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iv Advanced Optimization Approach for Pavement Management Systems

Abstract

Pavement management systems (PMSs) are assisting road agencies in network-level budgeting
and project-level decision making regarding the rational planning of maintenance and
rehabilitation (M&R) treatments. Faced with a large amount of data provided by automated
condition surveys, common PMSs reduce the complexity of the decision problem by data
aggregation towards condition-homogeneous sections and overall performance indices. This
thesis consists of five publications, addressing the consequences of data aggregation for M&R
optimization as well as possible solutions to the identified problems based on a new approach.

The first publication is devoted to an extensive analysis of current approaches for condition
survey, assessment and prediction in Germany, Austria and Switzerland. Subjective condition
thresholds limiting service life and biased deterministic performance models are identified as
serious limitations with major impact on prediction and optimization results. Further examina-
tion of the drawbacks of common performance models is provided in the second publication,
which focuses on the deviations resulting from ignoring data censoring and correlated competing
distress types in the estimation of service life. A comparison of approaches based on a realistic
simulation study identifies two methods allowing for unbiased prediction, namely a developed
section-specific condition model combined with survival analysis, and a copula approach.

The third publication introduces a unique work-zone optimization approach which elimi-
nates the need for data aggregation, thus avoiding the limitations of homogeneous sections. Here,
treatment type, timing and work zones are the results of the optimization of the total discounted
life cycle costs. Moreover, the optimization approach is presented as a part of a holistic end-to-
end framework together with the developed costs, performance and M&R duration models. Key
features of this new approach are the specific impact of any given treatment on multiple
correlated distress types and the consideration of scale economies. Using high-resolution
condition data instead of aggregated data greatly improves the accuracy of the models, but also
leads to a very complex optimization problem. This necessitated the development of an innova-
tive problem-tailored solution algorithm combining genetic algorithms and other heuristics.
Furthermore, the applicability of the entire methodology and the effectiveness of this new
algorithm are demonstrated using a parametric case study. Extensive results of optimization with
hard/soft constraints as well as with and without user costs are presented and discussed in detail.

The benefits of this advanced optimization approach are emphasized by the fourth publica-
tion, which examines the consequences of aggregating short survey sections to long homogene-
ous sections. It is shown that the formation of homogeneous sections leads to erroneous service
life and failure cause predictions. Moreover, as the aggregation is done prior to condition
prediction, the number of possible work zone solutions in the optimization is greatly reduced,
limiting the potential for utilization of economies-of-scale benefits. Finally, the fifth publication
analyzes the consequences of common benefit-maximization strategies in network-level M&R
optimization compared to cost-minimization strategies. The results suggest that the maximization
of benefits based on aggregated condition indices leads to substantially higher agency costs and
favors the selection of expensive M&R treatments with earlier timing, irrespective of actual
failure causes and service lives. In summary, the developed advanced optimization approach
allows for a substantial improvement of current PMSs towards more efficient use of public funds
while minimizing the impacts of M&R treatments on road users and environment.
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Advanced Optimization Approach for Pavement Management Systems v

Kurzfassung

Pavement Management Systeme (PMS) unterstiitzen StraBenverwaltungen in der Bestands-
verwaltung, der Budgetierung und der Planung von betrieblichen und baulichen Erhaltungs-
malnahmen. Angesichts groler Datenmengen aus einer immer genaueren Zustandserfassung
reduzieren {iibliche PMS die Komplexitit des Entscheidungsproblems durch starke
Vereinfachungen. Wesentliche Anséitze dazu sind homogene Abschnitte und die Aggregation
erfasster Zustandsmerkmalen zu einem Gesamtzustand fiir die Optimierung. Die Dissertation
besteht aus fiinf Publikationen, welche die Konsequenzen dieser Vereinfachungen sowie
mogliche Losungen dieser Problematik auf Basis eines neuen Ansatzes zeigen.

Die erste Publikation konzentriert sich auf eine umfassende Betrachtung der derzeit ver-
wendeten Ansétze in der Zustandserfassung, Bewertung und Prognose der DACH-Lénder. Die
Analyse zeigt, welche Auswirkung die verwendeten subjektiven Zustandsgrenzen und fehler-
haften deterministischen Zustandsmodelle auf Prognose und Optimierung haben. Die zweite
Publikation widmet sich den systematischen Fehlern, die sich aus der Vernachlidssigung der
Datenzensur und Korrelation zwischen den relevanten Schadensmerkmalen ergeben. Basierend
auf einer Fallstudie wird gezeigt, wie sich diese Fehler in Zustandsmodellen und prognostizierter
Lebensdauer durch eine Uberlebensanalyse sowie einen Copula-Ansatz vermeiden lassen.

Die dritte Publikation stellt einen neuartigen Ansatz zur Optimierung der Baulosldnge auf
Projektebene vor, der die Notwendigkeit der Datenaggregation und homogener Abschnitte
vermeidet. MaBBnahmenwahl, Eingriffszeitpunkt und Baulosléinge sind hier das Ergebnis der
Optimierung aus der Minimierung der Lebenszykluskosten. Der neuartige Ansatz erlaubt
demgemadl eine durchgéingige Optimierung von der Zustandserfassung bis zur Budgetierung auf
Basis von Skalenertrdgen. Die dafiir erforderliche detaillierte Modellierung von Zustands-
merkmalen und Mallnahmenwirkung schafft ein wesentlich komplexeres Entscheidungsproblem,
dass jedoch durch einen neuartigen, heuristisch-genetischen Losungsalgorithmus auflosbar ist.
Die umfassende Analyse des Ansatzes erfolgt iiber eine kalibrierte Parameterstudie aus Sicht von
Betreiber bzw. Betreiber und Nutzer fiir unterschiedlichste Randbedingungen und Zinssitze.

Die Vorteile des neuartigen Ansatzes gegeniiber herkémmlichen Methoden werden anhand
einer Gegeniiberstellung der Konsequenzen aus der Aggregation der kurzen Erfassungs-
abschnitte zu langen homogenen Abschnitten und Gesamtzustdnden belegt. Es kann gezeigt
werden, dass die Bildung homogener Abschnitte zu systematischen Fehlern in der Prognose von
Lebensdauer und Schadensursache ungeachtet von der verwendeten Methodik fiihrt. Da die
Aggregation lblicherweise vor der Zustandsprognose erfolgt, kommt es zudem zu einer starken
Einschrinkung des Losungsraumes in der Optimierung. Dementsprechend konnen die sich
ergebende Mallnahmenwahl und Baulosldnge in bisher iiblichen PMS-Ansétzen allein schon
deshalb nicht optimal sein. In der fiinften Publikation werden abschlieend die Konsequenzen
der Nutzenmaximierung auf Basis der Kostenwirksamkeit den Ergebnissen des neuen durch-
gangigen Lebenszykluskostenansatzes auf Netzebene gegeniibergestellt. Die Resultate auf Basis
einer Parameterstudie belegen, dass die im PMS iibliche Nutzenmaximierung fiir den Betreiber
zu substanziell hoheren Kosten im Vergleich zur Minimierung der Lebenszykluskosten unter
vergleichbaren Bedingungen fiihrt. Zusammenfassend ermoglicht der neuartige Ansatz eine
substanzielle Verbesserung gegeniiber herkommlichen Ansdtzen im PMS. Dementsprechend
kann eine Umsetzung dieses verbesserten Optimierungsansatzes zu einem wesentlich effizi-
enteren Einsatz der 6ffentlichen Mittel aus Sicht von Betreiber, Nutzern und Umwelt fiihren.
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Chapter 1: Introduction and Summary 1

CHAPTER 1

Introduction and summary

1.1 BACKGROUND, OBJECTIVES AND METHODOLOGY

1.1.1 Background

For the most part, road networks in developed countries have already been constructed, shifting
the main focus of public agencies from construction to expansion and maintenance of the
existing road infrastructure. While the construction of new pavements is a one-time expenditure,
the maintenance of existing road networks of thousands of kilometers requires large investments
each year, with the goal of extending service life and allowing safe use with minimum traffic
interruptions and travel time delays. In light of the huge public attention and the scarcity of
public funds, there is a demand for a systematic transparent and efficient decision-making
approach based on objective criteria. To satisfy this demand, pavement management systems
(PMSs) were developed. The decisions in a PMS are based on condition data from periodic
surveys, mathematical models predicting future pavement conditions as well as the effects and
costs of different maintenance and rehabilitation (M&R) treatments. The main network-level
objective is either to minimize the total agency (and user) costs, to maximize the benefits
(performance), to maximize reliability (bridges), or to minimize environmental impacts (emis-
sions) given annual budget constraints. In more recent years, there have been increasing efforts
to develop multi-objective optimization approaches (e.g. Kim and Frangopol 2017, Santos et al.
2018). Nevertheless, the achievement of the defined objective depends on the actual implementa-
tion of the optimal M&R program in practice. Thus, a PMS must also provide plausible location-
specific treatment recommendations in terms of timing, type, work-zone length and layout that
could be accepted by road engineers and applied with limited need for manual adaptation.

A brief overview of the development of pavement management concepts and software over
the years is illustrated in Figure 1.1. The American Association of State Highway Officials
(AASHO) Road Test from 1956 to 1960 was one of the largest full-scale road experiments ever
conducted that led to significant advancements in pavement structural design and performance
prediction models. Following the development of condition assessment concepts (e.g. Carey and
Irick 1960), Haas and Hutchinson (1970) provided a framework and a comprehensive description
of the main elements of a PMS with implementation recommendations. Parallel to that, methods
and equipment for automated measurement of road surface characteristics at traffic speed were
developed (e.g. Hosking and Woodford 1976, Benson et al. 1988). In the late 1970s and early
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Note: The timeline is based on a subjective selection with no claims to completeness or accuracy. Logos, product and company names are registered trademarks of
their respective holders, and are used for illustrative purposes only. The author has no affiliation with any company or involvement in any of the software products.

FIGURE 1.1 Timeline of selected concepts, approaches and software as well as international confer-
ences, paper and book publications with significance for pavement management applications (1956-2017).

1980s, the first PMS implementations became reality, with notable examples like PAVER,
Arizona PMS and Washington PMS (Shahin and Kohn 1981, Golabi et al. 1982, Nelson and
LeClerc 1982). The Canadian software Deighton's Total Infrastructure Management System
(dTIMS) has been in use by state agencies in the USA since 1990. The software was also used as
a basis for the PMS implementations in Germany and Austria in 1999/2000 (Knepper 2001,
Weninger-Vycudil 2001). Another prominent example of a PMS is the Highway Design and
Maintenance Standards Model (HDM), which was funded by the World Bank and developed in
multiple stages based on the results of several international field studies (Moavenzadeh et al.
1971, Watanatada et al. 1987, Kerali et al. 2006). Furthermore, the first books on PMSs were
authored by Haas and Hudson (1978) in the USA and Schmuck (1987) in Germany. Initiated in
1987, the Long-Term Pavement Performance (LTPP) program has been providing researches
with comprehensive data for the calibration and validation of countless performance models
(FHWA 2015). Today, according to Haas et al. (2015), the leading vendors of PMS software
worldwide are AgileAssets (Pavement Analyst) and Deighton (dTIMS).

It is important to note that this overview focuses mostly on common PMS software solu-
tions implemented and used by road agencies. The contributions of individual researches to
specific fields of pavement management like distress modeling or M&R optimization are not
included for clarity reasons. However, a discussion of some of these models from the research
literature is provided in Section 1.2 and Chapters 2 to 6.

PMSs are computer-based systems, allowing for storage, processing, analysis and reporting
of pavement management data. Naturally, computer capabilities have had a major influence on
the conception and development of PMSs. Thus, the evolution of pavement management
concepts and software may also be analyzed in the context of the evolution of computer
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FIGURE 1.2 Timeline of the evolution of computer performance: selected commercially-available
desktop microprocessors (e.g. Intel) vs. some of the world’s most powerful supercomputers (1964-2018).

processing power, which is illustrated in Figure 1.2 (Intel 2012, Stallings 2016, Intel 2018,
Strohmaier et al. 1993-2018). The figure shows that the clock speed of processors increases
exponentially until 2006. After 2006, further increase in computing power has been achieved
through multicore technology and parallelism. A crude estimation shows that the performance,
measured in floating-point operations per second, has increased roughly 5000 times from 1993
(Pentium) to 2017 (Coffee Lake). Similar trends but on a higher order of magnitude can be
identified by examining the evolution of supercomputers, where the number of processors has
increased from hundreds to millions (massively parallel computers).

In addition to computing power, computer data storage has also gone through a remarkable
development, referring both to primary (e.g. random-access memory) and secondary storage (e.g.
hard drive) devices. The evolution of hard disk drives (HDD) is characterized by ever-increasing
capacity and data transfer rates as well as ever-decreasing access time, physical dimensions and
price per gigabyte storage. Nowadays, cloud computing offers practically unlimited storage
capabilities with additional benefits of easier maintenance, sharing of information and access.
Nevertheless, a typical pavement condition survey for a large road network will produce a few
million data records, which will occupy only several hundred megabytes of disk storage.

The advancements in computer hardware, performance speed and storage capabilities go
hand in hand with the progress in software, mathematical methods and algorithms. Figure 1.3
illustrates some of the achievements with relevance to management science and methods
discussed in this thesis (Metropolis and Ulam 1949, Markowitz 1952, Cox 1972, Black and
Scholes 1973, Carriere and Chan 1986, Rakshit et al. 1996, Page et al. 1998). Notably, the
development of database management systems, artificial intelligence and parallel computing has
opened a new set of opportunities for data analysis and optimization in PMSs. A major
advancement in scientific computing was the development of general-purpose computing on
graphics processing units (GPGPU). The highly parallel structure of GPUs makes them suitable
for vector and matrix algebra computations and applications in image processing and data
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FIGURE 1.3 Timeline of selected mathematical models with real-world applications, decision support
and database systems, big-data and software with significance for management science (1907-2016).

mining. Consequently, GPUs together with multicore processors have been used to dramatically
reduce running time for neural networks and genetic algorithms, and also stimulating the
development of new classes of algorithms like parallel metaheuristics (Alba et al. 2013, Tsutsui
and Collet 2013). Furthermore, in-memory database management systems (SAP HANA) allow
for a significantly faster data access and processing in comparison to traditional disk-based
systems. Nevertheless, time is less critical factor in PMSs in contrast to, for example, winter road
maintenance systems where a dynamic real-time optimization is required. As the optimization
analysis in PMSs is typically conducted from time to time or when new survey data becomes
available, computational time should not be the decisive factor in selecting algorithms.

In summary, computer computing power, storage, data processing and optimization algo-
rithms have undergone a remarkable evolution in the last 30 years. Unfortunately, the same
cannot be said about common PMSs where the software interface and visualization of data has
improved but much of the simplifications made due to limited computer capabilities are still
present. The two main simplification and drawbacks are the aggregation of condition survey data
to long homogeneous sections and the optimization of M&R activities based on the area between
the do-nothing and post-treatment performance models of an aggregated condition index (see
Section 1.2.2 for details). Based on a comparison to new developed approaches, this work
provides a quantitative analysis of the consequences from these simplifications, which were first
systematically described together with other drawbacks of common PMSs by Hoffmann (2006).

Today, computer technology is no longer a limitation for the storage and processing of
condition survey data. The challenging part remains solving the M&R optimization problem
which if formulated without oversimplifications belongs to a difficult-to-solve class of problems.
Nevertheless, this thesis presents the methodological foundations and exemplary application of
new M&R optimization algorithm, capable of solving such problems. The developed approach
completely eliminates the need for homogeneous sections and aggregated condition indices in
PMSs. Moreover, it is possible to extend the approach to a full-stochastic cross-asset optimiza-
tion accounting for risk that can be applied to any aging infrastructure system (Hoffmann 2018).
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Chapter 1: Introduction and Summary

1.1.2 Objectives and methodology

The main objective of this thesis has been the development, programming and exemplary
application of an approach for work-zone optimization based on short survey sections and
holistic life cycle modeling, considering censored pavement data, multiple correlated distress
types and multiple M&R treatment alternatives. This main objective has been divided into
several tasks including an additional task, aiming to justify the necessity of the new approach by
means of comparison to common state-of-the-art methods:

* Quantitative evaluation and systematic comparison of commonly used PMS approaches for
generation of homogeneous sections, condition prediction and M&R optimization

= Systematic investigation of the consequences of data censoring and correlated competing
risks for the estimation of service life, and identification of the most appropriate methods

= Development of data-generation procedure as well as calibration of cost and performance
models necessary for the application of the new work-zone optimization methodology

= Development of an advanced work-zone optimization approach based on scale economies
in a spreadsheet environment and design of solution algorithm for the formulated problem

These objectives were addressed based on a holistic end-to-end approach, with specific
aspects being published in five peer-reviewed journal publications outlined in the following
section (see Section 1.2.1).

This thesis uses synthetic computer-generated data for the demonstration of the applica-
bility of the developed new approaches and as a basis for a ceteris paribus comparison and
evaluation of common PMS methods. For this purpose, a general procedure for simulation of
multiple distress types and short survey sections incorporating spatial correlation was developed.
Nevertheless, available empirical data from different sources was used to calibrate all relevant
input parameters, thus attaining a realistic case study for the comparison.

In general, simulation studies are widely recognized as a scientific tool for the develop-
ment of new theories and a deeper understanding of complex systems. Simulation studies are
used quite often in the literature on M&R treatment optimization, especially when demonstrating
the applicability of new approaches (e.g. Fwa et al. 1996, Medury and Madanat 2011, Sathaye
and Madanat 2012, Yeo et al. 2013). One of the reasons for this is that new approaches have to
be tested for a variety of settings, and possible limitations have to be identified prior to any real-
world data application. Sensitivity analysis and what-if scenarios help identify key factors, trade-
offs and improvement potential of the overall system (e.g. design optimization, inspection
intervals). Furthermore, a complete knowledge of service life enables model comparison and
objective quantification of the deviations resulting from a specific model. In addition, a good-
ness-of-fit measure (e.g. R?) alone does not prove the validity of a model and may be misleading
due to representativeness issues and biases associated with empirical data (e.g. censoring).
Moreover, traditional empirical research is limited to the existing data and cannot assess the
benefits of new technologies. In any case, the combination of empirical data and simulation
methods can provide a powerful tool for evaluation and comparison of optimization approaches.

In this thesis, all investigated and developed methods were manually implemented in
Microsoft Excel and Visual Basic for Applications. One open-source and one commercial add-in
for Excel have been used as solver engines for solving optimization problems. All graphical
representations constitute original figures which were created manually and subsequently edited.
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6 Advanced Optimization Approach for Pavement Management Systems

1.2 SUMMARY AND CONTRIBUTIONS

1.2.1 Opverview of the thesis

Chapter 1 of this thesis provides an overview of the evolution of PMSs over the years in parallel
with the advancements in computing power, mathematical algorithms, database management and
software. The chapter highlights the research objectives as well as the connection between the
different publications, of which this cumulative thesis consists. The most significant findings of
the thesis are summarized in the following sections along two lines: analysis of the drawbacks of
common PMSs (Section 1.2.2) and proposed innovative solution approaches (Section 1.2.3). The
chapter ends by giving a summary of the author’s contributions (Section 1.2.4) with conclusions
and outlook for future work (Section 1.3). Figure 1.4 illustrates the main research issues treated
in the thesis, linking them to the corresponding PMS module. Some key research topics for
future work are identified as well. Notably, most of the work is concerned with the two main
PMS elements: condition prediction and M&R optimization.

Chapter 2 (Publication 1) can be seen as an introductory chapter. The publication is
mostly based on Donev (2014) but with some important extensions. The current approaches for
condition survey, assessment and prediction in Germany, Austria and Switzerland are briefly
discussed and compared. The results show that the survey and rating procedures differ in the
number and type of surveyed distresses, measuring equipment, rating scales and definitions of
aggregated condition indices. The drawbacks of aggregating individual distresses are highlighted.
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FIGURE 1.4 General overview of the basic modules in a typical PMS with key research issues and
topics covered in the individual chapters of the dissertation together with some possible future objectives.
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Chapter 1: Introduction and Summary 7

Furthermore, performance prediction models derived using multiple regression are discussed,
with emphasis on multicollinearity issues. Within the chapter, two stochastic condition models
are analyzed: homogeneous Markov chains and the Hoffmann process (Hoffmann 2018). An
important contribution is the derivation of a stochastic performance model at the section level.
Common section-level prediction approaches using shifting/scaling of a master function are
compared to the developed stochastic model based on empirical time-series data for 100 sections.

Chapter 3 (Publication 2) focuses on the issue of data censoring in the context of pave-
ment condition survey data with a discussion of common examples in practice. Computer-
generated data is used to quantify the effect of neglecting censoring in the estimation of
empirical performance models. The analysis is conducted for multiple distress types (competing
risks), and by examining different possible distress correlations. Various models are applied to
the artificially censored data including nonparametric and parametric survival analysis models,
Markov chains and non-linear regression. While survival analysis models account for censoring,
all models lead to biased distress-specific distributions in the presence of dependent competing
risks. Two solutions to this problem are proposed, namely to combine the developed section-
specific model from Chapter 2 with parametric survival analysis or to use copulas.

Chapter 4 (Publication 3) introduces a unique work-zone optimization approach which
eliminates the need for aggregation, avoiding the limitations of homogeneous sections described
in Chapter 5. Optimal treatment timing, type and work zones are the results of optimization
which minimizes the total discounted life cycle costs. Key features of the approach are the
consideration of multiple correlated distress types and economies-of-scale cost functions. The
method requires unbiased service life estimates which can be obtained by taking into account the
findings of Chapter 3. Nevertheless, employing scale economies and using detailed condition
data instead of aggregated data leads to a much more complex optimization problem. The
developed problem-tailored innovative algorithm combines different heuristics techniques,
including genetic algorithms to identify close to optimal work-zone solutions. Moreover, the
work-zone optimization approach is presented as a part of a holistic framework for a new PMS.
For this purpose, all necessary cost (agency, user and temporary traffic control), performance
and M&R duration models were developed. Extensive results of optimization with and without
user costs and soft constraints for different discount rates are presented and discussed in detail.

Chapter 5 (Publication 4) and Chapter 6 employ the same case-study data as Chapter 4 to
illustrate the limitations of state-of-art approaches for data aggregation and M&R programming.
In Chapter 5, the consequences of aggregating short survey sections to long homogeneous
sections are analyzed. It is shown that the formation of homogeneous sections leads to erroneous
service life and failure cause predictions with threshold violations. Moreover, the sections shift
with each survey, and the results are highly sensitive to the used algorithm. This identifies the
need for alternative solutions, with one possibility being the approach from Chapter 4.

Chapter 6 (Publication 5) analyzes the consequences of common benefit-maximization
strategies in network-level M&R optimization. In the given context, benefit is commonly defined
as the area between the performance curves with and without treatments of an aggregated
condition index. Strategies that maximize benefits are compared to strategies that minimize
discounted life cycle costs for 1000 road sections and different budget scenarios. The results
show that the maximization of benefits based on an aggregated condition index leads to substan-
tially higher agency costs and favors the selection of expensive M&R treatments with earlier
timing, irrespective of actual failure causes and service lives.
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8 Advanced Optimization Approach for Pavement Management Systems

1.2.2 Limitations of common approaches in pavement management

Systematic analysis of methodological approaches in pavement management requires thorough
knowledge of the individual PMS components and processes and their interaction. The impact of
a specific method or approach should be investigated up to the optimization and final results.
The majority of research literature, however, is dedicated to the development of new methods
instead of systematic analysis and comparison of existing ones. Moreover, condition assessment,
condition prediction and optimization have been the focus of separate groups of researchers. The
commercial market is also split between providers of data collection equipment and PMS
software vendors (Perera et al. 2008). Thus, the former are usually not acquainted with the
advantages and disadvantages of the different prediction and optimization methods or how the
collected data can be put to best use. There is also a discrepancy between the quality and density
of data provided by automated condition surveys and the data actually used in PMS. A large part
of this thesis is dedicated to a critical analysis of common PMS approaches. This section
provides only a summary of the key conclusions (for details consult the individual chapters).
PMSs in German-speaking countries (DACH) rely on data from periodic automated condi-
tion surveys every 3 to 6 years. The condition assessment procedure includes dividing the road
network into sections, and for each section rating the collected distress data based on distress
type, extent and severity. To summarize and compare the results, the individual distresses are
aggregated to an overall condition index (OCI). Although the survey and rating approaches in
different countries are very similar, the results are not directly comparable due to different
sectioning algorithms, differences in the number and type of surveyed distresses, used rating
scales, as well as formulas and weights for computation of the OCI. Figure 1.5 summarizes the
limitations of common condition survey and assessment procedures. The collected raw condition
data is subjected to multiple levels of aggregation prior to its use as an input in condition

Condition survey and assessment procedures (DACH)
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FIGURE 1.5 Main limitations of common approaches for pavement condition survey and assessment.
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Chapter 1: Introduction and Summary 9

prediction. For example, if a pavement section exhibits a distress type with multiple severity
classes (e.g. low and moderate cracking), the total extent of this distress is computed using
severity-based weighting. Another level of aggregation is when different distress types are
combined into a distress group. Examples include aggregation of surface distresses (bleeding,
raveling, delamination, etc.) and aggregation of alligator cracking and linear cracks (converted
into cracking area), as stipulated in HDM and the Austrian PMS (Paterson 1987, Weninger-
Vycudil 2001). However, the combination of distress types with different causes, initiation
mechanisms (e.g. top-down vs. bottom-up cracks) and progression obviously leads to inaccurate
performance prediction models and hinders the assignment of optimal treatments.

At the next stage of aggregation, different distress types are combined into an OCI, repre-
senting the condition of a pavement section with a single score. The overall condition can be
used to provide an overview of the network condition for high-level decision makers and to
identify the worst-performing road sections. However, if the OCI is used in condition prediction
or as an objective in M&R optimization (e.g. maximizing benefits), this leads to serious draw-
backs, which will be discussed later in this section. In the following, the spatial aggregation of
data based on the generation of homogeneous sections will be reviewed.

The results of a condition survey are usually provided for short survey sections (e.g. 10-
50 m). In the preparation of the data for PMS, these sections are aggregated to longer homoge-
neous sections to reduce the amount of data to be analyzed and to obtain practical lengths for
M&R projects. The sections are combined based on similarities in condition (only last survey),
pavement structure and traffic volume using an algorithm like cumulative difference approach or
Bayesian segmentation algorithm (AASHTO 1993, Thomas 2004). The consequences of this
aggregation for condition prediction and M&R optimization are hardly ever discussed in the
literature. Figure 1.6 lists the main limitations of this approach, with evidence from a parametric
case study provided in the thesis (see Chapter 5).

Aggregation of survey data to homogeneous sections
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FIGURE 1.6 Main consequences from the aggregation of short survey sections to long homogeneous
sections prior to condition prediction and M&R optimization with reference to a proposed solution.



https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

L]
|
rk

10 Advanced Optimization Approach for Pavement Management Systems

The formation of homogeneous sections has been an integral part of PMSs since their first
introduction in the late 1970s and early 1980s. At that time, it was a necessary simplification due
to limited computer capabilities but also due to a lack of methodology on how to combine short
sections (with assigned treatments) into work zones. In the following years, much effort was
focused on development and improvement of existing road-sectioning algorithms. However, not
only each algorithm leads to different sectioning but also each survey produces different
homogeneous sections. The shifting of dynamic homogeneous sections impairs the consistency
of collected time-series condition data for a given road section. Thus, only the last survey can be
used in performance prediction at the section level. Although fixed management sections do
allow the use of historic condition data, they also cause averaging errors and loss of information
(even more so than dynamic sections). Averaging errors in current condition manifest themselves
in inaccurate condition predictions and potential future threshold violations for each individual
distress type. Blurred predictions in terms of service life and failure cause hinder the selection of
optimal timing and type for M&R treatments. Moreover, generating homogenous sections prior
to condition prediction limits the number of possible work-zone solutions and the potential
benefits of economies-of-scale cost optimization. An alternative approach that does not rely on
homogeneous sections and data aggregation is presented in Chapter 4.

Apart from the averaging errors resulting from the input data (homogeneous sections), per-
formance prediction models in common PMSs suffer from further methodological drawbacks. In
German-speaking countries, empirical deterministic condition (master) functions have been
derived for each distress type, using regression analysis at the network level. For a section-level
prediction, these functions are shifted or scaled through the last measured condition value. A
summary of the deviations resulting from the application of this approach is provided in
Figure 1.7. First, the developed models ignored data censoring which can lead to biased model
parameters and service life estimates. An example of ignoring (right) censoring is excluding road

Deterministic condition prediction by shifting or scaling of a master function (DACH)

‘ all section, distress type 2...(of k)
fg& all section, distress type 1

master condition functions derived using regression analysis
at the network level and fitted sectionwise (deterministic)

>

R2=...

scaling or shifting of master function through the last survey
is susceptible to errors and ignores previous condition data

master
e R (standard)

distress extent

°  pavement age
>

using multiple regression models results in biased parameter
estimates for considered influencing factors (e.g. traffic)

‘ section 7, distress type 2...(of k)
ﬂ@% section 7, distress type 1

A

reason for this is the presence of multi-collinearity, omitted
relevant explanatory variables and unobserved heterogeneity

service life

master
(standard) N calibrated
O;/ last surivey

distress extent

common models do not consider data censoring, distress
correlation and stochastic nature of pavement deterioration

T ear
" Iyow tea, Y >

in the thesis:

Section 2.2
Section 3.2.2

BB P D P

o

|I©

(N

prediction using advanced statistical methods (regression,
survival analysis and panel data models/structural equations)

FIGURE 1.7 Main limitations of deterministic approaches for condition prediction based on scaling or
shifting of a master function through the last survey applied in PMS in German-speaking countries.
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Chapter 1: Introduction and Summary 11

sections with no signs of distress from the analysis. Second, common models suffer from several
types of bias resulting from omitting relevant explanatory variables, unobserved heterogeneity
and multicollinearity (high correlation between age and accumulated traffic). Third, over-
simplified linear model forms do not describe realistically the actual distress progression.
Finally, the shifting of the master function may give a plausible prediction for the first one or
two years but it is not suitable for medium- and long-term predictions. Many of the described
limitations can be avoided by using more-advanced statistical techniques like section-level
regression (Chapter 2), survival analysis (Chapter 3) and panel data models (Madanat et al. 2010).
Due to the widely recognized drawbacks of deterministic prediction models, many
researchers directed efforts towards the implementation of stochastic Markov chain models in
pavement and bridge management (e.g. Butt et al. 1987, Jiang et al. 1988, Madanat and Ben-
Akiva 1994, Li et al. 1996, Thompson et al. 1998, Mishalani and Madanat 2002, Abaza et al.
2004, Tsuda et al. 2006, Lethanh and Adey 2013). Markov chain models are popular in the
literature because the concept of transition probabilities is easily understood and the models can
be calibrated with fewer requirements on available condition data and influencing factors. In
addition, the Markov decision process provides a framework for M&R modeling and the
resulting optimization problem can be solved using standard techniques like dynamic program-
ming. Nevertheless, Markov chain models exhibit several serious methodological drawbacks, as
shown in Figure 1.8. Although a few researchers have to some extent accounted for performance
history, age-dependent transition probabilities, censoring and influencing factors, one of the
main drawbacks remains the inadequacy of a discrete-state model for prediction of the continu-
ous pavement condition data, with the number of states having a major impact on the results.
State-of-the-art PMSs usually rely on single-objective M&R optimization, with the two
most common objectives being minimization of agency and/or user costs and maximization of
benefits. In the latter case, benefit (sometimes referred to as effectiveness) is defined as the area

Condition prediction at the network level using homogeneous Markov chains (stochastic)
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FIGURE 1.8 Main limitations of using homogeneous discrete-time (discrete-state) Markov chain
models in pavement condition prediction at the network level.
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12 Advanced Optimization Approach for Pavement Management Systems

between the do-nothing and post-treatment performance curves of an OCIL The benefit-
maximization approach has been the core element of several widely used pavement and bridge
management systems for more than 30 years (Li et al. 1998, Thompson et al. 1998, Weninger-
Vycudil 2001, Zavitski et al. 2008, AASHTO 2012). The concept of maximizing benefits is
appealing and easily understood by both practitioners and decision makers. The “benefits”
achieved in this manner, however, are not related to actual monetary or non-monetary benefits,
resulting from the application of a specific M&R strategy. Another reason for the popularity of
the approach is that the optimization can be conducted using the heuristic incremental benefit-
cost (IBC) technique. IBC can be applied to a large road network, requiring significantly less
computational effort (running time) in comparison to other available algorithms (Patidar et al.
2011). Using the efficiency frontier for screening of strategies at the section level, significantly
reduces the number of M&R strategies considered at the network-level. This was an essential
factor at the time when the above-referenced PMSs were first developed (see Section 1.1.1).

A comparison to strategies minimizing the total discounted life cycle costs (state-of-the-art
in the research literature) clearly shows that the maximization of benefits is not an appropriate
optimization objective in pavement management. The key findings from such comparison are
listed in Figure 1.9. The case study in Chapter 6 shows that the maximization of benefits based
on an OCI leads to a strong preference of major rehabilitation and replacement treatments with
systematically earlier timing, irrespective of actual failure causes and service-life predictions.
The reason for this is that extensive treatments yield a larger area between the curves but they
also cost the most. Thus, for more generous annual budgets, following benefit-maximization
strategies leads to substantially higher agency costs in comparison to strategies resulting from the
minimization of life cycle costs. Furthermore, the results at the network level suggest that the
annual agency costs do not exhibit a high sensitivity regarding the weights for the individual
distresses in OCI, but at the road section level, the optimal M&R strategy might change.

M&R programming using benefit maximization based on overall condition index
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FIGURE 1.9 Main consequences from the use of benefit-maximization approaches based on an overall
(composite) condition index in the optimization of M&R programs at the network level.
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Chapter 1: Introduction and Summary 13

1.2.3 Proposed solutions to common drawbacks

In addition to the systematic analysis and criticism of common approaches in condition assess-
ment, performance prediction and M&R optimization, this thesis makes several innovative
conceptual and methodological contributions to the-state-of-the-art in pavement management.
The novel part includes the development of a comprehensive simulation approach, advancements
in condition prediction and a holistic end-to-end framework for M&R optimization, which makes
the homogeneous-sections approach obsolete.

The importance and application area of simulation approaches in pavement management is
stressed in Section 1.1.2. This work provides insides into the correlation structure of distress-
specific service lives, which can be used not only in simulation studies but also as additional
information in condition prediction, especially in the presence of data censoring (see below). The
general correlation structure of pavement condition data is given in Figure 1.10. The developed
simulation approach simultaneously considers both spatial correlation and distress correlation.

The first type of correlation, the spatial (serial) correlation between neighboring road sec-
tions, is illustrated schematically in Figure 1.10(a). This longitudinal spatial correlation considers
that the condition on two neighboring sections is more likely to be similar than the condition on
two sections that are in larger distance from each other. This work places the emphasis on the
correlation between the observed (predicted) service lives instead of the correlation between
measured current conditions. Both can be different, for example, if a distress initiation phase is
present. This is something that the homogeneous-sections approach overlooks, as it assumes that
sections which have similar current condition will have similar condition development (regard-
less of the age). Furthermore, the degree of spatial correlation significantly affects the length of
work zones in the optimization of M&R activities, as discussed later in this section.

In this thesis, the longitudinal spatial correlation is modeled separately for each distress
type, using a second-order autoregressive (AR) process. In contrast to time-series models, the
observations are spaced at equal length intervals (and not time intervals). More advanced
random-fields methods offer a continuous representation of the variability in multiple directions.
Possible applications of random fields in the literature include estimation of missing condition
values (Lethanh et al. 2016), as well as consideration of spatial variability of material properties
and structural responses at the corresponding scales in stochastic finite element and multi-scale
models (Lea 2010, Huber 2013, Lea and Harvey 2015, Zhou et al. 2019).

The analysis of empirical data from automated surveys in Austria has shown that the
degree of spatial correlation depends on the distress type and the length of survey sections. For
example, skid-resistance values correlate highly only with immediate neighbors, while for other
distresses like alligator cracking the correlation is significant over a longer distance. The number
of significant neighboring condition values (i.e. the order of the AR model) is determined based
on the partial autocorrelogram. For the majority of road sections, the correlation is significant
over a length of one to four sections (50 m), with two sections being the most common.

The second type of correlation considered in this thesis is the correlation between different
distress types on the same road section, as depicted in Figure 1.10(b). Empirical studies suggest
that distress types are either uncorrelated or positively correlated (Hajek and Haas 1987, Molzer
et al. 2000). From the positive correlation follows that the presence of one distress type on a
given section makes the existence of other distresses more likely. Similar to the spatial correla-
tion, the distress correlation can be accounted for in condition prediction. State-of-the-art
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14 Advanced Optimization Approach for Pavement Management Systems
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FIGURE 1.10 Correlation structure of pavement condition data: correlation between neighboring road
sections for a given distress type (a) and correlation between different distress types at section level (b).

approaches, however, model the progression of the individual distress types as independent
processes. Furthermore, distress correlation causes a special type of nonrandom censoring
mechanism that leads to biased service-life estimates (see next page). If the marginal service-life
distributions for the individual distress types and the correlation structure are known, then the
multivariate (joint) distribution can be obtained using the copula approach, as demonstrated in
Chapter 3. Usually, only the joint (overall) service life distribution (failure due to any cause) can
be estimated using empirical data. If the copula is known, the marginal distributions can be
estimated as well, by solving two simultaneous integral equations (see Zheng and Klein 1995).
The limitations of the copula approach are related to the estimation of the copula parameter and
the increasing complexity when more than two distress types are considered.

The already-mentioned problem of data censoring is a concern when estimating service life
based on condition data collected from in-service pavements. Service life is censored when the
beginning and/or end of the distress-specific service life are not exactly known. Aside from
competing risks, censoring results from the fact that while deterioration is a continuously
ongoing process, the condition surveys are conducted at discrete points in time. Moreover, the
initial stages of the deterioration process for some distress types (e.g. bottom up-cracking) cannot
be observed because they occur below the surface. More specifically, common cases of censor-
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Chapter 1: Introduction and Summary 15

(a) Common cases of censoring and data deficiencies
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FIGURE 1.11 Common cases of data censoring in practice (a) together and benefits of combining the
strengths of survival-analysis models (b) and regression-based curve fitting (c) for condition prediction.

ing which are relevant for pavement management are shown in Figure 1.11(a). For example,
sections exhibiting no distresses at the time of the last survey are right censored. Such sections
are typically excluded from network-level regression analysis, leading to biased mean service
life estimate (Molzer et al. 2000). Missing values and measurement errors (if identified as such)
indicate poor data quality and also cause censoring of service life. The case of applying M&R
due to another failure cause (i.e. competing risk) was already discussed. Finally, left censoring
occurs when a road section has failed prior to the first survey.

Data censoring is a well-known problem in many fields like engineering, biostatistics,
sociology, econometrics, etc. Survival analysis (SA) provides the mathematical means to account
for censored observations when estimating duration like distress-initiation time or service life
(see Figure 1.11(b)). In general, SA methods can be classified into non-parametric (e.g. Kaplan-
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16 Advanced Optimization Approach for Pavement Management Systems

Meier), semi-parametric (e.g. Cox regression) and parametric (e.g. Weibull) models (Kleinbaum
and Klein 2012). In pavement management literature, SA techniques are considered primarily in
the development of crack initiation models. In German literature, the topic of censoring is
usually ignored. Furthermore, classical SA assumes random censoring. However, if the censor-
ing mechanism is nonrandom (e.g. due to correlated competing risks), SA models may lead to
biased parameter estimates. Another limitation of SA is that it does not incorporate a condition
model, describing the states prior to failure. Although multi-state SA models are available, they
are mostly based on Markov chains (Hougaard 2000). Nevertheless, SA is capable of capturing
performance history as well as unobserved heterogeneity between sections using frailty models
(Kleinbaum and Klein 2012). Furthermore, depending on the availability and explanatory power
of covariates, section-specific survival curves can be estimated for each individual section. Thus,
SA provides an estimate of service life and its distribution at both the network and the section
level. The individual distributions can be further narrowed down given that the section has
survived until a particular time, allowing for the estimation of remaining life and its distribution.
Pavement condition data has been collected on a regular basis in many countries for dec-
ades. If time-series data at the section level is available, a condition function can be fitted using
nonlinear regression. In contrast to scaling and shifting of a master function (see Section 1.2.2),
regression considers all available observations, is less susceptible to measurement errors and
allows for the derivation of confidence and prediction bounds. Moreover, if a power function
with constant for all sections power parameter is employed, this reduces the degrees of freedom
by one, resulting in more stable prediction. The constant power parameter is based on the
assumption that the condition development for each distress type follows a general characteristic
form (e.g. degressive for rutting), whereby the deterioration can be accelerated or decelerated
depending on section-specific factors (Archilla and Madanat 2000, Hoffmann 2006). Further-
more, this assumption transforms the power function into an intrinsically linear model that can
be estimated using simple linear regression (Backhaus et al. 2015). Chapter 2 presents an
extension of the common regression model, enabling the analytical derivation of condition and
failure distributions at the section level under consideration of the full performance history. The
condition distribution is based on the unstandardized student-t density but even if the distribution
of the error terms is non-normal, a non-parametric empirical distribution can be estimated using
bootstrapping (McCullough 1996). The stochastic model allows for full-stochastic reliability-
based life cycle cost optimization of bridges or other critical assets at the single-facility level (see
Hoffmann 2018). Chapter 3 shows how the section-specific regression model can be used
together with survival analysis to narrow down the prediction intervals for censored sections.
Obtaining an accurate service-life estimate is of crucial importance in every PMS. Even the
best optimization algorithm will be of limited use if it uses inaccurate condition predictions as
basis for M&R decision planning. As mentioned, the aggregation to homogeneous sections is a
huge source of inaccuracy and errors in condition prediction (Section 1.2.2). Still, the aggrega-
tion process is seen as indisputable necessity in all PMS applications, while the problem is
generally neglected in the research literature. This thesis demonstrates the applicability of a
fundamentally different methodology, redefining how condition information is analyzed in a
PMS. Instead of losing a great amount of detailed data at the beginning of the analysis prior to
any decision making, the new approach utilizes all available information up to the M&R optimi-
zation. Thus, the aggregation of short survey sections to work zones takes place at the M&R
optimization level on the basis of economies-of-scale cost minimization. The difference between
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Chapter 1: Introduction and Summary 17

this new approach and the aggregation to homogeneous sections is depicted in Figure 1.12(a,b).
The new approach allows for more accurate high-resolution condition predictions, by making use
of the quality condition data provided by automated surveys. Incorporating this approach in a
methodology where M&R treatments are prescribed based on any possible distress combination
has the potential to significantly improve section-level M&R recommendations, as desired by
road agencies (Wang and Pyle 2019). To achieve this goal is also essential to include a structural
indicator in addition to the commonly surveyed surface characteristics (IR, skid resistance, etc.).
However, the incorporation, for example, of network-level deflection measurements within the
homogeneous-sections approach is not meaningful and cannot provide additional benefits.

This thesis introduces a new method for work-zone optimization which eliminates the need
for homogenous sections, and provides a holistic framework for a new PMS including, besides
the approach, also all necessary cost and performance models. Economies-of-scale models for
M&R costs, temporary traffic control costs (TTCC) and user costs were developed using bottom-
up cost calculation and unit-cost estimates from contractor’s bid prices in Austria. Economies-of-
scale savings result from the spreading of fixed costs over a larger work-zone area, leading to a
decrease of total costs per square meter (degressive function). In contrast, common PMSs and
the majority of research work employ average cost estimates (e.g. Weninger-Vycudil 2001).
Disregarding economies-of-scale effects, however, may lead to an over- or underestimation of
costs for any given road project. Alternatively, economies-of-scale cost functions can be derived
statistically based on historical cost records for completed projects. The few empirical studies
available in the literature show that scale economies are indeed present and their influence on
treatment costs is substantial (Irfan et al. 2012, Hoffmann 2018, Qiao et al. 2019).

TTCC are rarely taken into account or only considered in the total average costs. A sepa-
rate modeling of these costs enables optimization of the work-zone layout and the consideration
of more realistic work zones, consisting of multiple M&R treatments. Furthermore, the research
work on network-level optimization often neglects work-zone effects on users and models (if at
all) only condition-related user costs as a function of a single condition indicator (IRI). Detailed
models for user costs are used either for single projects or in work-zone scheduling optimization.
The here developed economies-of-scale user cost model is based on parameters and statistics
from the literature, standardized work-zone layouts, actual traffic volumes, demand-capacity
analysis and an M&R activity duration model.

Another significant contribution of this work are the developed post-treatment performance
models, simulating multiple correlated distress types. A simulation approach is relevant for
modeling of the condition after the first and all consecutive M&R treatments in the life cycle.
This follows from the fact that there is no survey data available for the future which can be used
for empirical calibration of condition functions. In practice, treatment performance is often
described using deterministic models with age as a primary explanatory variable. Due to this
approach, all road sections with a specific treatment in a given year will have identical future
condition progression, resulting in distorted condition and annual costs predictions. Furthermore,
covariates like traffic, thickness, and freeze index are similar for a large number of contiguous
survey sections, falling short in explaining the true spatial variability of exhibited distresses across
sections. Alternatively, the simulation approach in this thesis considers that the distress and
spatial correlation structure of the data will not change significantly after a treatment. Moreover,
initial service life and post-treatment life are correlated as well, and the flexible approach allows
for explanatory variables to be included in the distributions of the individual distresses.
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FIGURE 1.12  Aggregation of survey data in common PMSs prior to the condition assessment level (a)
vs. proposed combination of short survey sections into work zones at the M&R optimization level (b).

The developed holistic M&R optimization approach simultaneously considers multiple dis-
tress types as well as the effect of each treatment on every possible distress combination. The
complexity of the optimization problem is not affected by the number of considered distress
types. In contrast, many researchers consider just one distress type or an aggregated condition
index in M&R optimization. Some examples include international roughness index (IRI)
(Sathaye and Madanat 2012, Lee and Madanat 2015), critical condition index (CCI) (Wu and
Flintsch 2009, Santos et al. 2017), pavement condition index (PCI) (Li et al. 1998, Mathew and
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Isaac 2014), pavement serviceability rating (PSR) (Yeo et al. 2013), pavement condition score
(PCS) (Wang et al. 2003), and so on. Roughness is perhaps the most common condition indicator
used in optimization due to the fact that there are many roughness-based performance and user
costs models available in the literature. However, considering all observed distress types is
indispensable for more targeted treatment assignment, allowing the selection of technically and
economically most appropriate sequence of treatments for the particular distress combination.

The methodology for work-zone optimization based on scale economies and considering
multiple distress types is illustrated using a simplified example in Figure 1.12(b). M&R treat-
ments on two neighboring sections can be combined in a joint work zone, by moving forward the
treatment on the section with the longer service life (i+1) to the timing of the other section (i),
provided that the type of treatment is the same. Postponing the treatment on section i is not
acceptable with regard to the defined condition thresholds. The two sections should be combined
if the discounted cost savings due to scale economies are higher than the increase of present
value resulting from shifted timing on section i+1. The initial M&R solutions are the result of
single-section optimization (first stage) but the treatment type can still be changed in the work-
zone optimization (second stage) if the condition and technical constraints are satisfied. Consid-
ering multiple treatments and a larger number of road sections leads to a complex optimization
problem, namely a nonlinear, nonsmooth, nonconvex, general integer optimization problem.

Within this thesis, an innovate algorithm was developed specifically for the given optimi-
zation problem, using Visual Basic for Applications programming language. The algorithm called
EMS (expand, merge and solve) consist of multiple steps and iterations, combining different
heuristic techniques. The solving part is handled by a commercial add-in for Excel, employing
steady-state genetic algorithms. The applicability of the algorithm is demonstrated using a
realistic case study consisting of 1000 freeway survey sections. A visual inspection of the results
showed excellent solution quality in almost all cases. The case study produces extensive results
including work-zone solutions resulting from minimizing M&R agency costs, total agency costs
(incl. TTCC), societal costs (agency and user costs) as well as a sensitivity analysis for variations
in the discount rate. Furthermore, a hypothetical example shows that the initial service life which
is influenced by pavement design has a major effect on the optimal M&R program.

An important issue discussed in this work is the dependence of service life on the defini-
tion of trigger and threshold values. A possible way to mitigate the influence of subjective
thresholds is using soft constraints for some distress types like alligator cracking, allowing for a
certain exceedance of thresholds depending on a penalty function. Nevertheless, hard constraints
will still be needed for some distresses like rutting due to safety-related reasons. Soft constraints
grant more flexibility in the optimization by expanding the solution space. The application of this
approach to the case study shows that using soft constraints leads to greater work-zone lengths.
Thus, the treatments on some sections are postponed, if this leads to longer work zones. The
drawback of using soft constraints is that the estimation of penalty costs is not straightforward.

The work-zones lengths obtained in the case study are too short compared to typical
lengths known from practice. The reason for this is that the approach does not yet account for
some factors that may considerably increase work-zone lengths in a fully developed approach.
Such factors include the consideration of aggregated work zones consisting of multiple different
M&R activities, aggregation of two work zones with a small gap in between as well as the costs
for other (in-house) activities with a high proportion of fixed costs (e.g. supervision and plan-
ning, safety audits, call-for-tender procedures, quality assurance and acceptance testing).
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1.2.4 Contribution of the author

This thesis constitutes a cumulative work, consisting of an introductory chapter and five scientific
articles that were published in international peer-reviewed journals. The individual contributions
of the author to each publication are summarized as follows:

=  Publication 1 (Chapter 2): Introduction of a new continuous time and state space
stochastic process in condition prediction

The author prepared the second half of the manuscript, conducted the literature analysis,
prepared all figures, analyzed the multicollinearity issues and had a significant contribution to
the derivation of the project-level regression model. The author conducted the computations for
the examples, the simulation of correlated failure types and the case study based on LTPP data.

=  Publication 2 (Chapter 3): Condition prediction and estimation of service life in the
presence of data censoring and dependent competing risks

The author prepared the manuscript, conducted the literature review, created all figures, concep-
tualized the simulation case study and generated correlated condition data, exhibiting different
types of censoring. The author implemented the analyzed methods in Excel, applied them to the
generated data, interpreted the results and proposed the copula approach.

= Publication 3 (Chapter 4): Optimization of pavement maintenance and rehabilitation
activities, timing and work zones for short survey sections and multiple distress types

The author prepared the manuscript, analyzed relevant literature and created all figures. The
author implemented and substantially contributed to the methodological development of a
holistic M&R modeling and work-zone optimization framework, building on the idea of Markus
Hoffmann for bundling of short survey sections based on economies-of-scale costs. The author
developed a simulation approach, simultaneously considering distress and spatial correlation,
developed agency, temporary traffic control and user cost models as well as a treatment duration
model. The author implemented an M&R performance and cost modeling of multiple distress
types and multiple treatments types for a large number of road sections in Excel. One of the main
contributions of the author lies in the design of the solution algorithm for the highly complex
work-zone optimization problem using Visual Basic for Applications. Furthermore, the author
conducted all computations, optimization runs, sensitivity analysis and evaluated the results.

=  Publication 4 (Chapter 5): Aggregation of condition survey data in pavement manage-
ment: shortcomings of a homogeneous sections approach and how to avoid them
The author prepared the manuscript, created all figures, analyzed sectioning algorithms from the
literature and implemented them in Excel. The author developed a framework for comparison,
selected boundary conditions, applied the algorithms to generated data and analyzed the results.

=  Publication 5 (Chapter 6): Benefit maximization based on aggregated condition indices:
drawbacks for selection of pavement treatments

The author prepared the manuscript, conducted the literature analysis, created all figures and
conceptualized the framework for comparison by defining boundary conditions and scenarios. He
implemented the analyzed methods in Excel, wrote the algorithms for the generation of strategies
in Visual Basic, conducted all optimizations and formulated key drawbacks of common methods.
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1.3 CONCLUSIONS AND OUTLOOK

1.3.1 Conclusions

The conclusions and contributions of this work can be summarized according to the individual
publications. Publication 1 (Chapter 2) shows that common condition survey and assessment
approaches differ in the number and type of surveyed distress types, measurement equipment,
survey-section lengths, road segmentation algorithms, inspection intervals, condition thresholds
and definition of aggregated condition indices. A major limitation resulting in loss of service life
is the use of subjective condition thresholds which are not based, for example, on a comprehen-
sive analysis and safety considerations (e.g. braking distance, curve skidding). Also, the use of
aggregated indices in M&R planning and optimization should be strongly discouraged, as
entirely different distress types may lead to the same overall condition index, blurring underlying
failure causes. Furthermore, common deterministic prediction models based on shifting and/or
scaling of a master function are susceptible to measurement errors and ignore previous perfor-
mance history. In addition, the estimated model parameters may suffer from bias resulting from
multicollinearity effects, model misspecification, unobserved heterogeneity and ignoring data
censoring. Another finding of the analysis is that homogeneous Markov chains are not appropri-
ate for pavement condition modeling on account of distortions due to absorbing states, limited
use at the section level, the dependence of the results on the number of discrete states, as well as
unrealistic assumptions like the memoryless property and constant transition probabilities (see
also Chapter 3). In contrast, the introduced continuous-time and continuous-state stochastic
models both at the network level and the section level do not exhibit these limitations, allowing
for the estimation of remaining service life, reliability, risk and prediction intervals.

The nature of pavement deterioration process and practical limits of condition survey pro-
cedures lead to censoring of empirical data. Although some researchers have used classical
survival analysis to account for censoring, only the case of just one possible distress type was
considered. In Publication 2 (Chapter 3), different survival analysis models are applied for
service life estimation in the presence of uncorrelated andf correlated competing distress types.
The deviations of different methods are objectively quantified based on an artificially censored
data generated using a known deterioration process. The results show that classical survival
analysis models exhibit substantial bias in the presence of multiple positively or negatively
correlated distress types. However, this bias can be reduced or completely avoided by using the
complete performance history at the section level. Another promising approach is based on
copulas, enabling a simultaneous modeling of joint and marginal (distress-specific) service life
distributions.

Publication 3 (Chapter 4) presents a novel optimization approach which is unique in its
capabilities to simultaneously account for multiple treatments, multiple distress types, stochastic
treatment lives, scale economies, traffic control, work-zone layouts, capacity, road user and
environmental impacts. Instead of forming long homogeneous sections, the proposed approach is
based on short survey sections, allowing more accurate condition predictions for each distress
type. Survey sections are then combined into longer work zones if the economies-of-scale
benefits exceed the resulting loss of service life. In addition, work-zone related user costs are
considered in order to select appropriate work-zone layouts. As a part of a holistic end-to-end
framework, all necessary cost and performance models are developed and calibrated for flexible
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22 Advanced Optimization Approach for Pavement Management Systems

pavements on freeways in Austria. The formulated optimization problem exhibits exponential
complexity with network length and is solved by a developed problem-specific algorithm.

The proposed methodology is successfully applied to a case study of a realistic road net-
work consisting of 1000 pavement sections. According to the results, temporary traffic control
costs are the primary driver for the formation of longer work zones. The use of soft constraints
increases the flexibility of the approach, reducing the dependence of the results on condition
thresholds and outliers. Furthermore, the conducted sensitivity analysis shows that discount rates
have a significant impact on the length of work zones and the type of M&R treatment. Higher
discount rates, for example, attach more weight to short-term decisions and favor less costly
treatments, despite shorter service lives. The consideration of additional user costs due to work
zones leads to larger work zones with a shorter duration. Finally, the designed structural life has
a huge impact on the extent of subsequent treatments and life cycle costs.

The last two publications analyze the consequences of aggregation to homogeneous sec-
tions and benefit maximization strategies in pavement management. In particular, Publication 4
(Chapter 5) examines the consequences of the aggregation of condition data to homogeneous
sections. Three common methods for road segmentation are compared based on empirical case
study. The results show that the prediction errors and smoothing of peak values arising from the
aggregation are not negligible. Moreover, the produced homogeneous sections shift with each
survey which hinders the use of performance history in condition prediction at the section level.
Furthermore, the work zones resulting from homogeneous sections (condition based) are
compared to the work zones resulting from the advanced optimization approach presented in
Chapter 4 (M&R based). Under the same boundary conditions of no threshold violations, the
new optimization approach outperforms homogenous sections with different level of aggregation
(200 m, 600 m and 1000 m) in terms of loss of service life and total discounted costs.

In Publication S (Chapter 6), strategies maximizing benefits and strategies minimizing
costs are compared for different budget scenarios. According to the common practice, benefit is
defined as the area between the do-nothing and post-treatment performance curves of an
aggregated condition index. The results show that the maximization of benefits is not an
appropriate objective in PMS, as it leads to almost exclusive preference of extensive (and
expensive) M&R treatments with timing as early as possible, irrespective of actual service life
and failure causes. Thus, in the provided example, benefits maximization leads to 62% higher
costs in comparison to the cost-minimization solution for unlimited budget. For limited budgets
this percentage varies between 4% and 37%. For road agencies with a tight budget, this approach
therefore will lead to an inefficient use of funds, violations of condition thresholds and M&R
backlogs. Thus, the objective of maximum benefits is misleading, as these benefits are not
related to actual monetary or non-monetary benefits resulting from following a specific strategy.

The conclusions of this thesis contribute to both theory and practice of pavement manage-
ment. In the context of aging infrastructure, increasing maintenance needs and limited public
budgets, a better budget allocation and/or substantial savings can be achieved by minimizing
agency (and user) costs instead of maximizing the area between curves. Applying the proposed
performance models and the advanced optimization approach will improve the quality of
condition prediction and the quality of project-level M&R treatment recommendations by
making better use of the collected condition survey data. This will lead to considerable efficiency
gains regarding availability of the road network as well as an improvement of the average
network performance and/or substantial cost savings compared to current approaches.
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1.3.2 Key research contributions

Based on the conclusions, the main research contributions of thesis can be summarized in the
order of the publications as follows:

= Identification and demonstration of the main differences and shortcomings in common
approaches for condition survey, assessment and prediction using empirical examples

=  Derivation of failure and condition distributions for a stochastic condition model at the
section level with comparison to scaling/shifting of a master function

=  Multiple examples showing the many drawbacks of homogenous discrete-time Markov
chain models for pavement condition prediction at the network level

* Demonstration of the limitations of regression analysis and classical survival analysis
regarding the estimation of unbiased service life for correlated competing distress types

=  Proposal of two approaches for competing-risks modeling: multivariate service life distri-
butions (copula approach) and a combination of survival analysis and a condition model

= Development of general approach for simulation of realistic pavement condition data
simultaneously exhibiting distress and spatial correlation for various applications

= (Calibration of economies-of-scale cost models for M&R construction, temporary traffic
control and road users based on literature and empirical data using bottom-up approach

= Elaboration and implementation of M&R treatment modeling methodology with specific
impact of any given treatment on multiple distress types according to a decision tree

= Development of an advanced work-zone optimization approach eliminating the need for
data aggregation and homogeneous sections based on economies-of-scale costs

= Design and implementation of an effective and efficient solution algorithm for the formu-
lated (complex) work-zone optimization problem

= Systematic investigation and quantification of the impact of aggregation towards homoge-
neous sections on service life prediction and M&R costs based on parametric case study

= Extensive simulation results clearly showing that the maximization of benefits based on
aggregated condition indices is not an appropriate optimization objective in PMSs

1.3.3 Future research

One of the challenges for future research will be the integration of even more detailed 3D road
condition data based on laser scanning in the decision-making process. Regarding condition
prediction, the developed empirical models should be combined with physical models consider-
ing mechanistic principles and laboratory testing. Combined methods will not only improve the
quality of predictions but provide valuable knowledge about the impact of the various factors
influencing deterioration. This will open the door for further optimization of design concepts and
evaluation of new materials. Moreover, given the huge impact on the optimization results, a
systematic analysis of the effect of the different M&R treatments on service life is necessary.
Research efforts will be also dedicated to the improvement and extension of the developed
advanced optimization approach. The flexibility of the approach should be enhanced by includ-
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24 Advanced Optimization Approach for Pavement Management Systems

ing practical possibilities like the aggregation of work zones with a small gap in between and
work zones consisting of different M&R treatments sharing traffic control. A topological model
of the road network together with a traffic simulation model are required for a more realistic
assessment of user costs with consideration of all traffic lanes, possible detours and redistribu-
tion of traffic. Furthermore, an improvement of the solution algorithm in terms of running time
will be achieved by using parallel genetic algorithms and two-dimensional encoding of candidate
solutions, which will be a pioneering feat in the field of pavement engineering. The next step is
to extend the approach to a network-level cross-asset optimization considering other road assets
like bridges and tunnels as well as different budget scenarios under risk of failure. At the
network level, the reduction of greenhouse gas emissions should be incorporated in the optimiza-
tion problem as well. As a final step towards practical implementation, the applicability of this
stochastic cross-asset optimization approach has to be demonstrated using real-world data.
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ABSTRACT

Periodic condition assessments of pavements together with condition predictions are the basis for
investment decisions in every pavement management system (PMS). Typical approaches include
surveys of distress types every 3—6 years with condition rating and calculation of aggregated indices
for road safety and/or structural health. Furthermore, advanced PMS prediction models allow a
comparison of maintenance alternatives and an optimization of investment strategies. This paper
presents an overview of current survey and rating approaches in Germany, Switzerland and Austria,
together with an impact analysis of different methods, utilized deterministic performance functions
and condition threshold (trigger) values for all major distress types. The core of this paper is a
comparison of common deterministic condition prediction models with discrete stochastic approaches
(Markov chains), prediction models based on advanced regression techniques, and an innovative
stochastic continuous-time and continuous-state-space process (Hoffmann process). All prediction
models are applied to real-world data from condition surveys in Austria and the long-term pavement
performance database (USA) for single sections and at the network level. The paper provides
evidence why deterministic prediction approaches are leading to substantial bias in condition
distribution and remaining service life as they do not account for the stochastic nature of pavements.
Classic Markov-chain approaches do not account for censoring of survey data and neglect changes in
transition probabilities with increasing age. Applying common bivariate and multiple regression
techniques may also lead to certain bias due to collinearity effects and specification bias. The paper
provides mathematical evidence on ways to avoid these shortcomings based on the presented
innovative stochastic process, leading to a higher reliability in condition assessment and an improved
accuracy of condition predictions. The aspects of censoring, distress specific assignment and
optimization of treatments with this new Hoffmann process will be covered in forthcoming papers.

KEYWORDS: pavement management, distress survey, prediction models,
condition assessment procedures, service life.
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Chapter 2: Comparison of Methods for Condition Assessment and Prediction 29

2.1 PAVEMENT CONDITION ASSESSMENT

2.1.1 Condition surveying and evaluation

The combined effects of traffic and weather conditions lead to a deterioration of pavement
condition over time, manifesting in various forms of distresses. The choice of material type,
layer structure and thickness, as well as construction quality together with other local observed
and unobserved factors have a major impact on deterioration rates and distress types. For any
systematic manual or automated pavement condition survey all relevant distress types must be
defined and categorized. Typical categories depend on the underlying deterioration process,
impact on structural service life or road user safety and comfort, as well as related maintenance
and rehabilitation (M&R) actions. Major distress categories for flexible pavements include
cracking, surface defects, rutting and roughness as well as skid resistance and bearing capacity.
Rigid pavements exhibit additional types of distress like corner breaks, shoulder drop-off, pop
outs, pumping, cracks and blow-ups at joints, but are less susceptible to rutting and alligator
cracking (Mallick and El-Korchi 2013, Haas et al. 2015).

Surveys of pavement condition are the basis for any investment decision and are related to
remaining service life, asset value and road user costs. In German-speaking countries periodic
routine condition surveys are conducted every 3—6 years on the entire road network. More
detailed surveys and material testing are considered only for specific sections prior to possible
M&R treatments and/or after implementation of selected treatments. Periodic condition surveys
are used for calculating budget scenarios, development of treatment strategies and setting
priorities. Detailed surveys at the section level are the basis for specific planning of treatments,
comparison of maintenance alternatives and quality assessment after implementation.

Switzerland has the highest number of surveyed distress types with visual assessment of
severity and extent, while measurements are only performed in detailed surveys or research
projects. In Germany automated distress surveys are mainly based on measured failure extent
and a high level of aggregation with more generalized definitions of failure types. In Austria
distress type, extent and severity are determined using both visual survey (video) and measuring
equipment (rutting, skid resistance, etc.). Figure 2.1 provides an overview of routine pavement
survey approaches in Austria, Germany and Switzerland with recorded distress types (SN 640
925b 2003, SN 640 925 b Anhang 2003, ZTV ZEB-StB 2006, Weninger-Vycudil et al. 2009).

Although layer structure, design procedures and distress types are quite similar, the ana-
lyzed periodic survey approaches differ in defined units for severity and extent, data collection
techniques, as well as sectioning and data aggregation. These differences are mainly due to
historical development, expert opinions, survey approaches and implemented pavement man-
agement system (PMS), rather than a systematic assessment of needs for optimal decisions. This
paper will provide evidence on how these differences affect calculated performance functions
and service lives based on standard models in PMS compared to a new continuous-time and
state-space stochastic process on a road section and at the network level.

Figure 2.2 provides an example of condition survey and evaluation approaches for the gen-
eral distress type “cracking” in Austria, Germany and Switzerland. In Austria linear (longitudinal
and transverse) cracks are converted into a cracking area by multiplying the crack length with a
weighting factor for the severity level and with an influence width of 0.5 m. The resulting area is
then added to the area of alligator cracking and divided by the area of the surveyed section.
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Selected distresses

Longitudinal cracking

Transverse cracking

ANKARNARN NN ﬂ

Longitudinal joint
cracking

Alligator cracking

Raveling & weathering
T B

Bleeding (flushing)

AOTEANNONN YA

Delamination

Rutting

Corrugations
(washboarding)
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Austria (AT)
Al. CRACKING (ZGgp

Longitudinal cracking, transverse
cracking and irregular cracking
(Extent: m*; Severity levels: S1,

S2, 83)

Open joints, longitudinal joint cracks
(Extent: m*; Severity levels: S1,

S2, 83)

Alligator cracking

(Extent: m?; Severity levels: S2, S3)

A2. SURFACE DEFECTS (ZG )

Raveling and weathering
(Extent: m?; Severity levels: S1)

Patching
(Extent: m?; Severity levels: S1)

Bleeding

(Extent: m?; Severity levels: S1)
Delamination

(Extent: m?; Severity levels: S2)

Potholes
(Extent: m?; Severity levels: S2)

A3. LONGITUDINAL EVENNESS
(ZGyp)

International Roughness Index IRI
[m/km] for 50 m sections
(RoadSTAR - measuring vehicle)

A4. RUTTING (ZGgR)

Maximum of the rut depth [mm] in the
left and the right wheel path under a
simulated 2 m straight edge; averaged
for 50 m sections

(RoadSTAR - measuring vehicle)

AS5.  SKID RESISTANCE (ZG )

Longitudinal friction coefficient y [-]
of a wetted pavement surface in the
right wheel path; test wheel with
constant slip ratio; test speed 60 km/h;
speed correction; averaged for 50 m
sections (RoadSTAR)

A6. LOAD-BEARING CAPACITY
(ZGrpage)

Measurements at the project level;

Estimation of remaining service life
(RSL) [%]; non-destructive with e.g.
falling weight deflectometer (FWD)

Comments:
*Linear cracks are multiplied by

0.5 m influence width and converted
into cracking area

Estimation condition value
cracking:

0.5x AML,, ; x G,
CVM:[ Z,<A i % Ga)

B

Z,(AMARI,z %Gy ,)

" ]x 100[%]

B

Estimation condition value surface
defects:

_ X (AMAy, %Gy

x100[%]
A

B

G,... Weighting factor depending
on the severity level

Ap ... Area of pavement section [m?]

Germany (DE)

G1. SUBSTANCE-RELATED
SURFACE
CHARACTERISTICS

Alligator cracking, linear cracks RISS
(Extent: area affected in %)

Patching AFLI (thin repairs to
cracking and surface defects)
(Extent: area affected in %)

Patching EFLI (repairs to utility cuts)
(Extent: area affected in %)

Raveling AUS*

(Extent: area affected in %)

Open joints ONA*

(Extent: total length in m)

Bleeding BIN*
(Extent: area affected in %)

G2. GENERAL UNEVENNESS

Power spectral density AUN [cm?]
for characterization of general
unevenness for 100 m sections
(EFA - measuring vehicle)

Effective longitudinal evenness index
LWI [-]7 for characterization of the
impact of single obstacles and
periodic unevenness on vehicle,
driver and cargo for 100 m sections
(EFA - measuring vehicle)

Weighted longitudinal profile BLP
[mm]} (new method)

G3. RUTTING

Maximum of the rut depth MSPT
[mm] in the left and the right wheel
path under a simulated 2 m straight
edge; averaged for 100 m sections
(EFA - measuring vehicle)

Maximum of the fictive water depth
MSPH [mm] in the left and the right
wheel path averaged for 100 m
sections (EFA - measuring vehicle)

G4. SKID RESISTANCE

Sideway-force coefficient (SFC) [-]
of a wetted pavement surface in the
right wheel path with test wheel
running under slip angle (20°); test
speed 40/60/80 km/h; speed and
temperature correction;

calculated for 100 m sections
(SKM - measurement system)

G5. LOAD-BEARING CAPACITY

For local investigations at the project
level (FWD)

Comments:

*The pavement distresses raveling
(AUS), open joints (ONA) and
bleeding (BIN) are not rated or taken
into account in the formation of the
overall condition value

TThe condition parameter effective
longitudinal evenness index LWI is
currently rated but not taken into
account by the formation of the
overall condition value

tRecent approach for evaluation of the
longitudinal road roughness
(measurement and rating procedure
under research)

Switzerland (CH)
S1. SURFACE SMOOTHNESS

Polished aggregate (Unit: m)
Bleeding (Unit: m or m?)

S2. SURFACE DISTRESSES

Wear (in the wheel pats) (Unit: m)
Weathering (loss of asphalt binder)
(Unit: m?)

Raveling (loss of aggregate
particles) (Unit: m?)

Delamination (Unit: m?)

Potholes (Unit: m?)

Open joints (Unit: m)

Transverse cracking (Unit: number)
“Wild” cracking (Unit: m?)

S3. SURFACE DEFORMATION

Rutting

Pavement uplift (along the sides of the
rut) (Unit: m)

Corrugations (Unit: m?)

Shear deformation (Unit: m?)

S4. STRUCTURAL DISTRESSES
Settlement cracking (Unit: m?)
Settlement, depressions (Unit: m?)
Edge breaks (Unit: m?)

Frost heave (Unit: m?)

Longitudinal cracking (Unit: m)
Alligator cracking (Unit: m?)

Edge cracking (Unit: m)

S5. PATCHING

Patching (Unit: m?)

S6. LONGITUDINAL EVENNESS

Standard deviation sy, [%o] of angle
values W for 250 m (angle measuring
method) (Goniometer)

S7. RUTTING

Rut depth 7 [mm] under a simulated
4 m straight edge (wire method)

S8.  SKID RESISTANCE

Friction coefficient u [-] of a wetted
pavement surface with locked wheel
for 100 m sections (Skiddometer)

S9. LOAD-BEARING CAPACITY

Deflection measurements
(Benkelman beam, Lacroix
deflectograph, FWD)

Distress extent classes:

Class Distress Pct area/

extent A length

AO | No distress 0

Al | Rarely occurring | < 10%

A2 | Occurring here 10...50%
and there

A3 | Very f.requently > 50%
occurring

Distress severity classes:

Class | Severity levels S

S1 | Low
S2 | Moderate
S3 | High

FIGURE 2.1 Summary and overview of distress types in asphalt concrete pavements as they are
recorded in periodic routine surveys in Austria, Germany and Switzerland.
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Evaluation acc. to RVS 13.01.16 (2013) - Austria Evaluation acc. to SN 640 925b (2003) - Switzerland
Transverse Longitudinal Transverse Longitudinal Alligator Transverse Longitudinal Transverse Longitudinal Alligator
crack crack crack crack cracking crack crack crack crack cracking
( mf]) ﬁj)\/ﬁm, S2) (9m,S3) (6m? S2) (3 m, S1) (7m, S2) (4m,S2) (9m,S3) (6m?% S2)
]B -3 m)\ / /( IB -3 m)
influence width
far cracks (~0.5 m) Measured direction ——» Measured direction —>
£ z 2 Z
=} Section length L= 50 m e £ Section length L= 50 m 8
o <]
& E
Evaluation acc. to ZTV-ZEB (2006) - Germany Calculation of Condition Indicators for Cracking
ff fiel k
L e ATy, 0SXBX0454x104Tx10+9x40)+6x10
B/3 | 11 | crack crack cracking ' K 50%3 ’
~— — [ ——— _— | .
¥ | [}/ — | DB Riss - 20llected ields) o
B=3m Jta Z- | | 50 x 3(fields in section)
( A £
Micperies] dhiasiam > CH: Alligator: A=6/(3%x50)=4% — Al; M =AxS=1x2=2
— — Longitudinal :A=16/50=32% — A2; M = AxS=2x3=6
g ) Transverse: A=2— A2 M = AxS=2x2=4
=] Section length L= 50 m 8
=]
E

FIGURE 2.2 Evaluation of recorded cracking type, extent and severity according to guidelines and
common PMS — approaches in Austria, Germany and Switzerland.

In Germany the area of cracking is determined by counting the fields with cracks on a defined
grid in a road section without distinction between crack width and type of cracking. The
aggregation approach in Germany and Austria may lead to the same cracking area despite
different causes, types, extent and severity of cracking. This loss of information regarding
different underlying distress causes, consequences and their progression over time is a major
hindrance for the selection of appropriate treatments in M&R optimization. In Switzerland the
represented failure severity is assessed on a qualitative basis for each type of cracking with no
aggregation of distress types, while treatments are being selected manually.

Figure 2.3 provides an overview of the different principles and measurement equipment for
wet-road skid resistance surveys in these countries, resulting in different measured values with
different physical meaning (Do and Roe 2008, Donev 2014). Thus, the survey data cannot be
directly compared. Obtained rating scales and relations regarding driving speed, design parame-
ters and safety cannot be directly transferred from one country to another. In order to overcome
these limitations, it has been a long-standing practice to conduct comparison measurements with
different equipment or approaches on the same road sections (Fuchs 1996, Descornet 2006, Do
and Roe 2008). Visual surveys with discrete rating scales are of subjective nature with the results
depending on the survey approach and the number of condition classes. Therefore, regional or
national survey methods are mainly used in PMS without conversion or comparison.

Traditionally, survey methods have been developed prior to related prediction models and
are considered and improved separately. Rating scales and prediction models are chosen based
on the type of provided survey data, as any change in survey method would make the historical
data inconsistent and complicate the analysis of pavement performance. The differences in
survey procedures, rating, weighting factors, aggregation rules and their impact on derived
performance functions and resulting service lives are rarely considered in the literature and are
not commonly known in practice (Kuhn 2012). Based on representative examples from German-
speaking countries this paper provides a systematic overview of methodical aspects of these
approaches and analyzes possible consequences in performance prediction.
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Fixed slip Standard test conditions: Standard test conditions: Standard test conditions:
—/> Single values: 0.15 m Measurement: discontinuous Measurement: continuous
Slip = wxr—V w Assessment length: 50 m Assessment length: 50 m Assessment length: 100 m
v Test speed: 60 km/h Test speed: 40, 60 or 80 km/h Test speed: 40, 60 or 80 km/h
lgs = i <t D —>| Test tire: PIARC, ribbed Test tire: PIARC, ribbed Test tire: SKM, smooth
F, ri Tire pressure: 2.0 bar Tire pressure: 1.5 bar Tire pressure: 3.5 bar
7 TA F Static wheel load: 3 500 N Static wheel load: 3 500 N Static wheel load: 1 960 N
& x Water film thickness: 0.5 mm Water film thickness: 0.5 mm Water film thickness: 0.5 mm
z Wheel path: right wheel track Wheel path: right/left track/center Wheel path: right wheel track
Locked wheel

Indicator: Longitudinal friction

Indicator: Sliding friction coefficient

Indicator: Sideway-force coefficient

coefficient gg [-] Hstiddo [-] Hscrmm [-]

Slip=1

°.
(¢

:ifia

\F* Fixed slip (18%)
v e.g. RoadSTAR (Austria)

Side force

Locked wheel (100% slip)
e.g. Skiddometer BV 8 (Switzerland)

Side force (20°=ca. 34% slip)
e.g. SKM/SCRIM (Germany)

Slip =100 x sina

Hscrim =

Legend
FZT o

FIGURE 2.3 Standard test methods and devices used for network-wide measurements of skid
resistance of pavements in Austria, Germany and Switzerland.

Braking force [kN]
Measuring speed [km/h]

Angular speed of the wheel [rad.s™'] Fy... a...Slip angle [°]

Wheel load [kN] V...

2.1.2 Condition assessment and rating scales

Measured condition values obtained from surveys do not provide information whether the
pavement condition of a single section is relatively good or relatively bad or whether mainte-
nance treatments should be applied. Typical rating approaches in condition assessment are
mainly employing weighted scoring systems which enable a relative comparison of sections with
different combinations of distress types based on their extent and severity. For a better under-
standing, these condition ratings are color coded allowing an overview of the pavement condi-
tion at the network level and an identification of sections with treatment priority by high-level
decision makers. Due to their simplicity these rating systems are quite popular and play a major
role in any PMS (e.g. condition triggered treatment). However, it can be shown that using such
aggregated scores (e.g. based on common cost efficiency criteria) to compare treatment alterna-
tives or in M&R optimization will always lead to subjective results.

The rating procedure consists of a transformation of measured conditions as a first step and
a weighted aggregation towards partial and overall scores. In the transformation process the
measured condition values with their associated units are converted into condition indices with
no dimension by using distress-specific rating functions or scales. In most European countries
these functions (scales) are based on the academic grading system, ranging, for example, from 1
(very good) to 5 (very bad) in Austria and Germany, respectively from O to 5 in Switzerland.
Rating functions for different functional classes of roads are usually defined by <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>