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ABSTRACT

Investments in transportation infrastructure assets are among the largest investments
made by governmental agencies. Besides requiring a large investment for design and
construction, transportation infrastructure also requires a significant amount of resources
and effort for performing maintenance and/or rehabilitation activities. Along with other
considerations, data on asset conditions are used to make decisions regarding the timing
of maintenance activities, the type of treatment, and the resources employed. Some
parameters under assessment, however, are evaluated through visual — or manual —
assessments performed by evaluators on the site due to a lack of reliable, inexpensive
automated methods to collect the data. While manual assessments for surface distresses
are widely used, they still have the stigma that the results are based on subjective
judgments by the individual evaluators. This thesis describes the Data Quality
Assessment & Improvement Framework that has been developed to measure, and to
improve, the performance of multiple pavement evaluators. This framework is based on a
Continuous Quality Improvement cyclic process, where the main components include: a)
assessment of the consistency over time — performed using linear regression analysis, b)
assessment of the agreement between evaluators — performed using inter-rater agreement
analysis, and ¢) management practices performed to improve the results shown by the
assessments. When the Data Quality Assessment & Improvement Framework is applied
to actual pavement distress data collected manually by different evaluators, the results
show that it is an effective method for quickly identifying and solving data collection
issues. The benefit of this framework is that the analyses employed provide performance
data during the data collection process, thus minimizing the risk of subjectivity. The Data
Quality Assessment & Improvement Framework can be used as part of an asset
management program, or in any engineering program where the data collected are
subjected to the judgment of the individuals performing the evaluation.

vii
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CHAPTER 1. INTRODUCTION
1.1. Overview
In economics, an asset is “anything -tangible or intangible- that is capable of being
owned or controlled to produce value” (O’Sullivan & Sheffrin, 2003). In civil
engineering, this concept is generally associated to the term infrastructure, which is
defined as “The basic facilities, services, and installations needed for the functioning of a
community or society.” (The American Heritage Dictionary of the English Language,
2000). Then, as assets, infrastructure can be conceptualized as the set of tangibles owned

by the society that can be managed to contribute to the development of the communities.

The latter has been the role of infrastructure within the society since the times of the
ancient civilizations. Roads were built in England, India, and Middle East before Roman
times (i.e. the Persian Royal Road). With the advent of the Roman Empire, the use of
crushed stone and earth materials became common in the construction of roads (Lay &
Vance, 1992). Canals and irrigation systems came along with the birth of civilization,
during the rise of Mesopotamia, the Indus Valley Civilization, Egypt, and Ancient Ching;
and they started to be built in Europe in the Middle Ages (Hadfield, 1986; Needham

et.al., 1971; Rodda and Ubertini, 2004).

Moreover, infrastructure has not only walked along with civilization, it has been one of
the drivers of its development. Energy infrastructure provides society with the energy and
fuels necessary to run most of their daily activities. Water management infrastructure
supplies communities with this liquid, considerably important to support life.
Communications infrastructure facilitates the flow of data and information within and

among communities. Transportation infrastructure facilitates the moving of goods and

1
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people. It provides the society with the means to meet the demand of products and
resources. People become closer to others, in a sense of taking less time and effort to
move from one place to another. Additionally, infrastructure not only stimulates the flow
of commerce, but it also induces the development of the different industries and
economic sectors by supporting their activities between separate locations. Thus,

infrastructure has been an important means for the development of human communities.

There are different types of infrastructure, the most important being the ones listed in
Figure 1 (next page). However, all of them play a major role in the development of our
communities. Moreover, taking the measures and efforts to effectively and timely deliver
infrastructure is as important as the functions it has within the society, and just as
challenging. How efficiently a community operates relies, considerably, on the capacity
of its infrastructure. Moreover, performing the design, construction, and maintenance of
these facilities involves the participation of several different groups of people to conduct
a complex myriad of tasks, and the appropriate use of large amounts of resources —
money, machinery, manpower, and time. Therefore, it is critical to deploy an organized

and well-established system to manage these societies’ assets.

A concept that emerged to address this issue is asset management, which is a systematic
process of effectively administering the entire life-cycle of physical assets, by combining

engineering principles, sound business practices, and economic theory (FHWA, 1997).
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Electrical Power Network
Generation Plants
Electric Grid
Substations
Local Distribution
Steam or Hot Water Production
& Distribution Networks
Natural Gas Pipelines
Storage & Distribution Terminals
Local Distribution Network
Petroleum Pipelines
Storage & Distribution Terminals
Energy

Infrastructure
Network

Figure 1. Types and examples of infrastructure (Adapted from Moteff and Parfomak,
2004; Clough et al, 2004).
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Nevertheless, different management systems have been developed to address the
particular needs of each type of asset, but these still include the earlier functions. For
instance, within the transportation sector, particular interest has been focused on
pavements, which play a major role in any transportation system, as was asserted by Haas

et al (1994):

[From today’s transport systems,] only marine and pipeline
transportation do not make use of pavements. Certainly, the major
structural load-carrying elements of the highway system are the
pavements. For air travel, pavements are required in the form of
runways, taxiways, and parking aprons. Likewise, the railroads operate
in a form of pavement historically made of rails, ties, and ballast, not
dissimilar to a highway pavement design. In fact, modern design
principles show that rails can easily be mounted on a properly designed

continuous pavement (pg. 7).

The construction and maintenance of pavement systems entail considerable amounts of
resources. Several crews of laborers and heavy construction equipment place and
compact large amounts of earth materials, which constitute the pavement system —all this
with the expenditure of large amounts of money. This is repeated along the lifespan of the
pavement which, in most cases, extends for at least 10 years. This increases the

importance of taking care of, or “managing”, pavement.

With a similar approach to asset management, researchers in the 1960s and 1970s coined

the term Pavement Management System (PMS) and its downstream concepts (Hudson et.
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al., 1968; Hutchinson & Haas, 1968; Wilkins, 1968; Scrivner, 1968). A PMS is the
framework of methodologies and processes applied for the activities of planning,
designing, constructing, and maintaining pavements (Haas & Hutchinson, 1970). The
main objective from this approach is to deliver and maintain pavements that meet the end

users’ expectations.

A critical feature in a management system is the assessment —or evaluation- of current
conditions. In the case of pavements, this assessment involves the measurement and
analysis of four main groups of outputs: a) serviceability, b) structural adequacy, c)

surface distress, and d) safety.

Assessing current pavement conditions is a major task that has to be performed in any
PMS. This assessment provides information on the current condition of the pavement,
and by analyzing the data, the pavement management agency can determine a) whether
the pavement is still in adequate condition to operate; b) whether the pavement provides
the service it was meant to; and ¢) whether maintenance actions have to be implemented.
Another major application of the pavement condition assessment is that, if performed
continuously over the lifespan of the asset, the data can be used to model the pavement’s
overall performance; thus, forthcoming conditions can be predicted to identify future
needs and a management plan for the asset can be developed ahead of time (Haas et al,

1994, Shahin, 2005).
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1.2. Study Objectives

In the case of pavement condition assessments, there are two major methods for data
collection: 1) manual condition assessment, where the severity and extent of pavement
distresses are visually assessed on site by a pavement evaluator; and 2) automated
techniques, which mainly consist of either the use of automated tools and devices to
measure the distresses of the pavement onsite, or of image scanning onsite and data
analysis offsite. Offsite data analysis may be performed either with imaging techniques or
by a pavement evaluator (NMDOT, 2009). While it has been noted in the literature that
automated pavement condition data collection is safer and faster, it has also been reported
that the data gathered by onsite manual assessments (i.e. walking surveys) is more precise
(Haas et al, 1994; Shahin, 2005). Additionally, analyses of different data collection
practices have shown that manual surveys are more cost-effective than surveys using
images and fully automatic methods (automated data collection and analysis procedures)

(NMDOT, 2009).

With manual surveys, however, federal and state agencies may be concerned about the
consistency of data. In fact, manually collected data may include variability due to the

fact that manual collection methods involve multiple evaluators.

What happens in the case of manual evaluations is that, even though the PM agency
develops a protocol that has to be followed in order to perform the visual assessments,
most times this protocol leaves room to more than a single interpretation, which is based
on the judgment an evaluator can have at the moment of performing the evaluation.
Nevertheless, sometimes the protocol cannot be more specific to narrow down the

possibilities of multiple interpretations, because more specific descriptions may not
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consider situations that can be present on site, or just because there is not a specific way

to measure the characteristics that are being assessed.

To illustrate this issue, let’s consider the severity level descriptions for edge cracking
from the Distress Identification Manual for the Long-Term Pavement Performance

Project (Miller and Bellinger, 2003):

Low [severity]

Cracks with no breakup or loss of material.

Moderate [severity]

Cracks with some breakup and loss of material for up to 10 percent of

the length of the affected portion of the pavement.

High [severity]

Cracks with considerable breakup and loss of material for more than 10

percent of the length of the affected portion of the pavement. (p. 7)

In this particular case, it is ultimately left to the evaluator to decide what the boundaries
between “some” and “considerable” are for breakup and loss of material. Initial training
can cover these concerns, but it is not possible to train for each particular case that may
fall between the higher limit of what is considered a “moderate” level severity and the
lower limit of a “high” level severity. It is here where the final output of the evaluation is
left to the judgment (engineering-related or non-engineering-related) of the evaluator

which, in various cases, differs among different evaluators —even between persons with

www.manaraa.com



similar profiles and backgrounds. Thus, it can happen that two evaluators may rate

differently the same pavement sample.

This variability concern does not only apply between multiple evaluators but also to the
same evaluator between different evaluations. This is due to the fact that an evaluator
may ‘“change” or, more appropriately, develop his or her judgment with time. As a result,

the same evaluator could rate differently the same pavement sample at different times.

The fact that the body of knowledge of the evaluators can differ and change over time is
still a concern that most advocates of automated data collection and analysis techniques
point at. Pavement and highway agencies are also concerned about the data collected
through manual or visual assessments varying considerably to the point of affecting the
way these agencies spend public resources, based on arguable evaluation outputs.
Variability in manual data collection methods is still an issue that has not yet been

resolved (Rada et al, 1997).

However, visual inspections —or visual conditions surveys, as they are called within the
field- still cannot be entirely replaced by automated methods. In addition to the cost-
effectiveness benefits aforementioned, manual inspections are still necessary to collect
performance-related data, ever since the development of this concept (Carey and Irick,
1960). Thus, the improvement of variability of the data collected in manual condition
assessments is still a concern that should be addressed in the pavement engineering and
management fields, and from which pavement and highway agencies will benefit to
better assure the delivery of assets that have the capacity to positively influence the

development of the society.
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The study presented here aimed to find a solution to issue of variability inherent to
manual asset condition assessments, with the development of a Data Quality Assessment
& Improvement Framework (DQAIF). This framework measures the variability of data
among evaluators, and between evaluations performed at different times, by following a
set of procedures as part of a Total Quality Management (TQM) system. The main
research question is whether the variability of the data collected through methods
influenced by subjectivity and judgment can be reduced by continuous efforts of
assessment and training. These efforts measure and maintain the body of knowledge that
is being used by the panel of evaluators, which consists on the protocol —assumed to
remain the same throughout the entire evaluation project- and the evaluators judgment —
component whose change will be monitored and controlled by the DQAIF. A second
research question arises from the development of the DQAIF, as to whether variability of
manual assessments can be measured in two “dimensions”, that being: a) among
evaluators, and b) across time; and, thus, controlling variability in these dimensions

would help reduce overall variability of manual pavement condition surveys.

This research is focused on the development of the DQAIF to assess and improve the
quality of the data collected in manual pavement condition assessments, in terms of
reduced variability. The Data Quality Assessment & Improvement Framework can be
used as part of an asset management program, or in any engineering program where the

data collected are subjected to the judgment of the individuals performing the evaluation..

However, this framework is only intended to be used by the asset management agency, as
a management tool within their asset management program. It is developed only to
measure and control the quality of the data collected in manual assessments, as part of a

9
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Quality Management Plan, but is not intended as the basis to establish quality control and
quality assurance responsibilities in a contract between the pavement management
agency and the pavement evaluation contractor since there are no grounds to support this
use; thus, the DQAIF cannot serve as such —at least, not until new research supports this

type of use.

1.3. Research Methodology

The present study strived to find a way to reduce variability in manual asset condition
assessments. It was focused on pavement manual evaluations, but the efforts on this study
were also directed to be applicable to the condition assessment of any type of asset while
the assessment is based on the subjectivity, or expert opinion, of the evaluator. The
principles and components of the DQAIF were developed based on research and review
of previous efforts within different engineering fields, and the procedures were developed
to address the scope’s needs —in this case, to fit within an asset management system. The
DQAIF was then tested in the case of the Northern New Mexico Pavement Evaluation
Program, by collecting and analyzing data from their 2009 summer program. Data were
collected from the same pavement sections, at different times. Each time, Inter-Rater
Agreement (IRA) analyses were performed to assess the variability among pavement
evaluators. Linear Regression Analysis (LRA) was performed to assess the variability of
the data between different assessment times. After each assessment time, actions were
taken to reduce variability in the subsequent assessments, which consisted mainly on
additional training focused on the issues that needed to be addressed, according to the
results of the assessment. At the end, conclusions were drawn from the analyses

performed, and recommendations regarding the collection and analysis of data were

10

www.manaraa.com



developed to help practitioners to implement the proposed framework in any asset

management program.

1.4. Reader’s Guide to Thesis.

This thesis discusses the variability of visual asset inspections. It contains six chapters
and one appendix. Chapter 1 introduces the reader into the topic of the research, and the
scope and limitations of the study. Chapter 2 further explains the concepts associated to
the research topic, and presents a summary of previous research performed on the
research topic. Chapter 3 presents the study’s scope and process, as well as the methods
employed in the research. Chapter 4 introduces the Data Quality Assessment &
Improvement Framework (DQAIF), which represents the main product of this thesis; this
chapter also explains the process flow and the methods employed in the DQAIF. Chapter
5 presents the results of a case study performed in order to prove the applicability of the
DQAIF. Chapter 6 presents the conclusions regarding the study, the answers to the
research questions introduced in Chapter 3, and opportunities for future research
regarding the DQAIF concepts and its use, and visual asset inspections. Appendix A is a
step-by-step explanation of the process to compute inter-rater agreement (IRA) measures,
other than average deviation around the median (ADwq), that were not used during the

study, but still are alternatives that can be employed by the DQAIF user.
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CHAPTER 2. BACKGROUND & LITERATURE REVIEW
2. 1. Asset Management Systems
The framework of an asset management system has to include, at least, the following
functions: a) Setting up the system objectives; b) defining system needs; c) developing
and implementing the system’s program; and d) monitoring or revising the system. The
flow of these functions would be similar to the depiction in Figure 2 (next page). First,
goals and performance expectations are established; these should be consistent with the
institution’s goals, organizational policies, and within budget and time constraints.
Second, inventory and performance information are collected and analyzed. This
information provides input on future system requirements (also called needs). Third,
production of budget and program strategies is carried out, with the help of analytical
tools and reproducible procedures, in order to satisfy agency needs and user
requirements, using performance expectations as critical inputs. Then, alternatives are
evaluated and the ones that better satisfy long-range plans, policies, and goals are
selected. The entire process is reevaluated annually through performance monitoring and

systematic processes (USDOT, 1999).
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Goals & Policies
(Reflects Customer Input)

Asset Inventory

Condition Assessment &
Performance Modeling

Alternatives Evaluation & Budget/
Program Optimization Allocations

Short- & Long- Range
Plans
(Project Selection)

Program Implementation

Performance Monitoring
(Feedback)

Figure 2. Generic asset management system components (From USDOT, 1999)
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2.2. Pavement Management Systems
The overall structure of a PMS is comprised of the following main features -Figure 3

(Haas et al, 1994):

Broader Management Concerns

brltit

NETWORK LEVEL PROJECT LEVEL
— Desi
> . esign
Programming
‘_
Constructi
onstruction
— DATA -
Planning
D BASE —> Maint
aintenance
—>
Budgeting —> o
o Rehabilitation
RESEARCH &
SPECIAL STUDIES

Figure 3. Major components of a pavement management system (from Haas et al, 1994).

2.2.1. Broader Management Concerns.
These are the issues and decisions made at levels higher than the network level —i.e. the
overall highway administration of an entire region comprising several pavement

networks, or the whole transportation management system of the network’s region.
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2.2.2. Network Level.

Managing at the network level has the mission of programming and scheduling
maintenance and rehabilitation (M&R) or new construction work, within budget and
broader management constraints. This level is further divided into —from bottom up: a)
project selection level, which comprises funding decisions over certain projects, or
groups of projects —the planning and budgeting subsystems are carried out at this level;
and b) program level, where policy R&M decisions of the network, as a whole, are being

made.

Since the limitations of the budget for the network represent the main constraint at this
management level, the programming of M&R work is handled through a priority analysis
with a “from a top down” flow —meaning that the results at lower levels (i.e. individual

projects) are the result of the decisions made at the top (i.e. network level).

The network management level is primarily the responsibility of administrators who also

work with technical input, even though this is more approximate than at the project level.

2.2.3. Project Level.

At this level, management deals with technical concerns —such as detailed design
decisions- for an individual project. It represents the physical implementation of the
network decisions. The activities performed at this level are just as important as the
activities at the network level, since these serve the function of providing data “from the
bottom up” to update the network level estimates. This pavement management level is

further divided in the following subsystems:
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2.2.3.1. Design.

This subsystem is the generation of alternatives concerning the assignation of the
physical characteristics of a pavement system. There are several models that have been
developed for this but, typically, their inputs include load and environmental factors,
materials characteristics, subgrade properties, construction and maintenance variables,
and costs. The outputs would be a set of design strategies that minimize total life-cycle
costs —including construction, maintenance, and user costs- while satisfying user,

physical, and administrative constraints.

2.2.3.2. Construction.

In this subsystem, the recommendations from design are turned into physical reality.
Successful construction meets the planning and design objectives, within budget and time
constraints. Some of the processes and activities associated with this subsystem are
contract tendering and awarding, construction schedule, materials supply and processing,

actual construction, and quality control.

2.2.3.3. Maintenance and Rehabilitation (M&R).

A complete PMS must include maintenance and rehabilitation tasks, since it’s been
recognized in the industry that how maintenance is carried out can significantly influence
pavement performance and rehabilitation intervals —timing. Its definition may vary but, in
a physical sense, maintenance consists of “a set of preventive activities directed toward
limiting the rate of deterioration of a structure, or corrective activities directed toward
keeping the structure in a serviceable state” (Haas et al, 1994). The separation of

maintenance and rehabilitation has been vague throughout the industry —among pavement
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and highway agencies- and has depended mainly on administrative policies. Thus, both

type of actions are regarded within a single subsystem.

2.2.4. Research and Special Studies.

In general sense, research constitutes the tackling of problems to achieve new or better
processes, materials, methods, procedures, decisions, or economy. The major elements of
a long-term pavement research framework for state transportation agencies have been

defined (Hudson & Haas, 1991).

2.2.5. Data Base.

A data base that includes all the aspects involved in pavement management is required to
support the activities and features of a PMS. In addition, all the data should be readily
accessible to any member of the pavement management staff. Thus, the data base is a
central feature of a PMS that has interaction with all the other features. All the decisions
regarding funding, programming, and constructing, as well as research, can be heavily
supported by a comprehensive data base. The data contained in a data base include
section description, performance related historic related, policy related, geometry related,

environment related, and cost related data.
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2.3. Pavement Condition Assessment

2.3.1. Functions of Pavement Evaluation

Pavement evaluation is the determination of the current conditions of the pavement
structure by measuring and assessing its outputs (AASHTO, 2001; Haas et al, 1994;
Shahin, 2005). These groups of outputs will be further explained in the forthcoming
paragraphs. The function of pavement evaluation serves three main purposes within a

PMS (AASHTO, 2001; Haas et al, 1994; Shahin, 2005):

a) To determine the current condition of the pavement network, in terms of the

pavement outputs;

b