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Abstract

The unexpected and devastating nature of both natural and man-made disasters has led to
significant disruptions in transportation infrastructure. While transportation infrastructure is
crucial for emergency management in the event of a disaster, it is also extremely susceptible to
damage from such events. The term "resilience” can be used to describe those who are
vulnerable. Being resilient means you can bounce back quickly from setbacks caused by things
like natural and man-made calamities. When dealing with disasters, whether they be natural or
man-made, one essential topic is how to make transportation infrastructure more resilient.
Improving transportation's ability to withstand calamities is the primary goal of this research. In
this paper, we offer an optimization model for resilience that takes budget and traversal time into
account. The optimization model incorporates and implicitly considers preparedness and
recovery operations, which is a special characteristic. There is a solid relationship between
robustness at the system level and readiness/recovery efforts provided by the mathematical
model.
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1.1 Introduction

The vast transportation infrastructure systems spanning roads, bridges, rail lines, ports, airports,
pipelines, and more are vital economic arteries for nations around the globe. These multimodal
mobility networks allow for the efficient movement of people, goods, and services that enable
business productivity, employment, and overall societal activities to function and thrive.
However, these critical transportation lifelines face escalating threats from natural disasters like
hurricanes, earthquakes, floods, wildfires, and other catastrophic events exacerbated by climate
change. When such calamities strike, they can severely disrupt transportation operations across
entire regions for weeks or months at a time - inflicting devastating economic losses and life
safety risks.

The impacts of disasters on transportation networks ripple across supply chains, businesses,
communities, and national economies in ways that are often harder to quantify than the visible
costs of repairing damaged infrastructure itself. For example, when Hurricane Harvey's heavy
rainfall inundated Southeast Texas in 2017, floodwaters overwhelmed and shut down 584 roads
across the state, including major freeways serving the Houston metropolitan area. This immense
loss of mobility impeded emergency response efforts, severed freight and supply chains,
prevented workforce commuting, and disrupted business operations across many economic
sectors for an extended period. Overall damages from transportation network obstructions caused
by Hurricane Harvey amounted to nearly $8 billion according to Texas Department of
Transportation estimates.
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Figure 1.1: Multi-Modal Transportation Infrastructure Systems

These two examples from 2017 and 2018 alone highlight the catastrophic potential of natural
disasters to cripple transportation systems - generating far-reaching safety risks and economic
shockwaves. And the problem is only expected to intensify, as climate change projections
indicate an increased frequency and intensity of extreme weather events like hurricanes,
flooding, wildfires, storm surge, and other environmental hazards. Preparing our vital
transportation networks to better withstand, recover from, and adapt to such disasters has become
an urgent societal need in our era of accelerating climate risks.

This introductory chapter provides background on why enhancing the resilience of transportation
systems is crucial for maintaining mobility, economic productivity, and community functioning
before, during and after major natural disasters occur. It defines key resilience principles and
concepts, reviews the current state of practice within the transportation sector, and outlines future
needs for optimizing infrastructure resilience across multi-modal networks. The chapter also
delves into challenges surrounding resilience valuation, asset management practices, planning
processes, operational preparedness, and the institutional coordination required to achieve true
system-wide resilience spanning different infrastructure modes, owners, and stakeholders.

1.2 Transportation Resilience Fundamentals

At its core, resilience for infrastructure systems like transportation networks is defined as "the
ability to prepare and plan for, absorb, recover from, and more successfully adapt to adverse
events" (National Academies, 2012). Rather than solely pursuing costly infrastructure hardening
approaches aimed at eliminating all potential vulnerabilities, resilience emphasizes developing
system capabilities that cost-effectively enhance infrastructure strength and allow rapid recovery
when inevitable disruptions occur from major natural disasters

2 Literature Review
2.1 Overview

The body of research related to enhancing the resilience of infrastructure systems like
transportation networks has grown rapidly over the past two decades. Academics, governments
and industry have increasingly recognized resilience as a crucial concept for boosting society's
ability to withstand, adapt to, and recuperate from major disruptive events like natural disasters.
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This literature review examines key published works that have contributed to defining resilience
principles, developing quantitative modeling techniques, evaluating economic resilience impacts,
incorporating resilience into infrastructure lifecycle management practices, and exploring
institutional frameworks to facilitate coordinated resilience planning across stakeholders.

2.2 Resilience Foundations

While the term "resilience” has been used across many disciplines, it was ecological researchers
studying persistence in biological and environmental systems who helped codify early resilience
theory in the 1970s. In his seminal work, Holling (1973) defined resilience as a measure of a
system's “persistence™ and ability to absorb changes before crossing a critical threshold into an
altered state or system configuration. Resilience was framed as one of two pivotal properties
alongside system "stability" in terms of withstanding disturbances.

Holling (1995) later expanded on ecological resilience as "the buffer capacity or ability of a
system to absorb perturbations, or the magnitude of disturbance that can be absorbed before a
system redefines its structure by changing the variables and processes that control behavior.”
This definition highlighted core resilience dimensions of robustness (ability to withstand
disruptions) and adaptability (capacity for resilient reconfiguration) within complex systems.

Translating general resilience theory into frameworks for evaluating the resilience of critical
infrastructure systems like transportation networks occurred from the early 2000s onward.
Godschalk (2003) outlined a guiding resilience philosophy for urban hazard mitigation focused
on developing resilient cities and communities able to withstand catastrophic events. Key facets
included implementing risk reduction measures proactively, having redundancies and emergency
response capacities to limit disruptions, and instituting resourceful recovery efforts to hasten a
community's rebound.

In 2005, the U.S. National Science & Technology Council's Subcommittee on Disaster
Reduction identified enhancing the resilience of critical infrastructure networks as one of six key
"Grand Challenges” for major research investment. This galvanized significant academic and
institutional efforts toward formalizing resilience quantification methods and implementation
strategies for cyber, energy, transportation, water and other infrastructure domains.

2.3 Defining Transportation Resilience

Within the transportation sector, Tierney and Bruneau (2007) were among the first to adapt
general resilience principles into a conceptual framework tailored for evaluating the disaster
resilience of physical infrastructures like bridges, highways, and other mobility assets. Their "4
R's of Resilience™ paradigm defined four key dimensions:

1. Robustness: The inherent capacity for essential systems to withstand disaster forces and
impacts without significant degradation or failure.

2. Redundancy: The degree to which infrastructure elements are substitutable with
alternative routing options, backup systems, and excess capacity. More redundancies
allow rerouting of traffic when components fail.
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3. Resourcefulness: The ability to apply human resources, technology, information, and
other capabilities to identify disruptions, establish contingencies, and implement
responses.

4. Rapidity: The speed and efficiency with which capabilities and resources can be
mobilized to restore system functionality after an extreme event.

This conceptual model established resilience as going beyond simplistic physical robustness or
reliability concepts to incorporate response capabilities during disruptive events and proactive
recovery planning for efficient restoration afterward. Subsequent researchers like Faturechi and
Miller-Hooks (2015) further formalized the 4 R's as essential resilience capacities for
quantitative modeling and optimization of civil infrastructure networks

3 Research Methodology
3.1 Introduction

The overarching goal of this research is to develop a comprehensive framework that optimizes
the resilience of transportation infrastructure systems against the impacts of natural disasters.
Achieving this objective requires a multidisciplinary approach that seamlessly integrates various
research methodologies, analytical techniques, and practical considerations. This chapter
meticulously outlines the research design, data collection strategies, modeling frameworks,
optimization methods, validation processes, and ethical considerations underpinning this study.

3.2 Research Design

To address the multifaceted nature of transportation infrastructure resilience, this research adopts
a mixed-methods approach that harmoniously blends quantitative and qualitative techniques. The
overall research design comprises three distinct yet interconnected phases: (1) data collection and
preprocessing, (2) modeling and optimization, and (3) validation and refinement.
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Figure 3.1 Research framework
3.3 Data Collection and Preprocessing

Accurate and comprehensive data serve as the bedrock for developing reliable models and
informed decision-making processes. The data collection phase entails a meticulous process of
gathering information from a diverse array of sources, including but not limited to:

1. Historical Disaster Data: Comprehensive records of past natural disasters,
encompassing their geographical locations, intensities, and specific impacts on
transportation infrastructure systems. These data play a pivotal role in understanding the
vulnerabilities and resilience of existing infrastructure assets.

2. Infrastructure Inventory: Detailed information on the existing transportation
infrastructure assets, such as roads, bridges, railways, and airports. This inventory should
encompass their geographical locations, construction materials, structural characteristics,
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age, and condition assessments. Such granular data is essential for accurately evaluating
the vulnerability and resilience of individual infrastructure components.

3. Geospatial Data: Geographical information system (GIS) data, including topographical
maps, land use patterns, and environmental factors that may influence infrastructure
vulnerability and resilience. These data enable spatial analysis and modeling, crucial for
identifying potential hazard zones and assessing exposure levels.

4. Socioeconomic Data: Demographic data, economic indicators, and community
characteristics that can influence disaster preparedness, response, and recovery efforts.
These data provide insights into the human dimensions of resilience, such as resource
availability, emergency response capabilities, and community adaptation strategies.

5. Expert Knowledge: Invaluable insights and experiences from domain experts, including
transportation planners, civil engineers, disaster management professionals, and
policymakers. Engaging these experts through interviews, focus group discussions, and
stakeholder workshops can provide invaluable qualitative data and contextual
understanding.

Data preprocessing is a critical step to ensure data quality, consistency, and compatibility across
different sources. This phase involves a range of tasks, including:

1. Data Cleaning: Identifying and addressing errors, inconsistencies, and outliers in the
collected data to improve its reliability and accuracy.

2. Data Formatting: Ensuring that data from diverse sources are standardized and
formatted in a consistent manner, enabling seamless integration and analysis.

3. Data Integration: Combining and merging data from multiple sources, while resolving
any potential conflicts or redundancies, to create a comprehensive and cohesive dataset.

4. Data Transformation: Applying appropriate transformations, such as spatial
interpolation, statistical normalization, or feature engineering, to derive meaningful
variables and enhance the utility of the data for subsequent analysis.

5. Data Imputation: Employing robust statistical techniques to address missing or
incomplete data points, ensuring the integrity and completeness of the dataset.

4 Results and Findings
4.1 Introduction

This section presents the results and findings obtained from the application of the proposed
methodologies and analytical frameworks outlined in Chapter 3. The primary objective of this
research is to develop a comprehensive approach for optimizing the resilience of transportation
infrastructure systems against the impacts of natural disasters.

4.2 Critical Infrastructure Prioritization

Based on the vulnerability assessment and the criticality of transportation infrastructure
components, we prioritized assets for mitigation and resilience enhancement. The prioritization
process considered factors such as traffic volumes, economic impact, redundancy, and
accessibility to essential services. The following table presents the prioritized infrastructure
components:
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Table 4.1: Prioritized Transportation Infrastructure Components

Priority Level Infrastructure Component

1 (Highest) - Major Interstate Highways and Bridges

- Primary Rail Corridors for Freight Transport

- Access Roads to Hospitals and Emergency Services

2 - Secondary Highways and Bridges

- Commuter Rail Networks

- Access Roads to Critical Infrastructure (Power Plants, Water Treatment,
etc.)

3 - Local Road Networks

- Recreational Rail Routes

- Pedestrian and Bicycle Infrastructure

4 (Lowest) - Rural Roads and Bridges

- Abandoned Rail Lines

The prioritization framework ensures that resources are allocated to the most critical
transportation assets, which play a vital role in emergency response, economic continuity, and
public safety during and after natural disasters.
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4.3 Scenario Descriptions

Three distinct scenarios were designed to illustrate the proposed mathematical programming
model for resilience assessment and resource allocation problems under different disaster types
and resource availability constraints.

Scenario 1: Natural Disaster (Typhoon with Heavy Rain)

In this scenario, a natural disaster in the form of a typhoon with heavy rain. It was assumed that
no preparedness activities were performed, resulting in serious flooding and a 40% reduction in
the capacities of multiple connected roads. The available budget for recovery actions was set to
100 units. . The post-disaster travel time and delay time matrices for this scenario are
summarized in Tables 4.2 and 4.3, respectively.

Table 4.2: Post-disaster Delay Time Matrix for Scenario 1 (minutes)

O/D Node 2174 2644 2892 3081 3301
2174 0.00 0.66 1.39 3.42 3.91
2644 0.56 0.00 2.20 2.75 3.24
2892 1.35 1.97 0.00 2.68 1.02
3081 3.48 2.38 2.62 0.00 1.65
3301 3.83 3.53 0.94 1.57 0.00
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Table 4.3: Travel Time Matrix for Scenario 1 (minutes)

3000

3250

O/D Node 2174 2644 2892 3081 3301
2174 0.00 6.69 4.56 8.13 14.10
2644 6.93 0.00 5.98 4.22 8.47
2892 4.30 5.69 0.00 4.64 11.58
3081 9.36 411 4.36 0.00 8.96
3301 14.13 8.46 11.69 9.01 0.00
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Scenario 2: Man-made Disaster

Scenario 2 simulated a man-made disaster. Different levels of capacity reduction (30%, 45%,
and 60%) were assumed for the affected roads. The available budget for both preparedness and
recovery actions was set to 100 units. The post-disaster travel time and delay time matrices for
Scenarios 2 and 3 are summarized in Tables 4.4 and 4.5, respectively.

Table 4.4: Pre-disaster Travel Time Matrix for Scenarios 2 and 3 (minutes)

O/D Node 2174 2644 2892 3081 3301
2174 0.00 2.64 6.78 11.32 9.06
2644 2.64 0.00 5.59 9.23 7.61
2892 6.73 531 0.00 4.55 6.03
3081 11.68 9.44 4,94 0.00 6.14
3301 9.22 7.61 6.03 6.14 0.00
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Table 4.5: Post-disaster Delay Time Matrix for Scenarios 2 and 3 (minutes)
O/D Node 2174 2644 2892 3081 3301
2174 0.00 0.66 1.39 3.42 3.91
2644 0.56 0.00 2.20 2.75 3.24
2892 1.35 1.97 0.00 2.68 1.02
3081 3.48 2.38 2.62 0.00 1.65
3301 3.83 3.53 0.94 1.57 0.00
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Scenario 3: Man-made Disaster with Increased Budget

Scenario 3 was similar to Scenario 2, simulating the same bomb attack incident, but with a
higher available budget of 200 units. In this scenario, it was assumed that only recovery actions
were considered, as the government was unaware of the impending bomb attack and did not
implement any preparedness actions.

4.4 Results and Analysis

The results obtained from the numerical experiments include the following key components: (1)
network resilience values, (2) system performance metrics for coping capacity, robustness, and
flexibility, (3) optimal budget allocations, and (4) recommended resilience-enhancing actions.
The results for each scenario are discussed and analyzed in this section.

4.4.1 Scenario 1 Results: Natural Disaster (Typhoon with Heavy Rain)

The results for Scenario 1 are summarized in Table 4.6. The network resilience value under the
flood disaster was 0.74, indicating that the overall network performance could maintain
approximately 75% of its pre-disaster level during and after the disaster event. While this
resilience level is notable, there is still room for improvement when compared to the target
resilience level of 1.0 (representing optimal performance).
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Table 4.6: Results for Scenario 1

Metric Value
Network Resilience 0.75
Coping Capacity 0.56
Robustness 0.76
Flexibility 0.58
Recover Actions c71, c83, ¢93, c103, c133, c143, cl151, c161, c173, c183, c213,
y €223, c231, c241, c333, c341, c353, ¢361, c373, c381, c471, c483,
Selected
c503, c523
Level 1 8.6%
Level 2 0%
Level 3 91.4%

The system performance decreased to 57% immediately after the shock of the disaster (Stage 2)
but recovered to 70% after implementing the recommended recovery actions (Stage 4).

The recommended actions for Scenario 1 included R1 (perform traffic control) and R3 (repair
and restore damaged infrastructure). Since a larger portion of the budget was allocated to R3
(91.4%), the results suggest that repairing and restoring damaged roads is more effective than
traffic control measures under limited budgets for recovery actions.

4.4.2 Scenario 2 Results: Man-made Disaster (Bomb Attack)

The network resilience value for Scenario 2 was 0.78, indicating that the network could maintain
78% of its overall performance under the bomb disaster scenario. Table 4.7 summarizes the
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average system performance levels for coping capacity, robustness, and flexibility, with
flexibility being the highest among the three metrics.

The system performance dropped to 63% after the disaster shock (Stage 2) but recovered to 70%
after implementing the recommended preparedness and recovery actions (Stage 4).

5 Conclusion

The increasing frequency and severity of natural disasters pose significant challenges to the
resilience of transportation infrastructure systems, which play a critical role in facilitating
mobility, economic activities, and emergency response efforts. This research aimed to develop a
comprehensive framework for optimizing the resilience of these vital systems against the impacts
of natural disasters.

The research design comprised three main phases: data collection and preprocessing, modeling
and optimization, and validation and refinement. Extensive data were collected from diverse
sources, including historical disaster records, infrastructure inventories, geospatial data,
socioeconomic data, and expert knowledge. Robust data preprocessing techniques were
employed to ensure data quality, consistency, and compatibility across different sources.
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