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 Abstract 

 Roadways and bridges are vulnerable to damage from both natural and non-natural 

hazards. Examples of natural hazards include earthquakes, hurricanes, and floods, while non-

natural hazards encompass factors like fire, age-related deterioration, and vehicular collisions. 

These hazards can result in various types and degrees of damage to these crucial transportation 

infrastructures. Any significant damage to roadways and bridges has the potential to impact 

communities, as they play a vital role in facilitating the movement of people and goods within 

transportation networks. 

The restoration timeline for recovering critical facilities is a crucial aspect of community 

resilience, as it guides the prioritization of construction efforts during the post-hazard phase. To 

address this, our research aimed to gather feedback from county engineers across the United 

States to identify trends and proposed timelines for recovery. For this purpose, an online survey 

was designed, incorporating a variety of cases and scenarios. These scenarios included both 

existing cases from literature and new cases generated by the authors. Each case was 

accompanied by descriptions of different damage levels. The survey was then distributed to 

approximately 1000 county engineers for their expert input. 

The survey aimed to collect valuable comments and information pertaining to immediate 

actions for the damage infrastructure and the impacts to traffic. While only a handful of cases 

could be presented within the survey, questions were included to gauge the impact on immediate 

actions and traffic provided differences in structural parameters. The results indicate that the 

majority of immediate action responses involved repairing or replacing components or bridges. 

The timeframes for these actions varied, ranging from a few days for repairs to approximately 

two years for bridge replacements, as evident from the collected data. In terms of partial 
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closures, load and lane restrictions were the most commonly selected options, with specific 

timelines assigned to each. Regarding complete closure options, the preference leaned towards 

the fully open option during the recovery process, while other alternatives were less favored and 

assigned shorter timeframes.  
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Chapter 1 Introduction 

 Rural areas are home to the large majority (68%) of all lane-miles in the United States 

and are critical in the national transportation network connecting major population centers and 

ports as well as exporting critical agricultural products throughout the nation [1]. Despite the 

importance of rural areas to the national transportation network and the national economy, rural 

transportation has several unique challenges including substantially higher roadway fatality rates 

and poorer transportation infrastructure conditions compared to their more urban counterparts 

[1]. While it is apparent that collisions and other hazards can damage or potentially destroy a 

bridge or roadway, the impact can be quite far-reaching and result in disconnected travel routes, 

detours and increased travel times, and increased emergency response time. In the face of 

uncertain future hazards, it is imperative that transportation networks are resilient—defined as 

“the ability to prepare and plan for, absorb, recover from, or more successfully adapt to actual or 

potential adverse events” [2]. While resilience is actively considered in various aspects of 

transportation [e.g., 3 – 4], the unique challenges and attributes of rural areas that contribute to 

its resilience are currently unknown and there is a critical need to understand rural transportation 

resilience and to develop rural resilience strategies.       

The National Academy of Sciences defines resilience as “the ability to prepare and plan 

for, absorb, recover from, or more successfully adapt to actual or potential adverse events” [2]. 

As such, the resilience of transportation systems must consider not only the immediate impact of 

a hazard but the recovery of the system, including anticipated repairs and the timeline to full 

functionality. While substantial research has been conducted to understand the immediate impact 

or damage to a bridge or roadway due to various hazards [5 – 7], relatively few studies have 

focused on the restoration of functionality. Existing functionality relationships for bridges and 
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roadways are limited to short-term (e.g., 1-7 days) impacts, specific natural hazards (e.g., 

earthquakes), distinct functionality levels, and urban areas [8 – 10].      

1.1 Research Objectives 

The foremost methodology for developing functionality relationships is through surveys 

due to the lack of empirical reconnaissance data, which tend to focus on the immediate aftermath 

rather than the longitudinal recovery. The most comprehensive effort on this front, by Misra et 

al. [11], surveyed state Department of Transportation officials to develop statistics on anticipated 

functionality restoration for various natural hazards with a response rate of 24. The relatively low 

response rate did not provide sufficient information for a statistical relationship to be developed. 

Furthermore, a substantial percentage of lane-miles in the US fall under the purview of counties, 

which are likely to have markedly different restoration than those under state jurisdiction. In 

addition, non-natural hazards such as vehicular collision and/or fire were not considered. The 

long-term goal of this research is to reduce the negative consequences of vehicular crashes and 

other hazards to the rural transportation network by increasing the resilience of individual 

components, such as bridges and roadways. The primary objective of this project is to quantify 

the functionality restoration of bridges and roadways in rural areas in the aftermath of non-

natural and other hazards, such that the resilience of rural transportation networks can be studied 

and ultimately enhanced. 

1.2 Research Approach 

This study was designed as a survey-based investigation. To gather valuable insights, an 

online survey was distributed to approximately 1000 county engineers across the United States. 

The survey aimed to collect their expert opinions on presented damage cases, which were 

categorized into roadways and bridges. The survey included a set of questions divided into three 



3 

categories: immediate action, traffic closure, and parameter changes. These questions were 

generated in various formats, such as multiple-choice options, estimation of time (in days), and 

an open-ended text box for additional ideas or comments. 

1.3 Research Organization 

This report consists of several chapters that aim to provide a comprehensive 

understanding of the study. Chapter 2 focuses on the literature review, highlighting previous 

studies conducted in the field. In Chapter 3, the methodology employed for conducting the 

survey in this research is described in detail. Chapter 4 presents the results and analysis derived 

from the collected data. The data is categorized based on different damage levels and cases, with 

the primary objective of determining the restoration time required for roadways and bridges after 

a hazard event. Chapter 5 presents the conclusions and outlines future work.  
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Chapter 2 Literature Review 

Transportation resilience has become an increasingly important subject among 

researchers nationwide in recent years. While some studies have investigated the immediate 

impact or damage to bridges or roadways caused by various hazards [e.g., 5 – 7], limited 

attention has been given to the restoration of functionality, which is the main focus of this 

project. This chapter provides a comprehensive literature review on this topic. Initially, it 

discusses the various definitions of "resilience" from the literature as proposed by different 

researchers and government agencies, with a specific emphasis on its application to 

transportation. Subsequently, available resilience frameworks are reviewed, followed by an 

examination of past studies and existing functionality relationships for transportation 

components, including bridges and roadways. The chapter concludes with a concise synthesis 

and identification of key knowledge gaps within this area. 

2.1 Definition of resilience 

The initial step in examining community resilience involves defining the concept of 

"resilience". Numerous researchers across various disciplines and fields have put forth 

definitions for resilience (refer to tTable 2.1). Notably, Koliou et al. [9] and Zhou et al. [10] have 

provided widely cited definitions of resilience in the literature. Among the various descriptions, 

Bruneau et al. [11] have specifically focused on resilience in the context of natural hazards, such 

as earthquakes. This definition of resilience encompasses four key aspects: (1) robustness, which 

refers to the ability to endure a specific level of stress without experiencing functional loss; (2) 

redundancy, which pertains to the degree of substitutability among elements and systems; (3) 

resourcefulness, which relates to the capability of identifying problems, setting priorities, and 
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mobilizing resources; and (4) rapidity, which involves the capacity to promptly address priorities 

and accomplish objectives within appropriate timeframes [10]. 

An essential definition of the resilience concept can be found in Presidential Policy 

Directive 21 [12]. Furthermore, the US Department of Transportation has provided guidance on 

promoting resilient operations for the implementation of transformative, efficient, and cost-

effective programs, which includes the most recent definition of resilience [13]. According to 

this guidance, resilience is defined as follows: “Resilience with respect to a project, means a 

project with the ability to anticipate, prepare for, or adapt to conditions or withstand, respond to, 

or recover rapidly from disruptions, including the ability (A) (i) to resist hazards or withstand 

impacts from weather events and natural disasters; or (ii) to reduce the magnitude or duration of 

impacts of a disruptive weather event or natural disaster on a project; and (B) to have the 

absorptive to weather events or other natural disasters (23 U.S.C. 101 (a)(24)).” 

Furthermore, the guidance provided by the US Department of Transportation includes a 

specific definition for “Resilience Improvement”. This term refers to “the use of materials or 

structural or nonstructural techniques, including natural infrastructure: (A) that allow a project (i) 

to better anticipate, prepare for, and adapt to changing conditions and to withstand and respond 

to disruptions; and (ii) to be better able to continue to serve the primary function of the project 

during and after weather events and natural disasters for the expected life of the project; or (B) 

that (i) reduce the magnitude and duration of impacts of current and future weather events and 

natural disasters to a project; or (ii) have the absorptive capacity, adaptive capacity, and 

recoverability to decrease project vulnerability to current and future weather events or natural 

disasters (23 S.C. 176(a)(4)).” 
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Importantly, the resilience improvement plan highlights the need to incorporate other 

facilities, such as buildings and houses, in order to comprehensively assess the resilience of 

transportation infrastructure systems at the community level. 

Table 2.1 Resilience definitions from literature [9] including newest ones 

Source Summary of resilience definition 
Holling (1973) The ability to store strain energy and deflect elastically under a 

specified loading condition without breakage or deformation   
Gordon (1978) The ability to store strain energy and deflect elastically under a 

specified loading condition without breakage or deformation   
Timmerman (1981) Resilience is the measure of a system’s or part of the system’s 

capacity to absorb and recover from occurrence of a hazardous 
event  

Mileti (1999) Ability to withstand an extreme natural event without suffering 
devasting losses, damage, diminished productivity, or quality of 
life, and without a large amount of assistance from outside the 
community  

Adger (2000) The capability of communities to resist external shocks to their 
social infrastructure   

Paton and Johnson (2001) The ability to pick up and utilize physical and economic resources 
for effective recovery following hazards 

Folke et al. (2002) Resilience for social-ecological systems is related to three 
different characteristics: (a) the magnitude of shock that the 
system can absorb and remain in within a given state; (b) the 
degree to which the system is capable of self-organization, and (c) 
the degree to which the system can build capacity for learning and 
adaptation 

Bruneau et al. (2003) The ability of social units (organizations, communities) to 
mitigate hazards, contain the effect of disasters when they occur, 
and carry out recovery activities in ways that minimize social 
disruption and mitigate the effects of future earthquakes  

Walter (2004) Resilience is the capacity to survive, adapt, and recover from a 
natural disaster. Resilience relies on understanding the nature of 
possible natural disasters and taking steps to reduce risk before an 
evet as well as providing for quick recovery when a natural 
disaster occurs. These activities necessitate institutionalized 
planning and response networks to minimize diminished 
productivity, devastating losses, and decreased quality of life in 
the event of a disaster 

Rose and Liao (2005) The adaptive response to hazards in order to enable individual and 
communities to avoid potential losses 

Adger et al. (2005) The ability of systems following disasters to self-organize, with 
the capacity to learn from and adapt to disruptions  
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Source Summary of resilience definition 
UN/ISDR (2005) Resilience is the capacity of a system, community, or society 

potentially exposed to hazards to adapt, by resisting or changing 
in order to reach and maintain an acceptable level of functioning 
and structure. This is determined by the degree to which the social 
system is capable of organizing itself to increase this capacity for 
learning from past disasters for better future protection and to 
improve risk reduction measures 

Resilience Alliance (2007) Ecosystem resilience is the capacity of an ecosystem to tolerate 
disturbance without collapsing into a qualitatively different state 
that is controlled by different set of processes. Thus, a resilient 
ecosystem can withstand shocks and rebuild itself when 
necessary. Resilience in coupled social-ecological systems, the 
social systems have the added capacity of humans to learn from 
experience and anticipate and plan for the future.  

Maguire and Hagan (2007) Social resilience is the capacity of social entity e.g. group or 
community to bounce back or respond positively to adversity. 
Social resilience has three major properties, resistance, recovery, 
and creativity  

Cutter et al. (2008) The ability of a social system to respond and recover from 
disasters including those inherent conditions that allow the system 
to absorb impacts and cope with an event, post-event, and 
adaptive processes that facilitates the ability of the social system 
to recognize, change, and learn in response to a threat  

Presidential Policy 
Directive 8 (PPD-8, 2011) 

The ability to adapt to changing conditions and withstand and 
rapidly recover from disruption due to emergencies 

National Academies (2012) The ability to prepare and plan for, absorb, recover from, and 
more successfully adapt to adverse events 

Presidential Policy 
Directive 21 (PPD-21, 
2013) 

The ability to prepare for and adapt to changing conditions and 
withstand and recover rapidly from disruptions, including the 
ability to withstand and recover from deliberate attacks, accidents, 
or naturally occurring threats or incidents 

U.S Department of 
Transportation (2022) 

Resilience with respect to a project, means a project with the 
ability to anticipate, prepare for, or adapt to conditions or 
withstand, respond to, or recover rapidly from disruptions, 
including the ability 

(A)   
(i) to resist hazards or withstand impacts from weather 

events and natural disasters; or  
(ii) to reduce the magnitude or duration of impacts of 

a disruptive weather event or natural disaster on a 
project; and  

(B)  to have the absorptive to weather events or other natural 
disasters (23 U.S.C. 101 (a)(24)) 
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2.2 Resilience quantification and framework 

The subsequent step in this study involves quantifying the defined resilience to enable 

comparisons of restoration conditions. In the United States, two main types of seismic restoration 

models have been developed. The first type focuses on estimating the probability of a bridge 

fully regaining its functionality based on its level of damage and the time elapsed since the 

earthquake event [14]. Conversely, there are restoration models that consider a range of 

functionality percentages. This means that even after repairing the bridge following a seismic 

event, the performance level may not necessarily match the pre-seismic event performance or 

reach 100% functionality [5], [15], [16]. The latter type of model has been widely employed by 

researchers to develop restoration models or quantify resilience. In this section, relevant studies 

are presented from the literature that explore the quantification of the resilience approach and 

provide a framework for its computation [11]. 

2.2.1 Bruneau et al. (2003) 

This study aimed to provide a comprehensive and practical definition of resilience in the 

context of seismic hazards. Building upon this approach, Bruneau et al. [11] developed and 

proposed a quantified framework for resilience specifically tailored to seismic events. This 

framework encompasses multiple dimensions that can influence infrastructure systems, including 

technical, organizational, social, and economic aspects in relation to seismic occurrences. 

Moreover, it is based on three key seismic resilience characteristics: "Reduced failure 

probabilities", "Reduced consequences from failures", and "Reduced time to recovery". The 

mathematical formulation of resilience, as defined by Bruneau et al. [11], is as follows: 

 

𝑅𝑅 = � [100 − 𝑄𝑄(𝑡𝑡)]
𝑡𝑡1

𝑡𝑡0
𝑑𝑑𝑑𝑑                                                                                                                      (1) 
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Where 𝑄𝑄(𝑡𝑡) is the functionality that is measured as a dimensionless function of time, 𝑡𝑡1 is 

the control time of the system, and 𝑡𝑡0 is the time of occurrence of an event. Figure 2.1 depicts a 

typical illustration of seismic resilience that shows the downgrading of performance and the 

evolution of recovery over time. 

 

 

Figure 2.1 Seismic resilience measurement  

 

The measurement of resilience in previous studies varied, with some researchers utilizing 

Eq. 1, which represents the area above the progress line in Figure 2.1. Conversely, other 

researchers opted to utilize the area beneath the line [6], [13]. Hence, the equation can be 

expressed as follows: 

 

𝑅𝑅 = � 𝑄𝑄(𝑡𝑡) 𝑡𝑡1⁄
𝑡𝑡1

𝑡𝑡0
𝑑𝑑𝑑𝑑                                                                                                                      (2) 

 

2.2.2 Shinozuka et al. (2003) 

This study conducted a probabilistic examination to assess the impact of bridge damage 

repair on improving transportation network performance following seismic events [14]. 

However, the study solely focused on evaluating the full performance of the bridge over time 
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since the seismic event, neglecting the specific time required for repair and the target 

performance achieved during the repair process. The resilience analysis conducted in this study 

revealed that the systems exhibited considerable resilience, even in scenarios with low 

probabilities of moderate performance in degraded structures. Nevertheless, it is important to 

note that certain factors, such as the bridge type and characteristics like skew bridges and the 

number of spans, were not considered in these analyses. 

2.2.3 Miles and Chang (2006) – Miles (2011) 

Miles and Chang [17] advanced the concept of community resilience by incorporating 

various components, including households, neighborhoods, businesses, and infrastructure 

facilities. A distinctive aspect of their study was the establishment of connections among sectors, 

domains, scales, and recovery processes. This pioneering research stands as the first of its kind to 

systematically assign linkages between these elements. Moreover, the resilience framework they 

developed was grounded in empirical data. Leveraging this framework, they created a 

foundational software tool capable of capturing crucial variables and relationships within the 

resilience framework. Furthermore, they identified the type of empirical data required for 

assessing resilience within this framework. 

Subsequently, an enhanced data-driven model was proposed to expand upon the 

framework developed by Miles and Chang by incorporating infrastructure loss and restoration 

data with temporal and spatial variations [18]. This simulation model, named ResilUS, integrates 

fragility curves to simulate loss and utilizes Markov chains to generate a recovery model over 

time. However, it is important to acknowledge certain limitations of this study. Firstly, the model 

lacks the capability to incorporate the relocation of households within the region of interest. 

Additionally, certain variables, such as the mitigation status of buildings, required modeling but 
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could not be empirically validated due to limited available data. The author suggested utilizing 

this software primarily for educational and training purposes. Nevertheless, the software proved 

valuable in illustrating the interconnectedness of contributors in the recovery process. 

2.2.4 Renschler et al. (2010) 

Renschler et al. [7] introduced a comprehensive framework aimed at measuring 

community resilience, consisting of seven key aspects collectively referred to as PEOPLES. 

These dimensions encompass Populations and Demographics, Environmental/Ecosystem, 

Organized Governmental Services, Physical Infrastructure, Lifestyle and Community 

Competence, Economic Development, and Social-Cultural Capital. Furthermore, this framework 

served as the foundation for the development of software designed to assess the ongoing 

resilience of a community [19]. To validate its effectiveness, the software was applied in a case 

study of the 2009 Italian earthquake, which resulted in substantial damage to numerous historical 

monumental buildings in L'Aquila. The software also establishes connections between the four 

resilience characteristics (robustness, redundancy, resourcefulness, and rapidity) and resilience 

dimensions spanning technical, organizational, societal, and economic realms. These 

interconnected relationships enable the measurement of resilience in the aftermath of seismic 

events. The availability of this software resulting from the study offers valuable support for 

decision-makers and planners. 

2.2.5 Padgett and DesRoches (2007) - Bocchini and Frangopol (2012) 

The analysis of resilience involves several steps, as depicted in Figure 2.2, including 

downgraded performance, idle period, and the recovery process. The recovery process illustrates 

the transition from a reduced performance level to an improved one. However, it is important to 

note that a return to full (100%) performance cannot be guaranteed. Among these steps, the 
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analytical model for the restoration process can be represented in a stepwise formulation [5], [6], 

[20]. Importantly, this approach also allows for tracking the progress of repairs over time. The 

formula governing the timeline progress is as follows: 

 

𝑄𝑄(𝑡𝑡 > 𝑡𝑡0) = 𝑄𝑄𝑟𝑟 + 𝐻𝐻(𝑡𝑡 − 𝑡𝑡0 − 𝛿𝛿𝑖𝑖)𝑅𝑅 �
𝑡𝑡 − 𝑡𝑡0 − 𝛿𝛿𝑖𝑖

𝛿𝛿𝑟𝑟
� (𝑄𝑄𝑡𝑡 − 𝑄𝑄𝑟𝑟)                                                         (3) 

 

Where 𝑄𝑄(𝑡𝑡) is the functionality, 𝑡𝑡0 is the time of earthquake occurrence, 𝑄𝑄𝑟𝑟 is the 

residual functionality after the event, 𝐻𝐻() is the Heaviside step function, 𝑄𝑄𝑡𝑡 is the functionality 

reached at the end of recovery process, 𝛿𝛿𝑖𝑖 is the idle time between the occurrence of the seismic 

event and the starting of the recovery process, 𝛿𝛿𝑟𝑟 is the duration of the recovery, and 𝑅𝑅() is the 

restoration function describing the profile of the recovery process that depends on the actual 

model used. Figure 2.2 illustrates the functionality process model by Equation 2. The key point 

in this model is related to recovery function or 𝑅𝑅(). Previous studies [15], [21] proposed a 

normal cumulative distribution function for 𝑅𝑅() for highway bridges. It should be noted that this 

model is based on expert opinion survey data. This equation is formulated as: 

 

𝑅𝑅(𝑡𝑡) = 𝛷𝛷 �𝑡𝑡−𝑚𝑚𝑡𝑡,𝑑𝑑
𝜎𝜎𝑡𝑡,𝑑𝑑

�                                                                                                                                      (4)  

 

 Where 𝑚𝑚𝑡𝑡,𝑑𝑑 is the mean of the restoration function for each one of the considered damage 

states, and 𝜎𝜎𝑡𝑡,𝑑𝑑 is the standard deviation for the mentioned function. Totally, restoration models 

are categorized as linear [16], stepwise [5], and lognormal [15] formulation. 
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Figure 2.2 Functionality recovery model [20] 

 

2.2.6 Ellingwood et al. (2016) 

Multiple studies have been conducted to establish a model that accounts for the interplay 

between physical, social, and economic infrastructure systems [22]–[25]. The foundation of this 

model was the "Centerville Virtual Community", which served as a testbed for implementing 

interdisciplinary systems-based approaches in assessing community resilience [26]. It is 

important to highlight that this comprehensive framework can effectively consider the resilience 

of a community in the face of both earthquakes and tornado hazards. Additionally, Zhang and 

Nicholson [27] presented a decision framework based on this model. This decision framework 

aims to identify optimal strategies for minimizing economic losses and population dislocation. 

The subsequent study took into account a constrained budget and unequal resource 

allocation for commercial and residential buildings. As a result, the proposed model enables the 

analysis and comparison of direct economic losses and immediate population dislocation in order 

to minimize these impacts. Additionally, the software demonstrated exceptional computational 

efficiency, completing a case study involving 15,000 structures across 16 different types and four 

code levels in just one millisecond. 
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2.2.7 Gardoni (2017) 

Gardoni [28] devised a stochastic framework to assess the impact of deterioration and 

repair/recovery strategies on system performance, with a particular focus on reliability and 

resilience measures. Moreover, resilience equations were computed to determine the most 

suitable recovery strategy following a hazard event, given the current state of the system [29]. 

This study centers around the life cycle of an engineering system, incorporating both 

deterioration processes and repair/recovery procedures, which are influenced by multiple sources 

of uncertainty. 

In a specific case study involving an RC bridge, the analysis encompassed the bridge's 

entire life cycle, considering deterioration resulting from corrosion and seismic damage. The 

interpretation of resilience highlighted the significant influence of deterioration processes on the 

probability of immediate failure. To mitigate long-term risks, frequent repairs were 

recommended to minimize the probability of the bridge being out of service. 

2.2.8 Wang et al (2022) 

This review article highlights the utilization of machine learning (ML) in evaluating the 

risk and resilience of structures and infrastructures [8]. The authors introduce and characterize 

six key features of ML that encompass significant aspects of resilience analysis. These features 

include the method employed, task type, data source, analysis scale, event type, and topic area. 

To provide a visual representation of the resilience framework and the implementation of ML 

within this process, Figure 2.3 illustrates the entire procedure. 
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Figure 2.3 Risk and resilience frameworks and ML implementation [8] 

 

The utilization of machine learning (ML) in each step of the resilience analysis process is 

depicted in the final row of Figure 2.3. It is important to note that the authors emphasized the 

significance of risk assessment as the foundation of resilience analysis, followed by restoration 

evaluation to monitor the time-evolution of functionality. ML techniques were then integrated 

into each step to enhance the modeling process. 

Figure 2.4 provides detailed descriptions for all six features that contribute to resilience 

evaluation. The first three features categorize dominant ML approaches, while the last three 

features pertain to the characteristics of the study objects and problems being addressed. 
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Figure 2.4 ML features and their descriptions in resilience analysis [8] 

 

The authors acknowledged certain limitations associated with ML modeling, validation, 

and verification, particularly concerning insufficient data and sparsity. Additionally, 

understanding the underlying mechanisms of structures and infrastructures using ML models 

poses another challenge. However, the authors propose addressing these limitations by 

incorporating physics-guided ML modeling techniques. 

2.3 Empirical/survey-based resilience studies 

The analysis of roadways and bridges relies on two main sources: empirical data from 

past disruptions and expert opinion surveys. However, previous empirical studies have not 

adequately addressed critical aspects such as the duration of bridge closures or the timeline of 

recovery progress [1], [4], [30]–[34]. Furthermore, these studies have primarily focused on 

damage caused by earthquakes, hurricanes, tsunamis, and scour. This section provides an 

overview of the existing literature that have conducted resilience analyses using both empirical 

data and survey data. 

2.3.1 Stearns and Padgett (2012)  

In this research, the investigators presented empirical observations obtained through post-

event reconnaissance following storm surges and wave loading during Hurricane Ike in 2008. 
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These observations revealed substantial damage to numerous roadways and bridges in the 

Houston and Galveston regions, with 53 bridges affected in particular [32]. Notably, rural timber 

bridges exhibited significant damage, underscoring the urgent need for retrofitting plans to 

ensure their structural integrity. 

By comparing the empirical evidence from previous events with the damage inflicted by 

Hurricane Ike, the study confirmed the failure modes and identified potential retrofitting 

strategies. The author suggested that replacing the bridge decks with grated structures, which 

reduce surface erosion and minimize the impact on bridge abutments, could be an effective 

approach. Additionally, the proposal included replacing the entire timber bridge with a concrete 

counterpart, as this would enhance the community resilience in those areas. 

2.3.2 Misra et al. (2020) 

This investigation focused on the restoration process of roadways and bridges following a 

hazardous event. The study relied on expert opinions, gathered through an online survey that 

included photographs depicting the anticipated damage to roadways and bridges [35]. The survey 

was specifically designed for state engineers, who served as respondents. The primary objective 

of the research was to address the lack of information regarding bridge and roadway closures for 

different levels of damage. As a result, the survey questions encompassed both the type of traffic 

closure (complete or partial) and the severity of the damage (slight, moderate, severe). These 

considerations were crucial in formulating repair decisions and recommending appropriate 

actions, such as repair, component replacement, or bridge replacement. 

The author further accounted for parameter changes in bridges to assess their impact on 

the survey responses. Specifically, factors such as the number of spans, span length, and pier 

height were considered as they could influence both traffic closure decisions and repair 
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strategies. It is important to note that the survey was designed to capture damage resulting from 

earthquakes, hurricanes, and scour events. The findings underscored the significance of 

understanding the duration of traffic closures following hazard events, an area that had been 

largely overlooked in previous literature, particularly regarding roadways. However, the study 

encountered a limitation in terms of the number of responders or the size of the dataset, resulting 

in reported statistics with substantial variance or significant uncertainties. Building upon the 

input and primary outcomes of this study, a decision tree-based approach was developed to 

identify potential traffic restrictions and their corresponding timelines [36]. 

2.3.3 Mitoulis et al. (2021)  

The objective of this research was to develop an expert-opinion-based recovery model for 

quantifying the flood resilience of bridges [37]. To gather the required information on flood 

damage, a survey was prepared and distributed among European experts. The survey primarily 

focused on the assessment of both spread and deep foundations of bridges. Furthermore, the 

research defined specific damage levels for various bridge components, including the foundation, 

bridge deck, bearing, abutment, wingwall, and backfill/approach slab. The restoration models 

developed in this study examined both the traffic capacity and structural capacity damage caused 

by floods. 

The study revealed that expert opinions exhibited significant dispersion and were highly 

influenced by specific cases. Notably, there was substantial variation in their comments 

concerning idle (lag) time. However, a key finding derived from the expert feedback pertained to 

the direct and indirect costs associated with bridge closures. The responses indicated that the 

duration of traffic closure was approximately half of the time required for full restoration of 

bridge capacity. Consequently, the indirect costs outweighed the direct costs. The responses 
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concerning slight and moderate damage were more aligned with prior literature. However, it is 

important to acknowledge that the study had limitations as it only included experts from Europe, 

thereby neglecting insights from professionals in other regions. It should be recognized that the 

duration of repairs depends on operator policies, resource availability, and financial conditions. 

The authors recommended employing Monte Carlo sampling or machine learning techniques to 

address uncertainties associated with the duration of restoration tasks. 

2.3.4 Miner and Alipour (2022) 

A recent empirical study addressed a significant gap in the literature by investigating the 

costs and damage incurred by bridges during inland floods [38]. This particular hazard had not 

received sufficient attention in previous research on various hazards. The study considered 

multiple types of damage, including scour, high water levels, debris accumulation, and abutment 

washout. 

The cost data utilized in this research were derived from detailed damage inspection 

reports (DDIRs), which are crucial for state or local agencies to obtain supplemental funding 

through the FHWA ER program. The findings of this study can assist authorities in identifying 

vulnerable bridges based on their condition ratings, enabling them to implement effective 

resilience and recovery programs. It is important to note that the cost estimation models 

presented in this paper were based on Iowa transportation data collected over a specific time 

period. Therefore, caution should be exercised when applying these models to other regions with 

different construction and design practices. 

2.3.5 Misra and Padgett (2022) 

This research introduced a framework aimed at quantifying the resilience of rail-truck 

intermodal freight transportation networks under regional natural hazards [39]. The primary 



21 

focus of the study was to determine the restoration timeline for these networks, thus assessing 

their resilience. A key advantage of the novel restoration model presented in this research was its 

ability to establish a connection between physical damage and functionality, while incorporating 

uncertainties into the modeling of recovery progress. These uncertainties encompassed both 

intrinsic aspects of damage and decisions regarding network closures. 

Furthermore, the framework was designed to facilitate the economic evaluation of the 

resilience model. Integration of the framework and algorithms within INCORE, an open-source 

tool for community resilience modeling, allowed for a seamless linkage between the two [40]. 

This project is part of a series of resilience studies conducted on infrastructure networks [41]. 

2.3.6 Williams et al. (2022) 

This study focuses on conducting a risk assessment to evaluate the impact of tsunamis on 

coastal infrastructures [42]. The evaluation process employs empirical models to assess the 

effects of tsunamis on coastal infrastructure systems. Specifically, the study models the closure 

and restoration timeline of road transportation in response to a hypothetical tsunami hazard. 

Collaboration between researchers and practitioners was instrumental in developing a 

deterministic tsunami impact scenario. The case study conducted in Christchurch, New Zealand 

involved multiple sessions with the Christchurch City Council to validate, refine, and contribute 

to the inputs, methods, and results, as highlighted by the authors. 

The results of the study aim to draw attention to key findings and provide 

recommendations for various stakeholders. These recommendations encompass areas such as 

land-use management, emergency response planning, infrastructure component mitigation, and 

network mitigation. Additionally, the findings indicate that in the case study area, the road 

network may experience the exposure of approximately 16% of roads and 5% of bridges to 
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tsunami hazards. These results contribute valuable insights for stakeholders involved in coastal 

infrastructure planning and risk management. 

2.4 Synthesis and knowledge gaps 

The previous sections provided an overview of the accomplishments in the assessment of 

resilience for transportation networks, highlighting the quantification of resilience evaluation and 

its application across various studies. 

Furthermore, it was noted that the majority of these studies primarily focused on hazards 

such as earthquakes, and to a lesser extent, hurricanes, scour, and floods. However, non-natural 

hazards were not adequately considered in these investigations. Additionally, the survey-based 

studies conducted thus far were based on expert opinions without explicit confirmation of their 

involvement in the repair or recovery of infrastructures. Consequently, these gaps serve as the 

impetus for the current research, which aims to address and present findings in the subsequent 

chapters. 
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Chapter 3 Survey overview  

This project is designed to gather valuable technical information from county engineers 

through an expert-opinion survey. The transportation networks, including roadways and bridges, 

are susceptible to various natural hazards such as earthquakes and hurricanes. These hazards can 

cause damage to roadways and bridges through scouring and surface washout, among other 

effects. Additionally, these transportation facilities are prone to accidents like vehicular 

collisions and fire events. Furthermore, these structures undergo deterioration over time due to 

aging. As a result, it becomes necessary to implement traffic closures and rehabilitation 

measures, or even consider replacement or rebuilding, in order to restore the transportation 

systems to their previous level of performance. The purpose of the survey is to collect engineers' 

insights and comments based on their experiences, which will assist decision-makers in planning 

and organizing efforts to achieve community resilience. 

The survey is divided into two general sections: roadways and bridges, each consisting of 

seven parts. Each part is designed to address specific aspects related to damage resulting from 

hazards or age-related effects. For roadways, these parts cover seismic and hurricane damage, 

while for bridges, they encompass seismic and hurricane damage, scour damage, age 

deterioration damage, fire damage, and vehicular collision damage. Each part includes a variety 

of questions to ensure the comprehensive collection of all necessary information. These 

questions pertain to factors such as the decision regarding traffic closure (none, partial, 

complete), the type of closure for partial and complete closures, the duration of the closure, and 

repair recommendations specifically tailored for bridges. 

The survey was created using the online platform called Qualtrics and distributed to 

respondents. The survey was sent to county engineers as they are directly involved in the 
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management of roadways and bridges. County engineers are responsible for the maintenance and 

repair of many roadways and bridges, making them a suitable target audience for this survey. 

The survey was delivered to county engineers via email, containing a web link for them to access 

and respond to the survey. 

The contact information of approximately 1000 county engineers was collected to the 

best extent possible and the survey was subsequently sent to them. The authors conducted a 

comprehensive search across all 50 states to gather the contact details of county engineers. In 

some cases, county engineers had their own websites which provided essential information such 

as email addresses and telephone numbers. However, not all county engineers had a web 

presence, so the state county engineer association and the National Association of County 

Engineers (NACE) were utilized to obtain the contact information of the remaining county 

engineers. Despite these efforts, the accessibility limitations resulted in the contact information 

of county engineers being restricted to approximately 1000 individuals. In compliance with the 

requirements of the Institutional Review Board (IRB) at the University of Nebraska-Lincoln, the 

identification of survey respondents was not recorded. 

A total of 41 individuals participated in the survey across all parts. The distribution of 

responders in each part is presented in Table 3.1. However, it is worth noting that all respondents 

who attempted the roadway-seismic damage section indicated that they lacked experience in this 

particular field. As a result, they were redirected to the end of that section, resulting in no 

answers being entered. A similar situation occurred in the bridge-seismic and hurricane damage 

section, where two respondents lacked relevant experience. Additionally, some responses were 

either incomplete or abandoned by the participants. These include one responder's answer for 

bridge-vehicular collision damage, one responder for bridge-seismic and hurricane damage, two 
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responders for bridge-scour damage, one responder for bridge-fire damage, and one responder 

for roadway-hurricane damage. 

 

Table 3.1 Responders in each part of survey 

 

 

 

 

 

3.1 Survey details 

The survey was designed to address crucial questions aimed at developing a plan for 

community resilience. Previous studies [35], [37] have identified a gap in the literature regarding 

the traffic closure strategy in response to different levels of damage. Therefore, this survey 

emphasizes the exploration of closure options and restoration durations. While the complete 

online version of the survey is available in the appendix, this section provides additional 

information to accompany each question or section in the survey, offering further clarity and 

guidance. 

3.1.1 roadways 

In the roadway category for the seismic and hurricane parts, images were extracted from 

a previous expert-opinion study [35]. The initial question posed to participants involved selecting 

a traffic closure option. The available options included none, partial closure, and complete 

closure. Subsequently, depending on the chosen option and if road closure was deemed 

necessary, further questions were presented. For partial closure, respondents were asked to 

Survey part Number of responders 
Roadway – seismic damage  3 
Roadway – hurricane damage  6 
Bridge – seismic & hurricane damage 3 
Bridge – scour damage  9 
Bridge – age deterioration damage  10 
Bridge – fire damage  4 
Bridge – vehicular collision damage 6 
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specify the type of closure, such as lane restriction, speed restriction, or load restriction. Once the 

type of partial closure was selected, participants were asked to provide the estimated number of 

days required for each closure type to be restored. Similar questions were posed for the complete 

closure option, but with different choices for the type of closure. These options included opening 

the road with traffic restrictions in place, lifting lane restrictions, lifting speed restrictions, lifting 

load restrictions, and fully opening the road to traffic. Another question was included to assess 

any changes in respondents' decisions regarding restoration time based on parameter variations 

in roadways. These parameter changes encompassed factors such as the road classification being 

interstate, arterial, or local, the doubling or halving of the number of traffic lanes, and the 

pavement mixture being concrete without an asphalt overlay. 

It is important to highlight that for each question, a designated section was provided for 

responders to share any additional comments they may have. In the seismic part of the survey, a 

total of three cases were included, comprising pictures of damaged roads, corresponding 

descriptions, and the aforementioned related questions. Similarly, the hurricane part consisted of 

four cases, following a similar pattern of including relevant pictures and corresponding 

questions. 

3.1.2 bridges  

The second category of the survey focuses on bridges and addresses questions related to 

damage caused by natural or non-natural hazards. The pictures included in this category were 

sourced from various literature references [35], [43]–[45], social media platforms [46]–[48], and 

data collected by the investigators. 

For each case within this category, the survey commenced by inquiring about 

recommended actions. This question aimed to identify immediate actions that should be taken in 
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response to the observed damage. The available response options were: no action, repair, replace 

the component, replace the bridge, or not sure. Additionally, a separate space was provided 

within this question to gather estimated repair or replacement times in days for the component or 

the entire bridge. 

The remaining questions followed a similar pattern as those in the roadway category. 

However, there were some variations in the options regarding the effects of parameter changes 

on restoration time. These options were tailored to specific scenarios or cases. It is important to 

note that the pictures included in the bridges section were characterized as scenarios depicting 

seismic and hurricane damage. Each scenario encompassed images of the bridge deck and the 

damaged components. 

The questions were carefully designed to gather relevant information for the development 

of a restoration timeline. Clear instructions were provided at the beginning of each section to 

ensure that respondents could understand and answer the questions accurately. 

It is important to note that the responses to these questions can be influenced by various 

external factors specific to each site. Decisions regarding restoration timeframes and repair 

strategies can vary depending on the effects of local conditions. Factors such as the significance 

of the bridge or roadway segment, site accessibility, resource availability and allocation across 

the network, as well as unforeseen delays in repair activities, may impact these decisions [35]. 

To address this issue, certain assumptions were made in the survey concerning roadways 

and bridge conditions, as well as local financial and facilities awareness. These assumptions 

were derived from a previous study [35], and they serve as a foundation for understanding and 

analyzing the responses obtained in the survey. The following assumptions were made regarding 

roadways and bridges in the survey: 
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1. Prior to the occurrence of the hazard, it is assumed that both bridges and roadways 

were fully operational and in service. 

2. Sufficient funds and necessary resources are available to conduct repair activities 

without encountering any unforeseen delays. 

3. All bridges and roads have good site accessibility. This assumption allows respondents 

to disregard additional delays caused by poor accessibility, which could potentially 

impact repair times (e.g., in the case of a water crossing bridge). 

4. All roadways and bridges are considered to have an equally high level of priority for 

restoring operations. 

5. Adequate site analysis has been conducted to assess the extent of damage and facilitate 

the estimation of quantities. 

These assumptions serve as a basis for the survey, enabling respondents to provide their 

insights and considerations within the given framework. 

3.2 Damage levels descriptions  

As previously mentioned, the survey includes visual representations of damaged 

roadways and bridge components. To provide clarity regarding the level of damage to the survey 

respondents, descriptions were included for each case that corresponds to one or more pictures. 

In this section, Table 3.2 presents the photographs along with their respective damage 

descriptions for each case across all parts and categories of the survey. 
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In the roadway category, specifically in the seismic damage part, all three cases presented 

a range of damage levels, from minor damage such as a ground offset of approximately one inch 

to severe damage, including settlement of around one foot.  

A similar pattern was observed in the hurricane damage section of the roadway category, 

which consisted of four cases. The first case exhibited insignificant damage, characterized by the 

formation of potholes in certain sections of the roads and alligator cracking in the longitudinal 

direction. In the second case, visible damage was evident, with surface loss of the road and 

exposure of underlying base materials. The third case demonstrated significant washout of the 

road surface and removal of base material over a distance of 100 feet. Finally, the fourth case 

depicted complete washout of the road surface and removal of base material, indicating severe or 

extensive damage to roadways caused by hurricane hazards. 

The bridge category consisted of five parts that encompassed both natural and non-

natural hazards. The first part focused on seismic and hurricane damage, and it was comprised of 

nine scenarios. Instead of presenting a photo of a specific damage instance, these scenarios 

considered various aspects of bridges. A side view photo of the bridge was provided to showcase 

the overall system, materials, and supports of the bridge. Subsequently, photos of damaged 

components were shown to illustrate different types of damage. 

The selection of damaged components aimed to cover a range of possible damage levels. 

Examples of these components included pull-out of anchor bolts from elastomeric bearings, 

cracks, abutment settlement, loss of support, failure of column rebars, and spalling. These visual 

representations were included to elicit comments from county engineers regarding repair 

recommendations and restoration timelines for the identified damages. 
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Within the bridge category, there was another part dedicated to scour damage. This part 

showcased three cases to demonstrate the effects of scouring on different bridge locations. The 

first case described exposed piles, while the second case depicted an exposed foundation. Lastly, 

the third case displayed settlement resulting from scouring on a bridge. 

In the fire damage part of the bridge category, examples of both steel and concrete 

bridges were provided. These two materials exhibited different types of damage due to fire. The 

first case presented a steel bridge with out-of-plane buckling of the steel girder and discoloration. 

Fire can lead to spalling and the removal of protective cover, exposing rebars. Furthermore, fire 

can potentially cause the collapse of the superstructure. Therefore, the second and third cases 

illustrated these conditions in the context of bridge fires.             

Age deterioration was addressed as part of the bridge category. In concrete bridges, age 

deterioration could be shown through cover removal and rebar corrosion, which was depicted in 

the first case. In steel bridges, corrosion of steel connections and steel girders were illustrated in 

the second, third, and fourth cases. 

The final part of the survey focused on vehicular collision damage to bridges. Three cases 

were presented to demonstrate different levels of damage. The first case showed slight damage to 

a bridge column resulting from a truck collision. The second case depicted the failure of a pier, 

and the third case presented severe damage in the form of the total collapse of the superstructure 

due to a tractor-trailer collision. 

In conclusion, the hazard description sections covered all possible damage and their 

associated locations, ensuring that respondents had ample information to analyze the effects of 

hazards on roadways and bridges. 
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Chapter 4 Results and analysis 

This chapter presents the comprehensive findings obtained from county engineers, 

organized into three main categories: immediate action (for bridges), traffic closure (for both 

bridges and roadways), and parametric changes (for both bridges and roadways). The results are 

primarily presented in tables, indicating the number of respondents for each action or parameter 

and the corresponding repair or restoration time. Furthermore, the survey included comment 

boxes, providing an opportunity for respondents to share additional feedback or comments 

beyond the predefined format and questions. The following sections will outline and discuss 

these findings in detail. 

4.1 Immediate actions (for bridges) 

This section focuses on the recommendations for repair decisions as immediate actions 

for bridges. As mentioned earlier, there are five specific actions identified to encompass all 

necessary quick responses: no action, repair, replace the component, replace the bridge, and not 

sure. These actions have been selected to demonstrate and encompass a comprehensive range of 

possible immediate actions in bridge repair decision-making. 

4.1.1 Age deterioration damage to bridges 

Table 4.1 presents the repair decision table for age deterioration damage on bridges. The 

table shows responses from nine participants for all damage levels except for RH1, which had 

ten participants. It was expected that the dominant recommendation for the RH1 damage level 

would be repair, given the cover removal of beams and columns. However, it is worth noting that 

one responder suggested the replacement of the component instead. Similar patterns were 

observed for RH2 and RH3, but with a greater contribution of the replacement of the component 

option. These damage levels involved corrosion in the steel girder near the pin-and-hanger 
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connection and at the bearing. While the county engineers' comments predominantly leaned 

towards repair, there was an increased inclination towards recommending the replacement of the 

component for corrosion at the bearing (RH3). This recommendation aligns with the anticipation 

that the girder may fail, leading to potential deck slippage or collapse. Consequently, these cases 

may necessitate more robust strategies or actions beyond mere repair. On the other hand, RH4, 

which exhibited significant corrosion and material loss near the bearing, raised serious concerns 

among responders, leading to a preference for the options "Replace the component" or even 

"Replace the bridge". 

 

Table 4.1 Immediate action recommendation - Age deterioration damage of bridges 

Damage 
level 

Repair decision (number of respondents) 
Total No action Repair Replace the 

component  
Replace 
the bridge 

Not sure 

RH1 10 - 7 1 - 2 
RH2 9 - 6 2 - 1 
RH3 9 - 4 4 - 1 
RH4 9 - - 5 4 - 

 

Table 4.2 provides an overview of the repair times associated with each damage level. 

While there are two instances where the repair times for RH1 are unknown or listed as zero, the 

repair times for the other actions range from 5 to 150 days. Similarly, the repair time ranges for 

RH2, RH3, and RH4 are 3 to 150 days, 5 to 150 days, and 10 to 240 days, respectively. As 

anticipated, the repair time is higher for the last damage level (RH4) due to the recommendation 

for the replacement of either the component or the entire bridge. 
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Table 4.2 Repair time for each damage level – Age deterioration damage of bridges 

 

4.1.2 Fire damage to bridges  

The fire damage levels of bridges have been classified into three categories: RH1, RH2, 

and RH3. Table 4.3 presents the number of respondents for each fire catastrophe damage level. 

In this section, two respondents provided answers for each damage level. Notably, there is a 

variation in the selection of actions among the responders. One responder chose the "Repair" 

option, while the other responder opted for the "Replace the bridge" option. This dispersion in 

action selection highlights different perspectives and preferences among the respondents in 

addressing fire damage to bridges. 

 

Table 4.3 Immediate action recommendation - Fire damage of bridges 

Damage 
level 

Repair decision (number of respondents) 
Total No action Repair Replace the 

component  
Replace the 
bridge 

Not sure 

RH1 2 - - 1 - 1 
RH2 2 - 1 - 1 - 
RH3 2 - - 1 1 - 

 

Damage level Repair decision     Repair time (days) 

RH1 Repair 5, 60, 5, 9, 30, 150, 5 
RH1 Not sure 0, 30 
RH1 Replace the component - 
RH2 Repair 3, 30, 3, 5, 10, 60 
RH2 Replace the component -, 150 
RH2 Not sure - 
RH3 Repair 60, 10, 150, 10 
RH3 Not sure - 
RH3 Replace the component 5, -, 30, 45 
RH4 Replace the component 10, -, 5, 20, 30,  
RH4 Replace the bridge -, 240, 90, - 
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Table 4.4 provides the repair times associated with the repair decisions for fire damage, 

as mentioned in the table. The responses indicate that the responders were certain about the need 

for either replacing or repairing the damage levels (with the exception of one instance in RH1). 

However, there was uncertainty regarding the duration of the repairs. Notably, the replacement 

of components for the RH1 damage level received a recommendation of four months, whereas 

the repair decisions for the remaining damage levels were suggested to be completed in less than 

50 days. 

 

Table 4.4 Repair time for each damage level - Fire damage of bridges 

 

4.1.3 Scour damage to bridges  

For this natural hazard, three levels of scour damage were established. Table 4.5 displays 

the responses received from the participants across all damage levels, totaling seven responses. 

The findings indicate that the responders had a clear understanding of the damage when making 

decisions regarding immediate action, as no one selected the "Not sure" option. The primary 

recommendations were focused on repair options. However, for the RH3 damage level, which 

involved settlement at the pier of bridges due to scouring, replacement recommendations were 

provided for either the entire bridge or specific components. Additionally, one or two 

respondents also confirmed the replacement options for RH1 and RH2. Overall, it appears that 

Damage 
level 

Repair decision     Repair time (days) 

RH1 Replace the component 120 
RH1 Not sure - 
RH2 Replace the bridge - 
RH2 Repair 15 
RH3 Replace the bridge - 
RH3 Replace the component 45 
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the responders possessed greater experience and expertise in dealing with scour damage 

compared to other types of damage. 

 

Table 4.5 Immediate action recommendation - Scour damage of bridges 

Damage 
level 

Repair decision (number of respondents) 
Total No action Repair Replace the 

component  
Replace the 
bridge 

Not sure 

RH1 7 - 4 2 1 - 
RH2 7 - 6 - 1 - 
RH3 7 - - 2 5 - 

 

The repair time results in this section revealed a broad range of durations, as almost all 

respondents provided repair times for each damage level, with the exception of one individual 

(refer to Table 4.6). For the RH1 damage level, responses varied around one month for both 

repair and replacement options, except for two outliers reporting repair times of 3 and 270 days, 

respectively. In the case of RH2, one respondent recommended a one-year duration for bridge 

replacement, while others indicated repair times ranging from a couple of days to one or two 

months. As anticipated, the restoration time for RH3 exhibited a wider range, spanning from one 

month to approximately two years, reflecting the time-consuming nature of replacement efforts. 

 

Table 4.6 Repair time for each damage level - Scour damage of bridges 

 

Damage level Repair decision     Repair time (days) 

RH1 Repair 30, 10, 3, 30 
RH1 Replace the component 40, 21 
RH1 Replace the bridge 270 
RH2 Repair 60, 5, 3, 4, 60, 30 
RH2 Replace the bridge 365 
RH3 Replace the component 120, 60 
RH3 Replace the bridge 365, -, 365, 800, 365 
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4.1.4 Vehicular collision damage to bridges 

The final part of the bridge damage section pertains to vehicular collision, involving three 

damage levels as outlined in Table 4.7. A total of five responses were received for this category. 

Notably, none of the responders selected the "Not sure" or "No action" options, and their answers 

were distributed between repair and replacement options. 

 For the RH1 damage level, where there was slight damage to the concrete surface of the 

column of the pier caused by a collision, all responders recommended repair. This response was 

in line with expectations given the nature of the damage. 

In the case of RH2, where failure was observed in the column of the pier, responses were 

divided between replacement of the component with one repair recommendation and 

replacement of the entire bridge (with one responder suggesting this course of action). This 

variation in responses can be attributed to the severity of the damage and different perspectives 

among the respondents. 

Lastly, all five responses for the RH3 damage level indicated the need for the 

replacement of the bridge. This unanimous recommendation is attributed to the collapse of the 

bridge deck resulting from the collision. 

Overall, the responses demonstrate a range of repair and replacement recommendations 

based on the specific damage levels caused by vehicular collision. 

 

Table 4.7 Immediate action recommendation – Vehicular collision damage of bridges 

Damage level Repair decision (number of respondents recommending) 
Total No action Repair Replace the 

component  
Replace 
the bridge 

Not sure 

RH1 5 - 5 - - - 
RH2 5 - 1 3 1 - 
RH3 5 - - - 5 - 
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Table 4.8 presents the durations associated with immediate actions for vehicular collision 

damage. In the RH1 damage level, the repair times range from 10 to 180 days. For RH2, the 

duration varies between 20 and 730 days. Notably, RH3 requires a longer duration due to the 

recommended replacement of the entire bridge, with the range spanning from 120 to 730 days. It 

is worth mentioning that one responder did not provide a specific time recommendation. 

These findings highlight the diverse repair durations that can be anticipated for different 

damage levels resulting from vehicular collisions. The varying timeframes reflect the complexity 

and extent of the required repairs, underscoring the importance of carefully considering the 

specific circumstances of each damage level. 

 

Table 4.8 Repair time for each damage level - Scour damage of bridges 

 

4.1.5 Seismic and hurricane damage to bridges 

In this part, only one responder selected the “Not sure” option, and there are no other 

responses from others. 

4.2 Traffic closure (for roadways and bridges) 

This section presents the data on traffic closures obtained from county engineers, 

covering both roadways and bridges. The concept of closure was defined and categorized into 

two types: partial closure, which includes three options (lane restriction, speed restriction, and 

load restriction), and complete closure, which offers two additional options (fully open and open 

Damage level Repair decision     Repair time (days) 
RH1 Repair 30, 20, 10, 10, 180 
RH2 Repair 20 
RH2 Replace the component 60, 30, 60 
RH2 Replace the bridge 730 
RH3 Replace the bridge -, 120, 120, 240, 730 
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with restriction). This classification enabled the responders to choose the most suitable 

recommendation for traffic closure. Consequently, the results of the survey are outlined below. 

4.2.1 Roadways – Hurricane damage 

Regarding hurricane damage to roadways, the survey received responses from four or 

five participants. As indicated in Table 4.9, it was anticipated that responders would select the 

"None" option for the RH1 and RH2 damage levels, given the presence of minor surface damage 

to the road. However, for the RH3 and RH4 damage levels, most responders recommended 

complete closure, while a few experts suggested partial closure. This trend aligns with 

expectations, as the first two damage levels involved cracks and pothole damage, while the latter 

two levels represented more severe damage, such as washouts in certain sections of the 

roadways. 

 

Table 4.9 Traffic closure for each damage level – Hurricane damage of roadways 

Damage level Number of 
respondents 

Traffic closure 
None Complete closure Partial closure 

RH1 5 4 - 1 
RH2 5 5 - - 
RH3 5 - 3 2 
RH4 4 - 3 1 

 

Regarding the recommended partial closure responses, lane restriction emerged as the 

most common option, while load restriction had the fewest selections (refer to Table 4.10). 

Notably, for the RH1 damage level, only one responder indicated a lane restriction of five days. 

This responder also noted that the specified duration depends on the severity of base damage and 

whether there was damage to any culverts beneath the road (if any). In contrast, one of the 

responders for the RH3 damage level suggested a two-month duration for both lane and speed 



51 

 

restrictions. Furthermore, the responder for the RH4 damage level recommended all types of 

restrictions and estimated a one-week timeframe for completing the restoration of the damaged 

roadway. 

 

Table 4.10 Partial closure of hurricane damage - Roadways 

Damage level Time to complete restoration (days) 
Lane restriction  Speed restriction Load restriction  

RH1 5 - - 
RH3 60 60 - 
RH3 - - - 
RH4 7 7 7 

 

The findings for the complete closure aspect of hurricane damage to roadways were 

somewhat limited, as some responders either did not provide an answer or did not mention the 

restoration time (refer to Table 4.11). Among the two available responses for the RH3 damage 

level, a restoration time of approximately one month was proposed for all types of restrictions, 

although one responder suggested a direct full opening after this time. The responder who 

suggested a one-month restoration time added that this duration is contingent upon the safe 

shoring up of the waterside. Similarly, a similar trend was observed for the RH4 damage level, 

with restoration times ranging from two to four months to recover the roadways from the 

extreme damage level. Additionally, the responder who proposed a 90-day duration noted that 

the restoration time depends on the shoring and armoring of the waterside. 
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Table 4.11 Complete closure of hurricane damage - Roadways 

Damage 
level 

Time to complete restoration (days) 
Open with 
restrictions 

Lane restriction 
lifted 

Speed 
restriction lifted  

Load restriction 
lifted  

Fully open 

RH3 - - - - - 
RH3 - - - - 30 
RH3 30 40 40 40 40 
RH4 60 60 60 60 120 
RH4 - - - - - 
RH4 - - - - 90 

 

4.2.2 Roadways – Seismic damage 

Nobody answered traffic closure questions for the seismic damage part of this survey due 

to lack of experience of responders in this type of damage. 

4.2.3 Bridges – Age deterioration damage 

Traffic closure responses for age deterioration damage of bridges garnered a significant 

number of replies, as depicted in Table 4.12. Across all four damage levels, the majority of 

selected responses fell into the categories of "None" and "Partial closure". In the case of the RH1 

level, all responses, except for one, indicated no action. For the RH2 level, there were five 

responses for none, two responses for complete closure, and two responses for partial closure. In 

the case of the RH3 level, there were three responses for none and six responses for partial 

closure. Finally, for the RH4 level, a notable number of responses indicated both complete and 

partial closure, with four and three responses, respectively. 
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Table 4.12 Traffic closure for each damage level – Age deterioration damage of bridges 

Damage level Number of 
respondents 

Traffic closure 
None Complete closure Partial closure 

RH1 10 9 - 1 
RH2 9 5 2 2 
RH3 9 3 - 6 
RH4 9 2 4 3 

 

The restoration timeline for bridges affected by age deterioration damage exhibited a 

relatively narrow range of durations, ranging from approximately 5 to 30 days, with one 

exception of 150 days, as presented in Table 4.13. In the case of the RH1 level, only one 

responder provided a response, recommending a 10-day period for the removal of lane 

restrictions. For the RH2 level, two responders indicated restoration durations of either 10 or 25 

days for all restrictions, with the exception of speed restriction, which was mentioned without a 

specified duration by a responder. One responder who suggested a 10-day restoration duration 

for all restrictions inquired about the connections in the RH2 case, specifically investigating the 

presence of any other links and estimating the level of corrosion. 

Table 4.13 illustrates that responders suggested restoration times ranging from 5 to 30 

days for various types of restrictions in the RH3 case. However, one responder specified a 150-

day duration for load restriction. Another responder who proposed a 10-day restoration duration 

for all restrictions highlighted the practicality of using UHPC encasements in this scenario. 

Furthermore, a responder recommending a 150-day load restriction noted that post-inspection 

would require a structural analysis to determine the load-carrying capacity. 

Lastly, for the RH4 level, two responders proposed restoration durations of either 10 or 

30 days for all restrictions, with the exception of speed restriction, which was mentioned without 

a specified duration by a responder. 
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Table 4.13 Partial closure of age deterioration damage - Bridges 

Damage level                     Time to complete restoration (days) 
Lane restriction  Speed restriction Load restriction  

RH1 10 - - 
RH2 25 25 25 
RH2 10 - 10 
RH3 5 5 5 
RH3 8 - 8 
RH3 10 10 10 
RH3 30 - 30 
RH3 - - 150 
RH4 10 10 10 
RH4 30 - 30 

 

In terms of complete closure recommendations, it is noteworthy that one responder for 

the RH2 level believed that a restoration period of two months would be sufficient for fully 

restoring the damaged bridge. In contrast, another responder suggested a duration of five months 

for the bridge to be fully open (as depicted in Table 4.14). The latter responder also provided a 

comment stating that the damage appeared to be fracture critical, and previous fracture-critical 

structures have failed. Therefore, they recommended full closure as the safest option until repairs 

could be made. 

For the RH4 level, experts mentioned restoration timelines of eight months or one year. 

However, it should be noted that one responder expressed the opinion that 20 days would be 

sufficient to fully open the bridge to the public in the RH4 damage level. Furthermore, a 

responder who recommended a restoration time of one year made a crucial comment regarding a 

general assumption of the survey. This person highlighted that the funding availability, 

contractor availability, and availability of materials dictate the duration of closure. It is important 

to note that these resources (financial and human resources) were assumed to be equally 

available in the survey. 
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Lastly, a responder who selected the complete closure option but did not provide a 

specific duration for any restrictions mentioned that accurately estimating the requested 

information based on the limited pictures is not possible. This responder emphasized that more 

extensive information, such as site access and the extent of damage, is needed. The responder 

noted that based on their observations, the pin and hanger appeared to have chipped paint, and 

the beam at the bearing still had packed rust. Therefore, determining at least the removal of the 

packed rust is not possible without further information. 

 

Table 4.14 Complete closure of age deterioration damage - Bridges 

Damage 
level 

Time to complete restoration (days) 
Open with 
restrictions 

Lane restriction 
lifted 

Speed restriction 
lifted  

Load restriction 
lifted  

Fully open 

RH2 - - - - 150 
RH2 60 60 60 60 60 
RH4 - - - - 20 
RH4 365 365 365 365 365 
RH4 - - - - 240 

 

4.2.4 Bridges – Fire damage 

Regarding traffic closure recommendations for fire damage on bridges, the number of 

responses received was limited. There were two responses for each of the three damage levels, as 

indicated in Table 4.15. It is worth noting that the majority of the selections leaned towards the 

complete closure option. 
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Table 4.15 Traffic closure for each damage level – Fire damage of bridges 

Damage 
level 

Number of 
respondents 

Traffic closure 
None Complete closure Partial closure 

RH1 2 1 1 - 
RH2 2 - 1 1 
RH3 2 - 2 - 

 

The only responder in partial closure with lane restriction mentioned that the bridge can 

be removed after 15 days for the RH2 damage level, as shown in Table 4.16. 

 

Table 4.16 Partial closure of fire damage - Bridges 

Damage level Time to complete restoration (days)  
Lane restriction  Speed restriction Load restriction  

RH2 15 - - 

 

When examining the complete closure recommendations for fire damage in Table 4.17, 

we observe a few specified restoration durations. One responder suggested a timeframe of one 

day to remove restrictions for the RH1 damage level. Another responder proposed a restoration 

duration of four months for the RH2 damage level. Additionally, one responder selected 45 days 

as the estimated timeframe for the RH3 damage level to be fully opened to the public for 

utilization. 
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Table 4.17 Complete closure of fire damage - Bridges 

Damage 
level 

Time to complete restoration (days) 
Open with 
restrictions 

Lane restriction 
lifted 

Speed restriction 
lifted  

Load restriction 
lifted  

Fully open 

RH1 1 - - - - 
RH2 - - - - 120 
RH3 - - - - - 
RH3 - - - - 45 

 

4.2.5 Bridges – Scour damage 

The results depicted in Table 4.18 reveal that complete closure was the most frequently 

selected option for addressing scour damage to bridges. A total of seven responders provided 

answers across all three damage levels. For the RH1 level, six responders recommended 

complete closure, while one responder chose none as their preferred option. In the case of the 

RH2 level, the responses were more evenly distributed among partial closure (two responses), 

complete closure (two responses), and none (three responses). It is noteworthy that six out of 

seven responders suggested complete closure as the preferred option. However, one responder 

suggested partial closure for the RH3 case. 

 

Table 4.18 Traffic closure for each damage level – Scour damage of bridges 

Damage level Number of 
respondents 

Traffic closure 
None Complete closure Partial closure 

RH1 7 1 6 - 
RH2 7 3 2 2 
RH3 7 - 6 1 

 

Two county engineers recommended a partial closure approach for addressing scour 

damage in the RH2 level. The suggested restoration timeframe ranged from three to five days, 
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primarily focusing on the removal of speed and load restrictions. Conversely, in the case of the 

RH3 damage level, one responder proposed a significantly longer restoration duration of one 

year. These findings are presented in Table 4.19. 

 

Table 4.19 Partial closure of scour damage - Bridges 

Damage level Time to complete restoration (days)  
Lane restriction  Speed restriction Load restriction  

RH2 - 3 3 
RH2 - 5 - 
RH3 - 365 365 

 

In the complete closure section, the restoration time for the RH1 damage level varied 

from 2 to 270 days. Two responders exclusively considered the option of fully opening the 

bridge, while the remaining respondents considered all restriction options. One responder, whose 

opinion is presented in the first row of Table 4.20, suggested that the load restriction might need 

to be in place for a longer period, taking into account factors such as concrete curing time. 

Additionally, another responder recommended a restoration time of 21 days, noting that this 

duration is subject to various factors including bureaucracy, crew availability, and material 

availability. The 270-day timeline stood out as longer compared to the other suggestions for the 

RH1 case, and the respondent mentioned the possibility of closing the bridge to all traffic. This 

responder also highlighted that the construction timeline would depend on the availability of the 

new bridge plans. 

For the RH2 damage level, a responder with a recommended restoration time of 60 days 

for full opening expressed uncertainty regarding whether the piles have bearings based on the 

provided pictures. This person emphasized that a comprehensive evaluation of the structural 
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integrity requires full bridge closure initially. Ultimately, the recommended restoration durations 

increase from RH1 to RH2, ranging from 60 to 400 days. Similarly, for the RH3 damage level, 

the recommended durations escalate further, ranging from 60 to 800 days. 

 

Table 4.20 Complete closure of scour damage - Bridges 

Damage 
level 

Time to complete restoration (days) 
Open with 
restrictions 

Lane restriction 
lifted 

Speed restriction 
lifted  

Load restriction 
lifted  

Fully open 

RH1 35 40 40 40 40 
RH1 - - - - 30 
RH1 10 10 10 10 10 
RH1 2 3 3 3 4 
RH1 21 21 21 21 21 
RH1 - - - - 270 
RH2 330 365 365 400 400 
RH2 - - - - 60 
RH3 - - - - 120 
RH3 100 100 100 100 100 
RH3 - - - - 60 
RH3 365 365 365 365 365 
RH3 - - - - 800 
RH3 365 365 365 365 365 

 

4.2.6 Bridges – Vehicular collision damage 

As anticipated, the responses from the county engineers regarding traffic closure for 

bridges affected by vehicular collision largely leaned towards complete or partial closures. Only 

two respondents opted for no closure in the case of the RH1 damage level, as indicated in Table 

4.21. 
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Table 4.21 Traffic closure for each damage level – Vehicular collision damage of bridges 

Damage 
level 

Number of 
respondents 

Traffic closure 
None Complete closure Partial closure 

RH1 5 2 1 2 
RH2 5 - 2 3 
RH3 5 - 5 - 

 

The partial closures responses in Table 4.22 show that all selected restrictions involve 

lane and load. Regarding the RH1 damage level, the recommended restoration durations were 

either 10 or 20 days. On the other hand, for the RH2 damage level, three responders suggested 

restoration timelines of 20, 30, and 60 days. 

 

Table 4.22 Partial closure of vehicular collision damage - Bridges 

Damage level Time to complete restoration (days) 
Lane restriction  Speed restriction Load restriction  

RH1 20 - - 
RH1 10 - 10 
RH2 30 - 30 
RH2 20 - 20 
RH2 60 - 60 

 

In terms of complete closure, as depicted in Table 4.23, one responder recommended a 

restoration duration of 180 days to fully restore the damaged bridge in the RH1 level. 

Furthermore, the responder noted the importance of evaluating whether the concrete 

encapsulating pile was the only damage or if the pile itself had been damaged. If the pile was 

indeed damaged, the repair process would be more extensive.  

For the RH2 level, restoration durations of 50 and 730 days were recommended for the 

removal of various restrictions. Additionally, the responder who proposed the longer duration of 
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730 days noticed that the superstructure of the bridge had also suffered damage as a result of the 

impact to the pile. 

Lastly, since the RH3 level involved the collapse of bridge spans and is categorized as 

significant damage, the restoration time ranged from 120 to 730 days. 

 

Table 4.23 Complete closure of vehicular collision damage - Bridges 

Damage 
level 

Time to complete restoration (days) 
Open with 
restrictions 

Lane restriction 
lifted 

Speed restriction 
lifted  

Load restriction 
lifted  

Fully open 

RH1 - - - - 180 
RH2 50 50 50 50 50 
RH2 - - - - 730 
RH3 - - - - 120 
RH3 120 120 120 120 120 
RH3 - - - - 120 
RH3 240 240 240 240 240 
RH3 - - - - 730 

 

4.2.7 Bridges – Seismic and hurricane damage 

In this damage category, it is noteworthy that only one responder opted for complete 

closure for the RH1 damage level. However, the responder did not provide a specific duration for 

the corresponding restrictions in their recommendation. 

4.3 Parameter changes (for roadways and bridges) 

This section of the survey aimed to gather responses from county engineers to capture the 

diverse range of bridges and roadways affected by different parameters that can influence the 

extent of damage and the time required for recovery or restoration. It is important to mention that 

this survey operated under the assumption that resources for restoration, including economic, 

material, and human resources, were available at a consistent level. No respondents provided 
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answers for the seismic and seismic/hurricane damage to roadways and bridges in this part of the 

survey. As a result, the expert comments and recommendations obtained from other parts of the 

survey are presented below. 

As depicted in Table 4.24, the majority of responses across all parameters indicated no 

change in restoration time. However, it is worth noting that some responders suggested a 

decrease in the duration, particularly for variations in road classification. Interestingly, the 

findings reveal that an increase in restoration time was observed for interstate road classification, 

with three responders reporting a time increase of more than twice the original duration. A 

similar trend was observed for arterial classification, with three responders indicating a time 

increase of approximately 1.5 times. Furthermore, the type of pavement mixture was identified 

as another factor that could impact the recovery timeline, with three responders suggesting an 

increase of about 1.5 times. Importantly, one responder mentioned that in some cases, replacing 

with Portland Cement Concrete (PCC) could expedite the restoration process, depending on the 

availability of Hot Mix Asphalt (HMA). 
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Table 4.24 Parameter changes for hurricane damage of roadways 

Parameter variation Total number of 
responses 

Decreased  Unchanged ~ 1.5 
times 
longer 

~ 2 
times 
longer 

> 2 times 
longer 

The road 
classification is 
interstate 

9 3 3 - - 3 

The road 
classification is 
arterial  

9 3 3 3 - - 

The road 
classification is 
local 

9 1 8 - - - 

Number of traffic 
lanes is doubled 

9 - 7 2 - - 

Number of traffic is 
halved 

9 2 6 - - 1 

Pavement mixture 
is concrete (No 
asphalt overlay) 

9 - 5 3 - 1 

 

According to Table 4.25, the majority of responders recommended no change in restoration 

time when considering variation in parameters related to age deterioration damage. However, a 

few respondents suggested an increase in duration by approximately 1.5 or 2 times when these 

parameters are altered. For instance, an increase in the number of traffic lanes (doubling) was 

found to have an impact of approximately twice the original duration, as confirmed by six 

responders. A similar trend was observed when the number of spans was changed. Additionally, a 

couple of responders recommended allocating extra time (around 1.5 times) in cases where span 

length, number of spans, column height, and number of traffic lanes are high. Furthermore, some 

responders provided additional comments. In the RH2 case, one responder noted that the precast 

concrete girders would likely not be fracture critical. Regarding the RH3 case, the same responder 

mentioned that insurance coverage would not necessarily be provided assuming all spans had 
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deteriorated bearings. Finally, another responder highlighted that the limited pictures in the RH4 

case make it impossible to accurately estimate the required information and emphasized the need 

for additional details. 

 

Table 4.25 Parameter changes for age deterioration damage of bridges 

Parameter variation Total number 
of responses 

Decreased  Unchanged ~ 1.5 
times 
longer 

~ 2 
times 
longer 

> 2 times 
longer 

Span length is 
doubled 

17 - 14 1 2 - 

Number of spans is 
doubled 

17 - 10 2 5 - 

Column height is 
increased by ~ 20% 

17 - 13 4 - - 

Number of traffic 
lanes is doubled 

17 - 7 4 6 - 

 

According to Table 4.26, changes in bridge parameters in the fire damage part of the 

survey indicated that the duration of recovery generally increased by approximately 1.5 or 2 

times the normal timeframe as the factors or parameters increased. However, there were still 

respondents who suggested no change in restoration time even when the factors were higher than 

before. 
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Table 4.26 Parameter changes for fire damage of bridges 

Parameter variation Total number 
of responses 

Decreased  Unchanged ~ 1.5 
times 
longer 

~ 2 
times 
longer 

> 2 times 
longer 

Span length is 
doubled 

5 - 2 2 1 - 

Number of spans is 
doubled 

5 - 2 1 2 - 

Column height is 
increased by ~ 20% 

5 - 3 1 1 - 

Number of traffic 
lanes is doubled 

5 - 2 2 1 - 

 

In contrast to other damage categories, the scour damage category showed a range of 

responses from experts regarding the effect of increased parameters on restoration time, as seen 

in Table 4.27. While most of the results indicated no change in time with increasing parameters, 

there were instances where the time either decreased or increased. It is important to note that this 

damage category included two additional parameters to account for variation in soil types and 

pier length. The responses indicated that in the case of change to a cohesive soil type, the 

recovery or restoration time could potentially decrease, as indicated by five respondents. One 

responder provided an additional comment, stating that the bridge in the RH3 case is similar to a 

major arterial due to its long length and may be prone to other failures. 
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Table 4.27 Parameter changes for scour damage of bridges 

Parameter variation Total number 
of responses 

Decreased  Unchanged ~ 1.5 
times 
longer 

~ 2 
times 
longer 

> 2 times 
longer 

Span length is 
doubled 

17 - 10 3 2 2 

Number of spans is 
doubled 

17 - 10 4 2 1 

Pier height is 
increased by ~ 20% 

17 - 7 8 2 - 

Number of traffic 
lanes is doubled 

17 - 4 5 5 3 

The soil is cohesive 17 5 12 - - - 
The pier length is 
doubled 

17 - 8 7 2 - 

 

The analysis of parameter changes in vehicular damage to bridges revealed that most of 

the increased parameters led to an increase in the recovery timeline, approximately 1.5 to 2 times 

longer. However, it is important to note that the "unchanged" option remained dominant, with 

responders suggesting that no increase or decrease in restoration time was necessary (see Table 

4.28). Furthermore, one responder provided an additional comment, stating the need to 

investigate whether any movement in the pile had impacted the superstructure in the RH1 case. 
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Table 4.28 Parameter changes for vehicular collision damage of bridges 

Parameter variation Total number 
of responses 

Decreased  Unchanged ~ 1.5 
times 
longer 

~ 2 
times 
longer 

> 2 times 
longer 

Span length is 
doubled 

13 - 10 2 1 - 

Number of spans is 
doubled 

13 - 9 1 3 - 

Pier height is 
increased by ~ 20% 

13 - 5 7 1 - 

Number of traffic 
lanes is doubled 

13 - 9 1 3  

Superstructure is 
made of precast 
concrete girders 

13 - 10 3 - - 
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Chapter 5 Conclusions 

This research study aimed to determine the restoration timeline for roadways and bridges 

affected by natural and non-natural hazards. An online survey was developed, consisting of 

various cases and scenarios presented through pictures and accompanying damage descriptions. 

The survey was distributed to approximately 1000 county engineers and professionals across the 

United States, targeting their expertise and insights. 

The findings of the study highlighted that age deterioration and scour damage were 

particularly evident and recognizable to the responders, likely due to the visible nature of the 

damage and their experience in assessing such situations. In contrast, seismic damage to both 

roadways and bridges received minimal responses, indicating a potential knowledge gap or lack 

of expertise in this area. 

Furthermore, the majority of responses regarding immediate actions focused on repair or 

replacement of components and bridges. The timeframe for these recommended actions varied, 

with repair options typically requiring a few days, while the replacement of bridges could take up 

to two years, as indicated by the collected data. 

The analysis of traffic closure data revealed that the extent of closure, whether partial or 

complete, varied based on the level of damage. Among partial closure options, load and lane 

restrictions were the most commonly selected choices, with corresponding timelines assigned. 

On the other hand, when considering complete closure options, the "fully open" alternative was 

predominantly chosen as the benchmark for the recovery process, while other closure options 

received less attention and assigned timelines. 

Furthermore, the study incorporated parameters related to the type of bridge or roadway 

and construction conditions to provide insights applicable to a broader range of infrastructures. 
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Overall, the findings indicated that there was generally no significant need to adjust the assigned 

timelines based on these increased parameters or conditions, as compared to the presented cases 

and scenarios. However, it is worth noting that a few respondents did suggest either an increase 

or decrease in the restoration timeline, although these instances were less common. 

While acknowledging the limitations of the available data, the collected information can 

still serve as a valuable resource for decision-makers in predicting the duration of restoration and 

recovery efforts within their communities. By leveraging this data, decision-makers can 

effectively plan and allocate resources to meet the resilience goals of their respective areas. 

Furthermore, the data can contribute to the development of machine learning models at the 

community level. These models have the potential to enhance preparedness by enabling the 

anticipation and prioritization of rehabilitation measures prior to the occurrence of hazards, as 

well as streamlining the construction process in the aftermath of such events. Ultimately, these 

efforts aim to bolster community resilience and enhance overall disaster management strategies. 

 

  



70 

 

Chapter 6 References  

[1] R. M. Chung and others, “January 17, 1995 Hyogoken-Nanbu (Kobe) earthquake: 
Performance of structures, lifelines, and fire protection systems (NIST SP 901),” 1996. 

[2] R. Kachadoorian, Effects of the earthquake of March 27, 1964, on the Alaska Highway 
System. US Government Printing Office Washington, DC, 1968. 

[3] M. Kazama and T. Noda, “Damage statistics (Summary of the 2011 off the Pacific Coast 
of Tohoku Earthquake damage),” Soils Found., vol. 52, no. 5, pp. 780–792, 2012. 

[4] J. Padgett et al., “Bridge damage and repair costs from Hurricane Katrina,” J. Bridg. Eng., 
vol. 13, no. 1, pp. 6–14, 2008. 

[5] J. E. Padgett and R. DesRoches, “Bridge functionality relationships for improved seismic 
risk assessment of transportation networks,” Earthq. Spectra, vol. 23, no. 1, pp. 115–130, 
2007. 

[6] P. Bocchini and D. M. Frangopol, “Restoration of bridge networks after an earthquake: 
Multicriteria intervention optimization,” Earthq. Spectra, vol. 28, no. 2, pp. 427–455, 
2012. 

[7] C. Renschler, “Developing the PEOPLES resilience measurement framework,” Proc. 9th 
U.S. Natl. 10th Can. Conf. Earthq. Eng., no. 1827, pp. 1–10, 2010. 

[8] X. Wang, R. K. Mazumder, B. Salarieh, A. M. Salman, A. Shafieezadeh, and Y. Li, 
“Machine Learning for Risk and Resilience Assessment in Structural Engineering: 
Progress and Future Trends,” J. Struct. Eng., vol. 148, no. 8, pp. 1–22, 2022. 

[9] M. Koliou, J. W. van de Lindt, T. P. McAllister, B. R. Ellingwood, M. Dillard, and H. 
Cutler, “State of the research in community resilience: progress and challenges,” Sustain. 
Resilient Infrastruct., vol. 5, no. 3, pp. 131–151, 2020. 

[10] H. Zhou, J. Wang, J. Wan, and H. Jia, “Resilience to natural hazards: A geographic 
perspective,” Nat. Hazards, vol. 53, no. 1, pp. 21–41, 2010. 

[11] M. Bruneau et al., “A Framework to Quantitatively Assess and Enhance the Seismic 
Resilience of Communities,” Earthq. Spectra, vol. 19, no. 4, pp. 733–752, 2003. 

[12] “PPD-21,” Presidential policy directive/ PPD-21, 2013. [Online]. Available: 
http://www.whitehouse.gov/the-press-office/2013/02/12/presidential-policy-directive-
criticalinfrastructure-security-and-resil. 

[13] G. M. Shepherd, “Promoting Resilient Operations for Transformative, Efficient, and Cost-
Saving Transportation (PROTECT) Formula Program Implementation Guidance,” 2022. 

[14] M. Shinozuka, Y. Murachi, X. Dong, Y. Zhou, and M. J. Orlikowski, “Effect of seismic 
retrofit of bridges on transportation networks,” Earthq. Eng. Eng. Vib., vol. 2, no. 2, pp. 



71 

 

169–179, 2003. 

[15] HAZUS, “Hazusr-MHMR5 technical manuals and user’s manuals,” Build. Sci. Technol. 
Act. Branch Chief, p. 119, 2014. 

[16] P. Bocchini, A. Decò, and D. M. Frangopol, “Probabilistic functionality recovery model 
for resilience analysis,” Bridg. maintenance, safety, Manag. Resil. Sustain., pp. 1920–
1927, 2012. 

[17] S. B. Miles and S. E. Chang, “Modeling community recovery from earthquakes,” Earthq. 
Spectra, vol. 22, no. 2, pp. 439–458, 2006. 

[18] S. B. Miles and S. E. Chang, “Resil US: A community based disaster resilience model,” 
Cartogr. Geogr. Inf. Sci., vol. 38, no. 1, pp. 36–51, 2011. 

[19] V. Arcidiacono, G. P. Cimellaro, and A. M. Reinhorn, “Software for measuring disaster 
community resilience according to the peoples methodology,” ECCOMAS Themat. Conf. - 
COMPDYN 2011 3rd Int. Conf. Comput. Methods Struct. Dyn. Earthq. Eng. An IACM 
Spec. Interes. Conf. Program., no. May, 2011. 

[20] I. Gidaris et al., “Multiple-Hazard Fragility and Restoration Models of Highway Bridges 
for Regional Risk and Resilience Assessment in the United States: State-of-the-Art 
Review,” J. Struct. Eng., vol. 143, no. 3, 2017. 

[21] C. Rojahn and R. L. Sharpe, Earthquake damage evaluation data for California. Applied 
technology council, 1985. 

[22] H. Cutler, M. Shields, D. Tavani, and S. Zahran, “Integrating engineering outputs from 
natural disaster models into a dynamic spatial computable general equilibrium model of 
Centerville,” Sustain. Resilient Infrastruct., vol. 1, no. 3–4, pp. 169–187, 2016. 

[23] R. Guidotti, H. Chmielewski, V. Unnikrishnan, P. Gardoni, T. McAllister, and J. van de 
Lindt, “Modeling the resilience of critical infrastructure: The role of network 
dependencies,” Sustain. resilient Infrastruct., vol. 1, no. 3–4, pp. 153–168, 2016. 

[24] P. Lin and N. Wang, “Building portfolio fragility functions to support scalable community 
resilience assessment,” Sustain. Resilient Infrastruct., vol. 1, no. 3–4, pp. 108–122, 2016. 

[25] V. U. Unnikrishnan and J. W. van de Lindt, “Probabilistic framework for performance 
assessment of electrical power networks to tornadoes,” Sustain. Resilient Infrastruct., vol. 
1, no. 3–4, pp. 137–152, 2016. 

[26] B. R. Ellingwood, H. Cutler, P. Gardoni, W. G. Peacock, J. W. van de Lindt, and N. 
Wang, “The centerville virtual community: A fully integrated decision model of 
interacting physical and social infrastructure systems,” Sustain. Resilient Infrastruct., vol. 
1, no. 3–4, pp. 95–107, 2016. 

[27] W. Zhang and C. Nicholson, “A multi-objective optimization model for retrofit strategies 



72 

 

to mitigate direct economic loss and population dislocation,” Sustain. Resilient 
Infrastruct., vol. 1, no. 3–4, pp. 123–136, 2016. 

[28] P. Gardoni, Risk and reliability analysis: Theory and applications. Springer, 2017. 

[29] N. Sharma, A. Tabandeh, and P. Gardoni, “Resilience analysis: A mathematical 
formulation to model resilience of engineering systems,” Sustain. Resilient Infrastruct., 
vol. 3, no. 2, pp. 49–67, 2018. 

[30] A. Filiatrault, C.-M. Uang, B. Folz, C. Chrstopoulos, and K. Gatto, “Reconnaissance 
report of the February 28, 2001 nisqually (seattle-olympia) earthquake,” SSRP, vol. 2, 
2001. 

[31] J. P. Moehle, “Northridge earthquake of January 17, 1994: reconnaissance report, volume 
1—highway bridges and traffic management,” Earthq. Spectra, vol. 11, no. 3, pp. 287–
372, 1995. 

[32] M. Stearns and J. E. Padgett, “Impact of 2008 Hurricane Ike on Bridge Infrastructure in 
the Houston/Galveston Region,” J. Perform. Constr. Facil., vol. 26, no. 4, pp. 441–452, 
2012. 

[33] C. Edwards, “Thailand lifelines after the December 2004 Great Sumatra earthquake and 
Indian Ocean tsunami,” Earthq. spectra, vol. 22, no. 3\_suppl, pp. 641–659, 2006. 

[34] B. W. Melville and S. E. Coleman, Bridge scour. Water Resources Publication, 2000. 

[35] S. Misra, J. E. Padgett, A. R. Barbosa, and B. M. Webb, “An expert opinion survey on 
post-hazard restoration of roadways and bridges: Data and key insights,” Earthq. Spectra, 
vol. 36, no. 2, pp. 983–1004, 2020. 

[36] S. Kameshwar, S. Misra, and J. E. Padgett, “Decision tree based bridge restoration models 
for extreme event performance assessment of regional road networks,” Struct. Infrastruct. 
Eng., vol. 16, no. 3, pp. 431–451, 2020. 

[37] S. A. Mitoulis, S. A. Argyroudis, M. Loli, and B. Imam, “Restoration models for 
quantifying flood resilience of bridges,” Eng. Struct., vol. 238, no. April, p. 112180, 2021. 

[38] N. Miner and A. Alipour, “Bridge Damage, Repair Costs, and Fragilities for Inland Flood 
Events,” J. Bridg. Eng., vol. 27, no. 8, 2022. 

[39] S. Misra and J. E. Padgett, “Estimating Extreme Event Resilience of Rail–Truck 
Intermodal Freight Networks: Methods, Models, and Case Study Application,” J. 
Infrastruct. Syst., vol. 28, no. 2, pp. 1–13, 2022. 

[40] P. Gardoni et al., “The interdependent networked community resilience modeling 
environment (IN-CORE),” 2018. 

[41] S. Misra, “Seismic Resilience of Rail-Truck Intermodal Freight Transportation 



73 

 

Networks,” 2020. 

[42] J. H. Williams et al., “Tsunami damage and post-event disruption assessment of road and 
electricity infrastructure: A collaborative multi-agency approach in Ōtautahi Christchurch, 
Aotearoa New Zealand,” Int. J. Disaster Risk Reduct., vol. 72, no. November 2021, p. 
102841, 2022. 

[43] C. E. Buth et al., “Analysis of large truck collisions with bridge piers: phase 1, report of 
guidelines for designing bridge piers and abutments for vehicle collisions.,” 2010. 

[44] Y. Almomani, N. Yazdani, and E. Beneberu, “In situ evaluation of CFRP strengthening 
for corrosion-deteriorated bridge bent caps,” J. Bridg. Eng., vol. 25, no. 5, p. 4020019, 
2020. 

[45] V. Banthia, T. Hengen, and B. Phillips, “Rehabilitation works for pinawa bridge over 
winnipeg river,” in Transportation 2014: Past, Present, Future-2014 Conference and 
Exhibition of Transportation of Canada//Transport 2014, 2014. 

[46] https://www.eng-tips.com/viewthread.cfm?qid=467038. 

[47] https://www.nationalparkstraveler.org/2016/03/national-park-service-uses-arlington-
memorial-bridge-highlight-maintenance-backlog-woes. 

[48] https://www.washingtonjewishweek.com/arlington-memorial-bridge-is-falling-down/. 

 


	Wittich_Resilience of Rural Communities_ReportCover.pdf
	Wittich_Resilience of Rural Communities_Final.pdf
	Acknowledgments
	Disclaimer
	Abstract
	Chapter 1 Introduction
	1.1  Research Objectives
	1.2  Research Approach
	1.3  Research Organization

	Chapter 2 Literature Review
	2.1  Definition of resilience
	2.2  Resilience quantification and framework
	2.2.1 Bruneau et al. (2003)
	2.2.2 Shinozuka et al. (2003)
	2.2.3 Miles and Chang (2006) – Miles (2011)
	2.2.4 Renschler et al. (2010)
	2.2.5 Padgett and DesRoches (2007) - Bocchini and Frangopol (2012)
	2.2.6 Ellingwood et al. (2016)
	2.2.7 Gardoni (2017)
	2.2.8 Wang et al (2022)

	2.3  Empirical/survey-based resilience studies
	2.3.1 Stearns and Padgett (2012)
	2.3.2 Misra et al. (2020)
	2.3.3 Mitoulis et al. (2021)
	2.3.4 Miner and Alipour (2022)
	2.3.5 Misra and Padgett (2022)
	2.3.6 Williams et al. (2022)

	2.4  Synthesis and knowledge gaps

	Chapter 3 Survey overview
	3.1  Survey details
	3.1.1 roadways
	3.1.2 bridges

	3.2  Damage levels descriptions

	Chapter 4 Results and analysis
	4.1  Immediate actions (for bridges)
	4.1.1 Age deterioration damage to bridges
	4.1.2 Fire damage to bridges
	4.1.3 Scour damage to bridges
	4.1.4 Vehicular collision damage to bridges
	4.1.5 Seismic and hurricane damage to bridges

	4.2  Traffic closure (for roadways and bridges)
	4.2.1 Roadways – Hurricane damage
	4.2.2 Roadways – Seismic damage
	4.2.3 Bridges – Age deterioration damage
	4.2.4 Bridges – Fire damage
	4.2.5 Bridges – Scour damage
	4.2.6 Bridges – Vehicular collision damage
	4.2.7 Bridges – Seismic and hurricane damage

	4.3  Parameter changes (for roadways and bridges)

	Chapter 5 Conclusions
	Chapter 6 References



