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ABSTRACT

Abstract

Maintaining road infrastructure under financial and environmental constraints is a
significant challenge in developing countries such as the Lao People’s Democratic
Republic (Lao PDR or Laos). This dissertation explores the application of the Multi-Stage
Exponential Markov (MUSTEM) model, a stochastic model, as a predictive tool for road
deterioration and resource allocation optimization, specifically in Lao PDR's road
management system. The study aims to develop and provide a robust framework for
forecasting road conditions under uncertainty and determining optimal maintenance
strategies, particularly under various budget constraints. The research is composed of six
chapters. Chapter 1 outlines the background, objectives, and significance of research on
enhancing road asset management in Lao PDR. It highlights the crucial role of road
infrastructure in socio-economic development in Laos, where transportation networks
influence connectivity, trade, and productivity. The chapter examines the Laos Road
Management System (RMS), its reliance on deterministic models like the Highway
Development and Management model version four (HDM-4), and challenges such as
funding limitations, reactive maintenance, and the lack of predictive modeling. It defines
key research problems, focusing on the limitations of current asset management in
forecasting deterioration and planning maintenance. Research objectives include
evaluating the current Laos RMS, developing a stochastic deterioration model, optimizing
resource allocation, and comparing HDM-4 with MUSTEM. The chapter concludes with
anticipated contributions to academic research and practical road management, along
with a brief dissertation overview. Chapter 2 presents the theoretical foundations and
reviews existing research on road asset management, deterioration models, maintenance
strategies, and pavement optimization methods. The chapter discusses RMS and their role
in national road maintenance planning, particularly in developing countries like Lao PDR.
The chapter reviews and examines deterministic models, HDM-4, with stochastic
approaches such as the MUSTEM, discussing their advantages, data requirements,
applications, and limitations. Additionally, it highlights international practices and case
studies in a global context. Chapter 3 outlines the development and application of the
Markov hazard model to Lao PDR's road networks. It details the modeling development
process, factors influencing road deterioration, and the utilization of Laos’s RMS data.

Additionally, a detailed analysis of the Markov model is conducted using two core road

1



ABSTRACT

networks, the ASIAN Highway and the National Road Network, to evaluate the
differences between the two standards of roads. This comparative analysis aims to
highlight how road deterioration varies between these networks and provides insights into
optimizing maintenance strategies tailored to each road classification. Chapter 4
develops and evaluates a stochastic Markov Decision Process (MDP) framework to
optimize road network maintenance strategies, especially in Lao PDR. The existing road
maintenance practices, limitations, and inefficiencies, particularly the significant use of
reactive maintenance under various budget constraints, have been reviewed. Through a
comprehensive empirical study utilizing historical inspection data, the study validates the
effectiveness and practicality of the proposed optimization model. The results
demonstrate how optimal road management requires simultaneous consideration of
pavement condition deterioration, life-cycle costs (LCC), and financial limitations.
Proposed maintenance strategies, including proactive and reactive approaches, are
thoroughly analyzed across various budget scenarios. Furthermore, the study identifies a
cost-effective target condition that balances acceptable road conditions and budget
allocation ability. Finally, recommendations are provided for policymakers on effective
budget allocation, emphasizing the significance of proactive maintenance to improve Lao
PDR's road asset management system. Chapter 5 compares the HDM-4 model, the Laos
RMS, and the proposed MUSTEM model. The study examines each model's strengths
and limitations. It presents a side-by-side comparison based on various criteria, such as
data requirement, road performance estimation, LCC estimation, and ease of
implementation, using empirical data from the Laos RMS. This research demonstrates
how MUSTEM and HDM-4 effectively forecast road deterioration under varying
conditions, such as traffic volumes, pavement types, and environmental factors. Particular
emphasis is placed on the advantages of the MUSTEM model, which, through its
stochastic structure, demonstrated superior performance in predicting pavement
conditions and minimizing LCC, especially under unconstrained budget scenarios. The
estimation provided by the MUSTEM model predicted a higher percentage of road
conditions to be in fair to good condition throughout the analysis period in the context of
a budget unconstraint scenario. In contrast, the HDM-4 excels in economic evaluation by
incorporating road user and social benefits but demands extensive data inputs. Finally,
the policy recommendations on integrating these models to support data-informed

decision-making in road maintenance planning are provided for Laos and similar
2



ABSTRACT

resource-constrained nations. Finally, Chapter 6 synthesizes key findings from all
previous chapters, emphasizing the research's contributions to road asset management,
particularly in Lao PDR. It discusses research findings, policy and practical
recommendations, knowledge contribution, limitations, and future research directions.
This chapter evaluates the benefits of the integration of the MUSTEM model with HDM-
4 in Laos's RMS to enhance predictive accuracy and cost-effectiveness in road
maintenance. Key recommendations include adopting a hybrid RMS, improving data
collection using Geographic Information Systems (GIS) and remote sensing,
strengthening funding through Public-Private Partnerships (PPP), and incorporating Al
and machine learning. Capacity building and climate change adaptation are also
emphasized. The contributions to knowledge identified limitations and directions for
future research, including model validation in other contexts and exploration of

innovative maintenance strategies, are also discussed.
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CHAPTER 1. INTRODUCTION

1. Introduction

1.1. Research Background
1.1.1.Road Asset Management

Road networks are not just part of a country's infrastructure; they are integral to its social
and economic development and essential for societal advancement and generating income
throughout the country. "The road network and sub-sector should substantially contribute
to the Gross National Product (GDP)" [1]. The economic and social significance of road
networks is pivotal to national progress. The economy of the Lao People’s Democratic
Republic (Lao PDR or Laos), encompassing agriculture, industry, service, and tax, is
sustained by the transportation sector's direct and indirect revenues. Investing in transport
infrastructure not only lowers the cost of production but also indirectly lowers the overall
value of raw materials and labor by improving accessibility. Such investments also foster
regional and international trade, promote economic diversification, and increase the
economy's resilience to external shocks [2]. As a result, ensuring a well-managed road
network is critical to sustaining these economic benefits and requires strategic planning,
regular maintenance, and efficient resource allocation to optimize performance and
longevity.

Road asset management is not merely a globalized systematic approach; it
represents a strategic framework designed to ensure the efficient utilization and
sustainability of road infrastructure. This system involves creating detailed road network
inventories, monitoring their conditions over time, and developing cost-effective
strategies to maintain desired service levels [3].

The primary objectives of road asset management are to ensure the defined level
of service in the most cost-effective way while optimizing road user. The key objectives

are [1, 4]:

e Delivering a defined level of service while monitoring network performance;

e Managing network growth through demand assessment and investment
planning;

e Employing a life cycle approach to develop cost-effective management

strategies for the medium and long term;

4
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e Identifying, assessing, and effectively managing risks;
e Developing financial plans that align resource requirements with affordability

and funding strategies.

1.1.2.Road Infrastructure in Lao PDR

In developing countries such as Lao PDR, road networks play a vital role in supporting
socio-economic growth, ensuring connectivity, and enhancing transportation efficiency.
Acknowledging this significance, the government of Lao PDR is committed to
implementing comprehensive strategies in its S5-year National Socio-Economic
Development Plan (NSEDP) [5] to enhance the effective management and sustainable
development of national infrastructure and road networks. Through systematic asset
management approaches, such as regular monitoring, prioritizing maintenance, and
investing in infrastructure corresponding to developing and maintaining public
infrastructure, the responsible authorities, particularly the Ministry of Public Works and
Transport (MPWT), aim to optimize the condition, performance, and resilience of its road
networks by adopting innovative technologies and best practices to improve road asset
management, address infrastructure challenges, and meet evolving transportation needs
across the country. Additionally, by fostering partnerships, promoting capacity-building
initiatives, and leveraging international expertise, the government is committed to
ensuring the long-term viability and sustainability of its road infrastructure. These efforts
not only support socio-economic advancement but also contribute to enhancing the
quality of life for its citizens.

In 1975, following its independence, Lao PDR had a road network spanning
11,462 kilometers. Of this total, 1,427 kilometers were paved roads, while the remaining
roads were constructed with stone and soil (unpaved). The annual freight transport
capacity on the road network was approximately 229.7 tons per year. Since 2003, the
government of Lao PDR has established the Road Management System (RMS) as a tool
for planning, operation, management, and monitoring under the Ministry of Public Works
and Transport of Lao PDR (MPWT). The MPWT is represented as the chair of the
Steering Committee, according to the Prime Minister Decree no.130/GoL, including the
Ministry of Planning and Investment (MPI), the Ministry of Industry and Commerce
(MOIC), the Ministry of Finance (MOF), the Ministry of Public Security (MOPS), the
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Lao National Chamber of Commerce and Industry, the Lao Fuel and Gas Association,

and various stakeholders. As of 2022, the Lao road network has experienced significant

growth, reaching a total length of 59,646 km, according to the MPWT Statistic Year

Book. This expansion includes 7,842 km of national roads, 45,737 km of provincial and

local roads, and 6,066 km of special-purpose roads. Table 1.1 provides a detailed

breakdown of road categories and surface types, highlighting the promising future of

transportation in Lao PDR [6].

Table 1.1 Lao PDR Road Networks Length by Category in 2022 (km) [7]

Surface National  Provincial District Urban Rural Special
Cement

165.53 133.15 87.83 304.86 106.18 58.40
Concrete
Asphalt

1,092.56 63.60 - 151.03 4.00 11.53
Concrete
Surface

4,975.72 2,466.84 1,009.87  1,514.73 1,019.55 357.39
Treatment
Gravel 1,301.07 4,982.58 4,552.86  1,473.59 11,600.57 1,332.67
Earth 306.69 1,004.66 1,783.41 762.37 12,715.64  4,306.92

Figure 1.1 illustrates the distribution of the road network in Lao PDR in 2022 [7].

The rural road network accounts for approximately 43% of the total road network length,

while the national road network occupies only about 13%, and the provincial road

network constitutes only 15% of the total road network in Lao PDR. Although national

roads cover a smaller proportion of the total network, they play a critical role in economic

development and regional connectivity. Recent efforts to improve the national road

network have focused on enhancing road quality, expanding paved road coverage, and

upgrading key corridors that facilitate trade and mobility.
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Figure 1.1 The Distribution of Lao PDR Road Network in 2022

In addition, the hierarchy of the Lao Road network is identified as the road
classification and used as a key for the management committee to determine the
inspection frequencies, maintenance regime, and standard of the maintenance
methodology for each segment (road section) in the short-term and long-term plans.
Within the National Road Network, the concept of "Core Network Level" is used to

classify the road hierarchy, which consists of 3 levels of the core network [8]:

e Core-1, "Level 1", is the key national road section, including the ASIAN
highway road (AH) and the national economic corridor road network;

e Core-2, "Level 2", is represents the national road connecting the capital with the
provinces, provinces to provinces;

e Core-3, "Level 3", is the national road with low traffic volume that connects
urban and district.

In addition, Core Network 1 connects Lao PDR with other ASEAN countries, this
road network is commonly referred to as the ASIAN roads. Further, the ASIAN roads are
designed with uniform standards to ensure traffic loads and interoperability, promoting
smooth cross-border travel within the ASEAN region [9]. In contrast, Core Network 2 is
built according to local standards that differ based on terrain and traffic needs. These
roads connect provinces within the country, improving transportation for local

communities, while Core Network 3 focuses on local communities and sub-communities.
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Table 1.2 presents the number of national road core networks in Lao PDR, while
Figure 1.2 illustrates the locations and differences of the Core Networks throughout the

country.

Table 1.2 National Road Core Network in 2022

Core Length of
No. Network Road number Network (Km)
1 Core 1 NR13N, NR13S, NR2E, 2.421
NR2W, NRO3, NROS,
NRO09, NR12, NR18A,
NR18B
2 Core 2 NRI1A, NR1B, NR1C, 4.716

NRID, NRIE, NR1],
NR3A, NR3B, NR04,
NR4A, NR4B, NR4C,
NRS5B, NR06, NR6A,
NR6B, NRO7, NR9B,
NR10, NR11, NR15, NR16,
NR16A, NR16B, NR3206,
NR20, NR5101(21)
3 Core 3 NRIF, NR1H, NR1]J, 681

NR11A, NR11B,
NR11SVK, NR14A

Total 7.818
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Figure 1.2 National Core Road Networks in Lao PDR
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1.1.3.HDM-4 for Road Asset Management in Laos

Lao PDR has diverse environmental and landscape conditions, ranging from highlands to
tropical plains. Similar to other developing countries in the region, Lao PDR faces the
challenge of resource constraints, which necessitates a more efficient and cost-effective
Road Management System (RMS).

Since 2003, the Government of Lao PDR has approved and implemented the RMS
as a tool for management, planning, operating, and monitoring, which is the responsibility
of the MPWT of Lao PDR. The Laos RMS utilizes the Highway Development and
Management version 4 (HDM-4) software, a deterministic model, for long-term planning,
maintenance funding allocation, and priority determination [10, 11]. The HDM-4
incorporates Lao road network characteristics to estimate surface deterioration by
generating a matrix of work selection for all road sections with alternatives corresponding
with the economic reward, including road user costs (RUC), net present value (NPV), and
net present benefit (NPB) [12]. However, the system requires regular updates on lots of
information, including conditions of the roads, traffic data, work unit costs, and social

and environmental parameters, in order to generate a precise estimation.

1.1.4. Maintenance Strategy and Treatment Selection Practice in the Laos RMS
1.1.4.1. Maintenance Strategy

Road maintenance strategies in Lao PDR can be categorized into the following [13]:

e Routine Maintenance (RM): Performed continuous maintenance to preserve
road and roadside conditions and other road facilities as close to their original
state as possible. The routine maintenance activities include surface patching,
roadside drainage repair and cleaning, road shoulder and edge repair (reshaping),

and repair of culverts.

e Periodic Maintenance (PM): Conducted at regular intervals over several years
to restore roads to their original conditions and prevent further deterioration. The
activities include reshaping the carriageway and ditching by machine, re-

graveling, and resealing.

10
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e Rehabilitation and improvement (RI): Applied to roads near the point of failure
and almost unable to be used. The activities include the restoration of the road

pavement, installing new culverts, and constructing a new roadside drain.

e Emergency maintenance (EM): Addresses urgent situations such as landslides,
flooding, or fallen debris. EM includes temporary road repair to restore road

structure and accessibility by clearing blockages.

1.1.4.2. Treatment Selection Criteria

The treatment selection criteria allow for an efficient system for road treatment, providing
an equilibrium between the needs for the treatment and the minimization of resources.
Treatments are chosen according to the intensity of the defect, in the order of decreasing
intensities, and triggered when the threshold intervention is reached. Inefficient selection
may increase road deterioration, while unnecessary high-level treatment may waste
resources [13].

The maintenance treatment selection criteria are intended to maximize resource
use and maintain road infrastructure's long-term viability. The process consists of
evaluating road conditions, applying the appropriate intervention based on set thresholds,
and using cost-effective, labor-saving methods for road network efficiency.

The Surface Integrity Index (SII) in Lao RMS is important in the treatment
selection process. It is primarily responsible for the selection of treatment for addressing
road condition deficiencies. Although several parameters are also considered for
treatment selection, SII is the most important, in combination with the availability of

labor, accessibility of equipment, and cost.
The key factors influencing treatment selection in Lao RMS are as follows [13]:
1) Traffic Volume: The number of heavy vehicles using the road significantly
impacts the need for maintenance and the selection of appropriate treatments.

Higher traffic volumes typically lead to increased wear and tear, necessitating

more robust maintenance solutions.

11
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2) Road Condition: The features and existing road surface condition determine the
type of treatment. Major defects need to be assessed in order to determine whether

there should be a higher or lower level of treatment.

3) Combination of Defects: Multiple defects on the road surface may complicate
the selection process. The interrelation among the defects must be analyzed in

order for the selected treatment to be able to solve all the problems.

4) Resources Availability: Labor and equipment availability are practical initial
considerations that may impact the types of treatment. Available resources may

limit the kind of treatment that can be carried out.

5) Economic Factors: The cost-effectiveness of different treatment modalities
should be weighed in the decision-making process. Cost-effectiveness should be

evaluated for optimal utilization of resources.

6) Engineering Judgment: Engineering expertise plays an important role in
intervention level setting and in making the decision about when maintenance
should be performed. However, the decision-making depends on functional,

serviceability, and whole-life cost principles.

7) Maintenance Standards: In order to ensure the proper treatment for varying road
conditions. Following the Standards can specify when and how treatment
interventions must be applied, ensuring roadways remain safe, operational, and

affordable throughout their lifespan.

1.1.5. Road Maintenance Funding and Challenges in Lao PDR

The Road Maintenance Fund or Road Fund (RF) in Lao PDR, established in 2001, was
designed to secure financing for road maintenance. However, as of 2021, the fund faces
a debt burden of approximately 2,433 billion Kips (USD 200 million) [8]. This growing
debt raises concerns about the RF's ability to finance road maintenance effectively,
leading to worsening road conditions, rising repair costs, and compromised road safety.
The RF's growing debt also limits its capacity to invest in necessary infrastructure

improvements and road network expansions, hindering the country's economic growth.

12
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To address these challenges, prudent financial management and strategic maintenance

planning are essential.

Figure. 1.3 shows the Road Fund's requirements and capabilities from 2017 to
2021. This situation highlights the urgent need for innovative and cost-effective
maintenance strategies to maximize the utility of limited resources. To ensure financial
ability, it is essential to explore alternative funding sources, such as public-private
partnerships, and implementing improved revenue collection mechanisms, including
efficient toll systems or fuel taxes. Addressing these challenges is critical for ensuring the
long-term sustainability of road maintenance, enhancing transportation efficiency, and

supporting Lao PDR's broader socio-economic development goals.

B Amount Paid Yearly Plan  ® Cumulative Debt

& 7,000
&
¥ 6,000
Z.
S 5,000
=
z 4,000
= 3,000
2,000
o o0 ok 11 | |
i 2017 2018 2019 2020 2021
B Amount Paid 731.40 942.25 1,237.25 1,624.34 1,888.42
Yearly Plan 660.00 660.00 700.00 700.00 700.00

B Cumulative Debt  5,054.65 4,183.01 5,735.81 3,831.66 3,410.21

Figure 1.3 Lao PDR Road Maintenance Fund from 2017-2021
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1.2. Problem Statement

The road network in Lao PDR is essential to the country’s socio-economic development

by facilitating the movement of people and goods while supporting key industries such

as agriculture and tourism. It also enhances regional connectivity, and integrates Lao PDR

into global markets. However, the road infrastructure faces significant challenges that

impact its performance and long-term sustainability.

1)

2)

3)

Reactive Maintenance System

The existing Laos RMS mostly relies on reactive interventions. This strategy often
results to higher long-term costs and frequent road failures, because small defects
become major issues before being addressed. Research by Obunguta, F. and K.
Matsushima (2020) [14] revealed that proactive maintenance strategies could
significantly increase road network condition in good condition and reduce LCC

at the end of analysis period.

Financial Constraints

The Lao PDR's road maintenance fund has inadequate funding, which results in
high debt levels of approximately 200 million US dollars in 2021 [8] and restricts
its capacity to organize and carry out efficient maintenance programs. Road
deterioration is accelerated, and these budgetary limitations raise future
maintenance costs. Furthermore, the government's debt load limits funding for

necessary infrastructure maintenance and upgrades.

Inadequate Predictive Models

The existing Laos RMS needs more sophisticated predictive models to accurately
forecast road deterioration and maintenance needs. This limitation lowers

effective planning and resource allocation. While tools like HDM-4 are

applicable, they find it challenging to adapt to the specific conditions of Lao PDR,

14
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4)

5)

6)

which include varying traffic volumes, diverse pavement types, and uncertainties

caused by environmental factors.

Data Limitations

Incomplete and inconsistent data on road conditions, traffic volumes, and
maintenance history, primarily due to budget constraints and limited inspection
resources, pose a challenge to effective road asset management, as outlined in the
Road Asset Management Plan report [4]. Consequently, robust data collection and
integration with advanced analytical tools are crucial for developing accurate

deterioration models and maintenance schedules.

Inefficiencies in Maintenance Practices

Current RMS maintenance practices are not cost-effective due to reactive
maintenance, which leads to increasing RF debt and challenging contractor
payment conditions [4]. A systematic approach is needed to prioritize
maintenance activities based on road conditions, traffic levels, and budget
constraints. Adopting modern practices and leveraging technology-driven

solutions can significantly enhance efficiency and optimize resource allocation.

Research Gaps

Proactive Maintenance Models

There is a critical need for developing proactive maintenance models that can
predict road deterioration and optimize maintenance planning to prevent road
failures while minimizing costs. Stochastic models, such as Markov models, offer
a structured approach to model uncertainties and assess long-term outcomes.
However, despite their potential, these models remain underexplored in Lao PDR,
presenting an opportunity to develop tailored solutions that address the country's
unique environmental and operational challenges. Incorporating these models
could enhance decision-making, improve resource allocation, and extend the

lifespan of critical infrastructure.

15
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Comparative Analysis

A comprehensive comparison between existing models, such as HDM-4, and
proposed stochastic models is essential to determine which approach best fits Lao
PDR’s specific needs. By evaluating their strengths and limitations, decision-
makers can assess how each model addresses challenges like traffic variability,
diverse environmental conditions, and budget constraints. This analysis will
provide practical recommendations for selecting the most effective strategy to
optimize maintenance planning and improve road network performance in Lao

PDR.
Resource Allocation Optimization

Developing efficient maintenance resource allocation models is essential to
ensure maximum maintenance impact, particularly under budget constraints.
These models should incorporate life-cycle cost analysis to help planners evaluate
the long-term economic benefits of maintenance decisions. By aligning
maintenance planning with resource availability, these models can ensure
sustainable road improvements, minimize resource wastage, prolong road
network functionality, and enhance overall infrastructure reliability. Additionally,
implementing tailored optimization strategies will enable Lao PDR to manage its

road networks despite financial and operational resource limitations.

1.3. Research Objectives

The primary objectives of this research are as follows:

Evaluate the suitability of the current Laos RMS: Evaluate the effectiveness
of Laos Road Management System and long-term maintenance planning, with
focus on identifying its strengths, limitations, and areas for enhancing in relation

to data availability, model capacities, and decision-making support functions.

Develop a stochastic road surface prediction model: Address data availability

and variability limitations to improve forecasting accuracy for road deterioration
and maintenance needs. This model is particularly relevant for resource-

constrained regions like Lao PDR and other developing countries.

16
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Optimize Resource Allocation Strategies: Develop efficient maintenance plans
that maximize sustainability and road network performance using a stochastic

model framework.

Conduct a Comparative Analysis: Evaluate the effectiveness of HDM-4, the
current RMS, and the proposed stochastic model (MUSTEM) in road asset
management. This analysis will highlight strengths, limitations, and provide
practical recommendations, particularly for Laos RMS.

Provide Strategic Recommendations: Offer guidance for project managers, road
agencies, and policymakers on efficient road maintenance practices. These
recommendations will enhance decision-making, encourage innovative
methodologies, and support sustainable road infrastructure development in Lao

PDR and similar developing countries.

1.4. Research Contributions

This research aims to make significant contributions to the field of road asset

management, specifically tailored to the context of Lao PDR. The expected contributions

are as follows:

1.

Develop and provide a robust framework for predicting road deterioration,
particularly beneficial for data-limited and constraint-prone countries like Lao
PDR. This model and framework support proactive maintenance planning and

efficient infrastructure management.

Enhanced Decision-Making for Resource Allocation: This research will propose
optimized strategies for allocating maintenance resources, integrating life-cycle
cost analysis to ensure budget optimization. These strategies will empower
policymakers and road agencies to make data-driven decisions that balance

economic and road network performance priorities.

A comprehensive comparative analysis of the Laos RMS model and proposed

framework, highlighting the strengths and limitations of each model. This analysis

17
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will guide policymakers in selecting the most effective maintenance strategies.

This study will also offer application guidelines, particularly for Laos RMS.

4. This research will provide practical guidelines for policymakers, infrastructure
planners, and project managers to implement more effective road maintenance

practices by adopting innovative and sustainable road maintenance practices.

5. Supporting the development of sustainable road infrastructure in Lao PDR.
Enhance the efficiency and sustainability of Lao PDR’s Road network, supporting
economic growth, reducing transportation costs, and improving regional
connectivity. These outcomes align with national and international development

goals.

e The findings in this research will serve as a knowledge base for training programs,
fostering local expertise in road asset management and maintenance planning.
This effort will provide long-term benefits for Lao PDR’s infrastructure sector,

particularly the Ministry of Public Works and Transport.
1.5. Structure of the Dissertation

The dissertation comprises six chapters dedicated to enhancing road asset management in
Lao PDR through stochastic predictive modeling and optimal resource allocation. Figure
1.4 presents the dissertation diagram showing the consistency of each chapter. Chapter
1 offers background information on the significance of road infrastructure in socio-
economic development, research problems, objectives, and contributions. Chapter 2
presents existing methods for road asset management, including stochastic Markov
models and deterministic methods such as HDM-4, in order to identify gaps in the
literature. Chapter 3 develops and applies the MUSTEM model, including uncertainty,
for the national road in Lao PDR. Chapter 4 develops an optimization framework for
resources in different budget conditions for the ASIAN and the National road network.
Chapter 5 compares the MUSTEM and HDM-4 performance utilizing empirical Laos
RMS data, assessing results in terms of cost-effectiveness, as well as prediction in the
shortest route condition. Chapter 6 presents the findings, provides policy implications,

and recommends future research and implementation in the road management system.
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Figure 1.4 Dissertation’s Structure
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2. Literature Review

2.1. Road Management Systems

2.1.1. Definition

A road management system (RMS) involves the planning, development, maintenance,
and optimization of road networks to ensure safe, efficient, and cost-effective
transportation. The asset management system for roads is “a systematic process of
maintaining, upgrading, and operating assets, combining engineering principles with
sound business practice and economic rationale, and providing tools to facilitate a more
organized and flexible approach to making the decisions necessary to achieve the public’s
expectations” [1]. This process encompasses a broader range of activities, including
assessing road conditions, prioritizing maintenance works and rehabilitation projects or
activities, allocating resources, and implementing technologies to monitor and improve

the network's performance [2, 3].

The primary objectives of an RMS are to manage road infrastructure assets
efficiently and effectively by ensuring safe, reliable, and sustainable transportation.
These objectives aim to achieve a service level or performance of the roads at the lowest
cost, deploying long-term maintenance planning that considers the future impact of

current budget allocations [4].
Key processes of an RMS include [5, 6]:

1. Asset Inventory: Establishing a comprehensive inventory of the entire road
network and its elements (road facilities).

2. Condition Assessment: Providing a clear picture of the current condition and
performance of the road network.

3. Asset Valuation: Estimating the value of the assets to understand their economic
significance.

4. Demand Forecasting: Predicting future traffic demands and service needs to plan
accordingly.

5. Maintenance Planning: Estimating maintenance needs and costs to develop

effective maintenance strategies.
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6. Prioritization: Setting priorities related to the desired quality and performance of
the road network.

7. Funding Scenarios: Developing funding scenarios for regular and timely
maintenance and upgrades.

8. Strategy Development: Defining appropriate strategy to tackle different
scenario.

9. Implement the RAM plan: implementing a Road Asset Management Plan (RAM
Plan).

This process is continuous and demand regular updates to monitoring and
reporting of changing and demands of road maintenance. As illustrated in Figure 2.1, the
RMS structure in Lao PDR includes processes for data collection, planning, and

implementation [7].
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A well-organized and implemented RMS plays a vital role in various aspects of
national development; the key advantages of RMS and infrastructure contribution,

including [8]:

1. Economic Growth: The development of efficient road networks plays a crucial
role in driving economic progress by facilitating the smooth movement of goods
and people. These functions can reduce transportation expenses and travel time,
promote trade, expand market access, and stimulate economic activities across
various sectors.

2. Safety Measures: Ensuring the safety of road users involves effective management
practices that identify and address potential risks of accidents, such as potholes,
structural weaknesses, and inadequate signage. Implementing proper maintenance
procedures can minimize the occurrence of accidents and enhance overall road
safety.

3. Cost Optimization: Proactive maintenance strategies implemented in road
network management optimize resource utilization, leading to extended road asset
lifespans and reduced long-term expenses. Preventive maintenance is generally
more financially efficient compared to reactive maintenance.

4. Environmental Responsibility: Sustainable road management practices aim to
minimize environmental impact by using eco-friendly materials, improving road
conditions, reducing vehicle emissions, and preserving surrounding ecosystems.
Effective road design and maintenance also mitigate issues like erosion and water
runoff.

5. Inclusive Accessibility: Well-managed road networks improve accessibility for
all members of society, including those residing in rural and remote areas. This
enhanced accessibility contributes to social equity and inclusion by providing
better access to essential services such as education, healthcare, and employment
opportunities.

6. Infrastructure Durability: Regular maintenance and timely upgrades ensure the
longevity and resilience of the road network against natural wear and tear and
extreme weather conditions. This approach reduces the need for frequent, large-
scale rehabilitations, resulting in cost savings and minimized disruptions to traffic

flow.
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7. Technological Advancements: Modern RMS incorporates advanced technologies
such as Geographic Information Systems (GIS), remote sensing, and data
analytics to improve decision-making. These tools enable real-time monitoring,

predictive maintenance, and optimized resource allocation.

An RMS is not merely a tool for maintaining road infrastructure but a crucial
driver of socio-economic progress. By embracing robust management practices and
modern technologies, Lao PDR can build a road network that meets today’s needs and

builds a solid foundation for future growth and connectivity.

2.1.2. Previous studies on road maintenance strategies

Extensive research on road maintenance strategies has been conducted globally, focusing
on enhancing road infrastructure's resilience, efficiency, and cost-effectiveness. These
studies have delved into various maintenance approaches, including preventive inspection
and maintenance, routine maintenance, and repair actions, all strategies aimed to extend

road lifespan and minimize the costs of maintenance as well as traffic disruptions.

A key theme in prior studies is the comparison between preventive (proactive)
and reactive maintenance strategies. Preventive maintenance involves regular inspection
and scheduled intervention to address potential defects before they worsen, whereas
reactive maintenance addresses damages after they arise. Eventually, most research
consistently highlights that preventive strategies are more cost-effective in the long run,

as they reduce the frequency and severity of significant repairs.

Furthermore, several innovative approaches, particularly in developed countries,
have emerged, leveraging advanced predictive models and data analytics, like the
stochastic method. Data analytics and predictive models have been employed to optimize
maintenance decision-making and resource allocation. For instance, Obunguta, F., and
Matsushima [9] developed an optimal pavement management strategy using a stochastic
model. This study focused on creating a pavement management system (PMS) for
countries such as Uganda. The PMS had limited data requirements and enhanced road
maintenance planning. The maintenance strategies were developed based on time-
dependent and condition-dependent policies related to pavement deterioration rates. The

findings indicated that implementing preventive maintenance policies increased the
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percentage of roads in good condition and reduced the percentage of roads in poor

condition, substantially reducing life cycle costs.

Another study by Van Hiep, D., and Tsunokawa, K. [10] created and investigated
maintenance strategies for roads in sub-humid tropical environments in Vietnam,
considering factors like IRI, aging, and cracking progression. This study employed the
HDM-4 model to determine optimal maintenance options based on pavement conditions
and traffic levels. Subsequently, different strategies were recommended based on those
factors. The results of this study highlighted the effectiveness of maintenance actions like
thick overlay, routine maintenance, and reconstruction based on pavement conditions and

traffic volumes to improve road longevity and performance.

Further study by Kobayashi et al. [11] proposed a methodology to determine the
optimal inspection policy for road pavement, considering the uncertain deterioration
process using a stochastic approach. The Markov deterioration prediction model has been
used to express the pavement deterioration process and then formulate an optimal
inspection-repair model to minimize life-cycle costs at the specified risk control level.
This study also compared the economic benefits of regular road condition inspections and
proposed methods to gauge the benefits of two methods with empirical analysis of actual
expressways in Japan. The finding highlighted the shift from a time-dependent to a
condition-dependent repair policy and the importance of inspection for road asset

management.

Recent studies offer valuable lessons for the road maintenance strategy in Lao

PDR. The key takeaways include:

1. Adopting Preventive Maintenance: Prioritizing preventive over reactive
maintenance can help reduce long-term costs and extend the lifespan of road

assets.

2. Utilizing Predictive Models: Implementing predictive models, such as the
Markov or HDM-4 models, can enhance decision-making by providing data-

driven insights into maintenance needs.
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3. Applying Strategies to Local Conditions: Maintenance strategies should be
adapted to the specific environmental and traffic conditions in Lao PDR to ensure
effectiveness.

4. Leveraging International Best Practices: By learning from successful case
studies in similar developing countries, Lao PDR can adopt proven strategies and

avoid common pitfalls in road management.

2.2. Markov Models

2.2.1.Fundamentals and Application of Markov Models

While RMS focuses on structured maintenance planning, predictive modeling techniques
such as Markov models provide a probabilistic approach to forecasting road deterioration
and optimizing maintenance strategies. The Markov model has emerged as a prominent
tool in road asset management due to its ability to capture dynamic transitions between
different states of infrastructure conditions. Over the past few decades, various statistical
methods based on Markov models have been developed to model road pavement

deterioration using inspection data.

Markov models operate under the assumption that the probability of transitioning
from one condition state to another depends solely on the current state, not on the
sequence of previous states. This memoryless property makes Markov models
particularly suited for predicting the future condition of road assets based on present data
[12]. Markov models are used to estimate the likelihood of pavement transitioning
between different condition states over time. Transition probabilities are determined
based on historical data and inspection records, enabling planners to predict future
deterioration and schedule maintenance activities accordingly. Numerous studies have

shown how Markov models can improve road asset management:

1. Multi-Stage Exponential Markov (MUSTEM) Model: This advanced model
was developed to address common issues such as incomplete inspection data and
varying deterioration rates. The studyies from Kobayashi et al. [13] and Tsuda et
al. [12] have demonstrated its effectiveness in providing accurate predictions of
road conditions, highlight the model’s capacity to enhance road maintenance

decision-making, leading to better maintenance planning and resource allocation.

27



CHAPTER 2. LITERATURE REVIEW

Another study from Han et al. [14] investigated the behavior of advanced
pavement materials using a Mixed Markov Hazard model based on Bayesian
updating. The study concluded that the use of probabilistic methods significantly
enhanced the precision of pavement condition predictions, which in turn
facilitated more effective maintenance strategies and optimized resource
allocation. While Angelo et al. [15] developed a safety-integrated pavement
maintenance decision support framework for road networks in developing
countries, using Addis Ababa, Ethiopia, as a case study. By incorporating safety
considerations into Markov models, the researchers demonstrated that prioritizing
road sections with high traffic volumes and poor safety conditions could improve
both safety outcomes and pavement performance, highlighted the importance of

combining safety and condition data for more effective maintenance planning.

The model has been modified and extended to account for specific
challenges prevalent with inspection data, such as a small sample size,
measurement errors, different deterioration modes, and composite deterioration

structures such as Kobayashi et al. [13, 16]; Kaito et al. [17]; Han et al. [18].

2. Markov Decision Processes (MDPs): Building on Markov models, MDPs
incorporate decision-making into the prediction framework. A study from Gao
and Zhang [19] proposed a Markov-based Road maintenance optimization model
considering user costs. The key outcome was that incorporating user costs in the
decision-making process leads to more user-friendly maintenance schedules.
Another study by Obunguta and Matsushima [9] in Uganda highlighted how
MDPs can help balance preventive maintenance with long-term benefits, ensuring

optimal use of limited resources.

Markov models have been widely used to predict infrastructure deterioration. In
order to generate highly accurate deterioration forecasts, the key challenges in developing
the deterioration model were related to uncertainty, particularly traffic volume, road
structures, environmental, and pavement thickness [20]. Powerful stochastic techniques
of Markov models are used to predict degradation in numerous infrastructures.
Particularly, consider the following: road surface pavement [14, 21, 22], bridges [12, 23],
pipe networks [24, 25], and airports [26, 27].
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2.2.2. Markov Model Application Challenges

While Markov models offer significant benefits, they require reliable and comprehensive
historical data to generate accurate predictions. The absence of such data can limit their
effectiveness, especially in developing countries like Lao PDR, where data collection
may be sporadic or incomplete. Previous studies by Han et al. [14]; Obunguta and
Matsushima [9] have emphasized the importance of sufficient and high-quality data for
improving the precision of model predictions. Calibration of these models using locally
available data is critical to enhancing their accuracy and applicability, as demonstrated in
research by Gao and Zhang [19]. Additionally, integrating external factors such as climate
variability, traffic, and construction quality can further refine the predictions, as
highlighted by Angelo et al. [15]. Despite these challenges, with proper adjustments and
consistent monitoring, Markov models can serve as powerful tools for long-term
infrastructure planning and maintenance, as shown in multiple case studies such as Tran

et al. [24]; Sempewo and Kyokaali [25].

Given the challenges in data collection and the variability of road conditions in
Lao PDR, a hybrid approach that combines the probabilistic strength of MUSTEM with
the detailed analytical capabilities of HDM-4 (current RMS analysis tool) may offer the
best results. Such a hybrid model would enable more flexible decision-making under
uncertainty while taking advantage of localized data where available. This integrated
approach could significantly improve the planning, budgeting, and execution of road
maintenance strategies in Lao PDR, ultimately ensuring more efficient use of resources
and better infrastructure outcomes. This research aims to bridge the gap by comparing
these models in the context of Lao PDR, providing actionable recommendations for

policymakers and road authorities.

Meanwhile, Markov models present a robust framework for proactive road asset
management. By adopting these models, Lao PDR can enhance its ability to maintain a
reliable and sustainable road network, ultimately supporting economic growth and social

development.
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2.3. Overview of Markov decision processes

Markov Decision Processes (MDPs) are an extension of Markov models that incorporate
decision-making elements, making them particularly useful in the field of road asset
management. Introduced by Bellman in 1957 [28], MDPs provide a structured framework
for modeling decision-making in situations where outcomes are partly random and partly
under the control of a decision-maker. An MDP framework consists of several key

components [29]:

1. Decision Epochs: These are discrete points in time at which decisions are made.

2. States: Each state represents a specific condition of the road network at a given

time.

3. Actions: Actions refer to maintenance strategies or interventions available to the

decision-maker.

4. Transition Probabilities: These probabilities define the likelihood of moving

from one state to another, given a specific action.

5. Rewards: A reward function quantifies the immediate benefit or cost associated

with a particular action in a given state.

The objective of an MDP is to determine an optimal policy. In Road asset
management, the objective is to optimize the decision-making process concerning the
maintenance and improvement of road infrastructure by maximizing the benefits to road
agencies and users. The system aids in making informed decisions regarding repairs,
upgrades, and maintenance to achieve the maximum overall outcomes for the road

network [30].

2.3.1. Application of MDPs in Road Asset Management

MDPs have been used to develop dynamic pavement management system (PMS) for road
networks and enable decision-makers to balance competing objectives (Safety, social
impact, economic costs) by offering options for maintenance, rehabilitation, or
reconstruction based on long-term benefits and costs. For instance, Obunguta and

Matsushima [9] demonstrated that using MDPs for Ugandan national roads led to more
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cost-effective maintenance schedules by balancing short-term expenses with long-term
benefits; Angelo et al. [15] highlighted the integration of safety considerations in MDP-
based models, showing that combining safety and pavement condition data can improve

both safety outcomes and pavement performance.

Finding an optimal policy is significant for solving the MDP, which can be

achieved using various algorithms [29, 31], including:

1. Dynamic Programming: Methods such as value iteration and policy iteration are

commonly used to solve MDPs.

2. Monte Carlo Methods: These methods use random sampling to estimate the

expected rewards and transition probabilities.

3. Reinforcement Learning: Techniques such as Q-learning and deep
reinforcement learning have gained popularity for solving complex MDPs in

environments with large state and action spaces.

Markov processes assume that the probability of transitioning to a new state
depends only on the current state and action, not on any previous states or actions. This
property allows for the creation of Markov models using states, actions, transition
probabilities, and rewards. In this research, the MDP incorporates multiple condition
states with a designated terminal state, discrete time periods, defined maintenance
strategies, periodic inspection intervals, and corresponding maintenance actions. The

analysis is conducted over a finite planning horizon from the initial to the designate year.

2.3.2. Challenges in Implementing MDPs

Despite their advantages, implementing MDPs in real-world road asset management faces

several challenges:

e Data Requirements: MDPs require detailed and accurate data on road conditions,

transition probabilities, and maintenance costs.

e Computational Complexity: Solving MDPs for large-scale road networks can be

computationally intensive, especially when the state and action spaces are large.
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e Transition Probabilities Estimation: Estimating transition probabilities accurately
can be difficult due to variability in traffic loads, weather conditions, and other

external factors.

2.3.3. Adaptation of MDP

Given the unique challenges faced by Lao PDR, including limited data availability and
diverse environmental conditions, adopting an MDP-based approach could enhance the
country’s road asset management system. By incorporating economic and safety
considerations regarding road conditions, MDPs can help decision-makers prioritize
maintenance actions that offer the highest long-term value. Therefore, MDPs provide a
robust framework for optimizing road maintenance strategies under uncertainty. Proper
calibration and data integration can support more informed decision-making, ultimately

leading to a more sustainable and cost-effective road network in Lao PDR.

2.4. Highway Development and Management Model

Highway Development and Management version 4 (HDM-4) is a well-established tool
for infrastructure asset management, widely used for analyzing the life-cycle performance
of road networks [32]. Unlike Markov models, which employ probabilistic decision-
making, HDM-4 employs a deterministic approach, relying on known relationships and
data-driven equations to predict road deterioration and guide maintenance planning.
However, for better analysis and prediction, these models require an extensive database
with various factors [33]. The standard PMS tools, such as Highway Development and
Management and the Australian Road Research Board (ARRB) model, are categorized

into mechanistic-empirical models [21, 34].

HDM-4 is acknowledged for its deterministic nature, which allows it to provide
precise values of pavement performance metrics based on given input data. The model
assesses road deterioration based on five key distress modes, including cracking, raveling,

potholing, rutting, and roughness [35, 36]:

The general computational logic for estimating the deterioration of the HDM-4 is

summarized as follows [36-39]:

o Initialize input data at the start point of the analysis year. This input data can be
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the first year of analysis or the previous year's condition after maintenance.

Calculate the amount of change in each distress mode (majority 5): cracking,

raveling, potholing, rutting, and roughness.

The pavement strength, condition, and age of the infrastructure are considered,

and the traffic volume per lane is computed.

Estimate the distress of cracking, raveling, and pothole using progression criteria
(regressive function) specific to each distress mode, and then adapt (calibrate) the

estimation using the deterioration factor of the local condition.

Lastly, the roughness increment based on traffic, surface distress, age, and

environmental factors has been computed.

Notable, each distress mode is evaluated using calibrated progression criteria

(calibration factor) specific to the local environment, including traffic loads and climate

conditions [37, 38], which are tailored to the unique characteristics of the region where it

is applied.

2.4.1. Application of HDM-4 in Road Asset Management

The HDM-4 model has been applied in practical asset management across various

countries, particularly developing regions. The HDM-4 supports three main levels of

analysis [40]:

1.

Project-Level Analysis: Detailed evaluation of individual road projects,

including cost-benefit analysis and selection of optimal maintenance strategies.

Program-Level Analysis: Medium-term planning that prioritizes maintenance

and rehabilitation activities across a network under budget constraints.

Strategic-Level Analysis: Long-term policy development and resource allocation

for sustaining the entire road network.

In Lao PDR, the Ministry of Public Works and Transport (MPWT) has adopted

HDM-4 for pavement condition assessment and maintenance planning. This adoption has

enabled more systematic and data-driven decision-making, resulting in better allocation

of limited resources [41, 42]. Therefore, this software allows the MPWT decision-makers
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to accurately analyze road infrastructure performance and develop effective maintenance

and investment strategies.

2.4.2. Calibration and Data Requirements

The HDM-4 depends on field data and independent variables, including road conditions,
traffic, vehicle characteristics, and maintenance costs, in order to provide detailed insights
into asset management [21]. The accuracy of HDM-4 predictions depends heavily on
proper calibration. Calibration involves adjusting the model parameters to reflect local
conditions, such as traffic composition, climate, and construction quality. Key data inputs

required for HDM-4 include:

1. Road Inventory: Information on pavement type, age, and construction history.
2. Traffic Data: Vehicle counts, classification, and axle load distributions.

3. Pavement Condition: Periodic surveys measuring distress levels, roughness, and

rutting.

4. Economic Data: Costs of maintenance activities, vehicle operating costs, and

discount rates.

However, the HDM-4 calibration is necessary before utilizing the software to
ensure accurate pavement performance prediction by reflecting observed deterioration
rates through desk studies, verification with measured data, and long-term monitoring

[37, 38, 42].

Advantages of Using HDM-4: HDM-4 provides performance metrics based on input

data, making them particularly valuable for road asset management [32, 40]:

o Detailed Cost-Benefit Analysis: By evaluating multiple scenarios, HDM-4 helps

decision-makers choose the most cost-effective maintenance strategies.

e Long-Term Planning: The model supports strategic planning by simulating

future road network conditions and funding needs.

e User-Friendly Interface: HDM-4 comes with a well-documented interface that

facilitates its use by practitioners and researchers alike.
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e Customizable Framework: The ability to calibrate HDM-4 for local conditions

makes it adaptable to diverse environments.

2.4.3. Challenges and Limitations

Despite its benefits and widespread used, in order to use HDM-4, some challenges need

to be considered such as [37, 38, 40, 42] :

o Intensive Data Requirement: HDM-4 requires various types of data, such as
road network information (including pavement inventory, condition, and type),
vehicle fleet details (including classification), traffic patterns, environmental
factors, and cost data (comprising operating costs and maintenance history),

which can be difficult to obtain in developing countries.

o Calibration complexity: Proper calibration requires technical expertise and

significant time investment.

o Budget Constraints: Implementing HDM-4 often requires substantial financial

budget, which is challenging in low-income or developing countries.

2.4.4. HDM-4 Application in Lao PDR

In the context of Lao PDR, where budget constraints and data limitations are a challenge,
HDM-4 offers significant advantages. Its ability to provide detailed cost-benefit analyses
and supporting long-term planning enables decision-makers to prioritize interventions
with the highest impact. HDM-4’s framework also facilitates systematic data collection
and management, which are crucial for improving infrastructure resilience. However, its
application in Laos is not without limitations. The high data requirements and complexity
of calibration processes pose challenges, particularly in regions with limited technical
expertise and financial resources. Additionally, while HDM-4 provides deterministic
outputs, it may not fully capture the uncertainty inherent in road deterioration, making it
less adaptable to rapidly changing conditions. Integrating HDM-4 with stochastic models
like MUSTEM could address these gaps by introducing probabilistic elements that
enhance decision-making, particularly under uncertain and resource-constrained

scenarios.
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2.5. Pavement Optimization Methods

Many recent studies have shown the advantages and importance of integrating stochastic
deterioration modeling and proactive maintenance strategies to optimize road network
management, particularly under budget constraints. Obunguta et al. [43] examined
optimal repair policies using Monte Carlo simulations to minimize LCCs while
improving infrastructure reliability. These authors showed the improvement in optimal
intervention solution using Monte Carlo methods compared to the greedy algorithm.
Similarly, Nakazato et al. [44] proposed repair policies focusing on LCC minimization
and cost-leveling strategies across infrastructure systems, highlighting significant
advancements in proactive infrastructure maintenance approaches. Another study,
Nakazato and Mizutani. [45], developed an optimization approach for sectional work
zone scheduling considering economies of scale and user cost. These authors particularly
addressed user disruption over extended planning horizons by prioritizing user cost
reduction through optimized scheduling over a 365-day cycle. Additionally, Zhang et al.
[46] discussed the uncertainties and heterogeneities in pavement management systems
and suggested a “belief update” process to improve maintenance decisions under
uncertainty. Other studies such as Obunguta et al. [47] and Harvey et al. [48] also
underscored the importance of optimizing pavement maintenance decisions by
minimizing social costs using a greedy algorithm and employing bottom-up approaches
to address rehabilitation planning under constrained budgets, respectively. Zeng et al. [49]
refined these approaches by enhancing a two-stage optimization framework, first at
pavement segment level and secondly at network level, for pavement rehabilitation

planning decisions.

Despite advancements in optimizing road network management systems using
stochastic modeling, a significant gap remains in applying such integrated frameworks,
specifically in developing countries, where resource constraints and limited data
availability pose challenges. Building on work including Obunguta and Matsushima [9]
in Uganda, this study aims to further bridge this gap by developing a stochastic MDP
framework tailored explicitly for Lao PDR, integrating probabilistic pavement
deterioration forecasting, proactive maintenance strategies, and LCC analysis under
realistic budget constraints by using historical data from the 2014-2015 Lao RMS

database.
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2.6. International Practices and Case Studies

2.6.1.International Standards and Guidelines

International practices in road asset management provide valuable insights into how
various countries have successfully developed and implemented efficient road network
systems. These practices highlight the importance of adopting standardized frameworks,
innovative strategies, and advanced technologies to enhance road networks' overall

efficiency and sustainability.

There are many international standards and guidelines set by leading
organizations, which form the backbone of modern road management systems, such as
the International Road Federation (IRF), the World Bank, the Federal Highway
Administration (FWHA), The American Association of State Highway and
Transportation Officials (AASHTO), and the International Organization for Standard
(ISO). These standards emphasize best practices for road design, construction,

maintenance, and sustainability.

Key international standards in practice include:

e International Road Federation (IRF): The IRF provides guidelines and best
practices for road asset management, emphasizing the importance of maintaining
road infrastructure to ensure safety, efficiency, and sustainability. The IRF
promotes the use of advanced technologies and innovative practices to enhance

road maintenance and management [50].

e The World Bank: The World Bank has developed several frameworks and tools,
such as the Highway Development and Management Model (HDM-4), which is a
globally applicable model that assists countries in planning and managing their
road networks. Nonetheless, HDM-4 is widely used for evaluating road
investment projects, assessing maintenance strategies, and predicting road

performance under different budget scenarios [51].

e ISO Standards: The ISO 55000 series for asset management are designed to be
practical and comprehensive guidelines for managing physical assets, including
road networks. These standards focus on optimizing asset performance, reducing

costs, and ensuring sustainability through effective management practices. They
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offer specific requirements for organizing and implementing an effective asset
management system and guidance on implementing the requirements outlined in

ISO 55001 [52].

American Association of State Highway and Transportation Officials
(AASHTO): AASHTO offers technical standards for highway design,
construction, and maintenance, ensuring consistency and safety across road

projects [53].

Federal Highway Administration (FHWA): The FHWA emphasizes
integrating advanced tools, such as Geographic Information Systems (GIS) and
pavement management systems, to improve decision-making and enhance the

efficiency of maintenance strategies [54].

2.6.2. Review of Global Practices and Case Studies

Adopting successful strategies from developed countries has significantly improved road

management systems in various regions. Key lessons from these practices include:

Proactive Maintenance Strategies: Developed countries such as the United
States of America (USA) and the United Kingdom (UK) prioritize early
intervention through routine inspections and preventive maintenance. This
proactive approach reduces long-term costs, minimizes disruptions, and extends

the lifespan of road assets, leading to optimal road quality and safety [55].

Data-Driven Decision Making: In the Australian expressway, GIS is used to
enhance data management, planning, resource allocation, and long-term
maintenance activities in decision-making. This practical suggests that applying
advanced tools like Geographic Information Systems (GIS) and automated road
condition assessment systems has led to measurable improvements in resource

allocation and cost efficiency [56].

Integration of Advanced Technologies: Developed countries like Japan and
Germany employ technologies such as remote sensing and intelligent
transportation systems (ITS) to enhance road monitoring, improving traffic
efficiency and maintenance panning. These technologies improve the accuracy

and efficiency of road condition assessments [57, 58].
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2.6.3.Conclusions

The global practices and case studies have shown several lessons for improving road
network management. By embracing advanced technologies, proactive strategies, and
sustainability-focused approaches, the country, particularly developing countries, can
significantly improve road asset management, contributing to national development and

connectivity.

The key takeaway lessons included, but were not limited to:

1. Early intervention and proactive strategy: Regular monitoring involves early
intervention with a proactive strategy that can prevent road deterioration and

extend the longevity of the road and transportation infrastructure.

2. Technologies Integration: Advanced technology such as GIS, online data
inspection, remote sensing, and ITS can enhance the efficiency and accuracy of
data analytics and predictions, enabling real-time monitoring and data-driven

decision-making.

3. Sustainable Development: Incorporating sustainability into road management to

ensure the road network is climate change resilient and environmentally friendly.

4. Adaptability and Innovation: Adapting other countries' best practices and

innovation solutions into existing road management systems.

5. Stakeholder Engagement: In addition, collaboration and engagement with
various stakeholders, including the public sector, private sector, education sector,

and relevant stakeholders, to improve the existing road management system.
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3. Estimation of Lao Road Network Deterioration Using
the Markov Hazard Model

3.1. Introduction

The Highway Development Management Application (HDM-4) [1] is used by the Lao
PDR's road maintenance management system to set priorities and allocate maintenance
funds. The Laos national road network used the concept of core network level to classify
the road hierarchy by different pavement structures, traffic, and environmental
conditions. Three levels of the core network were introduced in order to classify the
hierarchy of the national roads. The level of the core network is the key to determining
inspection and maintenance frequencies. The total length of the road network in 2021 is
58,875 km and was categorized into six types: 1) National Roads, 2) Provincial Roads, 3)
District Roads, 4) Urban Roads, 5) Rural Roads, and 6) Special Roads [2]. The lengths of
the road network by category are shown in Figure 3.1.

HDM-4, which is a mechanistic model, is a tool to predict road network
maintenance needs [3] . Besides, the Pavement Management System (PMS) is the Road
Management System’s module for optimal road maintenance in Lao PDR. However, the
main objections to implementing road management system are budget constraints and
limited technical resources. Furthermore, PMS is used to calculate road network
deterioration and estimate maintenance needs by relating roughness to many explanatory
variables such as pavement aging, surface distress, and the environment where the road
is located for precise estimation, evaluate road damages based on current condition
inspection data, and then allocate funding [4]. However, the number of data records is

small and inspection intervals are uneven because data collection is time-consuming,

Special e—— 5 648

i~ Rural 25,270
? Urban  me— 4,112
8 o
el District  m———— 7 414
g L
~ Provincial = me——— § 535

National Road m—— 7,847

0 5,000 10,000 15,000 20,000 25,000 30,000

Road Network Length, KM

Figure 3.1 Lao PDR road network length by category in year 2021
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resource-intensive, and costly, which are the major challenges for the Department of
Roads (DoR) and the Ministry of Public Works and Transport (MPWT) in implementing
the PMS.

The international roughness index (IRI) was introduced by researchers from the
United States, Brazil, Belgium, France, and England [5]. IRI has been used globally as
an indicator for evaluating the pavement quality of the road network. This research
intends to construct a road deterioration forecasting model to estimate the life expectancy
based on the IRI by using Markov transition probability [6]. The empirical analysis was
conducted using historical inspection data from the Lao road database and covered two
core networks (core networks 1, which are the ASIAN Highway network, and core
network 2, which represents the National Road network) composed of 22 road sections
totaling 2,769 km in length. The findings of this study will enable the road authorities
(DoR, MPWT) to understand the service life expectancy of each different level of the
core network and determine the best maintenance management plan, particularly for the

approval of performance-based contracts for road maintenance projects.

3.2. Model Development

The Markov models have been adapted to meet the needs of various study fields and are
now extensively used as a probabilistic estimation model for infrastructure performance.
To estimate the Markov deterioration hazard model [7, 8], the explanatory variables that
are anticipated to be related to the rate of deterioration together with the pair of two
conditions from a single point and their interval time of inspection have been acquired
and collected. Therefore, past inspection data of the road network have been gathered and
analyzed, and the road database has been acquired from the DoR and MPWT of Lao PDR
in order to develop a road deterioration prediction model utilizing the Markov
deterioration hazard model. According to a time series, the condition state of each road
section is designated in a rank order. In order to compare the lifespan of each type of

pavement, the 2,769 km road section condition data has been collected and categorized.
3.2.1. Markov Deterioration Hazard Model Estimation

The following presumptions are required in order to satistfy the Markov deterioration

hazard model [9]:
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1. No maintenance or restoration projects were required throughout the
inspection period.
2. The deterioration of the road surface begins as soon as it is made available to

the public at time 7.

The deterioration of road sections is accumulated in time series. It is expressed in
terms of calendar time by 74, 75, 73, .... T; and the condition state is increased in unitary
unit, the condition state at each point in the time axis is restricted by the time the
inspection was carried out as shown in Figure 2, T represent a calendar time and condition
state expressed by a rank represents a state variable i(i =1,2,....,j) where i =1
represents a section that has not deteriorated at all (in good condition), and the state
variable value j is assumed to increase as deterioration progresses. Where i = j indicates
that a section has reached its service life (absorbing state of the Markov chain which
requires maintenance activities)

The information on the periodic deterioration process of the road section is derived
at the time of inspections. However, data on condition state based on continuous
inspection is difficult to obtain due to the high cost, time, and resources required.
Therefore, the Markov chain concept, it is assumed that the pavement conditions are
discrete condition states. This model considers two periodical inspections at time
T4 and Tz on the time axis which its interval is denoted by Z(Z = 75 — 74) and the
duration from i = 1 to i = j is called the life expectancy of the road sections. Based on
these definitions, we can determine the Markov transition probability matrix (MTP) [10]

or [[ which composed of probability m;; with the preconditions that m;; = 0 and
2§=1 m;j = 1 are required to satisfy the axioms of probability, since the model does not

consider repairs, ;; = 0(i > j) and 7;; = 1 become additional preconditions.

Prob[h(tp) = jlh(ty) = i] = Tj (3.1
7'[11 e 71'.12

1= [ : : ] (3.2)
0 -
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Figure 3.2 Deterioration process and inspection times [7, 8].

In Figure 3.2, it is supposed that at time 74, the condition state observed by
inspection is i (i=1, 2, ..J-1). The deterioration process in future times is uncertain.
Among the infinite set of possible scenarios describing the deterioration path, only one

path is finally realized.

Contditlon Possible deterioration paths between two
state . . .
inspection points TA and TB
_ o tepechon pomls LA Gnd BB & Path 1
i o
Path 2
i+1 B
Path 3
i+2 bmmmmmmm s o ~® path 4
inspection interval
4 q 3 ]
Ta Ti Ti+1 Ti+1 Ti B T

Figure 3.3 Condition states and possible paths [7, §].

For simplicity, there are four possible sample paths described in Figure 3.3, as follows

[8] :

48



CHAPTER 3 ESTIMATION OF LAO ROAD NETWORK DETERIORATION USING THE
MARKOV HAZARD MODEL

e Path 1 indicates no transition in the condition state i during the periodic
inspection interval.

e Path 2 indicates the transition of the pavement from condition state i to i + 1
at time 7;°.

e Path 3 indicates the transition of the pavement from condition state i to i + 1
at time 77°.

e Path 4 indicates the transition of the pavement from condition state i to i +

1and i + 2 at time 7* and 7;+,* respectively. The condition state observed at s

isi+ 2

Referring to Tsuda et al (2006) [8] in Figure 3.2, the deterioration paths of the road
pavement condition by the Markov chain concept are expressed, when deterioration status
changes from i to i + 1 at 7;, the duration remains at status i can be expressed by {;({; =
T; — T;_1)- The life expectancy of a condition state i is assumed to be a stochastic variable
with a probability density function f;({;) and distribution function F;({;) . The
distribution function F;({;) represents the cumulative probability of the transition in the
condition state for i to i + 1 when i is set at the initial point y;= 0 (time 71). The
cumulative probability F;(y;) of a transition in the condition state i during the time points

interval y;= 0 to y; € [0, o] is defined as:

F) = [} fi (G)dg; (3.3)

Accordingly, the survival function R;(y;) becomes R;(y;) = prob{({; = y;} =
1 — F;(y;) . The deteriorating process that satisfies the Markov property can be
represented by the exponential hazard function. The probability density A;(y;), which is

referred to as the hazard function, is defined in the domain [0, =] as:

dRi(yl')
f:0v) dy. e
Ai i) — - = ! = - -l iy, 3.4
00 =) Ry~ @ (oeR0) (3.4)

49



CHAPTER 3 ESTIMATION OF LAO ROAD NETWORK DETERIORATION USING THE
MARKOV HAZARD MODEL

By hazard function 4;(y;) = 6;, the probability R;(y;) that the life expectancy of
the condition state i remains longer than y; and its probability density function f;({;) are

expressed by the following:

Ri(y)) = exp[— foyi Ai(wdu] = exp (—6;yy) (3.5)

fi(§;) = Biexp (—0;4;) (3.6)

3.2.2.Determination of Markov Transition Probability

Again, in Figure 3 the various deterioration paths are classified into
TCii, T i+1, i i+2, and 7; ;. The Markov transition probabilities for these possible paths are
based on the exponential hazard model can be explained for the three cases considering

the condition state observed at periodic inspection time point as shown in Figure 3.4.

Condition

state
i-1 i

il O -0 o
i+1

Yy Zi
(/2N [ - -
Si ¥
X ]
i+2 ¥y inspection interval (£)
J
1/ -
To  Tia Ta Ti ' TB T

@ inspection point (known)

Figure 3.4 Periodic inspection practice of the condition state.

= Case 1: The condition state i keeping the current condition until the next

inspection time

The condition state i obtain by inspection at time point y,, the probability that
the same state condition will be observe at the time point yg = (y, + Z) is expressed by

the following:
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m; = Prob[h(yg = ilh(ya) = 1] = exp(—0,Z) (3.7a)
Eq (7a), m;; is dependent only on the hazard rate (6;) and inspection interval (Z).

Moreover, without using deterministic information at the time point y, and yg, it is still

possible to estimate the transition probabilities.

= (Case 2: The condition state changes from i to i + 1 during the inspection

interval Z.

For the condition state i observed at inspection time point y, changes to
condition state i + 1 at time point yg, the transition is assumed by exponential hazard
function as: 1) the condition state i remain constant between a time point y, to a time
point s;=y+Z;, (z; € [0, Z]), 2) the condition state changes to i + 1 at time point y, + z;,
and 3) the condition remain constant from y, + z; and yg. However, the exact time in
which transition from i to i + 1 cannot be trace by periodical inspection, and it can be
temporally assumed that the transition occurs at the time point (ya + Z;) € [ya, V). The
Markovian transition probability that the condition state change from i to i + 1 during

the time points y, and yg is expressed by:

Tiis1 = Problh(ys) = i+1|h(y,) = i]

0;
Tiiv1 = g—g—{—exp(=6,2) + exp (—0i+12)} (3.7b)

Where, 1541 < 1.

= Case 3: The condition state changes from i to j(j = i + 2) during the inspection
interval time Z.

The transition from the condition state from i to j during the inspection time

interval Z, the transition is assumed to occur as 1) the condition state i remains constant

between a time point ya, Si= Ya+Zi € [Va, Yg] , 2) the condition state changes toi + 1 at

the time point S;=y,+Z,, 3) the condition state i + 1 remains constant during the time
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interval §;= ya + Zj, Si+1=Si + Zi+1 (X yB), and at this time point changes to i + 2. After
repeating the same process 4) the condition state changes to j at some time point Sj_; (<

yB) remains constant until the time point yg.

Therefore, the Markov transition probability changes from i to j(j = i + 2) during the

inspection time y, and yg is expressed by:

m;; = Prob[h(yg = jlh(ya) = i]

Hm . —9k Hm Ko, exp( 0:Z) (3.7¢)

where:

Om

k-1 _Om —1at(k<1+1)and]_[mk9 -
k

m=i gm

=1lat(k=j)

In equation (7¢), m;; [0 < T < 1], and ;; is arranged using the Markov transition

probabilities conditions as follows:

T[L'] =1- 7Tl'j (37d)

From equation (7a) - (7d), the Markov transition probability depend on the inspection

interval Z. The Markov transition probability is expressed as T;;(Z), Therefore, the

transition probability matrix related to the inspection interval Z is expressed as follows

w11(Z) -+ m(2)

no= : =~ (3.8)
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The MTP matrices [[(Z) and [[(nZ) describe the same deterioration process for
two different intervals for an integer value n two inspection intervals (Z) and (nZ).
Therefore, the MPT [[(nZ) is expressed as {[](Z)}" as the time adjustment condition of
the MTP.

In equation (7), the multistage exponential hazard model has been defined.
However, considering the explanatory variable to estimate hazard rate 6; which is defined
as the function of explanatory variables xX and unknown parameters B;. where B;=
(Bi -+ Bim)s M (m=1,.....,M) is the number of explanatory variable and k(k=1,....K)

is an individual sample of inspection data.

6 = f(x*:B) (3.9)

In summary, the elements of the MTP matrix 7;; are estimated using 7;;(Z*, x*:
Bi). The unknown parameter f5;(i=1,.....,J-1) is determined with Bayesian estimation
method to obtain the hazard function 6%‘ (i =1,.....,J-1), the life expectancy of each

condition state i can be defined by means of the survival function Ri(yik) [11].

1

LEf [ exp (= 6f y)dyf = o (3.10)
Life expectancy from i to J can be estimated using
J-1
Z LEX (3.11)
i=1

For detailed description, it is recommended to refer to Tsuda et al (2016) [8].

3.2.3. Application of Bayesian Estimation for the Markov Hazard Model.

Because the classic Markov chain using the maximum likelihood estimation frequently
fails to converge for a variety of reasons [7], the initial values of the parameters are

frequently crucial [12]. Therefore, the Bayesian estimator is used to get around those
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issues, the Bayesian estimation is an iterative approach to statistical inference that uses
data and prior knowledge to estimate the model's parameters. Bayesian estimation can be
very helpful in the setting of a Markov deterioration hazard model to estimate the

unknown parameter [;(i=1, .., J-1). Bayesian estimation can be defined by 3 processes:

1. define the prior probability distribution (),
2. define the likelihood function L(f|€) by applying newly obtained data €, and
3. modify the prior distribution () using Bayes’ theorem and then update the

posterior distribution (f|¢) for parameter (f5).

However, the normalizing constant L(§)=/ L(B|§) Hi;i g(Bilw;, Z; )dB is difficult
to calculate. Therefore, we directly extract the statistical value for the posterior
distribution of parameters using the Metropolis-Hastings algorithm, also known as the M-
H algorithm [13, 14], in the Markov chain Monte Carlo (MCMC) simulation. The M-H

algorithm procedure is explained below:

1. Define initial value of parameter vector (0).
2. Calculate current probability density T[(ﬁ (n)) by using current §(n).

3. Find a candidate value as £(n) = B(n) + £(n) ~N(0,0?) where ¢ is the step width

of the random walks.
4. Calculate the proposal density by using §(n) as a candidate parameter 1 (,6~’ (n)).

5. Apply the updating rule by comparing (5 (n)) and (B (n)) with the following

conditions

m(Fm)) > n(Bm), Bn+1) = B(n)

) R<T, Ba+1) =gm (12
m (B(n)) = 1T('B(n))'{Otherwise, B(n+1) = B(n)

B(n+1)=

Where, r =1t (B(n)) /m(B(n)), and R is a standard uniform for R~ U (0,1)
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6. Do sufficiently large numbers of iterations from step 2 to step 5, until sequence ™
becomes a stationary condition (that is close to convergence).

7. Cut burn-in samples and take the average of sample parameters.

The MCMC does not include any method to confirms that the initial value £(0)
reaches stationary distribution. Therefore, the Geweke's test is utilized to determine
whether the Markov chain reaches convergence [15]. Refer to the following reference for
a full explanation of the M-H method and the Geweke's test to verify the Markov chain's

convergence [7].
3.3. Data Processing

The historical inspection data from the Lao RMS was inquired and examined following
the model's estimation. Data inspection from the Lao RMS database for the years 2014—
2016 and 2020 was obtained. However, it was difficult to attain the maintenance history
from 2016-2020 and the conditions in 2020 being almost as good as those in 2016.
Therefore, only the dataset from 20142016 has been used. Pavement materials, the IRI,
and average annual daily traffic (AADT) are the only available data that have been
gathered and analyzed because environmental uncertainty parameters like weather,
rainfall, etc. have not been sufficiently covered by data collection. Without taking any
maintenance action, the aberrant condition examined under improved conditions has been
evaluated and checked [6]. According to the DoR, MPWT Lao PDR classification, two
core road networks (core networks 1 and 2) are evaluated. The model's basic tenet is to
anticipate the target core networks' life expectancy, IRI degradation process, and hazard

rate in relation to the Lao road network's deterioration process.

The collected IRI data was used to calibrate the Markov model. The IRI data has
been derived from periodic inspections since 2014-2016. In order to measure the IRI, the
Dynamic Response Vehicle Intelligent Monitoring System equipment, which was
supported by the Japan International Cooperation Agency (JICA) in 2012, has been used.
The IRI was measured at a speed of around 80 km/h for each segment of 100 meters [16,
17]. The IRI circumstances are then classified into five groups based on preset criteria for
roughness sufficiency [18] in order to estimate the Markov transition probability based

on the exponential hazard model, according to Table 3.1. The IRI roughness scale, which
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ranks the conditions from excellent to failed (absorption state), indicates the need for

maintenance or rehabilitation activities.

Table 3.1 The IRI Roughness Scale (condition state)

Pavement condition (State) Excel/Good (1) Fair (2) Poor(3) Bad(4) Failed (5)

IRI (m/km) IRI<3 3<IRISS 5<IRIS7 7<IRIS9 9 <IRI

After rejecting the incorrect information, the atypical condition, the data of road
sections was divided into two core networks based on the definition and classification
from DoR and MPWT. The total length was 2,769 km, or 35.29% of the total 7,847 km

(national road network length), as presented in Table 3.2.

Table 3.2 Summary of data observation and variables

Core No. of Total length of Number of Explanatory Length of
network routes obscrvations sample (pairs) Variables AC/ST
(km) (km)
Core 1 8 1,900 18998 AADT, Road 778/1,122
surface
(AC/ST) *
Core 2 14 869 8690 AADT, Road 50/819
surface
(AC/ST)

* AC=Asphalt concrete; ST=Surface treatment

Asphalt concrete pavement and surface treatment (single and double bituminous)
are the two main types of pavements. The traffic volume is gathered from the number of
vehicles passing the counting location in each road section. The methodology for
counting is either automatic or manual (by the traffic count form), and the vehicles are
classified into 14 classes in order to apply the adjustment factors [19]. A number of
adjustment factors are related to classified traffic counts to derive the average annual daily
traffic. To normalize the traffic volume, the AADT has been classified into 3 bands: low,

medium (mean), and high, as shown in Table 3.3.

56



CHAPTER 3 ESTIMATION OF LAO ROAD NETWORK DETERIORATION USING THE
MARKOV HAZARD MODEL

Table 3.3 Traffic band classification

Band From To
(AADT) (AADT)
Low 0 500
Mean 501 2000
High 2001 99999

3.4. Model Application and Results

The transition probability matrix of Core Networks 1, 2 were determined using the
Markov Deterioration Hazard Model. The MTP for Core Networks 1 and 2 are shown in
Tables 3.4, and Table 3.5 respectively.

Table 3.4 MTP of the Core Network 1

State 1 2 3 4 5
1 0.487 0.442 0.063 0.006 0.002

2 0 0.761 0.203 0.026 0.010
3 0 0 0.732 0.167 0.101
4 0 0 0 0.378 0.622
5 0 0 0 0 1.000

Table 3.5 MTP of the Core Network 2

State 1 2 3 4 5
1 0.342 0.529 0.110 0.016 0.003
2 0 0.683 0.254 0.051 0.012
3 0 0 0.652 0.254 0.094
4 0 0 0 0.539 0.461
5 0 0 0 0 1.000

As aresult of Tables 3.4 and Table 3.5, the transition probability in states 1-1, 2-
2, and 3-3 shows that the core network 1 has a higher transition probability compared to
the core network 2, meaning that the core network 1 will deteriorate more slowly than the

core network 2, which in turn leads to a longer life expectancy.
The road network's hazard rate (deterioration rate) and interval life expectancy of
each condition state of core networks 1 and 2 are computed using equations (10) and (11),

the results are shown in Tables 3.6 and Table 3.7:
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Table 3.6 IRI mean hazard rate (0;) and life expectancy (LE;) of Core Network 1

Mean Hazard Hazard LE; LE; LE;
hazard rate rate (Year) (Year) (Year)
rate  (8) (®) (AV) (ST) (AQ)
(6, (ST) (AC)

1-2 0.758 0.994 0.513 1.32 1.01 1.95
2-3 0.273 0.303 0.234 4.99 431 6.21
34 0.422 0422 0.422 7.36 6.68 8.58
4-5 1.525 1.525 1.525 8.01 7.34 9.24

State

Table 3.7 IRI mean hazard rate (8;) and life expectancy (LE;) of Core Network 2

Mean Hazard Hazard LE; LE; LE;
hazard rate rate (Year) (Year) (Year)
rae (8) (8) (AV) (ST  (AQ)
(D) (8T) AC)

1-2 1.682 1.774 0.700 0.59 0.56 1.43

2-3 0.909 00912 0.870 1.69 1.66 2.58
3-4 0.465 0.465 0.465 3.85 3.81 4.73
4-5 0.584  0.584 0.584 5.56 5.52 6.44

State

The estimation results for the unknown parameters, which indicates the statistic
properties (coefficient) of the explanatory variables of each parameters (traffic and
surface pavement), and Geweke’s z score, which verifies the convergence (stationary

distribution) of the parameter [15], are shown in Tables 3.8 and Table 3.9 as follows:

Table 3.8 Unknown parameter and Geweke’s test of Core Network 1

State (Bio) (Bi1) Biz)

Absolute Traffic Pavement
1-2 -0.006 - -0.660

(-0.706) (0.918)
2-3 -1.251 0.278 -0.255

(-0.699) (0.864) (-0.585)

3-4 -0.863 - -
(0.900)

45 0422 - -
(1.760)

The Geweke diagnostic values are stated in the parentheses
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Table 3.9 Unknown parameter and Geweke’s test of Core Network 2

State  (Bio) Bi1) Biz)

Absolute Traffic Pavement

12 0573 - -0.930
(0.863) (-1.527)

23 -0.092 - -0.047
(0.723) (0.507)

3-4 -0.766 - -
(1.390)

4-5 -0.620  0.241 -
(-0.047) (0.147)
The Geweke diagnostic values are stated in the parentheses

In Table 3.8, the 3;; indicate that the traffic volume had a significant impact on
deterioration rate in condition 2-3. Higher traffic leads to faster deterioration rate. In order
to verify the chain convergence, Geweke’s test value for all 3 values should fall between
the range [-1.96,1.96], where a value of 0 denotes perfect convergence. Additionally, the
positive B values mean traffic strongly impacts the deterioration rate in Condition State
2 for ASIAN network and Condition State 4 for National network (Table 3.9).
Consequently, higher traffic on ASIAN network significantly contributes to faster
deterioration. However, thicker and stronger AC road sections exhibit a longer lifespan,
hence the negative f values. Other § values were excluded due to sign restrictions.

The expected degradation path (deterioration processes) for 2 core networks is
illustrated in Figures 3.5 (a, b) and Figure 3.6 (a, b) as a graph, describing the typical
deterioration process over the duration of the core networks' life expectancy condition

states from the starting state (excellent condition) to the absorption stage by time order in

years.
1
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Figure 3.5a Life expectancy of pavement types (AC, ST) for Core Network 1
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Figure 3.6b Life expectancy considering traffic volume (Min AADT, Max AADT) for Core
Network 2
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3.5. Discussion

While an extensive and high-quality Lao RMS database is necessary for validating the
results, the life expectancies of the two networks were shorter than the expected design
life, which is about 10-20 years from the design life manual [20]. This implication was
probably due to the explanatory variables or the quality of the dataset. However, other
researchers performed validation of the model [7-9, 21], which may point to the model
being robust enough to generate acceptable estimates, Han et al., (2014) [7] validated the
model by comparing its predictions with an accumulated dataset spanning eight years and
confirmed its reliability. The results of the empirical study were based on historical
inspection data gathered by the Lao RMS from 2014 to 2016. In other words, this study
examined only three years deterioration trend of the Lao road network by using IRI data
from Lao RMS. Due to financial and technical limitations of the Department of Road,
MPWT, part of the Lao Road Authority aims to collect data on the condition state of the
road network in 2024, the final year of the current long-term maintenance financial plan
2016-2025. They were unable to conduct the inspection every year; hence, some years'
data were omitted. Due to incomplete data, the traffic volume sample data led to a
convergence issue due to the number of observations and the difficulty in identifying the
precise location of the traffic on specific road sections. However, the outcomes indicated
that the two significant core road networks had different life expectancies considering
traffic volume and pavement parameters; the deterioration process of network 1 was
estimated to take 8.01 years on average, whereas network 2 was estimated to last for only
5.56 years.

When the life expectancy was analyzed based on traffic volume (AADT),
differences in life expectancies in AADT were revealed (Figure 3.6a and Figure 3.6b).
The sections with low AADT showed a much higher life expectancy of 8.23 and 5.67
years for Core Network 1 and 2, respectively. On the other hand, the maximum AADT
sections deteriorated faster and brought down the life expectancy to around 7.28 and 5.27
years, respectively. Furthermore, the life expectancy of the AC pavement road section in
network 1 was 9.24 years, while that in network 2 was 6.44 years (Figure 3.5a and Figure
3.5b). Due to the ST pavement road section being the majority portion of the road
network, both networks 1 and 2. Therefore, the predicted life expectancy of the ST
pavement road section was nearly the same as the life expectancy of the whole networks

1 and 2 (average), which were 7.34 and 5.52 years, respectively. However, the life
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expectancies of two core road networks in this research were evaluated using only the
traffic and pavement type parameters, which may not be the only factors that affect the
deterioration process of the two road networks in Lao PDR. The results, which indicate
the transition year, can be used to evaluate the maintenance plans of each network in order
to restore their condition. Moreover, it gives the road decision-maker time for intervention

in terms of the maintenance plan.

3.6. Conclusions

Understanding the lifespan of infrastructure is essential for asset management planning
and prioritizing maintenance activities. The Markov deterioration hazard model was used
to forecast the deterioration of the road network in Lao PDR because this is an essential
step before carrying out infrastructure planning. The estimated life expectancy of the core
network 1 and core network 2 in the Lao road network shown in Tables 3.6 and Table
3.7, respectively, using the IRI data in the historical inspection dataset from RMS, is an
essential prerequisite to maintenance planning for the two road groups. The decision
maker could use this information to determine the maintenance frequency and
prioritization at the network level. However, this study has only taken into account the
traffic volume AADT and pavement type variables to predict the deterioration process
because of the incomplete Lao RMS data sets. Nonetheless, some critical parameters,
such as the commercial vehicle weight, the Pavement Structure Number (pavement
strength), and other uncertain environmental variables, such as rainfall, temperature, and
terrain, should be taken into account for better prediction. Therefore, in future studies,
these significant parameters should be collected and included in the model in order to
generate more precise information that can be used for prioritization and allocation of the

maintenance fund.

Furthermore, in the interest of developing the unpaved road network, other key
performance measures, such as the Surface Integrity Index (SII), which is used to evaluate
the condition of unpaved roads, should be considered in the future. However, the results
from this study will assist in improving the PMS, which will be utilized to determine the

performance-based contract for upcoming road maintenance projects in Lao PDR.

62



CHAPTER 3 ESTIMATION OF LAO ROAD NETWORK DETERIORATION USING THE
MARKOV HAZARD MODEL

References

(1]

(2]
(3]

(3]

(6]

(7]

[10]
[11]

[12]

[13]

Kerali, H.R. The role of HDM-4 in road management. in Proceedings, First Road
Transportation Technology Transfer Conference in Africa, Ministry of Works, Tanzania,
320-333, 2001

MPWT. MPWT yearly statistic 2021. 2022.

Li, N., R. Haas and W.-C. Xie. Investigation of Relationship Between Deterministic and
Probabilistic Prediction Models in Pavement Management. Transportation Research
Record, 1592 (1), 70-79, doi:10.3141/1592-09, 1997.

Robinson, R., U. Danielson and M.S. Snaith. Road maintenance management: concepts
and systems. Macmillan International Higher Education, 1349146765, 10.1007/978-1-
349-14676-5, 1998.

Sayers, M., T. Gillespie and C. Queiroz. The international road roughness experiment: A
basis for establishing a standard scale for road roughness measurements. Transportation
Research Record, 1084, 76-85, 1986.

Madanat, Mishalani and I.W. Hashim. Estimation of Infrastructure Transition
Probabilities from Condition Rating Data. Journal of Infrastructure Systems, 1 (2), 120-
125, doi:10.1061/(ASCE)1076-0342(1995)1:2(120), 1995.

Han, D., K. Kaito and K. Kobayashi. Application of Bayesian estimation method with
Markov hazard model to improve deterioration forecasts for infrastructure asset
management. KSCE Journal of Civil Engineering, 18 (7), 2107-2119,
doi:https://doi.org/10.1007/s12205-012-0070-6, 2014.

Tsuda, Y., K. Kaito, K. Aoki, et al. Estimating Markovian transition probabilities for
bridge deterioration forecasting. Structural Engineering Earthquake Engineering, 23 (2),
241s-256s, 2006.

Kobayashi, K., M. Do and D. Han. Estimation of Markovian transition probabilities for
pavement deterioration forecasting. KSCE Journal of Civil Engineering, 14 (3), 343-351,
doi:https://doi.org/10.1007/s12205-010-0343-x, 2010.

Norris, J.R. Markov chains. Cambridge university press, 2,0521633966, 1998.

Lancaster, T. The econometric analysis of transition data. Cambridge university press,

17,052143789X, https://doi.org/10.1017/CCOL0521265967, 1990.

Train, K.E. Discrete choice methods with simulation. Cambridge university press,
1139480375, 2009.

Hastings, W.K. Monte Carlo sampling methods using Markov chains and their
applications. Biometrika, 57 (1), 97-109, doi:10.1093/biomet/57.1.97, 1970.

63


https://doi.org/10.1007/s12205-012-0070-6
https://doi.org/10.1007/s12205-010-0343-x
https://doi.org/10.1017/CCOL0521265967

CHAPTER 3 ESTIMATION OF LAO ROAD NETWORK DETERIORATION USING THE
MARKOV HAZARD MODEL

[14]

[15]

[16]

[17]

[18]
[19]
[20]
(21]

Metropolis, N., A.W. Rosenbluth, M.N. Rosenbluth, et al. Equation of State Calculations
by Fast Computing Machines. The Journal of Chemical Physics, 21 (6), 1087-1092,
doi:10.1063/1.1699114, 2004.

Geweke, J., Evaluating the accuracy of sampling-based approaches to the calculation of
posterior moments, in Secondary "Evaluating the accuracy of sampling-based
approaches to the calculation of posterior moments", 1991

Gharieb, M. and T. Nishikawa. Development of Roughness Prediction Models for Laos
National Road Network. CivilEng, 2 (1), 158,
doi:https://doi.org/10.3390/civileng2010009, 2021.

JICA. The Project for Improvement of Road Management Capability in Lao PDR.
Technical Report, J.I.C.A. (JICA), https://openjicareport.jica.go.jp/pdf/12309456_01.pdf,
2018.

MPWT. Road Asset Management Plan. Technical Report, MPWT, 2021.

MPWT. Road Management System, Traffic Survey Manual. 2009.

MPWT. Road Design Manual. Technical Report, MPWT, 1996.

Kobayashi, K., K. Kaito and N. Lethanh. A statistical deterioration forecasting method
using hidden Markov model for infrastructure management. Transportation Research Part

B: Methodological, 46 (4), 544-561, doi:https://doi.org/10.1016/1.trb.2011.11.008, 2012.

64


https://doi.org/10.3390/civileng2010009
https://openjicareport.jica.go.jp/pdf/12309456_01.pdf
https://doi.org/10.1016/j.trb.2011.11.008

CHAPTER 4 ASIAN AND NATIONAL ROAD NETWORK OPTIMIZATION

Chapter 4

Asian and National Road Network Optimization



CHAPTER 4 ASIAN AND NATIONAL ROAD NETWORK OPTIMIZATION

4. Asian and National Road Network Optimization

4.1. Introduction

According to the Ministry of Public Works and Transport’s (MPWT) statistics in 2021 [1],
the road network in the Lao People’s Democratic Republic (hereinafter referred to as Lao
PDR or Laos) consists of six main categories: national, provincial, district, urban, rural,
and special roads, with a total length of 59,645 km. National roads are classified into three
core network levels. Core Network 1, which includes high-priority roads linking Laos to
other ASEAN (Association of Southeast Asia Nations) road networks, Core Network 2
connecting major intranational towns, and Core Network 3 linking provincial to secondary
municipalities with low traffic volume. Core Network 1 is referred to as the ASIAN
network since it connects Laos with other ASEAN nations. ASIAN roads are constructed
following uniform and high technical standards to ensure interoperability and facilitate
smooth cross-border travel within the ASEAN region [2]. In contrast, Core Network 2,
referred to as National roads, connects provinces within Laos, designed based on localized
standards that vary according to geographic and traffic conditions. Figure 4.1 shows the
location of the target study roads, including ASIAN highways and National roads. The
classifications provide essential context for assessing road infrastructure needs,
highlighting the importance of management strategies, and resource allocation challenges

specific to Lao PDR.

4.2. Road Asset Management Challenges in Lao PDR

The socioeconomic development of developing countries often depends on efficient road
network management. The Highway Development and Management Four (HDM-4)
model, currently used by the road maintenance system (RMS) in Lao PDR, enables long-
term planning to set priorities and allocate maintenance funds [3, 4]. However, HDM-4
needs extensive inputs, including pavement type, conditions, traffic patterns,
environmental factors, and maintenance history. These data are challenging to collect and
often used for specific projects. Additionally, provincial administrations independently
develop road intervention strategies as they carry out inspections and submit reports to the
MPWT for maintenance budget decisions. These reports, based on condition surveys, use
one-time data for reactive planning. Given that decisions only depend on route importance,

maintenance work and corresponding budget allocations are suboptimal [1, 5].

65



CHAPTER 4 ASIAN AND NATIONAL ROAD NETWORK OPTIMIZATION

Legend:
s ASIAN roads

s National roads

Figure 4.1 ASIAN highways and National roads in Lao PDR
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Traditional systems such as the Laos RMS base on route importance and
professional engineering knowledge to determine decisions without capitalizing on their
rich databases more objectively [6, 7]. This knowledge should be integrated with other
information to support more efficient decision-making processes related to road network
maintenance management and investment planning [8]. The Road Fund (RF) in Lao PDR,
established in 2001, faces significant challenges due to escalating debt, approximately
2,433 billion Kips (USD 200 million) as of 2021 [5]. This situation highlights concerns
about the fund's ability to sustain road maintenance, which may worsen road conditions.
Subsequently, to addresses these issues, the government, particularly the MPWT, has to
consider measures such as adopting cost-effective intervention strategies, finding
alternative funding sources, improving revenue collection from road users, and optimizing

resource allocation

4.3. Study Objectives

The main objective of this research is to customize the stochastic Markov decision process
(MDP) framework to improve road management in developing countries such as Laos.

The specific objectives are:

e Develop a stochastic MDP framework for Laos RMS, particularly ASIAN

highways and national roads.

e Prioritize road intervention by evaluating long-term impact on road network

performance within budget constraints.

o Enhance the decision-making process; explore effective strategies to address the
practical challenges in road network management in developing countries,

particularly in Lao PDR.

This study integrated a proactive maintenance strategy with stochastic
deterioration forecasting and life cycle costs (LCC) analysis, creating a framework for
optimizing road network asset management under different financial constraints and

minimum road performance targets in Laos that faces data and resource constraints.
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4.4. Model Framework Development

4.4.1. Markov Decision Process

MDP is a model used to represent decision-making in environments where outcomes are
influenced by both probabilistic events and the choices of a decision-maker. It consists of
states, actions, transitions, rewards, and policies. The goal of the MDP in road
maintenance decisions is to choose actions that minimize long-term costs while
considering the tradeoff between budget constraints and road performance [9, 10]. In this
process, a road agency makes decisions based on the condition of a road at each time step
and selects an action to implement. The road's condition then transitions to a new state,
and the agency or road user receives a reward for improved road performance. From the

perspective of rewards, the objective is to maximize the cumulative benefits over time.

The stochastic Markov model processes assume that the probability of
transitioning to a new state depends only on the current state and action, not on any
previous states or actions [9]. This property allows for creating Markov models using
states, actions, transition probabilities, and rewards. MDP can be solved using algorithms
such as dynamic programming, Monte Carlo methods, and reinforcement learning. These
algorithms find optimal policies by mapping states to actions to maximize the expected

cumulative reward [9, 11].

The developed model incorporates condition states i(i = 1,2, 3,...,J) withJ as
the absorbing state, discrete time periods t(t = 0,1, 2, ... ), intervention strategies (m,),
inspection intervals Z (Z = 1,2, 3, ...), and repair actions (R). The analysis considers a

finite period fromt = 0tot =T.

Figure 2 illustrates the general diagram of the model framework, which includes
defining the network, estimating Markov Transition Probability (MTP), proposing policies
and strategies, estimating LCCs, and determining the optimal strategy that minimizes
LCC:s. This framework guides the development of the stochastic MDP model for road asset

management in Lao PDR
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Figure 4.2 Stochastic optimizing framework for Laos RMS
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4.4.2. MTP and Performance Estimation

The MTP models the transition of road conditions from h(t) = i to h(t + Z) = j after an
interval Z, with periodic inspections at time t and t + Z [12, 13]. The probability of this

transition is:

Prob [h(t) = jlh(t + Z) = i] = m;; (4.1)

As a function of hazard rates, the MTP is estimated by:

j
O O
Tij = Z I ) — 0, exp(—03Z) 4.2)

where 6 is the hazard rate and, k and #i are indices. The MTP matrix (]]) can be defined

using transition probabilities between each pair of condition states (i, j)

Ty1 0 T2

yy

—
Il

To satisfy the Markov chain property, the following assumptions are required:

e No maintenance or reconstruction projects were undertaken during the inspection

period.

e The road surface starts deteriorating as soon as it becomes accessible to the public.

Therefore, the preconditions 7;; = 0 and Z§=1 m;j = 1 are defined to satisfy the
axioms of probability. Since the model does not consider repairs, 7;; = 0 for (i > j) and
The hazard rate 8; expressed as a function of explanatory variables x* and unknown
parameters f; where B; = (Biy,....Bim ), m(m=1,...,M) is the number of
explanatory variables and k(k = 1, .... K) is the number of inspected element groups.
o = (x*: B) = exp(x*B)
(i=1..,-1 4.4)
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The unknown parameters B;(i = 1,...,] — 1) can be determined using an iterative

method like Newton’s method or through Bayesian estimation [14, 15].

The life expectancy LEJ in each condition state i can be defined by means of a survival
function [16].

1
LEF =— (4.5)
0;

The life expectancy from i to / can be estimated as Z{;ll LE¥, and the deterioration
curve is attained by the relation of life expectancies. For a detailed description of MTP

derivation, it is recommended to refer to Tsuda et.al [12].

4.4.3. Pavement Maintenance Model

Road agencies need to implement optimal maintenance plans that provide the highest
value. The optimal policy is the policy that keeps more roads in good condition while
minimizing the overall LCCs. This study focuses on road agency costs, excluding user
and social costs. The term "intervention strategy" can be used to refer to a combination
of road repair activities, including pothole patching, resurfacing, reconstruction, and

inspection.

Pavement repair activities denoted by R(Ry, Ry, Ry, R3, ..., R;_1) are carried out in
correspondence with the condition after inspection (time-dependent rule) or deterioration
rate (condition-dependent rule) following Kobayashi et al. and Obunguta and Matsushima
[17, 18]. At the end of the planning period, time T, reconstruction R;_; is considered for
all sections. Figure. 4.3 illustrates the correspondence between intervention and
uncertainty. Once action is taken, pavement condition state i is assumed to improve to {.

This improvement is denoted by i,¢p.

. (i if Ry (no action)
lrep = { 1 otherwise (Ry, Ry, R3, ..., Rj_1)
Gi=1..)) (4.6)
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Condition State

Preventive repair actions can be performed on pavements before they reach the
terminal state. The expected expenditure necessary for planning purposes is estimated

from the maintenance plans. Inspected roads are grouped based on condition state into
groups k(k =1,
k k k. . . . . ..
strategy m;, (mg.,;, Z°) is a set of repair actions done in correspondence to condition
k k

Table 4.1 Repair actions, correspondence costs, and condition after intervention.
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Figure 4.3 Correspondence between interventions and uncertainty

K) with pavement sections s*(s* = 1,..5%). The intervention

RS

l

;1 © 1) and inspection intervals Z5 = (ka, .....Z;lk) [18].

Condition state, Repair actions Correspondence  Condition state after
consideration Costs repair, {
1 R, (routine) Cr1 1
2 R; (routine) Cr1 2
R, (patching + sealing) Cr2 1
R3 (overlay) Cr3 1
3 R4 (routine) Cr1 3
R, (patching + sealing) Cro 2
R; (overlay) Crs 1
J Ro Cr1 J
R, (patching + sealing) Cr- J-1
R (overlay) Crs J—=2
R;_4 Cr,_, 1
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Table 4.1 displays the attained conditions after actions. The interventions are set
by balancing the cost and frequency of repairs. It was assumed that patching and crack
sealing improved condition by one step while overlay improved condition by two steps.

Routine maintenance maintains the road in its current condition. Reconstruction (R;_;)
is done at the end of pavement service life (terminal state). The intervention cost Cg, | is

an increasing monotone function with action.

CRO = CR1 = CRz s s CR]—1 (4.7)

4.4.4. Repair Transition Probability

The transition probability will be modified when a road section is maintained because the
pavement system has become newer. The MTP matrix will be multiplied with an

intervention matrix F..,. The elements of the / x J matrix is denoted as nirjep ==

1,..]),(j =1,..]). In case of no repair or intervention, the matrix will be an identity
matrix P.., = I. This is the default state of the repair matrix with all values in the major

diagonal being 1 and all other matrix elements being 0.

100 0 0
0100 0

Pep=[0 0 1 0 0 (4.8)
000 10
lo 0 0 0 1

For all repair matrices, the values of ;" above the major diagonal must be 0 because it

1s not expected that any repair action will worsen pavement condition. The values on the

major diagonal or below it can take the value of either 1 or 0. The condition

j re
] T['P:

=11 1 must be met within B.,,. The repair probability

rep _ {1 if irep =1

Y 0 otherwise (4.9)
(i=1,.J)

The transition probability matrix Pp.gns iS a matrix with elements w7 "(i =

l
1,..0,G=1,..)

Pirans = [1(Z) * Prep (4.10)
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4.4.5. Intervention Strategy

The intervention strategy mls,k is proposed by road managers within a finite planning
horizon (t = T). It is assumed that there is no salvage value at the end of T [19]. MDPs
can be solved with a diversity of algorithms such as value iteration, policy iteration, and
Monte Carlo methods [20]. This study optimizes the agency costs estimated from
exogenously set strategies. The intervention costs referred to Obunguta, F. and K.

Matsushima [ 18], for each pavement section can be expressed as

V= oy el @1

t,sk. . . tsk . . .
where V; s total agency costs at time t for section sk, C R ii 18 Intervention cost

trans

at time t and condition i for section s¥, p" is the discount rate and 7;] *"* is the transition

probability

4.4.6. Optimization Process
The LCCs of each intervention strategy are the summation of all agency costs for all

sections s¥(s* = 1, ....,5¥) assuming the salvage value at T, lek =01]17, 18].

T sk J

LCC = Z Z Vs (4.12)
1

t=0 sk=1 i=
The optimization problem to find the optimum strategy mf,k* is expressed as

LCC
min_ gsk 75 i=1,...)) (4.13)

poi’

subject to
K
Z ctheq, e (4.14)

k. . . . ..
Where m;,’s is the intervention strategy and (), is the budget limit at ¢.

The optimization problem was solved using the greedy algorithm [21, 22]. The

priority was given to the sections in worse condition.
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4.4.77. Road Network Condition Estimation

The condition of the network in each state is estimated using:

CStvz = P(Z) * CS; (4.15)

Where CS; is a 1 X ] vector of the number of road sections per condition state at time t,
and p(Z) is the J X ] MTP matrix. Understanding the condition distribution of road
networks will inform the decision-making process for selecting the most appropriate

intervention strategy, especially when faced with budget constraints.

Vi = Stz G2, @16
subject to
CSiyz =p(Z)™ * CS, (4.17)
* k. . . .o, . .
where V; b571s total agency costs at time t for the desired condition for section s¥,

CS{, is a vector 1 X J of the desired condition, C é’ii is intervention cost. and (p(Z))~!
is the inverse /] X ] MTP matrix transition probability. The demanded budgets can be
derived from the estimated undiscounted agency costs, which were assumed to be only

intervention costs.

4.5. Empirical Study
4.5.1. Data Processing

The empirical model application used Laos RMS historical inspection data and
intervention works unit costs for deterioration and LCC estimation. The 2014-2015 and
2020 inspection data were obtained from the Lao RMS database. It was challenging to
determine maintenance history for 2015-2020, and pavement condition in 2020 was
almost as good as in 2015. Thus, only datasets from 2014-2015 were used excluding data
records between 2015-2020 due to possible repair following the Markov property that
does not consider repair between inspection intervals. The 2014-2015 dataset with about
30,000 data records was robust enough to capture the deterioration trends of Laos road
infrastructure. The dataset contained pavement materials, the International Roughness

Index (IRI), and average annual daily traffic (AADT) for 22 paved national roads.

75



CHAPTER 4 ASIAN AND NATIONAL ROAD NETWORK OPTIMIZATION

The road routes were grouped based on the Laos road classification into Core
Network 1 and Core Network 2 with lengths of 1,900 km and 869 km, respectively. This
road information, approximately 47.26% of the total national road network, is presented
in Table 4.2.

The two primary types of pavements constructed in Laos are asphalt concrete
pavement and surface treatment (single and double bituminous). The traffic volume was
obtained by counting the vehicles passing at a specific location on each road section. This
count was done either automatically or manually using a traffic count form. The vehicles
were classified into 14 classes to generate adjustment factors for deriving AADT [23].

Table 4.2 Dataset and explanations

Description Core Network 1 Core Network 2
P (ASTIAN) (National)
No. of routes 8 14
Total length (km) 1,900 869
Number of datasets 18998 8690
Explanatory Variables AADT, Road surface (AC/ST) *
Length of AC/ST (km) 778/1,122 50/819

* AC=Asphalt concrete; ST=Surface treatment

4.5.2. Classification of Condition States

The road conditions were quantified using IRI data. The dynamic response Vehicle
Intelligent Monitoring System (VIMS) equipment, supported by the Japan International
Cooperation Agency (JICA) in 2012, was used to measure IRI. The IRI was measured at
around 80 km/h for each 100-meter segment [24, 25].

To estimate MTP, the IRI was classified into five condition states [26]. This
thorough classification process ensures the accuracy of the results. Table 3 shows the

number of sections per condition state for each network in the datasets.

Table 4.3 IRI condition classification and datasets.

IRI (m/km) Core Network 1 Core Network 2
Condition state (ASIAN) (National)
2014 2015 2014 2015
<3 1.Good 9612 4950 2648 1007
3<IRI<S 2.Fair 8182 10177 4323 4178
S5<IRILT 3.Poor 1086 3119 1340 2309
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7<IRI<9 4.Bad 85 478 267 771
>9 5.Failed 33 274 112 425

4.5.3. Transition Probability and Deterioration Estimation.

The estimation for deterioration rate was done for the two networks using traffic volume,
and road surface type as explanatory variables (Equation 4). The estimation of the
unknown parameters were carried out with the Markov Chain Monte Caro (MCMC)
method using the Metropolis-Hastings (MH) algorithm [27, 28]. The unknown S
parameters converged and life expectancy of two networks are shown in Table 4. To
satisfy the convergence, the Geweke diagnostic value should fall within [-1.96, 1.96]

limits with 0 denoting perfect convergence.

Table 4.4 Markov Estimated  parameters and life expectancy in year.

Core Network 1 (ASIAN) Core Network 2 (National)
State Boi Bui Bai LE¥ Boi Bui Bai LE¥
Absolut  Traffic Pavemen Life Absolute Traffic  Paveme Life
e t nt
1-2 -0.006 - -0.660 1.319 0.573 - -0.930 0.595
(-0.706) (0.918) (0.863) * (-1.527)
%
2-3 -1.251 0.278 -0.255 3.669 -0.092 - -0.047 1.100
(-0.699) (0.864) (-0.585) (0.723) (0.507)
3-4 -0.863 - - 2.370 -0.766 - - 2.151
(0.900) (1.390)
4-5 0.422 - - 0.656 -0.620 0.241 - 1.773
(1.760) (-0.047) (0.147)

*The values in parentheses are the Geweke diagnostic for f.

The hazard rate 05‘ can be estimated as the inverse of LEi-‘ according to Equation
(4.5).

The positive f values mean traffic strongly impacts the deterioration rate in
Condition State 2 for ASIAN network and Condition State 4 for National network.
Consequently, higher traffic on ASIAN network significantly contributes to faster
deterioration. However, thicker and stronger AC road sections exhibit a longer lifespan,
hence the negative £ values. Other f§ values were excluded due to sign restrictions. The
estimated condition performance curves show a higher life expectancy of 8.01 years for
Core Network 1 (ASIAN roads) compared to 5.56 years for National network (Figure
4.4). This better life performance for ASIAN network is due to their stronger pavement
materials, about 40.9% is constructed using AC. In contrast, only 5.8% of the National

network is constructed with AC (Table 4.2)
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—&— ASIAN roads

7 —h— National roads
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Figure 4.4. Performance curves for ASIAN and National Road network

The MTPs for Core Networks 1 and 2 are shown in Equations (18) and (19). The
MTPs show that National network undergoes faster deterioration with a higher

probability of transitioning to a worse state.

-0.487 0.442 0.063 0.006 0.002
0 0761 0203 0.026 0.010
MTP; =| 0 0 0732 0167 0.101
0 0 0 0378 0.622 (4.18)
0 0 0 0 1
10342 0.529 0.110 0.016 0.003
0 0683 0254 0.051 0.012
MTP., =| 0 0 0.652 0254 0.094 (4.19)
0 0 0 0539 0461
0 0 0 0 1

4.5.4. Policy and Strategy Setting for Laos RMS.

The study examined different intervention strategies (mf,k) for the two core networks,
considering budget and road network performance targets. The aim was to regulate the
optimal strategy by comparing each strategy's LCCs and condition performance. The
inspection interval for all strategies was set at 1 year. Hence, three target policies were

considered:

e Policy 1: Reactive Maintenance (Rt) - This approach involves road intervention
when a road network reaches condition 4 or 5. Reactive works were conducted in

response to the deterioration of the roads to the worst states.
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e Policy 2: Proactive Maintenance (Pr) - In addition to the works performed in Policy
1, this policy included preventive maintenance works from conditions 2 to 3. The

goal was to prevent further deterioration and maintain the roads in better condition.

e Policy 3: Do Nothing - This policy allows road conditions to deteriorate naturally
over time based on the transition probabilities of the road network. These
probabilities are influenced by explanatory variables such as traffic volume,

pavement type, and environmental factors.

A greedy algorithm was used to solve intervention actions, focusing on sections
in the worst condition. According to Laos RMS practice [29], various intervention actions

were applied, each associated with a specific cost, as shown in Table 4.5.

Table 4.5 Laos RMS maintenance, costs, and conditions after repair.

Costs (Mil. Condition state

Condition state i Repair actions

Kips/m2) after action, {

1 R1 RM 0.0008 1

2 R1 RM 0.0008 2

(R2 patching+ crack sealing) 0.065 1

(R3 overlay) 0.072 1

3 R1 RM 3

(R2 patching+ crack sealing) 0.065 2

(R3 overlay) 0.072 1

4 R1 RM 0.0008 4

(R2 patching+ crack sealing) 0.065 3

(R3 overlay) 0.072 2

(R4 reconstruction) 0.221 1

5 (R4 reconstruction) 0.221 1

The study also investigated the effect of prioritizing one network over another. Four
intervention strategies in an intervention matrix were defined (Equations 20 to 23), with
two strategies for each policy (preventive or reactive). An optimal intervention strategy
was selected initially in a limitless budget scenario. The default strategy of "do nothing,"
where the repair matrix is an identity matrix, was also investigated. Following the
selection of the optimal strategy in the context of a limitless budget scenario, a budget

limit scenario was introduced, with priority given to ASIAN roads that connect nations.
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4.6. Results
4.6.1. Limitless Budget Scenario

Both policies, i.e., preventive and reactive, were evaluated considering a limitless budget
scenario for both core networks. The condition of the network at the end of the analysis
period considering different intervention strategies was determined. The empirical dataset
from the Laos road network (ASIAN and National network) was about 47.26% of the
total national road network. The final condition and LCC estimates were converted to the

total road network in order to compare with the current Laos RMS predictions.

The evaluation of various strategies showed notable differences in road condition
performance at the end of the analysis period. Strategy Pr, was found to maintain a larger
proportion of the network in fair to good condition. Specifically, it resulted in 92.88% of
ASTAN network and 87.10% of National network being in fair to good condition at the
end of the analysis period (Figure 4.5). Strategy Pr, was second best in maintaining a
larger proportion of fair to good condition at the end of the analysis period, with 82.01%
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and 75.36% for ASIAN network and National network, respectively. Notably, the LCC
associated with this strategy was relatively lower than the total budget needs of the Lao
RMS estimation (see Table 4.6), demonstrating its cost-effectiveness. The results
underscore the significance of preventive maintenance works that are generally low-cost.
These activities include routine inspections, minor repairs, and timely maintenance that
address minor defects before they escalate into significant damage, leading to fewer

significant and intensive road interventions and lower long-term maintenance costs.

On the other hand, the reactive strategies, particularly strategy Rtq, had the lowest
LCC estimate compared to other strategies, with 46.50% of ASIAN network and 38.23%
of National network deteriorating to poor, bad, and failed conditions. While strategy Rt,
retained 52.02% of ASIAN network and 47.82% of National network in fair to good
condition. This comparison revealed that simply minimizing LCC may not lead to the
optimal strategy choice. It is important to consider maintaining better network condition

while keeping the LCC reasonably low through preventive rather than reactive policies.

In summary, strategy Prq was optimal, considering network conditions and cost-
effectiveness. This strategy effectively slowed down the degradation of the network,
resulting in a greater proportion of the network being in fair to good condition, 82.01%
of the ASTAN network and 75.36% of the National network, at a reasonably low LCC at
4,909,934.60 Mkips. The LCCs for ASIAN and National networks under various
intervention strategies highlight the cost-effectiveness of proactive policy Prq (see Table
4.6, Figure 4.6a and 4.6b). This scenario emphasizes the importance of considering

network conditions and cost-effectiveness in the decision-making process

Table 4.6 LCCs for Laos roads considering a limitless budget scenario (Mkips)

Strategy mzk Surveyed network (47.26%) Wh(;lleogg/tv)vork
ASIAN Network National Network Total
Pry 1,341,903.17 978,759.38 4,909,934.60
Pr, 2,680,382.03 1,651,018.12 9,164,146.41
Rt, 1,264,847.74 802,409.57 4,373,793.24
Rt, 1,554,660.95 1,118,096.58 5,654,878.45
Laos RMS - - 6,426,029
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Figure 4.5. Comparison of road condition for different maintenance policies considering a

limitless budget
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Figure 4.6b Comparison of three Maintenance Policies in National network

4.6.2. Limited Budget Scenario

In this scenario, we assumed that the limited budget could only cover 50% of the total
budget needs for Laos' roads, so prioritization was necessary. Accordingly, 70% of the
budget was spent on improving Core Network 1, consisting of international ASIAN roads,
and the remaining 30% of the budget was allocated to the National roads network. This
prioritization was based on the fact that many foreign loans are dedicated to improving
international roads, ASIAN network. The optimal strategy Pr4, previously determined,

was applied.
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When selecting candidate sections for intervention, it was determined that all sections in
the worst state would be repaired. Additionally, 1,718,477.11 Mkips were allocated to
improve the ASIAN sections in other improvable states, while 736,490.19 Mkips were
designated for improvements in the National network. The results showed that the
proportion of sections in fair to good condition for both networks, were 47.63% for
ASIAN network and 55.02% for National network (Figure 4.7). This scenario maintains
about half of roads in higher functional state for either network, maintaining both inter
and intra national travel. This result highlights the importance of budget allocation based

on each network's priority level and minimum condition performance requirements.

Strategy ASIAN Network National Network

Pry 100% 100%

e

80%

60% 60%

40% 40%

20% 20%

Network condition (%)
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01 23 456 7 8 910 0123456782310

Year
Year
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Hi=1 =2 7i=3 ®mi=4 Ei=5 mi=]

Figure 4.7 Condition of network considering 50% budget constraint

4.6.3. Target Road Performance

Road agencies are also faced with decisions on determining required budgets for target
road performance thresholds, minimum acceptable road conditions. We set the target
conditions in fair to good condition for both networks at 80%, 70%, 60%, and 50%. The
optimal proactive strategy Pr4 from the limitless budget scenario was applied. Budget

requirements for desired road network conditions were estimated using Equation 16.

Figure 4.8 shows the budget requirements to maintain road conditions above the
specific performance targets. The lowest cumulative 10-year budget corresponded to the
70% performance target. The 70% performance target enabled more preventive
maintenance while repairing worst condition sections, resulting in better network
conditions at a lower cost compared to the 60% and 50% targets. The 60% and 50%
targets left more pavements to deteriorate faster to worse state requiring more extensive

and costly maintenance. However, achieving the 80% performance target incurred
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significantly higher costs, as this target requires more expensive works for the more roads
in worse condition. Achieving high targets, such as 80%, results in diminishing returns

from overly ambitious targets due to the increase in maintenance frequency and intensity

7,000,000 6,333,221.61
w
) 6.000.000 518121525 543608540  5405,084.91
= 5,000,000
E)ﬂ 4.000.000 m 80% Road Condition
=] E) E)
5 3.000.000 u 70% Road condition
=] ) )
i;‘ 2.000.000 1 60% Road condition
g 400,
E 1,000,000 50% Road Condition

Target Road Network Performance (%)

Figure 4.8 The cumulative 10-year budget for different road performance targets

4.7. Conclusions

The study provided valuable insights into the decision-making process regarding network
maintenance and intervention strategies when considering different scenarios. In the first
scenario, a limitless budget was assumed resulting in proactive strategy Pr, emerging as
the optimal choice. This strategy maintained a larger proportion of both networks in fair
to good condition and incurred relatively lower LCCs. These findings show the superior
performance of strategy Pr, underscoring the critical role of preventive interventions.
By performing preventive routine maintenance and minor repairs, road deterioration
slows significantly, leading to fewer costly interventions in later stages. This result
highlights how timely and preventive actions not only maintain higher road network
quality but are also economically beneficial, particularly for developing countries, such

as Laos, facing budget shortfalls

The study then looked at the scenario of limited budgets requiring a prioritization
strategy. In this scenario, applying the optimal strategy, greedy algorithm and allocating
a bigger proportion of the budget to the more important roads, ASIAN in this case,
achieved at par performance ensuring continued higher functionality of networks for both

inter and intra national travel.

After that, the research determined different budgets required to achieve target
performance levels. The results showed that at a not so high/ low target, 70% in good to
fair condition, lowest 10-year cumulative budget could be achieved at acceptable
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performance levels. This target enabled a good balance between extensive and preventive
interventions compared to other targets, i.e., 50%, 60%, 80%. Fewer extensive works
ensure lower costs and preventive maintenance reduced the speed of deterioration to

worse state.

The developed stochastic MDP framework in this study, specifically
demonstrated for Lao PDR, is inherently adaptable to other developing countries
encountering similar financial constraints, limited data availability, and road maintenance
management challenges. Due to its modular and probabilistic nature, the framework can
accommodate varying road classifications, pavement types, traffic characteristics, and
other deterioration patterns. However, applying the framework to other contexts would
require modifications, particularly estimating the deterioration rates and transition
probabilities, updating repair costs and intervention policies based on local conditions,
adjusting inspection intervals based on local practices, and incorporating local

environmental and climatic factors.

In conclusion, the findings explicitly suggest that policy makers and road agencies
in Lao PDR and other developing countries should adopt a proactive approach integrated
with stochastic deterioration forecasting. Implementing such strategic preventive
maintenance will optimize resource allocation, extend pavement life, and sustainably
manage road networks even under financial constraints to ensure the effective utilization

of available resources and the provision of reliable and safe road infrastructure.

Future research in similar decision-making processes could explore more
alternative strategies set endogenously and allocation models that specifically address
other resource limitations such as technical labor in road network maintenance. The MDP
model can be adapted for broader use in developing countries with similar constraints.
Technologies like machine learning can be integrated to enhance the accuracy of
prediction. Additionally, a comprehensive cost-benefit analysis could be conducted to
evaluate the long-term effects of different budget scenarios and policies on overall

network performance and user satisfaction.
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5. Multi-Stage Exponential Markov (MUSTEM) Model Vs.
Highway Development and Management Model Four
(HDM-4) for Laos Road Management.

5.1. Introduction
5.1.1. Road Pavement Performance Models

Infrastructure assets, such as roads and bridges, have many impacts on countries in terms
of social and economic development. However, maintaining and managing these assets,
especially in developing countries facing capacity and funding constraints, presents
significant challenges. Proper infrastructure management has a huge impact, particularly
on safety, connectivity, and the overall well-being nationwide. There are two notable
methodologies, i.e., stochastic and deterministic methods for infrastructure management
[1]. Stochastic models, such as the MUSTEM model, offer a probabilistic approach to
predicting asset condition evolution over time. These models provide a comprehensive
framework, simpler implementation, and an advantage with limited data or resources.
Stochastic models incorporate uncertainty which is typical of pavement degradation.
These merits aid infrastructure preservation in good condition. However, they may
require expertise for accurate estimation [2]. On the other hand, deterministic models like
the HDM-4 despite providing precise performance metrics and cost-effectiveness do not
incorporate uncertainty. These deterministic models require a lot of data to obtain detailed
insights into asset condition and maintenance requirements. Moreover they also demand

expertise in calibration for effective utilization [3].
5.1.2. Road Management System in Lao PDR

Lao PDR is a country with diverse environmental conditions and terrain ranging from
highlands to tropical plains. Similar to other developing countries in the region, Laos
faces with the challenge of limited resources, which necessitates a more efficient and

cost-effective Road Management System (RMS).

Since 2003, the Government of Lao PDR has approved and established the RMS as a tool
for management, planning, operating, and monitoring, which is the responsibility of the

Ministry of Public Works and Transport of Lao PDR (MPWT).

90



CHAPTER 5. MULTI-STATE EXPONENTIAL MARKOV (MUSTEM) MODEL VS.
HIGHWAY DEVELOPMENT AND MANAGEMENT MODEL FOUR (HDM-4) FOR LAOS
ROAD MANAGEMENT

The Laos RMS utilizes the Highway Development and Management (HDM-4)
software, a deterministic model, as a tool for long-term planning to allocate maintenance
funding and determine priorities [4, 5]. On the other hand, the Road Maintenance Fund
(RF), which is used to maintain the road network in Laos, is challenged due to its
mounting debt of approximately 2,433 billion Kips (USD 200 million) as of 2021, this is
because of the gap of annual budget plan and the capacity of reimbursement as well as

the emergency maintenance from uneven disaster [6].
5.1.3. Study Objectives

The objective of this study is to carry out a comparative analysis of popular Markov
models such as MUSTEM and well-known deterministic models, particularly HDM-4.
Laos road network datasets will be utilized to compare the comprehensiveness of both

models. The primary objectives of this research are to:

1) Conduct a comparative analysis of the probabilistic MUSTEM model and the
deterministic HDM-4 model for infrastructure asset management in Laos.

2) Assess the performance and reliability of Markov models in predicting pavement
deterioration, optimizing maintenance strategies, and minimizing life-cycle costs
(LCCs) compared to the HDM-4 prediction in the Laos RMS.

3) Evaluate how each modeling approach influences resource allocation decisions,
considering factors such as data availability, environmental conditions, level of
serviceability, and budget constraints.

4) Provide practical guidance and recommendations to asset managers, government
agencies, and policymakers particularly in Laos and similar nations for improved

infrastructure management.

The comparison of MUSTEM and HDM-4 in terms of road deterioration estimation
and LCC analysis for different budget scenarios addresses an academic study gap in the
field of road asset management systems, particularly on road performance prediction in
developing countries. Understanding the application of these models in various
management scenarios is limited due to lack of explicit comparative studies. This study
aims to enhance the understanding of applications and key considerations in order to

utilize each model and guide decision-making for better Pavement Management Systems
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(PMSs) in developing countries, specifically Lao PDR. Additionally, the comparison
between the proposed stochastic model, MUSTEM, with the current RMS will provide
insights into the potential benefits and advantages of adopting the new approach. This

comparison will ultimately improve road asset management sustainability in Lao PDR.

5.2. Literature Review

5.2.1. Introduction

One of the main goals of road authorities is to slow down pavement deterioration rate,
lower the cost of vehicle operation by enhancing driving conditions, and maintain a
continuous flow of traffic [7]. The RMS, used by many road agencies, includes data
collection, planning, and programming, comprises a model of road network deterioration,
a maintenance strategy, optimization (prioritization), implementation, and assessment.
[8]. Therefore, in order to preserve the quality and efficiency of highway and road

networks, it is important to establish a comprehensive road management system [9].

The use of road deterioration modeling to forecast and enhance the performance
of road pavements has been extensive in the field of infrastructure asset management.
This literature review examines the existing work that has been done on deterministic
pavement performance modeling (HDM-4) and stochastic Markov models, as well as how

each is applied in asset management.
5.2.2. HDM-4 in Asset Management

Deterministic methods model pavement performance through known relationships
between state and event. They provide exact values without consideration of
uncertainties. Furthermore, deterministic methods apply mechanical, mechanistic-
empirical, and regression models. However, for better analysis and prediction, these
models require a large database with a variety of factors [10]. The common PMS tools,
such as HDM-4 and the Australian Road Research Board (ARRB), are examples of

mechanistic-empirical models popularly applied in practice [7, 11].

The deterministic pavement performance model, the HDM-4 software, is a well-

known tool that has made a substantial impact on infrastructure asset management [4].
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HDM-4 is acknowledged for its deterministic nature, allowing it to provide precise values

of pavement performance metrics based on given input data.

The HDM-4 road deterioration is predicted through five separate distress modes,
including cracking, raveling, potholing, rut depth, and roughness, with surface distress
characterized by initiation and progression phases. Deformation distress, such as rut depth
and roughness, is computed after the change in surfacing distress has been calculated [12,

13].

The general computational logic for estimating the deterioration is summarized as

follows [13-16]:

o Initialize input data at the start point of the analysis year. This input data can be
the data of the first year of analysis or the previous year’s condition after
maintenance.

e C(Calculate the amount of change in each distress mode (majority 5): cracking,
raveling, pothole, roughness, and rutting.

e The pavement strength, condition, and age of the infrastructure are considered,
and the traffic volume per lane is computed.

e Estimate the distress of cracking, raveling, and pothole using progression criteria
(regressive function), which are specific to each distress mode, and then adapt
(calibrate) the estimation using the deterioration factor of the local condition.

e Lastly, the roughness increment based on traffic, surface distress, age and

environment factors are computed.

The HDM-4 model has been applied in practical asset management across various
nations, particularly in developing countries[17]. For example, in Lao PDR, the Lao RMS
utilizes the HDM-4 tool for pavement condition assessment and deterioration prediction
[18, 19]. This software allows decision-makers, MPWT, to perform accurate analysis of
road infrastructure performance and develop effective maintenance and investment
strategies. HDM-4 comes with three specialized application tools. One is for analyzing
projects at a detailed level; another helps plan road work within tight budgets; and the
third supports strategic planning for the long-term performance and expenditure needs of
aroad network. It's meant to be a decision-support tool within a road management system

[17].
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HDM-4 requires field data and independent variables, including road conditions,
traffic, vehicle characteristics, and maintenance costs, in order to provide detailed insights
into asset management [11]. However, the HDM-4 calibration is necessary before
utilizing the software to ensure accurate prediction of pavement performance by
reflecting observed rates of deterioration through desk studies, verification with measured

data, and long-term monitoring [15].

HDM-4 provides performance metrics based on input data, making them
particularly valuable for detailed cost-benefit analysis. The strong framework of HDM-
4, which takes into account a wide range of economic factors, makes it stand out. This
robust approach leads to a detailed examination of different project scenarios and
pavement types. The users can thoroughly examine the complicated processes involved
in planning construction projects and maintaining roads. Additionally, HDM-4 offers a
user-friendly interface and extensive documentation, providing valuable assistance to
practitioners and researchers as they navigate its features. This combination of
accessibility and detail improves its usability and ensures that users can effectively utilize
its capabilities to address a wide range of transportation challenges and optimize decision-

making processes [4, 17].

HDM-4 requires numerous types of data, including road network data (pavement
inventory, condition, type), vehicle fleet (classification), traffic patterns, environmental
factors, cost data (operating cost, maintenance history) and etc., that is difficult to collect
at once and is often utilized for specific projects [20]. In the short term, the local
department of public works and transport provinces in Laos carries out condition
inspections and present reports to the MPWT for decisions on maintenance financing
annually. The provincial reports are made based on condition surveys and provide one-
time data used for planning which is reactive. Maintenance is also based on road

importance/hierarchy level [19].

In recent years, The Laos RMS utilizes various inputs, including road
characteristics, traffic data, and pavement conditions, to assess overall road performance
based on roughness, ride quality, and skid resistance. These indicators provide insights
into the current road condition and facilitate the identification of areas requiring
maintenance or improvements as well as rehabilitation. However, the RMS requires a
large dataset and calibration of parameters to align with each country [8] [14]. It should
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be used in conjunction with other information to support decision-making processes
related to road network management and investment planning. Nevertheless, budgetary

restrictions and a lack of technical resources hinder its efficiency.
5.2.3. Markov Models in Asset Management

Road pavement deterioration has been modeled to follow Markov theory. In the last few
decades, there has been a rise in the number of statistical methods for modeling
deterioration using inspection data. Among these methods, the MUSTEM, proposed by
[21, 22], enables the estimation of transition probabilities using inspection records at two-
time points and overcomes many challenges associated with incomplete inspection data.
The model has been modified and augmented to account for specific challenges prevalent
with inspection data, such as a small sample size, measurement errors, uncertain

deterioration modes, composite deterioration structures, etc. [21, 23-25].

Markov models, a class of probabilistic models, have become prominent in asset
management due to their capacity to capture dynamic transitions between asset condition
states. These models have been widely used for the prediction of infrastructure
deterioration. In order to generate highly accurate deterioration forecasts, the key
challenges in developing the deterioration model were related to uncertainty, particularly,
traffic volume, road structures, and pavement thickness [5]. A study by [26] employed a
Markov chain model to estimate the transition probabilities of road pavement condition
moving between various condition states. Their research found that Markov models
provide a robust framework for assessing critical road sections considering uncertainties
in pavement deterioration. Additionally, Markov models have been used in determining
the optimal timing for maintenance interventions. In a comprehensive study, [27]
demonstrated how Markov Decision Processes (MDPs), an extension of Markov models,
can be used to find the most cost-effective maintenance strategies for Uganda national
roads. The study highlighted the capability of Markov models to address both short-term

and long-term decision-making in asset management.

The powerful statistical techniques employed by Markov models are used to
predict infrastructure degradation , particularly, road surface pavement [11, 28, 29],

bridges [22, 30] , pipe networks [31, 32], and airports [33, 34].
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MUSTEM, with the probabilistic structure, depicts stochastic processes and
transitions between asset states over time, providing a holistic view of asset condition
evolution [35]. This allows for a probabilistic prediction of how the road condition will
evolve based on the historical data. However, probabilistic predictions of distress, based
on the variability observed in the data, are currently being developed to provide a more
accurate assessment of the risks associated with managing pavement infrastructure [36].
Optimized maintenance strategies, adaptability to limited data, efficient LCC estimates,
and transparent decision support, its flexibility and simplicity make MUSTEM a valuable

tool for decision-makers in infrastructure management [27, 35, 37-39].

While both models, MUSTEM and HDM-4, provide valuable insights into asset
management and decision-making, their differences lie in their basic principles, both in
road performance and maintenance estimation, and their range of applicability. In the
context of developing countries, e.g. Lao PDR, which may face unique infrastructure
challenges, the choice between these modeling approaches becomes pivotal. This
research seeks to address this gap by conducting a comparative analysis of MUSTEM
and HDM-4, especially in the practical context of the Lao RMS, to provide insights
relevant to similar regions facing resource constraints, and diverse environmental

conditions.
5.3. Methodology

5.3.1. Model Comparison

The MUSTEM model was extensively utilized for comparative purposes with the current
Laos RMS system that uses HDM-4 for a comprehensive analysis of road network
performance and maintenance costs within the context of the Road Asset Management
Plan from 2016 to 2025. The MUSTEM model was used to evaluate road network
conditions and total maintenance LCCs, utilizing the same survey data set recorded in
Laos RMS database. The estimates generated by MUSTEM were compared to those of
the existing RMS, which relies on the HDM-4 software [18].
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| Lao RMS database 2014-2015 (IRY) |

MUSTEM HDM-4
Transition Probability Matrix
l. Unconstraint
Dm"‘;&“ﬁg&‘;’g“ Budget require estimation
Unconstraint Constraint analysis

Budget require estimation Only 70%, 50% and 30%

Constraint analysis RMS analysis Report
Only 70%, 50% and 30% for National road 2016

l

Results comparison on:
Road network performance
IRI and LCC

Determine the results,
Discussions

Figure. 5.1 Comparison flow diagram.

The PMS is the RMS’s module for optimal road maintenance in Laos [40]. Two
budget scenarios were evaluated: unconstraint and constraint maintenance budget
considering an intervention strategy in which road condition always improves to the best.
The aim was to determine which model is more effective and suitable for managing Laos
roads. Figure. 5.1 provides a detailed illustration of the comparison flow diagram used

in this comparative analysis, giving a clearer understanding of the entire process.
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5.3.2. MUSTEM model Description

The road condition at each time step has been utilized to make decision and determine an
action to execute. The primary objective of road agency decision maker is to optimize the

total benefits obtained for agency and road user.

The MUSTEM is a mathematical framework used for estimating the transitioning

between multiple states over time. Presumptions are necessary before utilization the

MUSTEM [41]

1. No maintenance or restoration projects were implemented throughout the
inspection period.
2. The deterioration of the road surface begins as soon as it is made available to

the public at time 7.

The stochastic Markov model assumes that the probability of transitioning to a
new state depends only on the current state and action, not on any previous states or
actions. This property allows for the construction of Markov models using states, actions,
transition probabilities, and rewards. Multiple algorithms can be used to solve MDP
problems. These algorithms include dynamic programming, Monte Carlo methods, and
reinforcement learning [42]. In this study, the MUSTEM incorporates condition states
i(i=1,2,3,...,]) with] as the absorbing state, discrete time periods t(t = 0,1, 2, ...),
maintenance strategies (M), inspection intervals Z (Z = 1,2, 3, ...), and maintenance

actions (A). The analysis considers a finite period fromt = 0tot =T.

The deterioration, intervention, and recovery process of the road network have

been simply presented in Figure. 5.2.
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Figure. 5.2 Intervention responsiveness

a) Markov Transition Probability (MTP) and Deterioration Estimation

The pavement condition transition process is uncertain, and the future states' forecasting
is difficult to accurately estimate. Because the Markov Transition Probability (MTP)
incorporates uncertain, it is suitable to model pavement condition transition. MTP
requires a minimum of two-time inspection data. Notation h(t,) = i is the observed
condition the road condition at time t,. MTP defines the probability that the future
condition state at time 7z will change to h(tz) = j after an interval Z, with periodic

inspections at time t and t + Z [22, 28]. The probability of this transition is:

Prob [h(zp) = jlh(Ty) = i] = m; (5.1)
where, 7;; = 0

Tij = 0 (wheni >])

J —
YimTj=1
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In Figure. 5.3, it is supposed that at time 74 and T are inspection time while t; is any
arbitrary time between two inspections, the condition state observed by inspection is i
(=1, 2, ..J-1). The deterioration process in future times is uncertain. Among the infinite

set of possible scenarios describing the deterioration path, only one path is finally realized
[21].

Condition
state inspection inspection
L ,
i-1 &
1] |
i O
i
i
FYE T & - __ A life expectancy of state i hidden
7 between the inspection pgint
|
j ‘ ?
inspection interval (2)
To  Til Ta T I

@ inspection point (known)

Figure. 5.3 Road deterioration process and inspection interval

The Markov transition probability matrix is defined by using transition

probabilities between each pair of condition states (i, j)

—
I

Ty v TOq
[; ] 52)

The deterioration process of a road section is estimated by utilizing inspection
data. The information obtained from inspection, including visual inspection, structural

characteristics, pavement condition and inspection intervals is used to estimate MTP.

The hazard model is introduced to clarify the basic concept of the deterioration.

More detailed explanations on the Markov model estimation can be found in [21, 22, 41].
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The hazard rate 8; can be expressed as a function of explanatory variables x* and
unknown parameters ; where ; = (Bi1, ..., Bim), m (m = 1,..., M) is the number of

explanatory variables and k(k = 1, .... K) is the number of inspected element groups.

6 = f(x*:B) = exp(x*B))
i=1..,]—-1 (5.3)

The unknown parameters ;(i = 1, ...,/ — 1)can be determined using an

iterative method like Newton’s method or through Bayesian estimation [21].

As a function of hazard rates, the MTP can be estimated:

J
2 : Om Om
L= —0- 5.4
TS ' R 5 erXp( 03Z) (5.4)

where 6; is the hazard rate and, k and 77 are indices.

The life expectancy LEF in each condition state i can be defined by means of a

survival function [43].

p 1
LEf =% (5.5)

L

The average life expectancy from i to J can be estimated as:

- (5.6)
Z LEF
i=1

b) Determination of maintenance strategy

The target of road agencies is to optimize the road condition while minimizing LCCs
including maintenance and road user cost. The comparison in this study is focused on
only road maintenance cost considering different budget scenario. Regarding the

maintenance policy and strategies of Laos RMS, the general repair rule is based on level
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of defects or road condition. Intervention is set basing on minimum acceptable condition

state being exceeded [44].

This study considered the same standard criteria as the Laos RMS strategy, which
is that the estimated LCCs depends on intervention cost in correspondence to condition
within financial constraints. The maintenance strategy is referred to a combination of

maintenance actions, including pothole patching, crack resealing and overlay.

Pavement maintenance activities are denoted by M (Mo, My, M3, M3 ..., M;_,) and
completed in accordance with the condition state after inspection (time-dependent rule)
or deterioration rate (condition-dependent rule) [27, 45]. At the end of the planning
period, time T, the reconstruction M;_; is applied for all sections. Fig. 3 also indicates
the correspondence between observed condition and maintenance action. Once action is
taken, pavement condition state i is assumed to improve to {. This improvement is

denoted by imp

(i if My (no action)
bmp { 1 otherwise (Mq, M3, M3, ..., M;_,) (5.7)
i=1,...))

Table 5.1 Repair identification and related intervention costs

Condition Condition
state, i Repair actions Costs state after
action, i
1 M; (routine) Cv1 1
2 M; (routine) Cv1 2
M, (patching + Cya 1
sealing)
M; (overlay) Cus 1
3 M, (routine) Cy1 3
M, (patching + Cm, 2
sealing)
M5 (overlay) Cus 1
J M, Cm1 J
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M, (patching + Cu J—-1
sealing)
M; (overlay) Cus J—2
M;_, Cm;_y 1

Table 5.1 displays the attained condition after maintenance. It was assumed that
patching and crack sealing improved condition by one step while overlay improved
condition by two steps. Routine maintenance maintains the condition in its current level.
Reconstruction (M;_1) is applied at the end of pavement service life (terminal state). The
maintenance cost Cy_, | is an increasing monotone function with action determined

based on condition state.

CMO < CMl < CMZ <--< CM]_l (58)

¢) MUSTEM Life-cycle cost estimation

The transition probability will change when a road section is maintained due to pavement
condition improvement. The MTP matrix is multiplied with a repair maintenance matrix

Bnp. The elements of the J xJ repair matrix is denoted as ﬂ:?p =0=1..),(=

1, ...J). In case of do-nothing, the repair matrix will be an identify matrix when Py, = 1,

with all values in the major diagonal being 1 and all other matrix members being 0.

1 0 0 O
_101 0 0
Pup = 00 1 0 (5.9)
0 0 0 1
The condition 25:21 T Z-lp = 1 must be met within Py;,. The repair probability.
mp _ {1 if lmp =1
H 0 otherwise (5.10)

(i=1,..J)
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The transition probability matrix Py.qys is a matrix with elements 7] *™* (i =

1,..0,G=1,..])

Pirans = H(Z) * Pmp (5.11)

This study focuses the maintenance costs which is estimated from exogenously
set strategies. The maintenance costs for each pavement section can be expressed as

[27]

Vit’Sk =1 +p")7tx ﬂit]'mns * Ct’sk (5.12)

Aol

k

Lsk. . . . t,s® . . .
where V;""is total maintenance costs at time ¢ for section s¥, C,7; is intervention

cost, p" is the discount rate and 7{7“"*® s the transition probability.

The LCCs of each strategy are the summation for all maintenance sections in road

network sections s*(s* = 1, ..., 5¥) assuming the salvage value at T [46], C,fk =0.
T sk ]
LCC = Z v (5.13)
t=0sk=1i=1

A greedy algorithm has been utilized to solve the optimization problem [47, 48].

. Ky .
To find the optimum strategy My, * is expressed as

LCC
min k k
my,;, Z° (5.14)

subject to

K S
> Y csiea  we (5.15)

ky . . . .
Where My, * is the maintenance strategy and (), is the budget constraint at ¢.
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d) Road network condition estimation

Estimating the condition of the road network in each state can support making decisions
when selecting suitable maintenance activities, especially when faced with budget

constraints.
The road network condition in each state can be estimate using:

RCiyz = p(Z) = RC, (5.16)

where RC; is a 1 X ] road condition state vector at time t, and p(Z) is the ] X ] MTP

matrix.
¢) Road network average IRI

The average road network roughness is estimated using:

Y& | IRI}, * Leny
Yk | Leny

IRIAV, = (5.17)

Where IRIAV), is the average roughness index in the year for the total network,
IRI}, is the average roughness for each road section, and Len, is the length of each road
section. Table 5.2 indicates the average value of IRI determined in this study. MPWT,
(2016) [18].

Table 5.2 Average Laos road roughness

Condition IRI IRI}
state (m/km) consideration
Good <4 2

Fair 4<IRI<6 5
Poor 6<IRI<8 7
Bad 8<IRI 9
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5.3.3. HDM-4 Description

The main functions of the HDM-4, particularly in road maintenance, are: planning,
programming, preparation, and operation. The analytical framework is based on the
concept of pavement life-cycle analysis, which is normally between 15 and 40 years [4,
49]. Particularly, road deterioration prediction and maintenance sub-models are utilized

to estimate the maintenance costs (agency costs) and road user costs [13].

a) Road deterioration computational

HDM-4 enable the computation of pavement deterioration considering different defects.
The model employs factors like traffic load, environmental influences, and maintenance
intervention to forecast pavement deterioration and estimate road user costs based on
pavement condition [50]. HDM-4 road deterioration models are based on functions of
distress progression [7, 12, 13, 15]. The pavement deterioration computation model is
characterized by two phases using different functions i.e. linear and non-linear models.
The deterioration modeling comprises of initiation (absolute) and progression

(incremental) model.

Table 5.3 HDM-4 deterioration models for paved road

1. Cracking initiation

ICA =K j,[CDS?  4.21EXP{0. 14SNP
—17.1(YE4/SNP?)} + CRT]

2. Cracking progression
dACA = K, (CRP/CDS)

x [(1.84  0.45 » 8¢, + 5€A%45) /% —sca]

3. Raveling initiation
IRV = K,;CDS? * 10 = RRF * EXP[—0.156 * YAX]
4. Raveling progression
dARV = K,,,(1/RRF)(1/CDS?)[(0.6 + 3.0 * YAX)
£ 0.352 = 8t, + SRV03%) /% _ sRY]

5. Pothole initiation

(1 + 0.05 * HS)
(1+1+CDB)(1 + 0.5 * YAX)(1 + 0.01 » MMP)

IPT = K,;2.0 * [

6. Pothole progression
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dNPT; = K,,,, * ADIS;

[(1 + 1% CDB)(1 + 10 * YAX)(1 + 0.005 x MMP)
(1+ 0.08 * HS)

7. Roughness progression

ARI = K 5,134 * EXP(mK ;,,AGE3) * (1 + SNPK},) >YE4]
+[0.0066 + AACRA] + [0.088 * ARDS] + [0.00019(2 — FM)

x { (NPT, * TLF) + (ANPT TLF/2))" - (NPT,)'5}]
+[mgnRI,]

Note: Jain et al., 2005 [15].

Table 5.3 contains the HDM-4 deterioration model formulae. In order to estimate
roughness progression, it is required to calculate the incremental change in the area of
cracking (dACRA), the incremental change of rut depth (dRDS), and the incremental
change in the number of the pothole (ANPT) during the analysis year. To estimate
pavement deterioration usingHDM-4 deterioration formula, it is important to consider
and determine the calibration factor for the respective model (Kcia, Kcpa, Kvi) and related
parameters, including time interval, traffic growth rate, modified structure number (SNP),

etc., for more accurate estimations [15].

b) Life-cycle cost analysis in HDM-4

The rate of pavement deterioration and distress is directly affected by the maintenance
applied to the defects. Maintenance works such as pothole patching, crack resealing, and
surface overlay have been considered; thus, the long-term road pavement condition
depends on the improvement applied [49]. The HDM-4 mainly focuses on maximizing
the Net Present Value (NPV) of the investment in terms of road maintenance and user

costs during the analysis period with less consideration for road condition[51].

The LCC analysis in HDM-4 is associated with road maintenance costs, road user
costs, and other social and environmental costs. Road user costs comprise vehicle
operating costs, travel time costs; and road accident costs. Social and environmental costs
comprise emissions, energy consumption, traffic noise, and other welfare factors

impacted by roads.

Since there are several processes and forms to compute the LCCs in the HDM-4, it
is recommended to refer to the references [4, 12, 49] for a better understanding of the

framework, data requirements, and LCC analysis capabilities of the HDM-4.
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5.3.4. Empirical Data

The empirical study used input data from the Laos RMS database in 2014-2015. For
comparison purposes, the maintenance unit costs applied for are same as the 2016 RMS
unit costs in the RMS Analysis report [18] using HDM-4. The collected data contained
pavement materials, the IRI, and the average annual daily traffic (AADT) for 19 paved

national roads.

The Laos road network includes two categories, the ASEAN highway road and
the National Road with a total length of 4,301.7 km, about 73.43% of the total national

road network in 2016, as shown in Table 5.4.

Table 5.4 Input data

Description (ASEAN road)  (National road)

No. of rout 9 10
(links) (108)* (71)
Length (km) 2,624.3 1,677.4
Number of pairs 26243 16774
Uncertainty
_ AADT, Road surface (AC/ST)**
Variables
Number of
7882/35135
AC/ST

*Number of links, ** AC=Asphalt concrete; ST=Surface treatment (bituminous).
5.3.5. Road Condition States

The road conditions were categorized using IRI data surveyed in 2014-2015 from RMS
database. The IRI was measured using the dynamic response Vehicle Intelligent
Monitoring System (VIMS) equipment during the Japan International Cooperation
Agency project (JICA) starting in 2012. The roughness values were collected for each
100-meter segment [52, 53].

The IRI was classified into four condition states based on the same criterion for
roughness and recent RMS classification in the RMS report [18]. The number of sections

per condition state in the survey year for each network is shown in Table 5.5.
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Table 5.5 IRI classification and condition state in year 2014-2015.

IRI IRI condition
Condition state
(m/km) (2014) (2015)
1 (Good) <4 24455 22034
2 (Fair) 4<JRI<6 11392 12642
3 (Poor) 6<IRI<8 4244 5234
4 (Bad) &<IRI 2926 3107

5.3.6. Road Network Deterioration Rate and Transition Probability

The deterioration rate estimation for the entire Laos road network, including the
ASEAN and National roads, was done using explanatory variables such as AADT and
road surface type. As a function of unknown parameter and explanatory variables, the

hazard rate in exponential form as:

0; = exp(Bo,; + Brixs + Po,ix2) (5.18)

X ={1 for AC
2 0 for ST (5.19)

surface type dummy variable; AC is Asphalt Concrete, and ST is surface treatment

(bituminous).

The unknown parameters were estimated using the Markov Chain Monte Caro
(MCMC) methodology using the Metropolis-Hastings (MH) algorithm [54, 55]. The
MCMC was employed because the log-likelihood function was dependent on numerous
unknown parameters. The unknown parameters () converged as shown in Table 5.6. To
test convergence, the Geweke diagnostic should ideally fall within the limits of [-1.96,
1.96], with a value of 0 indicating perfect convergence. The traffic parameters in this
study have an insignificant effect on the road deterioration process. The reason for
insignificant traffic could be improper data collection and input. However, the pavement
parameters significantly impact road deterioration, particularly when transitioning from

condition 1 to 2.
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Table 5.6 Estimated p parameters and life expectancy in years.

State Absolute Traffic Pavement Life (L E{‘)
(Bio) Bi1) Bi2)
-0.643 - -0.629
1-2 2.13
(0.491) * - (-0.822)
-0.290 - -
2-3 1.34
(-1.102) - -
0.081 - -
3-4 0.92
(1.247) - -

* The values in bracket are the Geweke’s diagnostic for .
The life expectancy LEik are estimated as the inverse of hazard rate Hl-k according to Equation
(5.5).

As a result, the MTP for the national road network was estimated and shown in
Equation (20). The MTPs indicate that the road network tends to remain in its current
state, with the highest transition probability being for condition state 1 at the rate of
66.7%, while the probability of remaining in condition state 2 is 63.1% and condition

state 3 is 55.8%, respectively.

0.667 0.262 0.057 0.012
0 0.631 0.273 0.095
0 0 0.558 0.441 (5.20)
0 0 0 1

MTP =

The life expectancy of the road network was estimated employing Equation (5). The
Figure. 5.4 shows the life expectancy for asphalt and surface treatment pavements, which
were used as explanatory variables in this study. AC pavements had longer life
expectancy of about 5.9 years compared to 4.1 years for ST because AC pavements were

constructed with stronger materials.
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Figure. 5.4 Life expectancy for paved Laos roads using MUSTEM

5.3.7. Road Network Maintenance Strategy for Laos

In this subsection, the study aims to estimate the road condition performance and LCCs
considering a basic intervention strategy (1) in which road sections are repaired to the
best condition regardless of their observed condition (Equation 21). Different budget
scenarios are considered, i.e., unconstrained, and constrained at 70%, 50%, and 30% of
total intervention needs. These scenarios using MUSTEM’s estimation aided comparison
with the results derived from the HDM-4 estimation report for 2016-2025 in terms of
network performance and LCCs estimation as shown in the Road Asset Management Plan

2016 report [18].

Regarding the specific maintenance policy, the maintenance matrix (strategy) was
defined (Equation 2 1). We explored a limitless scenario assuming an unconstrained
budget. However, we also investigated the practical strategy of the ‘constraint scenario.’
The criteria were set based on budget limits of 70%, 50%, and 30%. Finally, we compared
the results of each strategy with the RMS practical approach outlined in the Road Asset
Management Plan 2016 report [18]

Mp1 = (5.21)

[N
co oo
co oo
oo oo
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The intervention prioritization was determined using a greedy algorithm
associated with specific costs. Table 5.7 contains the interventions and their associated

costs.

Table 5.7 Unit cost for maintenance works in RMS.

Maintenance works Costs (Mkips/m?)*
Routine maintenance 0.0008
Patching and sealing 0.065

Surface overlay 0.072
Rehabilitation/Reconstruction 0.221

Source: MPWT, Laos [18], * Mkips = million Kips

54. MUSTEM Vs HDM-4 Considering Different Budget Scenarios

5.4.1. Limitless Budget Scenario Evaluation

The unconstrained budget scenario was implemented, considering maintaining condition
state 1 and repairing road condition states 2—4 with corresponding actions (Table 1) to
improve the conditions to the best condition state 1. Road network condition for a 10-

year life-cycle was compared with the estimation results from the current Laos RMS.

Two estimation dimensions were compared: estimation of road condition
distribution from 2016-2025, and LCCs during the analysis period. Table 5.8 presents

the LCC estimation, considering both the limitless and constrained budget scenarios.
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Table 5.8 LCC’s Comparison between MUSTEM and Laos RMS

Estimated LCC (Million kips)
« Empirical  Whole  Lao RMS
Strategy my, L
network  network estimation
(73.43%)  (100%)
MUSTEM (HDM-4)
Limitless 4,017,171 5,470,608 6,426,029

70% budget 2,812,020 3,829,425 4,473,864

constraint
50% budget 2,010,671 2,738,143 3,209,855
constraint
30% Budget 1,206,402 1,642,886 1,926,466

constraint

The estimated road conditions using the MUSTEM and HDM-4 at the end of the

analysis period (2016-2025) were compared as shown below.
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Figure. 5.5a MUSTEM road condition distribution estimation (limitless budget scenario).
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Figure. 5.5b HDM-4 road condition distribution estimation (limitless budget scenario).

Considering a limitless budget, the MUSTEM was found to maintain a larger
percentage of the network in fair to good condition compared to HDM-4 considering the
entire analysis period. This stark difference stems from the fact that the MUSTEM
captures the deterioration uncertainty typical of pavements which enables better
intervention prescription compared to HDM-4 that considers deterministic deterioration.
At the end of the analysis period, MUSTEM and the Laos RMS based on HDM-4
estimated about 92.99% and 92.81% of the road network in fair to good condition,
respectively (see Figure. 5.5a and Figure. 5.5b). Additionally, LCCs of 5,470,608
Mkips estimated with MUSTEM were relatively lower than Laos RMS estimate of
6,426,029 Mkips (85.13% of the Laos RMS estimate). Figure. 5.6 illustrates the average
roughness estimation during the analysis period (2016-2025).

—o— MUSTEM =-4=-HDM-4

Shm———h
-"b"-"‘—‘
-

-
-
-

2016 2017 2018 2019 2020 2021 2022 2023 2024 2025
Time (year)

Figure. 5.6 Average IRI estimation comparison (limitless budget scenario).
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The average IRI estimated by MUSTEM was significantly better than that
estimated by the Laos RMS. The predicted average IRI at the end of the analysis year of
the MUSTEM was approximately 3.18m/km, which is lower than the 3.53 m/km
estimated by RMS in 2025. The reason behind this improvement is that the MUSTEM
captures pavement deterioration uncertainty and specifies more optimal interventions. In
contrast, based on HDM-4, the RMS estimation prioritizes benefits for road users and
social advantages over road performance. Hence, the interventions applied may differ due
to the distinct objectives of the two models in terms of road network performance and

LCCs.

The LCC estimate by MUSTEM was better than the HDM-4 estimate. However, the
MUSTEM framework of the limitless scenario proposed in this study demands a
substantial maintenance budget from the start of the analysis year. 7 shows the cumulative
maintenance cost under the limitless scenario, highlighting the total maintenance

expenditure at the end of each year during the analysis period from 2016 to 2025.

—o— Cumulative MUSTEM = =@ = Cumulative HDM-4
7,200,000
6.200,000
5.200,000
4,200,000
3.200,000
2.200,000
1,200,000

200,000

Maintenance cost, Million Kips

2016 2017 2018 2019 2020 2021 2022 2023 2024 2025
Time (vear)

Figure. 5.7 Cumulative maintenance costs (million Kips).
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5.4.2. Budget Constraint Scenario Evaluation

In the context of budget constraints, prioritization was employed to allocate limited
resources for maintenance. Specifically, the available budget was considered to account
for only 70%, 50%, and 30% of the total maintenance requirements. As a result, the top
priority was to keep road sections that required minor maintenance in good condition.
Consequently, any remaining maintenance tasks were deferred to next year.
Consequently, more roads were expected to be in poor condition, necessitating significant

maintenance efforts and/or new construction and rehabilitation projects.

Table 8 presents the MUSTEM estimation, with budget constraints of 70%, 50%,
and 30% of the total demand. The predicted LCCs were 3,829,425 Mkips, 2,738,143
Mkips, and 1,642,886 Mkips, respectively. Notably, these results slightly differ from the
RMS estimation.

However, when comparing the overall road condition and the average IRI of the
road network at the end of the analysis year, there are noticeable differences. At a budget
availability of 70%, the road condition estimation was 36.94% in fair to good condition
by MUSTEM, while the RMS estimation was 72.57%. Furthermore, the average IRI
estimation was 6.67 m/km by MUSTEM and 5.05 m/km by RMS.

At a 50% budget level, the road condition estimation was 27.17% by MUSTEM
and 55.41% by RMS, and the average IRI was 7.28 m/km by MUSTEM and 6.30 m/km
by RMS estimation. Lastly, at a 30% budget availability, the road condition estimation
was 17.41% by MUSTEM and 41.76% by RMS, while the average IRI was 7.88 m/km
by MUSTEM and 7.21 m/km by RMS estimation, respectively.
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5.4.3. Do nothing scenario

The road condition deteriorates over time as the pavement experiences accelerated wear
and tear due to traffic, weather, and other stressors. Figure. 5.8 illustrates the comparison

of the road condition performance predictions between MUSTEM and HDM-4.

—e— MUSTEM Deterioration

L
E —a— HDM-4 Deterioration
»n 2
=
2
=
=3
=]
@]

4

0 1 2 3 4 5 6 7 8 9 10 11 12

Life Expectancy (Year)
Figure. 5.8 Road network IRI deterioration estimation comparison.

The road condition (IRI) will reach the maximum worse condition (absorbing
state) by 4.39 years from the MUSTEM estimation, while the predicted IRI from HDM-
4 will reach the maximum condition state at around 8 years. The difference in the life
expectancy can be attributed to the different modeling approaches for the MUSTEM and
HDM-4. MUSTEM incorporates uncertainty in pavement deterioration, which is suitable
for modeling pavement degradation, unlike the deterministic deterioration model in
HDM-4, which considers linear/ non-linear deterioration without incorporating
uncertainty (see in Table 3). Also, HDM-4 estimation is based on a set of parameters,
including IRI, cracking, pothole, and raveling, as well as traffic data and environmental

factors to estimate the total performance.

Figure. 5.9 shows the Laos road network condition distribution estimation using
MUSTEM with no intervention (Do nothing). It shows a rapid degradation of the network
with about 94% deteriorating to terminal state within 10 years if nothing is done. A similar
degradation may be expected for the Laos RMS using HDM-4, but this is not shown here

due to model inaccessibility
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Figure. 5.9 Road conditions distribution with no intervention.
5.5. Conclusions

The results of the study provide valuable insights into the respective efficacy and
limitations of MUSTEM and HDM-4, particularly in road network performance
estimation, and optimal maintenance/ intervention strategies. These results provide
details on the superiorities and limitations of each approach for decision-makers, i.e., road
administrators and governments, in charge of road and infrastructure development and

maintenance.

This research reveals that the MUSTEM model and the HDM-4 model are
efficient in predicting road conditions in cooperation with parameters such as traffic
loading, pavements, and environment. Specifically, this study highlights the merits of the
MUSTEM model in empirically analyzing the road network in Laos. The estimation
provided by the MUSTEM model predicted a higher percentage of road conditions to be
in fair to good condition throughout the analysis period in the context of a budget

unconstraint scenario.

A comparative analysis using data from Laos RMS highlights notable differences
between both models. The study has implied the minimum data requirements and
differences in model performance and LCC prediction at different budget levels. The
MUSTEM model has been widely recommended for its effectiveness in predicting road
deterioration, even when faced with uncertainties, aligning well with the actual road
degradation characteristics observed in Laos. Additionally, in this study, the LCCs
associated with the different scenarios identified by MUSTEM were relatively lower than
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the total budget needs estimated by HDM-4. However, the MUSTEM may not inherently

include economic analysis and the impact of road condition on vehicle operating costs.

On the other hand, the HDM-4 offers precise performance metrics and cost-
effectiveness that incorporate traffic benefits (user costs) and society. The HDM-4 model
also considers various cost components in order to estimate the whole life-cycle cost,
including construction costs, operation and maintenance costs, rehabilitation costs, road
users’ costs, and environmental costs. Therefore, they ask for a bunch of data to estimate

precise values.

The comparison between the MUSTEM and HDM-4 in various aspects, for
instance, data requirements, road performance estimation, and LCC analysis, underscores
the importance of carefully considering multiple factors or limited data when employing
each model in road management. Both models need capacity building to improve the
proficiency of users, as well as balancing costs and performance when adopting advanced

modeling in the road maintenance system, to support precise road intervention decisions.

In conclusion, comparing the stochastic model, MUSTEM, and the deterministic
model, HDM-4, highlights their respective efficacy and limitations in estimating road
network performance and optimizing maintenance strategies. MUSTEM uses a
probabilistic approach to account for uncertainties, while HDM-4 uses a deterministic
approach that simplifies calculations but demands extensive data to generate precise
estimations. Balancing these trade-offs is crucial for effective road network management

and maintenance planning.

Future research endeavors could focus on exploring novel maintenance strategies
and further validating the accuracy and applicability of the MUSTEM model.
Investigating alternative maintenance approaches, such as innovative materials or
technology-driven solutions, could offer insights into optimizing road maintenance
practices and enhancing infrastructure resilience. Furthermore, the expansion of the
analysis to incorporate data from other developing countries would enable a
comprehensive evaluation of the MUSTEM model's performance in diverse settings.
These comparative studies could provide valuable insights into the generalizability and
robustness of both models, facilitating informed decision-making in road maintenance

management globally.
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6. Conclusions and Recommendations

6.1. Summary of Findings

This research investigated the effectiveness of a proposed road management model
incorporating stochastic pavement deterioration and life-cycle cost estimation using a
Markov hazard model and a Markov decision process. By comparing the proposed
models, MUSTEM, with the extensive employed HDM-4 system, the study identified
critical strengths and limitations of both frameworks. While HDM-4 excels in economic
evaluation and policy planning, it requires extensive datasets and calibration, making it
challenging for resource-limited scenarios like Lao PDR. MUSTEM, on the other hand,
enhances predictive accuracy through stochastic modeling, allowing for better planning
under uncertainty but requiring careful balancing between condition-dependent and time-
dependent strategies. As a result, the findings identified the critical strengths and
limitations of both frameworks, ultimately enhancing the efficiency and cost-
effectiveness of the road network management system, particularly in the context of the

Lao PDR road management system.
The findings are summarized as follows:
1) Current RMS Evaluation

The existing Road Management System (RMS) in Lao PDR is hindered by
insufficient data collection, limited funding, and a lack of advanced analytical
capabilities. For instance, inadequate traffic data often leads to poorly informed
maintenance schedules, resulting in the rapid deterioration of key road sections.
Limited funding restricts the ability to address critical repairs promptly, thereby
escalating overall maintenance costs. Additionally, the lack of advanced
analytical tools makes it challenging to prioritize interventions effectively, further
compounding inefficiencies and contributing to mounting debt of approximately
2,433 billion Kips (USD 200 million) as of 2021. This debt is largely attributed to
the gap between the annual budget plan and the reimbursement capacity, as well

as emergency maintenance needs arising from unpredictable disasters.
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2) The HDM-4 Application

The HDM-4 model is widely used in comprehensive road condition assessments
and economic impact evaluations. However, its reliance on extensive datasets,
such as traffic volume, pavement conditions, and vehicle operating costs, requires
significant investment in data collection infrastructure. Furthermore, the
calibration process involves complex adjustments to local conditions, including
climate, terrain, and material specifications, making it challenging to implement
in resource-constrained environments like developing countries, particularly in

the Lao PDR.

3) MUSTEM Application

The MUSTEM model, based on stochastic methodologies, provides accurate
predictions of road deterioration by accounting for uncertainties in pavement
condition transitions. While the model does not prescribe specific maintenance
intervention for decision-makers, its outputs can assist both condition and time-
dependent intervention policies, enabling more effective prioritization of
maintenance funding under budget constraints. MUSTEM provides a cost-
effective forecasting framework but does not directly assess broader economic
indicators such as Net Present Value (NPV), Vehicle Operating Costs (VOC), or
user costs, which are typically addressed by models like HDM-4.

Developing the stochastic road condition prediction model in Chapter 3, optimizing
maintenance strategy and budget allocation in Chapter 4, and the comparative analysis
between the existing tool and framework with the proposed model framework in Chapter
5 underscore the value of integrating MUSTEM and MDP framework, the proposed
model, into the existing RMS framework (Lao’s RMS). Integrating both frameworks
allows for a more practical road maintenance system by combining HDM-4’s economic
assessment capabilities with MUSTEM’s predictive accuracy. This hybrid approach
ensures data-driven decision-making that optimizes maintenance schedules while
improving cost efficiency and resource allocation, which could significantly enhance
condition prediction accuracy, account for uncertainties, and improve both short-term and

long-term maintenance planning in Lao PDR.
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6.2. Policy and Practical recommendations

Based on the findings and proposed model development, this research offers

recommendations in order to enhance road network management, particular in Lao PDR,

as follows:

1)

2)

3)

Develop a hybrid road management system

Developing an integrated framework that combines the predictive strength of the
MUSTEM model with the economic evaluation capabilities of HDM-4 can
significantly enhance the effectiveness of the Road Management System (RMS),
particularly in Lao PDR. While HDM-4 is already used as a core tool for long-
term maintenance planning and budget allocation, its integration with MUSTEM
would provide a more robust decision-making process. Specifically, HDM-4 can
continue to support high-level economic analyses such as evaluating Net Present
Value, Vehicle Operating Costs, and user benefits. At the same time, MUSTEM
strengthens condition-based forecasting by incorporating deterioration
uncertainty. MUSTEM could identify critical road sections at risk of fast
deterioration, informing prioritization decisions. HDM-4 would then be used to
design targeted interventions and assess long-term economic plans. This
integrated approach would enhance the precision of maintenance scheduling,

optimize resource allocation, and enhance road network management.

Improving data collection methodologies

Integrating advanced technologies such as GIS, remote sensing, and automated
road condition survey equipment to support reliable data collection. Implement
regular and systematic data collection to support accurate condition estimation
and maintenance needs. For example, In Australian expressway, GIS has been
employed to enhance data collection, management, planning, resource allocation,

and long-term maintenance activities.

Capacity building and Research and Development

Developing training programs, enhancing capacity and methodologies for central

and local road authorities, and improving their skills in using advanced modeling
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4)

5)

6)

techniques and data analytics. In addition, collaborate with international experts

to build capacity and transfer knowledge.

Strengthening Funding Mechanisms

Reducing public funding by developing a Public-Private partnership (PPP) system
to reduce dependence on public funding. Given the financial constraints of Lao
PDR, Build-Operate-Transfer (BOT) and Performance-Based Contract (PBC)
could be cost-effective options for the government and private sector. In the
meantime, developing an allocation funds strategy to prioritize critical road
sections, optimize maintenance interventions, and enhance financing management

using innovative and transparent mechanisms.

Address climate change adaptation

Invest in road infrastructure resilient to climate change impact using climate-
resistant materials and advanced construction techniques that can withstand
extreme climate conditions. Integrate predictive climate models and
environmental impact assessment into the road design process, considering
uncertainties from climate changes to ensure the sustainability and reliability of

road networks under changing climate conditions.
Incorporate Artificial Intelligence (Al) and Machine Learning

Utilize the robustness of Al and machine learning to enhance road condition
predictions and maintenance planning. Nowadays, Al-driven systems have been
successfully implemented in developed countries to forecast pavement
deterioration using real-time sensor data, enabling proactive maintenance
planning. Similarly, machine learning models can analyze historical data to
predict optimal intervention timings. However, as Laos is a developing country,
significant efforts are required to build Al and machine learning capacity. This
includes investing in technical education, fostering collaborations with
international technology experts, and developing infrastructure that supports data-

driven innovations.
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6.3. Contribution of Knowledge

This research aims to provide significantly to both the academic and practical domains of
road network management by introducing the MUSTEM model as a novel application of
stochastic methodologies for road maintenance planning. Unlike traditional deterministic
models, MUSTEM incorporates the uncertainty of pavement deterioration and provides
optimized life-cycle cost estimates. This research bridges the gap between theoretical and

real-world applications, particularly in the context of developing countries like Lao PDR.

On the academic side, this study extends the boundaries of understanding
stochastic models in road network management. It uniquely emphasizes the potential of
the MUSTEM model, a stochastic approach that can significantly enhance traditional
maintenance planning and cost-effectiveness. Demonstrating the effectiveness of this
model also enriches the existing knowledge base in road network management.
Moreover, introducing a comparative analysis framework as a new evaluation approach
for different road management systems is a methodological innovation that advances
research methods in the field and can be applied in other developing countries facing

similar challenges.

From a practical perspective, this research's findings provide valuable workable
insights for road management authorities, specifically for the Lao PDR and similar
contexts. The findings and recommendations can guide these authorities in improving
their road network management practices. Furthermore, integrating stochastic
methodology into road network management underscores the practical implications of
embracing advanced methodology in maintenance planning and decision-making
processes. By showcasing the potential of these approaches, this research highlights their
usefulness and opens up new opportunities for enhancing the efficiency and effectiveness

of road management practices.
6.4. Limitations

This study provides valuable insights into optimizing road network asset management in
Lao PDR. However, several limitations need to be acknowledged. First, the accuracy of
the MUSTEM model depends on the quality and availability of input data, which remains
a challenge in data-limited environments. Second, integrating MUSTEM with HDM-4
requires substantial capacity-building efforts among road authorities, which may delay
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implementation. Third, financial constraints may hinder the adoption of the proposed
model, limiting the practical application of predictive maintenance strategies. Lastly, the
study's findings are based on data from the Lao PDR. At the same time, other developing
countries can adapt the proposed framework. However, additional validation is required

to assess its effectiveness in diverse geographic and economic contexts.

6.5. Future Research

This study highlights the effectiveness of enhancing existing Lao's RMS by integrating
road condition prediction and finding optimal maintenance strategy and allocation by
stochastic deterioration and decision process. However, this study revealed the model
application using Lao road network data, which may differ from other counties.

Therefore, the following areas are the suggestions for future research:

1) Extend case study: Apply the conceptual model to other developing countries to
validate its findings and assess its adaptability to different contexts and practices.
For instance, countries like Cambodia, Myanmar, and Nepal, which share similar
challenges in road network management due to limited resources and rugged

topographies, could provide relevant contexts for testing the model.

2) Investigate and explore the influences of innovative technology: Employing
Al and machine learning on road and infrastructure management to enhance

prediction model accuracy and improve decision-making.

3) Different Policy and strategy impact assessment: Investigate the impact of
various policy changes on road maintenance; this includes evaluating different
types of maintenance interventions and budget allocations based on specific
constraints in different regions to develop the most appropriate maintenance

strategy.

4) Research on Climate change adaptation: Climate change poses challenges to
road networks, and investigating its short-term and long-term impact helps us
design resilient infrastructure. Evaluate the effectiveness of resilient infrastructure

and sustainable infrastructure to ensure the road's service longevity.

5) Pilot Project Implementation in Lao PDR: Implement a pilot project to apply

the proposed MUSTEM model in a real-world road maintenance project,
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particularly in Lao PDR, as recommended by the authorities in charge in Laos's
MPWT. This pilot project will test the model's predictive accuracy and operational
efficiency using the dataset in real road maintenance projects. The implementation
and results from the pilot project will serve as a practical validation of the model
regarding prioritizing maintenance interventions, optimizing budget allocation,

and estimating road conditions under limited budget scenario.
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