (Eq. 1) 

where, FC= free flow capacity (vehicle per hour per lane, vphpl); 

F= roadway capacity (passenger car per hour per lane, pcphpl), 2200 pcphpl for 

two-lane highways; 

P= percentage of heavy vehicles, 70 percentage in this study; 

E= passenger car equivalent, 1.5 for level terrain. 

Therefore, FC= 1630 vphpl in this study. 

 
5 Queue dissipation capacity is calculated using Eq. 2. 

Queue Dissipation Capacity: 
100

100 ( 1)

Q
QC

P E

⋅=
+ ⋅ −

 (Eq. 2) 

where, QC= queue dissipation capacity (vehicle per hour per lane, vphpl); 

Q= base capacity (passenger car per hour per lane, pcphpl), 1800 pcphp for two-lane 

highways; 

P=percentage of heavy vehicles, 70 percentage in this study; 

E=passenger car equivalent, 1.5 for level terrain. 

Therefore, QC=1333 vphpl. 

 
6 Maximum AADT is calculated using Eq. 3. 

Maximum AADT (total for both directions): max

100

100 ( 1)

M N
AADT

P E

⋅ ⋅=
+ ⋅ −

 (Eq. 3) 

where, AADTmax= maximum AADT (total for both directions); 
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M= 43000 for two-lane highways; 

N= number of lanes (total for both directions), 4 lanes in this study; 

P= percentage of heavy vehicles, 70 percentage in this study; 

E= passenger car equivalent, 1.5 for level terrain. 

Where, AADTmax=127407. 

 
7 “Travel Characteristics Survey 2011 Final Report” copyrighted by Hong Kong Transport 

Department provided the vehicle value of time in 2011, the escalation factor which is the 

combination of Hong Kong Composite CPI values in both the year of 2011 and 2013 is used 

to update the data. (Reference: Travel Characteristics Survey 2011 Final Report, Hong Kong 

Transport Department, Released on February 2014). 
8 Work zone capacity is calculated in Eq. 4.  

Work Zone Capacity: 
100

100 ( 1)

W
WC

P E

⋅=
+ ⋅ −

 (Eq. 4) 

where, WC= work zone capacity (vehicle per hour per lane, vphpl)); 

W= base work zone capacity (passenger car per hour per lane, pcphpl), 1100 pcphl for 

two-lane highways; 

P= percentage of heavy vehicles, 70 percentage in this study; 

E= passenger car equivalent, 1.5 for level terrain. 

Therefore, WC=815 vphpl. 
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Appendix 7: Summary of Pavement ME Design Input Variables for Resurfacing 

Design Simulation 

 Items Value Input level 

AC Layer Properties 

 AC surface shortwave absorptivity 0.85 Input level 3: Default value 

 Endurance limit (micro strain) 100 Input level 3: Default value 

 Layer interface Full friction interface, 

1.0 indicates the full 

adhesion bounding for all 

interfaces.  

Input level 1: Filed 

experiment 

Rehabilitation 

 Condition of existing flexible 

pavement 

Rehabilitation level 2 

 

Input level 2 

 Milled thickness (mm) 40  

 Fatigue cracking According to the last 

activity design 

simulation output  

Input level 2 

 Rut depth (mm) for base course According to the last 

activity design 

simulation output 

Input level 2 

 Rut depth (mm) for roadbase According to the last 

design simulation output

Input level 2 

 Rut depth (mm) for sub-base According to the last 

activity design 

simulation output 

Input level 2 

 Rut depth (mm) for subgrade According to the last 

activity design 

simulation output 

Input level 2 
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Appendix 8: MATLAB Scripts for Chapter 6 

 

lc 

clear all 

%%%%For heavy traffic Type I Model%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

TC=@(x) 7931151.169-2756627.690*x(1)+ 240127.883*x(1)^2 

EC=@(x) 4384434.177-1487343.829*x(1)+129232.065*x(1)^2-71098.153*x(2)+15375.328*x(2)^2; 

GHG=@(x) 316550.165-107407.789*x(1)+9337.436*x(1)^2-5218.063*x(2)+1134.380*x(2)^2; 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

JQ=@(x)(0.33*(7931151.169-2756627.690*x(1)+ 

240127.883*x(1)^2)+0.33*(4384434.177-1487343.829*x(1)+129232.065*x(1)^2-71098.153*x(2)

+15375.328*x(2)^2)+0.33*(316550.165-107407.789*x(1)+9337.436*x(1)^2-5218.063*x(2)+1134.

380*x(2)^2)); 

lb=[log(50); 0.95];  

ub=[log(600); 5.05]; 

w0=rand(2,1); 

options = optimset(optimset('fmincon'), 'Display', 'off', 'Algorithm', 'sqp' ); 

% TC optimization 

[x1,g1,exitflag,output] =fmincon(TC,w0,[],[],[],[],lb,ub,[],options)   

% EC optimization 

[x2,g2,exitflag,output] =fmincon(EC,w0,[],[],[],[],lb,ub,[],options)   

% GHG optimization 

[x3,g3,exitflag,output] =fmincon(GHG,w0,[],[],[],[],lb,ub,[],options)   

% g=[g1;g2;g3]  

[xg,fvalg,attainfactor,exitflag]=fgoalattain('fht3a',w0,g,g,[],[],[],[],lb,ub)  

 

clc 

clear all 

%%%%For heavy traffic Type II 

Model%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

TC=@(x) 520228.134-137450.296*x(1)+12343.495*x(1)^2-75405.653*x(2)+14245.837*x(2)^2;  

EC=@(x) 363844.919-94083.565*x(1)+8088.630*x(1)^2-47544.546*x(2)+10482.388*x(2)^2; 

GHG=@(x) 21609.601-5200.056*x(1)+451.817*x(1)^2-3535.057*x(2)+784.995*x(2)^2; 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

JQ=@(x)(0.33*(520228.134-137450.296*x(1)+12343.495*x(1)^2-75405.653*x(2)+14245.837*x(2)^2

)+0.33*(363844.919-94083.565*x(1)+8088.630*x(1)^2-47544.546*x(2)+10482.388*x(2)^2)+0.33

*(21609.601-5200.056*x(1)+451.817*x(1)^2-3535.057*x(2)+784.995*x(2)^2)); 

lb=[log(200); 0.95];  
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ub=[log(600); 5.05]; 

w0=rand(2,1); 

options = optimset(optimset('fmincon'), 'Display', 'off', 'Algorithm', 'sqp' ); 

% TC optimization 

[x1,g1,exitflag,output] =fmincon(TC,w0,[],[],[],[],lb,ub,[],options)   

%EC optimization 

[x2,g2,exitflag,output] =fmincon(EC,w0,[],[],[],[],lb,ub,[],options)   

% GHG optimization 

[x3,g3,exitflag,output] =fmincon(GHG,w0,[],[],[],[],lb,ub,[],options)   

% g=[g1;g2;g3] 

[xg,fvalg,attainfactor,exitflag]=fgoalattain('fht3b',w0,g,g,[],[],[],[],lb,ub)  

 

clc 

clear all 

%%%%For Medium traffic Type I 

Model%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

TC=@(x) 1818742.141-635338.785*x(1)+555904.022*x(1)^2; 

EC=@(x) 875082.274-295247.273*x(1)+25773.224*x(1)^2-15734.534*x(2)+3831.743*x(2)^2; 

GHG=@(x) 64527.259-21738.619*x(1)+1904.127*x(1)^2-1180.304*x(2)+283.923*x(2)^2; 

JQ=@(x)(0.33*(1818742.141-635338.785*x(1)+555904.022*x(1)^2)+0.33*(875082.274-295247.273*

x(1)+25773.224*x(1)^2-15734.534*x(2)+3831.743*x(2)^2)+0.33*(64527.259-21738.619*x(1)+19

04.127*x(1)^2-1180.304*x(2)+283.923*x(2)^2)); 

lb=[log(50); 0.95];  

ub=[log(600); 5.05]; 

w0=rand(2,1); 

options = optimset(optimset('fmincon'), 'Display', 'off', 'Algorithm', 'sqp' ); 

% TC optimization 

[x1,g1,exitflag,output] =fmincon(TC,w0,[],[],[],[],lb,ub,[],options)   

% EC optimization 

[x2,g2,exitflag,output] =fmincon(EC,w0,[],[],[],[],lb,ub,[],options)   

% GHG optimization 

[x3,g3,exitflag,output] =fmincon(GHG,w0,[],[],[],[],lb,ub,[],options)   

g=[g1;g2;g3]   

[xg,fvalg,attainfactor,exitflag]=fgoalattain('fmt32',w0,g,g,[],[],[],[],lb,ub) 

 

clc 

clear all 

%%%%For Medium traffic Type II 
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Model%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

TC=@(x) 171454.701-54011.502*x(1)+5319.601*x(1)^2-14857.908*x(2)+2986.549*x(2)^2; 

EC=@(x) 113334.474-30298.589*x(1)+2720.342*x(1)^2-13575.82*x(2)+3450.944*x(2)^2; 

GHG=@(x) 8749.311-2382.894*x(1)+216.156*x(1)^2-1024.852*x(2)+256.606*x(2)^2; 

JQ= 

@(x)(0.33*(171454.701-54011.502*x(1)+5319.601*x(1)^2-14857.908*x(2)+2986.549*x(2)^2)+... 

     0.33*(113334.474-30298.589*x(1)+2720.342*x(1)^2-13575.82*x(2)+3450.944*x(2)^2)+... 

     0.33*(8749.311-2382.894*x(1)+216.156*x(1)^2-1024.852*x(2)+256.606*x(2)^2)); 

lb=[log(200); 0.95];  

ub=[log(600); 5.05]; 

w0=rand(2,1); 

options = optimset(optimset('fmincon'), 'Display', 'off', 'Algorithm', 'sqp' ); 

% TC optimization 

[x1,g1,exitflag,output] =fmincon(TC,w0,[],[],[],[],lb,ub,[],options)  

% EC optimization 

[x2,g2,exitflag,output] =fmincon(EC,w0,[],[],[],[],lb,ub,[],options)   

% GHG optimization 

[x3,g3,exitflag,output] =fmincon(GHG,w0,[],[],[],[],lb,ub,[],options)   

g=[g1;g2;g3]  % 

[xg,fvalg,attainfactor,exitflag]=fgoalattain('fmt3',rand(2,1),g,abs(g),[],[],[],[],lb,ub)  

 

clc 

clear all 

%%%%For Light traffic Type I Model%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

TC=@(x) 783292.637-279560.631*x(1)+ 25319.163*x(1)^2; 

EC=@(x) 294026.020-98815.935*x(1)+8846.158*x(1)^2-9585.766*x(2)+2259.439*x(2)^2; 

GHG=@(x)22090.999-7343.678*x(1)+667.807*x(1)^2-737.054*x(2)+170.823*x(2)^2; 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

JQ=@(x)(0.33*(783292.637-279560.631*x(1)+25319.163*x(1)^2)+0.33*(294026.020-98815.935*x(1

)+8846.158*x(1)^2-9585.766*x(2)+2259.439*x(2)^2)+0.33*(22090.999-7343.678*x(1)+667.807

*x(1)^2-737.054*x(2)+170.823*x(2)^2)); 

lb=[log(50); 0.95];  

ub=[log(600); 5.05]; 

w0=rand(2,1); 

options = optimset(optimset('fmincon'), 'Display', 'off', 'Algorithm', 'sqp' ); 

% TC optimization 

[x1,g1,exitflag,output] =fmincon(TC,w0,[],[],[],[],lb,ub,[],options)  
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% EC optimization 

[x2,g2,exitflag,output] =fmincon(EC,w0,[],[],[],[],lb,ub,[],options)  

% GHG optimization 

[x3,g3,exitflag,output] =fmincon(GHG,w0,[],[],[],[],lb,ub,[],options)   

g=[g1;g2;g3]  

[xg,fvalg,attainfactor,exitflag]=fgoalattain('flt3a',w0,g,g,[],[],[],[],lb,ub)  

 

clc 

clear all 

%%%%For Light traffic Type I Model%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

TC=@(x) 115368.478-37611.574*x(1)+3928.977*x(1)^2-10638.949*x(2)+2071.040*x(2)^2;  

EC=@(x) 53256.147-13608.410*x(1)+1315.554*x(1)^2-8922.028*x(2)+2141.214*x(2)^2; 

GHG=@(x) 4301.320-1138.875*x(1)+111.393*x(1)^2-688.458*x(2)+162.180*x(2)^2; 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

JQ= 

@(x)(0.33*(115368.478-37611.574*x(1)+3928.977*x(1)^2-10638.949*x(2)+2071.040*x(2)^2)+... 

    0.33*(53256.147-13608.410*x(1)+1315.554*x(1)^2-8922.028*x(2)+2141.214*x(2)^2)+... 

    0.33*(4301.320-1138.875*x(1)+111.393*x(1)^2-688.458*x(2)+162.180*x(2)^2)); 

lb=[log(150); 0.95];  

ub=[log(600); 5.05]; 

w0=rand(2,1); 

options = optimset(optimset('fmincon'), 'Display', 'off', 'Algorithm', 'sqp' ); 

% TC optimization 

[x1,g1,exitflag,output] =fmincon(TC,w0,[],[],[],[],lb,ub,[],options)  

% EC optimization 

[x2,g2,exitflag,output] =fmincon(EC,w0,[],[],[],[],lb,ub,[],options)   

% GHG optimization 

[x3,g3,exitflag,output] =fmincon(GHG,w0,[],[],[],[],lb,ub,[],options)  

g=[g1;g2;g3]   

[xg,fvalg,attainfactor,exitflag]=fgoalattain('flt3b',w0,g,g,[],[],[],[],lb,ub)  
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