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Chapter 13 - Sustainable Pavement Management

Gerardo Flintsch, PhD, P.E., James Bryce, M.S.
Center for Sustainable Transportation Infrastructure
Virginia Tech Transportation Institute

Introduction

Sustainable pavement management is an emerging field within infrastructure management that is
concerned with maintaining acceptable condition of pavements while also considering the tradeoff be-
tween cost, environmental impacts and social impacts of pavement investments. Generally the tradeoff
between economic, environmental and social factors requires that the agency in charge of managing
pavements maintains an accurate database that includes the pavement condition and models to predict
the resulting impacts of pavement management decisions on each of the factors. In many cases, assump-
tions must be made about the environmental and social impacts, and therefore pavement management
decisions must reflect the level of certainty that the agency has in the assumptions. Consequently, a
high level of uncertainty in many cases tends to lead the agency to only consider economic considera-
tions within pavement management, and environmental mitigation techniques are employed after the
selection of the intervention or design of the pavement is complete.

Sustainable Infrastructure

Infrastructure can be seen as the foundation that connects the natural environment to the economy
and social systems by facilitating the movement of goods, services, and people. The consequence of
this connection is that the quality of infrastructure has a direct impact on the economy, the quality of
the natural environment and the quality and equity of societies. This is what is generally known as the
triple bottom line of sustainability (balancing economic, environmental and societal impacts). In light
of this, sustainable infrastructure can be viewed as infrastructure that maximizes the quality of life of a
society and economic benefits while also minimizing detrimental impacts on the natural environment.

The American Society of Civil Engineers (ASCE) has defined sustainability as; “A set of environmen-
tal, economic and social conditions in which all of society has the capacity and opportunity to maintain
and improve its quality of life indefinitely without degrading the quantity, quality or the availability of
natural, economic and social resources” (ASCE, 2012). Thus, to promote a truly sustainable transpor-
tation network, decisions made about the treatment and expansion of the network should take into ac-
count environmental and social factors, along with economic and technical considerations. In order to
implement sustainability into civil infrastructure, ASCE has applied the definition of sustainability to
sustainable development as, “the process of converting natural resources into products and services that
are more profitable, productive, and useful, while maintaining or enhancing the quantity, quality, avail-
ability and productivity of the remaining natural resource base and the ecological systems on which
they depend” (ASCE, 2012).

1) Paper published in Climate Change, Energy, Sustainability and Pavements, eds. Gopalakrishnan,
K., Steyn, W.J., and Harvey, J., September 2014, pp. 373-392. Springer: Berlin Heidelberg.

2) This paper was produced under partial sponsorship of the Transportation Pooled Fund 5-268 - Na-
tional Sustainable Pavement Consortium. The authors thank the Mississippi, Pennsylvania, Virginia,
and Wisconsin DOTSs, as well as FHWA for support and guidance.



Pavement Management

Sustainable pavement management is the application of sustainability considerations to traditional
pavement management practices. Thus, an understanding of pavement management principles is es-
sential to understanding how to management pavement assets more sustainably. It is well known that
maintaining pavements by merely rehabilitating pavements that are in the worst condition is not an
economically optimal strategy (Hudson, et al., 1997). Instead, a balance must be made between reha-
bilitating pavements in poor condition and preserving pavements in good condition, often in the face of
limited funding. Finding the optimal maintenance and rehabilitation (M&R) strategy given several
pavement assets in varying conditions and several M&R options is the foundation of pavement man-
agement. More formally, pavement management is a systematic, objective, and consistent procedure
to assess the current condition and predict future condition of pavements given certain constraints (e.g.
budgetary) and M&R options (Shahin, 2005). This follows the terminology provided by Hudson et al.
(1997), which defined management as, “the coordination and judicious use of means and tools, such as
funding and economic analysis to optimize output or accomplish a goal of infrastructure operation”.

Level of Decisions Supported

Pavement management includes analysis at multiple levels, generally divided into the strategic
level, network level and project level (Flintsch & Chen, 2004). Figure x.1 illustrates the relationship
between these decision levels, extent of the network involved, and detail of data required for supporting
these decisions. The strategic level is where broad goals and objectives are set for the various transpor-
tation assets, including the pavement network, and budgets are determined and allocated to different
goals and modes. This may include such broad statements as, ‘Maintain the pavement in good condi-
tion’, or ‘Increase safety for the travelling public’. The next level of pavement management in terms
of increasing detail is the network level. The network level is where the pavement budget is defined,
and candidate projects are selected based on a needs analysis. The data used in network level analysis
is considerably less detailed than the data required for a pavement design, and is generally represented
by broad indicators (e.g. the Pavement Condition Index as defined by ASTM International (ASTM
International, 2011)). Following the project selection step, each project selected at the network level is
investigated at a higher level of detail, also known as the project level. Project level data is detailed
enough to use for specific pavement designs.
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Figure x.1 Levels of Decisions in Pavement Management

Pavement management as a key asset management business process

Pavement management falls under the umbrella of asset management, where the pavements are
viewed as assets that have inherent values, expected life’s and risks. Asset management is a process by
which an agency attempts to make optimal decisions about resource allocation and future planning
based on a number of engineering, economic and social issues. The American Association of State
Highway Transportation Officials (AASHTO) defines asset management as the following (Cambridge
Systematics, Inc., 2002);

“a strategic and systematic process of operating, maintaining, upgrading, and ex-
panding physical assets effectively throughout their lifecycle, focusing on business
and engineering practices for resource allocation and utilization, with the objective
of better decision making based upon quality information and well defined objec-
tives.”

It is widely recognized that asset management requires cooperation throughout the entire agency. Thus,
asset management should involve processes by which an agency involves its employees in improving
organizational effectiveness in the accomplishment of agency mission and goals. This requires the es-
tablishment of strategic planning and defined goals and objectives for each level in the agency. Suc-
cessful asset management should include activities and processes that ensure that goals are consistently
being met in an effective and efficient manner. AASHTO has developed a guide for asset management
implementation in order to guide agencies on best practices for asset management implementation. This
guide, AASHTO Transportation Asset Management Guide: A Focus on Implementation has outlined 14
steps that need to be completed for transportation asset management implementation (AASHTO, 2011).

Setting agency goals and monitoring performance

Implementing sustainable pavement management as an asset management business process requires
that an agency sets goals and objectives that include sustainable considerations, and develop measures
to monitor the performance and achievement towards the goals. Agency goals, objectives and perfor-
mance measures are all key pieces to pavement management that occur at the strategic level. Strategic
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goals are statements that reflect the expectations and requirements of the legislative and executive of-
fices in charge of the highway agency. Strategic goals are generally very broad, and may change as
leaders of the executive and legislative branches of state or local government change office. In order
to meet the goals, a set of strategic objectives are developed. Strategic objectives are targeted perfor-
mance (e.g., pavement condition) levels that act as a way to link the strategic plan and performance
goals. In order to connect the agencies strategic objectives with the current condition of the network, a
number of performance measures are developed. Performance measurement is a process for collecting
and reporting information regarding the performance of an asset or organization. Performance meas-
urement is how organizations, public and private, measure the quality of their activities and services.
Data collection and interpretation, along with robust decision support tools, are important pieces to
monitoring performance and aligning an agencies decision with their goals.

Data collection

One critical requirement for successful asset management, including a meaningful performance
measurement program, is a successful data collection program. Pantelias et al. (2009) discuss the im-
portance of designing the asset management data collection program specifically to meet the agency
goals in order to minimize the amount of unnecessary data collected. Data required for pavement man-
agement may vary based on the agency goals and performance measures, but includes an accurate in-
ventory of the pavements along with condition, age and construction history data.

The detail of data collected is a function of the level of analysis that will be performed with the data
(see Figure x.1). Data for a typical pavement management program is collected at the network level,
which implies that the level of detail of the collected data is less than the level of detail that would be
used for design. As discussed in Pantelias et al. (2009), decisions that are made at a higher level (i.e.
network or strategic level) require data that are aggregated over a much more broad range than lower
level decisions (i.e. project level decisions). This typically results in data that is reported in condition
values, which are single values that represent an aggregation of all pavement distresses, which are av-
eraged over similarly constructed pavement segments.

Decision support tools

Sustainable pavement management often requires the use of numerous decision support tools in
order to provide the managing agency with methods to evaluate the various management alternatives.
An example of one such decision support tool is the use of life cycle cost analysis (LCCA) as a method
to evaluate the long term economic costs of a given management alternative. The purpose of decision
support tools is to provide a platform for comparison of many alternatives, and several tools are dis-
cussed in the following sections.

Economic Analysis

Determining the economic impacts of pavement management policies and interventions is an im-
portant step towards guaranteeing optimal life cycle performance of pavements. Agencies in charge of
managing pavements are often faced with budget constraints, thus selected treatments must demonstrate
their technical and cost effectiveness in addressing short-term and long-term structural and functional
deficiencies. Criteria for evaluation may be grouped in costs and benefits (Hudson, et al., 1997). Costs
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include agency or direct costs (e.g., initial capital, maintenance, salvage return, financing), and non-
agency or indirect costs (e.g., user costs, environmental impact, disruption). Benefits are typically de-
termined in terms of increased functionality of the pavements, such as increased pavement condition
and capacity. Further benefits such as income generation or increased mobility could arise from imple-
menting a particular project, however these benefits are typically not addressed in modern cost benefit
analysis for pavements.

LCCA is an economic analysis method for comparing long term investment options, generally with the
purpose of comparing the overall long-term costs of several management alternatives. The use of LCCA
in pavement design and management is discussed thoroughly in a technical brief released by FHWA
(FHWA, 1998). The first step in conducting an LCCA is to develop several management alternatives,
along with the analysis time frame, and activity timing and condition triggers for specific maintenance
actions. Next, agency and user costs should be developed for each of the activities over the analysis
time frame. User costs may also include the marginal increase in fuel consumption that results from an
increase in pavement roughness between the specific activities. The next step in an LCCA is to develop
expenditure streams, which include the discounted costs over time, and compute the net present value
for each alternative.

LCCA can be categorized as either deterministic or probabilistic. Deterministic LCCA is a type of
analysis that uses fixed values in the analysis, whereas a probabilistic approach uses distributions to
represent the variability of the various input and output parameters used in the analysis. For example,
a deterministic approach may define the cost for a particular action as x, where the probabilistic ap-
proach would define the cost as a distribution with a mean value of x and a given standard distribution.
This concept is further illustrated in Figure x.2.
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Figure x.2 Deterministic and Probabilistic LCCA

A benefit to the probabilistic approach over the deterministic approach is that risk can be evaluated
from the outputs of the probabilistic LCCA. This is because the solution reached from the probabilistic
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approach is a distribution representing the possible outcomes along with the probability of each out-
come. Several tools are available for a probabilistic LCCA, such as the FHWA program RealCost
(FHWA, 2013). Chen and Flintsch (2012) proposed a fuzzy logic based model to enhance the probabil-
istic LCCA approach by providing a method to better interpret some of the inherently ambiguous inputs.

Another economic tool available for evaluating pavement management decisions is cost benefit analysis
(CBA). The approach to CBA is to first evaluate the costs of the pavement management alternative,
then the benefits of each alternative are calculated, and finally each alternative is compared on the basis
of both its costs and benefits (e.g. comparing the costs divided by the benefits). Hudson et al. (1997)
describe this process in more detail. The CBA approach differs from LCCA because costs are offset
by benefits, meaning higher costs may be compensated for by higher benefits. Similar to LCCA, CBA
can be conducted either deterministically by using expected costs and benefits, or probabilistically as
described in Butt et al. (1994). Lamptey et al. (2005) discuss several other economic tools for use in
pavement management,

Environmental analysis tools

The tool that is generally understood to be the most appropriate for studying the environmental
impacts in terms of greenhouse gas emissions or energy consumption of the pavement system is the
lifecycle assessment (LCA). The purpose of a pavement LCA is to quantify the total environmental
impact of the pavement throughout the pavements life, which is generally divided into the following
five phases (Santero, et al., 2011); (1) raw materials and production, (2) construction, (3) use, (4)
maintanenance and (5) end of life.

LCAs are generally categorized as either process based models, economic input-output models or hy-
brid (a combination of process based and input-output models). Process based models are based on the
resource use and environmental impacts from the main processes of the system under evaluation (Suh,
et al., 2004). Generally, the process based LCA can be represented as flow diagrams or matrices de-
scribing each process interactions. Economic input-output models are top down hierarchical models
which use total factor multipliers based on the national economy to determine embodied effects per unit
of production (Lenzen, 2008). Different parameters within the process are weighted based on their
contribution, and then broken into more detailed levels until the entire process is defined at an adequate
level of detail. Input-output LCA models account for interdependencies between sectors and processes
using monetary transactions between the sectors on a national or global economic scale. A more de-
tailed discussion of the LCA types, along with a comparison of strengths and weaknesses can be found
in (Santero, et al., 2011).

The most common method for conducting an LCA is a process-based method that is defined by the
International Standards Organization (ISO). The ISO outlines a four step approach in their standard
ISO 14040 and 1SO 14044, Standards for a Process-Based LCA Approach (International Organization
for Standardization, 2006). The steps are as follows:

1. Goal and scope. Define the reasons for carrying out the LCA, the intended audience, geographic
and temporal considerations, system functions and boundaries, impact assessment, and inter-
pretation methods.



2. Inventory assessment. Quantify life-cycle energy use, emissions, and land and water use for
technology use in each life-cycle stage.

Impact assessment. Estimate the impacts of inventory results.

4. Interpretation. Investigate the contribution of each life-cycle stage and technology use through-
out the life cycle and include data quality, sensitivity, and uncertainty analyses.

Huang et al. (2009) describe the process given in 1ISO 14040 in more general terms as (1) defining the
scope, (2) performing the LCI to gather all relevant environmental burdens (this is where the majority
of the work resides), (3) perform a lifecycle impact assessment (LCIA) where the results are presented
in such a manner that supports comparison, interpretation of the results or further analysis. Santero et
al. (2011) notes an important distinction between life-cycle inventories (LCI’s) as the part of an LCA
in which the resource use and pollutant releases are quantified and the full LCA which includes an
impact analysis and interpretation of the results.

Santero et al. (2011) performed a critical assessment of the current state of pavement LCA’s by exten-
sively reviewing available literature on the topic. The researchers identified four attributes of the meth-
odology of the LCA that are essential for comparing the studies, (1) Functional Unit Comparability, (2)
System Boundary Comparability, (3) Data Quality and Uncertainty and (4) Environmental Metrics.
Functional unit comparability becomes an issue when trying to compare results from studies that eval-
uate different pavements that facilitate different traffic types across different climates or environmental
regions. Essentially, many of the results of LCAs found in literature cannot be directly compared due
to the differing functional units (Santero, et al., 2011). The researchers note the omission of the use
phase from the majority of pavement LCA’s as possibly the most significant shortfall of modern studies.
Furthermore, it was noted that a majority of the studies that included maintenance in the system bound-
aries simplified the maintenance practices to a series of repeated impacts, and did not include practices
such as diamond grinding or crack sealing.

The LCA of the raw materials, material production and construction phases of the lifecycle have been
the focus of extensive research. For example, Pavement Life Cycle Assessment Tool for Environmental
and Economic Effects (PaLATE) is a spreadsheet based tool that was developed to account for both
economic and environmental factors related to the construction processes of a pavement (Horvath,
2003). Park et al. (2003) evaluated the environmental loads due to the processes throughout the lifecy-
cle of a highway, defined in four stages as: (1) manufacturing of materials, (2) construction, (3) mainte-
nance and (4) end of life (demolition/recycling), but notably the use phase is excluded from the defini-
tion of the pavement lifecycle. The researchers focused on energy consumption, then used appropriate
factors to translate the energy consumption into equivalent emissions and estimate pollutant discharge
into water.

Huang et al. (2009) evaluated modern LCA data and methods pertaining to pavements, then applied the
techniques to an airport asphalt paving project. The research identified major shortcomings with many
modern LCA methods, such as their inapplicability to pavements, and proposed an updated LCA model
based on the processes contained within asphalt pavement construction. The researchers identified the
quality of the gathered data as an important parameter that should be continuously improved as new
data arises. The results of an example LCA using the developed model proved insightful for decision
makers and understanding the critical factors that contribute to adverse environmental impacts (Huang,
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et al., 2009). Furthermore, the detailed unit processes involved in the construction of an asphalt pave-
ment were represented in the paper by Huang et al. (2009).

Some other examples of pavement LCAs are described in Patrick and Arampamoorthy (2010), Weiland
and Muench (2010), Wang et al. (2012) and Zhang et al. (2010). The work by Patrick and
Arampamoorthy concluded that potentially significant savings in energy consumption and emissions
can be achieved through waste minimization (Patrick & Arampamoorthy, 2010). Weiland and Muench
(2010) compared three different options of replacing a Portland Cement Concrete (PCC) pavement,
including two HMA options and one PCC option, and demonstrated the use of several tools for con-
ducting LCA’s, such as the US Environmental Protection Agency’s (EPA) NONROAD model for con-
struction equipment and the EPA’s Tool for the Reduction and Assessment of Chemical and Other
Environmental Impacts (TRACI) (Weiland & Muench, 2010). Wang et al. (2012) and Zhang et al.
(2010) both presented methodologies for including limited factors of the pavement use phase into the
LCA by linking the pavement condition to vehicle rolling resistance.

Much of the research pertaining to the use phase of the pavement has focused on quantifying the effect
of rolling resistance on emissions and energy consumption from vehicles travelling on the pavement.
Several research projects have quantified the impact of pavement properties on rolling resistance, and
some research has shown that in all driving conditions, an overall average of 25 percent of fuel con-
sumption is expended on rolling resistance leaving 75 percent to overcome air drag and inertia
(Izevbekhai, 2012). Thus, if the rolling resistance of a pavement were reduced, the vehicle fuel con-
sumption along that pavement would be reduced. Furthermore, a 10 percent reduction in rolling re-
sistance can lead to between a 1 and 2 percent reduction in fuel consumption, which also leads to a
reduction of greenhouse gas emissions (Evans, et al., 2009), (Transportation Research Board:
Committee for the National Tire Efficiency Study, 2006). The tire-pavement interaction is the main
factor in rolling resistance, and is impacted by several variables such as: macro-texture, pavement stiff-
ness, roughness, rutting and the transversal slope of the pavement. Relatively good relationships have
been developed to determine the impact of roughness (IRI) and macro-texture (MPD) on a vehicles
rolling resistance, whereas relationships between rolling resistance and other pavement surface factors
have not been adequately developed at this time.

Two commonly used models relating pavement properties to rolling resistance and fuel consumption
have been developed in recent years. One model was developed by Chatti and Zaabar by calibrating
the HDM 4 models for vehicle operating costs (Chatti & Zaabar, 2012). The fuel consumption model
was calibrated over several pavements in the state of Michigan using six different vehicles: a medium
car, sport utility vehicle, van, light truck, and an articulated truck. The details of the model can be found
in the NCHRP report 720 (Chatti & Zaabar, 2012), along with a Microsoft Excel™ tool developed as
part of the NCHRP project that can be used to estimate vehicle operating costs (as well as vehicle fuel
consumption) given several conditions.

A second model was developed as part of an international collaboration, Models for rolling resistance
In Road Infrastructure Asset Management systems (MIRIAM). Some outcomes and models developed
as a part of MIRIAM are described in detail in Hammarstrom et al. (2011) and Wang et al. (2012). The
model was developed based on empirical results from coast down measurements in Sweden, and in-
cludes impacts of: pavement roughness, macrotexture, temperature, speed, horizontal curvature and the
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road grade. The model was developed for three vehicle types, a car, a heavy truck and a heavy truck
with a trailer.

Equity and other social considerations

One fundamental objective of any transportation system is to provide a safe and equitable connec-
tion between society and the services it needs while also minimizing any impacts that adversely impact
any portion of society. Thus, it is clear that equity must be evaluated as an integral part of sustainability.
Muench et al. (2010) describe equity as, “political or mandated processes for ensuring environmental
justice, cultural and aesthetic considerations”. The California Energy Commission has described envi-
ronmental justice as a way of ensuring all people, regardless of their socio-economic status, race or any
other factors, enjoy equally high levels of environmental quality (California Energy Commission, n.d.).
Whereas environmental impacts of infrastructure have been well documented, the social and equitable
factors resulting from investment in infrastructure management are less developed. Some research has
shown the extent of a society’s well-being has been directly correlated to the extent of that society’s
infrastructure (Chamorro & Tighe, 2009). The interconnected systems of highways, bridges, pipelines
and dams have made the changes in social behaviors possible by providing mobility, safe drinking
water, waste management, and stable structures. The presence of an extensive road network allows
people in rural areas to have access to health care markets, and financial resources that are typically
more prevalent in urban areas, and clean drinking water is a basic need for the health of all people. This
concept is discussed further in Jeon et al. (2006) on the basis of evaluating transportation sustainability
within four transportation agencies. One finding in Jeon et al. (2006) was that no transportation agency
measured the impact of equity by evaluating the relative accessibility of the population to basic services.

Several aspects directly related to equity in pavement management are addressed in sustainable rating
tools for highways such as Greenroads (Muench, et al., 2010). Some examples of social related con-
siderations on which pavement management practices can have a direct impact include metrics to im-
prove human health and safety, and improve access and mobility. Some important considerations in
equity also coincide with environmental concerns, such as the reduction in air pollution, minimizing
the use of non-renewable resources (minimize impact on future generations), and minimizing water use
during construction.

Multi-attribute decision making

The field of pavement management, or more broadly infrastructure management, consists primarily
of investment tradeoffs considering multiple competing objectives and multiple stakeholders. There-
fore, an important tool to consider for sustainable pavement management is multi-attribute decision
making. Important aspects in multi-attribute decision problems are multiple objectives (i.e. multiple
criteria and desired levels of attainment for each criterion), constraints for the criteria, and preference
functions or weighting values used to compare the criteria. Solutions for multi-criteria problems are
given by a set of non-dominated solutions (as opposed to a single optimal solution), and thus some
judgment or preference function must be evaluated to select the preferred solution from amongst the
non-dominated set.
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Several methods exist for solving multi-attribute problems. For example, Wu and Flintsch (2009) pre-
sent a method for replacing traditional deterministic constraints with stochastic constraints before de-
veloping the set of non-dominated solutions. Giustozzi et al. (2012) proposed a method of rescaling
each criterion between zero and one, weighting each criterion in terms of preference, and then summing
the product of each rescaled criteria and criteria weight to determine the best alternative. Some other
methods for solving multi-attribute decision problems are discussed in more depth below.

Galenko et al. (2013) presented the application of utility theory in highway asset management strategy
development, and proposed that optimizing resource allocation in asset management should be based
on the maximization of the overall utility attributed to the assets. Utility theory is a method for solving
multi-atribute problems in which a decision maker’s values are quantified over a range of feasible
outcomes, then the values are combined with the corresponding probabilites of each outcome to form a
set of utility values. The motivating factor behind utility theory is that if an appropriate utility is as-
signed to each possible outcome, and the expected utility of each alternative is calculated, the best
alternative is the one that maximizes the overall utility (Keeney & Raiffa, 1993). The strength of utility
theory is that the relative strength of preference between possible outcomes for each variable is used to
determine the best alternative from the set of possible alternatives. In other words, it is not assumed
that increasing a variable four times the original amount has double the value of increasing the original
amount by two times.

Li and Sinha (2004) presented a method for using utility theory in transportation asset management
decision making. The utility curves for several individuals were assessed over a number of parameters
through questionnaires and interviewing techniques. The utility functions were then aggregated using
an ordinary least squares regression technique (OLS) technique. Another application of utility theory
in transportation decision making was presented by Zietsman et al. (2006). In this case, the utility
curves were assumed to have particular shapes and curvatures at certain points based on typical human
preferences.

One important aspect of multi-criteria problems is the aggregation of preferences among many decision
makers. The importance of comparing the preferences between the many decision makers is because it
is possible that different solutions are seen as optimal to different decision makers. One method for
comparing preferences is through preference rank aggregation. The use of ranking methods in trans-
portation decision making has been demonstrated when evaluating the alignment of a proposed new
highway. Stich et al. (2011) developed a number of proposed alignment alternatives using GIS tools,
and then utilized a public informational meeting to have the voters rank the projects given all of the
relevant information (i.e. wetland impact, noise and air pollution, etc.) about each alternative. In this
case, the highway agency acts as the final decision maker, and the rankings of the voters are used in the
final ranking of the projects. One policy related benefit that the research cited about gathering the
stakeholders’ preferences was the possibility of streamlining project delivery times by addressing con-
cerns of the public before they arise, instead of retroactively trying to mitigate the problems and con-
cerns.

Lahdelma et al. (2000) describes the use of ranking alternatives among the many stakeholders as an
important key to environmental decision making. The authors discuss the importance of gathering the
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ranking among the stakeholders given that environmental planning is of strong interest to many stake-
holders beyond just the decision making organization. Furthermore, the authors point to the importance
of clearly defining the alternatives and criteria, as well as how each criterion is measured so that no
ambiguity exists among the stakeholders. Finally, it is discussed in the paper that the rankings of the
many alternatives among the many stakeholders can be used to develop new alternatives that more
closely reflect the values of the many stakeholders (Lahdelma, et al., 2000).

Another example of ranking is by the use of the analytical hierarchy process (AHP). Smith and Tighe
(Smith & Tighe, 2006) describe using AHP as a tool for assessing user preferences of maintenance and
rehabilitation decision making in transportation asset management. A large subset of road users were
identified and surveyed to determine their preferences for many different criteria related to road mainte-
nance and rehabilitation. The preferences were then aggregated by using a simple averaging technique,
and the AHP technique was used to evaluate the criterion that was considered most important by user
groups, and how the user groups would weight various alternatives.

Incorporating Sustainability into the Pavement Management Decision Making Process

Beyond defining pavement sustainability and sustainable performance measures is the critical step
of implementing sustainability into the pavement management decision making process. This includes
incorporating sustainability as a fundamental business practice within the agency where considerations
about project selection, treatment type selection, lifecycle management, and the tradeoff between the
triple bottom line (economic, environmental and social impacts) are addressed in the initial decision
processes. Sustainability can be included at all three levels of the pavement management process, and
each will be discussed in more detail in the following sections.

Project level

Decisions about pavement design, construction practices and scheduling, material acquisition, and
congestion management plans are just a few examples where sustainability can be implemented at the
project level. For example, Diefenderfer et al. (2012) discuss an in situ pavement recycling process
used on part of a Virginia interstate that attempted to minimize the use of virgin construction materials,
minimize construction costs and minimize the impact on the travelling public through a use of innova-
tive management practices. In the case discussed by Diefenderfer et al. (2012), the lowest lifecycle cost
option that was considered also had the most environmental benefit, and the least adverse social impact
(as measured by travel time interruption, depletion of virgin materials and reduction of construction
waste).

Another aspect that should be considered at the project level is the impact of the maintenance on the
rolling resistance and vehicle operating costs from a lifecycle perspective. For example, the minimal
maintenance cost alternative for rehabilitating a pavement may be to apply light maintenance for a
defined number of intervals. However, a more extensive rehabilitation may reduce the rate of deterio-
ration of the condition and the rate of increase in roughness for a road, which in turn leads to a reduction
in the overall vehicle operating costs, fuel consumption and vehicle emissions for the pavement.

Pavement type selection and design are fundamental concerns during project level pavement manage-
ment. Pavement type selection refers to choosing the most appropriate paving material (i.e. Portland
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cement concrete or asphalt concrete) to be used during construction. Typically, this choice comes down
to the result of a lifecycle cost analysis, the availability of local construction materials, and the famili-
arity of local contractors with constructing using the materials (Hallin, et al., 2011). However, many
more factors can be included, and their tradeoffs considered, in order to make the pavement type selec-
tion process more sustainable. For example, given the models that relate vehicle fuel consumption to
pavement properties, a lifecycle assessment can be conducted for each paving material in consideration.
It is clear that values for the surface texture and pavement roughness will change over time at different
rates for different material types, thus resulting in different fuel consumption, emissions profiles and
total vehicle operating costs for each pavement over a defined time frame (Chatti & Zaabar, 2012).
Secondly, maintenance practices and the availability of local materials (virgin or recycled) differ for
each pavement type, which will impact the results of any assessment of sustainability during pavement
type selection (Patrick & Arampamoorthy, 2010). Finally, the impact of the pavement surface charac-
teristics on effects such as carbonation, pavement lighting requirements and the urban heat island effect
(considering pavement albedo) should also be considered during pavement type selection (Santero, et
al., 2011).

Network level

Sustainable pavement management practices at the network level includes designing maintenance
strategies and selecting projects while considering impacts related to the triple bottom line of sustaina-
bility. This may include modifying the objectives of a network level analysis so that a multi-criteria
approach is considered during the unconstrained needs analysis and optimization. Generally, the result-
ing multi-objective decision problem arising from the network level pavement management process is
converted to a single objective problem by treating some of the objectives as the constraints (Wu &
Flintsch, 2009). In this way, an agency seeks to maximize or minimize one particular objective (e.g.
minimizing the cost divided by the performance of the pavement condition) subject to constraints that
arise from the original objectives (e.g. budgetary constraints or constraints defining a minimum allow-
able pavement condition).

A shortcoming with the single criterion approach is that when objectives are reformulated as constraints,
the resulting analysis becomes non-compensatory (Goodwin & Wright, 1998). In other words, unde-
sirable values in the newly formulated constraints are no longer compensated for by highly desirable
values in the objective values. Consequently, there is no longer a guarantee that the selected value is
non-dominated, and a more optimal value may exist depending on the extent to which the constraints
are relaxed. A non-dominated solution is a solution in which it is not possible to better the outcome of
one variable without making worse the values of the remaining variables. Secondly, the non-compen-
satory analysis tends to bias the results to the parameter that is chosen as the objective function, thus
rendering other objectives as lower level considerations.

Giustozzi et al. (2012) presented a multi-criteria approach for evaluating preventive maintenance activ-
ities that included costs, performance and environmental impact measures during the analysis. Several
maintenance strategies were evaluated based on the measures, and a method for comparing all strategies
by rescaling each measure was developed. The first step in the analysis was to define the strategies, as
well as the associated lifecycle cost for each strategy. Then the performance was calculated as the area
beneath the curve defining the condition as a function of time. Finally, the energy consumption and
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emissions related to each strategy were calculated for the materials and construction phase of the LCA.
The measures were all scaled between zero and one, with one representing the worst case and zero
representing the worst case value, and the rescaled values were weighted and summed to calculate a
single index.

Bryce et al. (2014) presented a probabilistic approach to include the use and maintenance phase into the
network-level pavement management process. A Monte Carlo simulation was used to develop histo-
grams of energy consumption for several levels of pavement maintenance and rehabilitation, as well as
distributions representing the energy consumption from vehicles traveling along the pavement. The
models developed by Chatti and Zaabar (2012) were used to estimate the additional fuel consumption
due to an increase in pavement roughness. A benefit of using the probabilistic approach that was cited
by Bryce et al. (2014) is that the relative risk associated with each pavement management decision can
be evaluated along with the expected value for each criterion.

Strategic level

Successful implementation of pavement management requires the establishment of strategic planning
and defining goals and objectives, which all occurs at the strategic level. The AASHTO Asset Man-
agement Implementation Guide (AASHTO, 2011) discusses the importance of planning at the strategic
level. Strategic planning is an organization's process of defining its strategy, or direction, and making
decisions on allocating its resources to pursue this strategy. Strategic planning should clarify the goals,
mission, vision, value and strategies of the organization, as well as the performance measures used to
evaluate progress toward each of the goals.

Defining performance measures that link an agencies goals and objectives with a level of achievement
is critical for successful sustainable pavement management. In order to demonstrate this, the goals,
objectives and measures that can be related to pavement management for the Georgia Department of
Transportation (GDOT) are presented in Table x.1. The goals, objectives and measures for GDOT were
taken from a document published online that defines the agencies strategic plan (GDOT, 2011). Fur-
thermore, the performance measures are published online and updated as new data becomes available.
Although GDOT does not have any objective specifically related to the environmental component of
sustainability, it is clear from the structure of Table 1 how such an objective can be developed under a
strategic goal.



Table x.1. GDOT Strategic Goals, Objectives and Performance Measures

Strategic Goal

Strategic Objectives

Performance Measures

Taking care of
what we have in
the most efficient

Maintain Interstates at a
condition > 75

Average condition rating on all Interstates.

Maintain State owned multi-lane
non-interstate routes at a condi-
tion > 70

Average condition Rating on multi-lane
non-interstate routes.

Percent of State-owned bridges that meet or
exceed a determined standard based on Strength
and Deck condition; defined as follows:

- Deck Condition on
Interstates > 7
U.S. Routes > 6

Mobility-Focused
Projects we can,
On Schedule

way possible Maintain State-owned bridges State Routes > 5
such that they meet a determined Off-System State-Owned > 5
standard as defir_1ed by t_hgir or -
Strength and their Condition - Interstates, U.S. Routes, State Routes
and Off-System State owned bridges
that are not posted (Posting Code = 5)
Target is > 85% of the bridges meeting this crite-
ria
with no Interstate bridge postings
Percent of right of way Authorized on Schedule
per the approved Statewide Improvement Pro-
Complete Plan Development and gram with a target of 80%
Construction of projects per the Percent of authorized on schedule per the
Planning and programmed year in th_e cur- approved Statewide Improvement Program with
Constructing the rently approved Statewide Im- a tz_arget of 80% _
best Set of provement Program Percent of Projects under Construction

completed on Schedule

Comparison of award amount to final cost

Maintain or improve the percent-
age of survey respondents that
give GDOT agrade of Aor B

for meeting transportation needs
in Georgia (Customer Service

Obijective)

Percent of Public Opinion Poll survey respond-
ents that give GDOT a grade of A or B in meet-
ing transportation needs in Georgia

Making Pavement Management Systems Sustainable With an Organization
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The structure of an organization is critical to successful sustainable pavement management and the
implementation of sustainable objectives into the pavement management business processes. Integrat-
ing sustainability considerations into pavement management implies collecting and managing data that
has not traditionally being part of pavement management, such as the environmental input and outputs
of the various process. As with any infrastructure management system, a pavement management system
relies on three fundamental components: processes, people and technology. There must also be a com-
mitment to adequate funding. If any of these are lacking, there is a high probability that the system will
not be successful (Flintsch, et al., 2007).
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The best technology in the world will ultimately fail if implemented in an environment where there are
no people to run it, or where the business processes are not in place to utilize it. Furthermore, executives
and managers need to be demonstrably committed to the system, both in their relations with external
stakeholders and internally in their agency through good management principles. Policies should ex-
plicitly state the goals and objectives of the organization in regard to pavement asset management, and
procedures should detail exactly how the pavement management processes can help achieve these goals.
There has to be a specific organizational unit that have explicit responsibility for the processes and data,
and is staffed with well-qualified and trained personnel, who are pro-active in developing and expand-
ing the system. Finally, the data collection equipment and hardware and software should be fit for pur-
pose, actively used, and properly maintained and managed and managed. These elements are essential
in ensuring sustainability of the pavement management process (Flintsch, et al., 2007).

Conclusions

Sustainable pavement management as a business practice is about facilitating pavement investment
tradeoffs considering the triple bottom line of sustainability during the design, construction, mainte-
nance and rehabilitation of pavements. The consideration of sustainability goals for managing pave-
ment assets requires setting targets for and measuring the economic, environmental, and social perfor-
mance of the competing pavement investments. Many decision support tools have been developed to
inform the tradeoff between these factors; these include tools for LCCA and LCA. Tools for handling
the social impact are less developed but are starting to show in the research literature. Factors that are
key to successful sustainable pavement management include management buy-in, maintaining clear
strategic goals, quantifiable strategic objectives, and clear performance measures, appropriate technol-
ogies for data collection and analysis, and well-trained and motivated personnel.
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