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CHAPTER 1. INTRODUCTION
1.1. Project Motivation

The United States transportation infrastructure is at a critical juncture, particularly its vast network
of aging bridges. More than a quarter of the nation’s bridges are in need of rehabilitation, retrofit,
or complete replacement (FHWA, 2023). Yet, with limited maintenance budgets (ASCE, 2024)
and the growing threat of extreme weather events, infrastructure managers face increasingly
difficult decisions about where and how to allocate resources.

Current bridge prioritization strategies tend to rely heavily on technical metrics such as
structural condition ratings and average daily traffic. While important, these approaches often
neglect broader human-related consequences, particularly in rural areas where a single bridge may
be the sole connection to critical services.

This project is motivated by the urgent need to shift toward a more holistic, human-centered
framework for infrastructure decision-making. The goal is to develop a risk-based decision support
system that integrates engineering performance with demographics, exposure, and mobility. By
aligning technical rigor with demographic relevance, the project aims to support more resilient,
and informed investment decisions, especially during emergencies when the loss of bridge access
can have life-threatening consequences.

1.2. Research, Objectives, and Tasks

The primary objectives of this research project are the following:

1. To conduct a needs assessment that captures the data requirements, human-centered
considerations, and practical gaps in existing bridge prioritization methods,

2. To identify and quantify exposure, and consequence metrics for bridges using data-
driven techniques,

3. To simulate the functional consequences of bridge disruptions, particularly in rural
areas,

4. To design and validate a human-centered, risk-based decision support framework that

integrates technical, demographic, and spatial data for prioritizing bridge repair,
upgrade, or replacement,

5. To develop an integrated, secure, and accessible geospatial knowledge base
encompassing data on demographics, traffic, and infrastructure,

6. To facilitate the framework for designing a comprehensive, human-centered, risk-based
online platform for evaluation, visualization, and prioritization of bridge projects,

7. To provide scalable tools and recommendations for state and local transportation

agencies to implement more resilient, and data-informed bridge management strategies.

These objectives were accomplished through the following research tasks:

e Task I — Knowledge Acquisition: This step involved gathering qualitative and quantitative
data through literature review, expert consultations, and agency documentation. This
included collecting information on bridge infrastructure, demographics, traffic patterns,
weather-related factors, and identifying key gaps in current prioritization practices and
decision-making processes.

o Task 2 — Knowledge Elucidation: This involved the processing and analyzing the acquired
data to uncover patterns of exposure, and consequence, with a particular focus on rural



communities. Compilation of the demographics, traffic, weather, and infrastructure data as
well as prior experiences of practitioners was used for human-centered and risk-informed
planning.

e Task 3 — Knowledge Representation: This task was executed through the development of
material including tables, figures, visual illustrations and guidelines using the knowledge
obtained and processed in the previous stages. The insights were converted into usable
formats to simulate bridge disruptions.

o Task 4 — Validation and Verification: The accuracy and applicability of the developed
models and outputs were ensured through sensitivity testing, and comparisons with
historical case data. Feedback guided iterative improvements to both the methodology and
resulting tools.

e Task 5 — Geospatial Knowledge Base Development: A secure, cloud-based platform to host
and organize integrated datasets for decision-making use wase developed.

e Task 6 — Decision Support System Framework: A framework was created that will guide
the development and design of an interactive online tool in the second phase of this project.

e Task 7 — Final Report: A final report was prepared meeting the RITA requirements for
UTC-funded projects. The content of the report contained a detailed summary of the results
from the preceding tasks and a recommendation for future phases of the project, if
necessary. All principal investigators and students involved in the project contributed to
producing the final report and deliverables. Additionally, the framework was made open
source, enabling continuous improvement and development by the scientific community.

1.3. Research Advisory Panel (RAP)

The project work was shared with the Research Advisory Panel (RAP) to get feedback on the
methodology and results. This panel was composed of representatives from Apalachee Regional
Planning Council, City of Tallahassee, and companies like ITERIS and HNTB.

1.4. Report Overview

This report presents a comprehensive, multidisciplinary framework for prioritizing bridge
infrastructure projects using a human-centered, risk-based approach. Focusing on Duval County,
Florida, as a case study, the project integrates structural health data, hazard exposure, mobility
modeling, demographics, and economic cost analysis into a unified prioritization system. The
objective is to move beyond traditional condition-based metrics and incorporate the broader
impacts of bridge disruptions—particularly for rural and hazard-prone communities.

The report is organized into several core sections. It begins with the project motivation and
background, followed by a detailed case study description. Methodological components include
mobility analysis under disruption, flood-based risk assessment, economic impact estimation, and
structural health evaluation. The findings from these assessments feed into the development of a
geospatial knowledge base and an interactive decision support system designed to assist agencies
in making data-informed investment decisions. The report concludes with next steps toward tool
deployment and recommendations for broader application and policy integration.



CHAPTER 2. LITERATURE REVIEW
2.1. Aging Bridge Infrastructure and the Need for Rehabilitation

Across industrialized nations, a large portion of civil infrastructure, particularly bridges, is
reaching or exceeding its intended service life. Much of this infrastructure was constructed during
periods of economic expansion (such as post-World War II in Europe or throughout the 20th
century in the United States) without a definitive plan for long-term durability or lifecycle
performance (Boller et al., 2015). While many bridges were assumed to last for up to 100 years,
changing operational loads, evolving weather conditions, and the absence of historical design
documentation have made it increasingly difficult to determine their current state of degradation
with certainty.

Aging bridges suffer from gradual deterioration mechanisms such as fatigue, corrosion,
material degradation, and environmental stressors (Frangopol & Tsompanakis, 2014; Boller et al.,
2015). These effects, when not monitored or mitigated, compromise the structural integrity and
serviceability of bridge assets. As Boller et al. (2015) argue, bridges are large, complex, and often
expensive to inspect manually. For this reason, damage in concrete structures is still frequently
assessed through basic visual inspections, which are subjective and may not accurately capture
subsurface or progressive deterioration.

To address this limitation, researchers have proposed the integration of structural health
monitoring (SHM) technologies and damage-tolerant design principles into bridge management
practices. These approaches, widely used in aerospace and mechanical systems, are increasingly
applicable to civil infrastructure to extend service life and ensure safety. The use of embedded
sensors, fatigue modeling, and nondestructive evaluation techniques is enabling engineers to
predict and prevent critical failures before they occur, even in aging structures with limited
historical data (Boller et al., 2015).

The urgency of addressing bridge aging is further reinforced by its implications for safety,
operational reliability, and economic sustainability. According to Liang et al. (2016), big data and
multiscale serviceability analyses now offer enhanced capabilities to monitor, assess, and predict
deterioration patterns in bridge infrastructure. These tools enable more informed decision-making,
particularly when paired with large datasets on material performance, traffic loading, and
environmental conditions.

Furthermore, Padgett and Tapia (2013) emphasize that aging bridges are increasingly
exposed to natural hazards for which they were not originally designed. This growing exposure,
coupled with uncertain degradation trajectories, increases the risk of catastrophic failure during
extreme events. Incorporating aging effects into sustainability and hazard resilience assessments
allows for more realistic evaluations of life-cycle costs, risks, and environmental burdens,
ultimately supporting more effective intervention planning.

As bridge networks continue to age, the need for proactive management strategies becomes
critical. Long-term resilience and safety will depend on the implementation of data-driven, risk-
informed approaches that integrate structural aging, hazard exposure, and maintenance priorities
into a unified assessment framework.

2.2. Risk and Resilience

As bridges continue to age and face increasing exposure to natural and human-induced hazards,
their role in the resilience of transportation networks has become a critical focus of infrastructure
research and policy. Risk and resilience-based assessments offer a strategic shift from reactive



maintenance to proactive planning enabling decision-makers to understand not only the probability
of failure but also the broader consequences on functionality and recovery.

Risk, in this context, is defined as the combined probability and consequence of adverse
events, such as structural failures during hurricanes, floods, or earthquakes. Resilience, on the
other hand, encompasses a system’s capacity to absorb disruptions, maintain essential functions,
and recover efficiently (Bruneau et al., 2003; Gidaris et al., 2017). Highway bridges are
particularly vulnerable to such disruptions, serving as critical links in emergency response and
post-disaster recovery. When compromised, they can sever access to hospitals, shelters, and supply
chains, especially in regions lacking redundant routes.

Gidaris et al. (2017) provided a state-of-the-art review of fragility and restoration models
for highway bridges, emphasizing the importance of probabilistic approaches in quantifying risk
under multi-hazard scenarios. These include earthquakes, riverine floods, hurricanes, and
cascading hazard events. Their review underscored the use of fragility curves, which express the
probability of a bridge reaching or exceeding a specific damage state, and restoration models that
forecast recovery trajectories. These tools are essential for regional resilience modeling and have
been integrated into platforms such as Hazus and MAEviz for scenario-based decision support.
Building on this, Akiyama et al. (2020) advocated for a life-cycle reliability and resilience-based
design framework. They highlighted that the resilience of bridge systems should not only reflect
their ability to withstand singular events, but also account for aging, cumulative deterioration, and
the compounding impacts of sequential hazards. This is especially relevant in the face of climate
change, where infrastructure is increasingly subject to unprecedented environmental stress.

GIS-based and remote sensing methods also offer new pathways for assessing flood risks
to bridge infrastructure. Loli et al. (2022) demonstrated how integrating geospatial datasets and
flood depth rasters with transportation networks enables localized assessments. This is particularly
useful in identifying “choke points” within rural communities since in these communities, a single
bridge failure can isolate entire populations.

The strategic importance of major bridges during evacuations is further illustrated by Sadri
et al. (2015), who analyzed route choice behavior in Miami Beach, Florida. Their findings reveal
that not all bridges are equal in their evacuation value, and that closure or congestion at specific
bridges can substantially alter evacuation clearance times and efficiency. This ties directly into
resilience planning: prioritizing the retrofitting or replacement of high-impact bridges enhances
adaptability during disaster scenarios.

Chen et al. (2020) further emphasized that resilience is not solely about structural strength,
but about adaptive capacity. They proposed an integrated model for evaluating physical, and
institutional resilience—arguing that infrastructure decisions should reflect not only risk reduction
but also long-term recovery capacity.

Together, these studies make a strong case for embedding risk and resilience metrics into
bridge prioritization strategies. This includes:

o Developing bridge-specific fragility models,

e Simulating hazard exposure and mobility impacts,

e Quantifying restoration timelines,

o Evaluating consequences on rural areas.
For communities with limited resources, especially rural areas, such a framework ensures that
scarce investments are directed toward structures whose failure would result in the greatest
systemic harm.



2.3. Cost of Rehabilitation/Replacement

Bridge rehabilitation and replacement projects are inherently capital-intensive, often requiring
significant investments from federal, state, and local agencies. The costs are not only tied to direct
structural repairs or reconstruction but also to wider economic, and weather-related disruptions
associated with bridge closures or failures. These high costs necessitate strategic prioritization of
bridge projects based on risk, and conditions.

For instance, Padgett et al. (2008) highlighted the substantial costs incurred from bridge
damage and repairs following Hurricane Katrina, where repair expenses were significantly
influenced by the bridge type, location, and structural characteristics. Similarly, (Sobanjo et al.,
2010) demonstrated how seismic damage scenarios can result in multimillion-dollar rehabilitation
needs, underscoring the importance of integrating hazard exposure into bridge management
strategies.

The economic burden extends beyond repair budgets. Yavuz et al. (2017) presented a
comprehensive economic impact model that quantifies user delays, environmental degradation,
and business revenue changes during bridge construction. Their case study in Potterville,
Michigan, showed that accelerated bridge construction (ABC) methods, though costlier upfront
(6-21% more than conventional methods), yielded net benefits through reduced mobility impact
time and minimized business disruptions. This reinforces the importance of not just evaluating
direct costs but also indirect economic impacts in bridge planning.

Moreover, Gandy et al. (2023) emphasized that deferred maintenance and reactive repairs
tend to exacerbate financial liabilities. As bridge conditions deteriorate, rehabilitation becomes
exponentially more expensive and complex, often demanding full-scale replacement. In rural
areas, the financial challenges are further compounded by limited funding and logistical
constraints.

Taking together, these findings support a risk-based, data-driven framework for bridge
prioritization, one that accounts for lifecycle costs, user impacts, and resilience. Proactive planning
and targeted investments in high-risk, high-impact bridge assets can mitigate future rehabilitation
costs and ensure continuity of mobility, especially in rural areas.

2.4. Rural Impacts

Bridges in rural communities serve as critical lifelines. They connect residents to healthcare,
schools, jobs, and essential services (Frangopol & Bocchini, 2018). However, these communities
often face exposure to aging infrastructure, limited funding, and policy frameworks that fail to
reflect their unique situations. As a result, they are frequently left out of conventional infrastructure
investment strategies, even as the risks and consequences of bridge deterioration are amplified in
their context.

Gandy et al. (2023) reveal that structurally deficient bridges are more commonly located
in census tracts with rural populations, even after controlling for variables like bridge age, material,
and use. These communities not only host the worst infrastructure but also often lack the political
influence or technical capacity to advocate for repairs and replacements (Nicoletti et al., 2023).
The impacts are both logistical and economic. Mulinazzi et al. (2013) found that in Kansas, detours
caused by the closure of low-volume rural bridges could exceed 10 miles, significantly increasing
travel times and fuel costs. For rural households, such additional burdens translate into a larger
proportion of problems in basic mobility, reducing access to opportunity and critical services.



Bridge closures can also sever school bus routes, delay ambulances, and interrupt agricultural
transport, further isolating rural populations.

Infrastructure reliability, therefore, plays a pivotal role in resilience. Armanios et al. (2025)
argue that long-term underinvestment in rural communities’ infrastructure directly compound over
time. As the authors note, infrastructure reliability is not merely an engineering concern, it is an
issue tied closely to upward mobility and basic quality of life. Armanios et al. (2025) and Gandy
et al. (2023) advocate for prioritization tools that incorporate demographics, mobility indices, and
broader measures of access, not just structural conditions or average daily traffic (ADT).

Without deliberate intervention and reformed prioritization strategies, structurally deficient
bridges in rural areas are likely to remain unfixed, not because of lack of need, but due to
institutional constraints. A shift toward human-centered and risk-based decision-making is
essential to ensure that infrastructure investments not only repair what is broken but also correct
problems in mobility, and resilience.

2.5. Gaps in Existing Approaches

Despite growing awareness of infrastructure risk, current bridge prioritization frameworks remain
largely limited in scope. Most state and federal agencies continue to rely on traditional metrics
such as bridge condition ratings, average daily traffic (ADT), and sufficiency scores to allocate
rehabilitation funds. While these indicators are valuable, they fail to capture the broader impacts
of bridge failure on human systems.

One critical gap is the lack of integration between structural risk and functional
consequences. Bridges are typically prioritized for repair based on their physical condition, with
little consideration for how their failure might affect emergency access, evacuation routes, or
service delivery in rural communities. As Sadri et al. (2015) highlighted, not all bridges are equal
in terms of their network criticality, some serve as primary conduits for evacuation or access to
hospitals, making their reliability disproportionately important. Another limitation lies in the
minimal incorporation of rurality into prioritization algorithms. Even as agencies adopt resilience
language, decision-making tools rarely include demographics.

Furthermore, many decision support tools remain fragmented or inaccessible. They lack
the ability to combine geospatial data, hazard exposure, fragility modeling, and other layers in an
integrated, interactive platform. As a result, decision-makers are left with incomplete information,
limiting their ability to prioritize based on holistic risk.

Addressing these gaps requires a new generation of decision support systems, ones that are
human-centered, and risk-based. These systems should integrate diverse datasets, model
accessibility and service disruptions, and visualize the cascading effects of infrastructure failure.
Such tools would enable transportation agencies to invest not just where deterioration is most
visible, but where the consequences of failure are most severe like rural areas.



CHAPTER 3. CASE STUDY DESCRIPTION

The primary study for this research is Duval County, Florida (see Figure 1). Located in the
northeastern part of the state, Duval County spans roughly 918 square miles and encompasses the
City of Jacksonville, Florida’s most populous city and the county seat (FGDL, 2022). The county
is geographically bordered by Nassau County to the north, St. Johns County to the south, Baker
and Clay counties to the west, and the Atlantic Ocean to the east. As of 2022, Duval County’s
population was estimated at approximately one million residents (U.S. Census Bureau, 2022),
distributed across a diverse landscape that includes dense urban neighborhoods, suburban
developments, coastal communities, and rural expanses.

The county’s terrain is generally low-lying, with elevations ranging from sea level to about
40 feet, rendering it particularly susceptible to various hydrologic hazards such as coastal and
riverine flooding, storm surge, and long-term sea level rise (NOAA, 2020; FEMA, 2021). Major
waterways including the St. Johns River, which bisects Jacksonville play a significant role in
shaping both daily mobility and emergency evacuation dynamics.

Duval County's land use is characterized by a mix of residential, commercial, industrial,
and institutional zones, as well as recreational and undeveloped areas (City of Jacksonville
Planning Department, 2022). Its transportation network includes vital corridors such as Interstates
95, 10, and 295, as well as a high concentration of bridges that provide essential connectivity for
routine travel and emergency response (FDOT, 2021). The combination of dense infrastructure,
weather exposure, and strategic importance in regional evacuation planning makes Duval County
an ideal testbed for applying integrated geospatial, statistical, and risk-informed methodologies.

While the analytical focus of this project is centered on Duval County, the models and
decision-support tools developed are designed to be scalable and adaptable to other risk-prone and
diverse regions across Florida and the southeastern United States.

Figure 1. Study Area: Duval County



CHAPTER 4. RISK ASSESSMENT

This section presents the results of the modeling effort to assess bridge-specific risk under flood
hazard scenarios in Duval County, Florida. The study developed an integrated framework to
quantify risk as a function of flood exposure, structural vulnerability, and societal consequence.
The objective was to evaluate the potential for bridge failure and the associated human impacts,
particularly in areas where infrastructure fragility intersects with high vulnerability. The results
support the identification of bridges that, if compromised, would pose significant risks to mobility
resilience, guiding more data-informed prioritization strategies.

4.1. Introduction

The increasing vulnerability of critical infrastructure to hazards such as flooding presents a
significant challenge for transportation systems nationwide. Among these, bridges play a pivotal
role, not only as structural connectors but as essential links for mobility, emergency response, and
resilience.

This part of the study addresses that gap by adopting a comprehensive, human-centered
risk assessment framework for bridges in Duval County, Florida. The framework integrates three
key components: hazard exposure (likelihood and severity of flooding events), infrastructure
vulnerability (structural fragility based on physical attributes and location of the bridges), and
consequence (the societal impact of failure, particularly in terms of accessibility to the bridges and
impacts on urban and rural populations). By quantifying these components and synthesizing them
into a composite risk score, the study moves beyond conventional metrics to highlight bridges
whose failure would not only be probable but also harmful to urban and rural communities.

This approach lays the foundation for a new generation of resilience-informed decision
support tools; tools that support human-centered, data-driven prioritization of bridge projects
based on both physical risk and human consequences.

4.2, Methodology

This study adopts a comprehensive, data-driven risk assessment framework to evaluate the
potential failure and impact of bridges in Duval County under flood scenarios. The methodology
integrates the three critical dimensions into a composite risk index that informs human-centered
and resilience-focused bridge prioritization.

Risk was conceptualized as a function of these three components:

Risk = f(Hazard x Vulnerability x Consequence) (D

Each component was quantified using spatially explicit data and normalized to a common
scale. A weighted aggregation approach was used to compute a composite risk score for each
bridge, enabling comparative ranking and mapping.

n
Composite Fragility Index = Z w;. S; (2)

=1

S; = normalized score for fragility component i
w; = weight assigned to component i, where Yw; = 1



n = total number of fragility components considered

Hazard exposure was assessed using flood hazard datasets, including FEMA flood zones
(see Figure 2), Water Surface Elevation (WSE) layers, and flood depth grids. Bridges or
approaches to bridges intersecting high-risk flood areas or located below WSE thresholds were
assigned higher hazard scores, reflecting a greater likelihood of experiencing damaging inundation
during storm events. Figure 3 represents a map of all bridges in the county flagged as susceptible
to overtopping during storm or flooding.
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Figure 2. FEMA Flood Map of Duval County
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Figure 3. Map of Bridges Susceptible to Flood Overtopping in Duval County

Vulnerability, or fragility, was defined as the probability that a bridge would sustain
functional damage when exposed to a flood of a given intensity. To compute fragility scores, a
composite approach was adopted that integrates structural characteristics, hydrologic exposure,
and spatial context. Structural vulnerability was assessed using attributes from the National Bridge
Inventory (NBI), including bridge age, deck condition, and scour criticality, each normalized and
weighted based on its influence on susceptibility.

Flood hazard exposure was captured through flood depth estimates assigned to each bridge,
which were derived from geospatial analysis of WSE layers and flood depth grids provided by
FEMA and related hydrologic datasets. These values were then translated into a probabilistic
damage metric using an empirical fragility function adapted from FEMA’s HAZUS methodology.
The probability of damage was calculated using a lognormal cumulative distribution function
defined as:

(3)

P(Damage) = @ <%>

where P(Damage) is the probability of functional damage, H is the flood depth at the bridge
location, u is the natural logarithm of the median depth at which 50% probability of damage occurs
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(u = In(2.5)), B is the dispersion parameter (0.4), and @ is the standard normal cumulative
distribution function.

Additionally, proximity to waterbodies was inferred from NBI textual descriptors
identifying whether the bridge crosses a river, creek, canal, or bay. All components including
structural, hydrologic, and spatial, were normalized to a [0, 1] scale and combined using a weighted
aggregation scheme to produce a composite fragility score for each bridge.

The composite index was developed by integrating multiple contributing factors
representing structural vulnerability, hazard exposure, and spatial proximity to risk. Each
component was normalized to a common scale and aggregated using a weighted linear
combination.

The final composite fragility score (Fcomp) was calculated as:

Fcomp =Wy Fage +wy - Fdeck +ws - Fscour T Wy - Fproximity + ws - Fhazus (4‘)

Table 1 ranks the top ten water way bridges with the highest fragility scores, identifying
those most susceptible to functional disruption under flood conditions.

Table 1. Top Ten Water Way Bridges with the Highest Fragility Scores

Bridge No. Age | Deck Scour Flood HAZUS Composite
Condition Criticality Depth Fragility Fragility
780055 67 7 8 6.10 0.987 0.731
720500 43 5 8 7.10 0.995 0.717
720272 74 6 5 6.70 0.993 0.705
720435 62 5 5 13.40 0.999 0.698
720059 62 4 5 4.00 0.880 0.697
720428 52 7 8 5.70 0.980 0.692
720371 49 6 8 3.90 0.867 0.684
720011 67 7 5 22.10 0.999 0.666
720032 64 7 5 8.80 0.999 0.659
720571 34 7 8 37.40 1.000 0.651

The weights were assigned based on established literature, engineering relevance, and
practical considerations, rather than derived through formal statistical calibration due to lack of
ground truth. While data-driven methods such as regression or machine learning could offer
empirically optimized weights, they require large, labeled historical bridge damage datasets, which
were not available in this study. Future work will explore the use of such techniques as more
detailed datasets become available, enabling more robust calibration and model validation.

Finally, consequence measured the impact of bridge failure on mobility and accessibility.
This included:

o Percentage increase in travel time to the nearest critical facility based on accessibility

modeling (see Chapter 5)

o Estimated population served by the bridge,
e Census-derived age impact indicators (AIl), focusing on younger (0-17) and older
populations (65+).
Each consequence variable was normalized and combined into a unified consequence score
representing the potential human and systemic disruption.
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CHAPTERS. ACCESSIBILITY IMPACT ANALYSIS

This section summarizes the findings of a study on the accessibility consequences of bridge
disruptions, focusing on travel time impacts to essential services in Duval County, Florida. Using
geospatial building data, critical service locations, and a custom network routing model, the study
simulated baseline and disrupted travel conditions to quantify accessibility loss. Disruptions were
modeled by removing bridges and nearby roadways identified as highly fragile under flood hazard
scenarios. The goal was to provide a data-driven understanding of how bridge failure affects
mobility, both for urban and rural communities, and to support risk-based decision-making in
bridge prioritization.

5.1. Introduction

Bridges are critical nodes within transportation networks, serving not only as structural connectors
but also as essential lifelines that ensure access to vital services such as law enforcement,
emergency response, healthcare, and education. In the face of natural hazards and aging
infrastructure, the failure or inaccessibility of these assets can lead to significant disruptions in
daily life, particularly for residents of rural communities.

This study presents a geospatial analysis of accessibility loss resulting from simulated
bridge disruptions in Duval County, Florida. The objective is to evaluate how travel times to
critical services change under scenarios of targeted bridge failure due to flooding risk. Using
building locations as origin points and routing through a roadway network modified by fragility-
based bridge removals, the study quantifies the extent of accessibility loss, highlights spatial
bottlenecks, and identifies high-risk areas for targeted infrastructure intervention.

This work aims to shift the lens of bridge prioritization from purely physical condition to
a more human-centered framework, one that incorporates access and disaster resilience as key
factors in decision-making.

5.2. Methodology

The accessibility analysis employed a network-based geospatial modeling framework to assess
how bridge disruptions affect travel times from residential buildings to essential services in Duval
County, Florida. The methodology involved data preparation, road network construction, scenario
modeling, and travel time computation under both baseline and disrupted conditions.

The primary datasets used in this analysis included:

e Roadway Network: Extracted from OpenStreetMap and processed using the OSMnx
Python library to represent all drivable roads in Duval County.

o Building Locations: Representing residential structures, these serve as origin points for
accessibility calculations.

o Critical Facilities: Police stations, hospitals, fire stations, public schools and grocery shops
are located and spatially verified. These served as destination points to assess emergency
response access.

o Bridge Fragility Data: A shapefile of roadway segments containing bridges, annotated with
fragility scores to indicate likelihood of failure during flood events.
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All datasets were projected to a common coordinate reference system and integrated within a
unified geospatial environment using GeoPandas and ArcGIS pro. This ensured accurate spatial
alignment and allowed for seamless graph-based travel time analysis using the NetworkX library.

5.2.1. Network Construction and Disruption Modeling

A directed graph representing the Duval County roadway network was constructed using OSM-
derived data processed with NetworkX. Edge weights were assigned based on estimated travel
times, calculated from roadway segment lengths and assumed speed limits. Each building point
was spatially linked to its nearest network node using “the nearest-neighbor join” method to ensure
accurate origin placement.

Using this network, baseline travel times from each building to the nearest services were
computed via Dijkstra’s shortest path algorithm. These values served as the reference scenario,
representing normal (undisrupted) conditions.

To simulate the effects of bridge disruptions, all bridges, approaches and nearby streets
with a fragility score exceeding 0.1 were programmatically removed from the roadway network.
This implies bridges or their approaches with the likelihood of overtopping were taken out of the
network to simulate a disruption scenario. This yielded a modified graph that reflects hazard-
induced bridge failures, such as those caused by severe flooding events. As shown in Figure 4,
several bridges and connecting roadway segments were identified as susceptible to overtopping.
These points are spatially clustered along low-lying areas of the network, indicating locations
where flood-induced disruptions are most likely to compromise connectivity.
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Figure 4. Spatial Distribution of Bridges and Roadway Segments Susceptible to
Overtopping under Flood Conditions
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Travel times were then recalculated using the same shortest-path logic. For buildings that
became disconnected from the nearest service due to network failures, a large placeholder value
was assigned to reflect total loss of access. This comparison enabled a clear quantification of travel
time impacts under disrupted versus baseline conditions.

5.2.2. Accessibility Loss Computation

Accessibility loss was quantified using the change in travel time for each building:

disrupted baseline
AT, = (& il (5)
L Tbaseline
L
TPaseline — Travel time from building i to the nearest service in the baseline network
THTPte? = Trayel time in the disrupted network scenario

Buildings that experienced significant increases in travel time (greater than 50%) or complete loss
of access were flagged for further analysis.

5.3. Results

Accessibility loss maps were generated for four categories of essential services: fire stations,
grocery stores, hospitals, and police stations (Figures 5-8). The results highlight both service-
specific and spatial impact in accessibility under flood-induced disruptions.

o Fire Stations (Figure 5): Losses were concentrated in localized clusters, particularly in the
western and central portions of the county. While most buildings retained access within
reasonable travel times, certain areas experienced significant increases due to the limited
number of fire stations compared to police facilities.

e Grocery stores (Figure 6): Accessibility losses to grocery stores were widespread and more
spatially pronounced. Several large clusters of buildings in the western part of the study
area experienced major losses, illustrating the vulnerability of daily-need services when
local networks are disrupted.

o Hospitals (Figure 7): Accessibility to hospitals showed some of the most severe losses,
affecting broad swaths of the county. Because hospitals are fewer in number and
concentrated in specific corridors, disruptions to critical bridges or roadways led to
substantial increases in travel times for surrounding neighborhoods.

o Police stations (Figure 8): Police station accessibility was comparatively more resilient,
with smaller and more scattered clusters of accessibility loss. This is partly due to the
relatively wide distribution of police facilities across the county, which provided
redundancy in access even when local routes were overtopped.

Together, these maps illustrate that healthcare and grocery access were the most disrupted, while
public safety services (police and fire) remained more resilient. The findings suggest that resilience
strategies should prioritize protecting access to hospitals and grocery stores, as their disruption has
broader and more immediate impacts on well-being.
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CHAPTER 6. AGE-FOCUSED ANALYSIS
6.1. Introduction

Bridges are not only engineering assets but also lifelines that connect people to essential services,
economic opportunities, and social networks. The consequences of bridge failure extend beyond
the physical disruption of travel: they disproportionately affect populations such as rural areas and
impose economic burdens on households and local governments. The proposed analysis therefore
will serve as a critical complement to structural health and accessibility assessments. While
engineering metrics identify which bridges are most likely to fail, age-focused indicators reveal
who is most affected. By incorporating demographics and access to services, the analysis moves
beyond system performance toward a more holistic understanding of human consequences.

In this study, the socio-economic dimension of consequence is framed around population
exposure and age-based analysis. This allows prioritization not only of structurally deficient
bridges but also those whose failure would harm communities.

6.2. Methodology

The proposed analysis was designed to integrate demographic indicators with accessibility
modeling outputs, enabling a Census block group-level quantification of consequence under bridge
disruption scenarios. The methodology proceeds in three steps:

(1) linking building-level disruption results to census geographies,
(1)  Extracting age indicators from the American Community Survey (ACS), and
(iii))  Normalizing and combining these variables into a unified index.

6.2.1. Linking Accessibility Impacts to Census Geographies

Following the accessibility modeling described in Chapter 5, building-level travel times (baseline
and disrupted) were aggregated to the Census block group level through spatial joins. Each
building was assigned to a Census geography based on location, and building-level disruption
values (percentage increase in travel time to nearest services) were summarized at the block group
level. This ensured that demographic variables from ACS could be directly aligned with disruption
measures using the common GEO_ID identifier.

6.2.2. Age-Based Vulnerability Indicators

Consistent with federal and state resilience planning guidelines, age was selected as a primary
indicator, reflecting the disproportionate risks faced by children and elderly populations during
service disruptions.

e Children (0-17 years) were extracted from the 2023 ACS table BO1001, summed across
male and female categories. This group reflects dependency as well as limited independent
mobility, increasing reliance on caregivers and emergency responders during disruptions.

e Seniors (65+ years) were similarly extracted, representing populations with heightened
sensitivity to delays in accessing healthcare, medication, and other services.

16



Both groups were normalized as a percentage of total population within each Census
geography. The combined “age vulnerability share” was computed as:

Children (0 — 17) + Seniors (65 +)
Total Population

Age Share = (6)

6.2.3. Normalization and Age Vulnerability Index Development

To enable integration with accessibility disruption metrics, the age y share, defined as the
proportion of children (0—17 years) and seniors (65+) within each census block group was
normalized to a 0—1 scale using min—max transformation. This ensured comparability with
accessibility indicators, which were likewise normalized. Figure 9 maps the spatial distribution of
this indicator, which was later normalized and integrated into the Composite Impact Index (CII).

Since this study focused solely on age-based impact, the Age Impact Index was expressed
simply as:

Age Impact Index = Normalized Age Share (7)

This single indicator provided a consistent demographic measure across all block groups without
incorporating additional variables.

Age-Based Impact
Proportion
(Children 0-17 &
Seniors 65+)

[T Low
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I High
Il very high

Figure 9. Age-based Impact Proportion by Census Block Group
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6.3. Integration with Consequence Framework

The Age Impact Index was integrated with accessibility disruption results to quantify consequence
at the human level. For each service type the consequence score was calculated as a weighted
combination of normalized percentage increase in travel time and the normalized age vulnerability
share:

Age Consequence Score = Wyccpss - Norm(% ATravel Time) + Wy - Norm(Age Impact Share)(8)

In this study, both components were assigned equal weights (W ,ccgss = 0.5, Wy = 0.5). Block
groups with both high accessibility loss (more than 50% increase in travel time to nearest services)
and high age impact were flagged as high-consequence zones. This integration ensures that
prioritization captures not just where the system is disrupted, but which populations, particularly
children and seniors, bear the greatest burden when bridges fail.

Figure 10 presents the spatial distribution of the Age Consequence Score. Higher scores, shown in
dark red, are concentrated in the western and northern parts of the county, with additional clusters
in the eastern coastal zone. These areas represent block groups where flood-induced accessibility
losses overlap with a higher proportion of elderly and young populations, compounding the
potential human consequences of disruptions. In contrast, central urban areas exhibit mostly
medium scores, while only a few block groups in the southeast register low values. This pattern
underscores how demographic sensitivity interacts with network impacts to produce distinct
consequence hotspots.

Age Consequence Score
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B very high

Figure 10. Spatial Distribution of the Age Consequence Score across Census Block Groups
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CHAPTER 7. ECONOMIC IMPACT ANALYSIS

This section presents results from the economic analysis conducted to estimate the financial
implications of bridge failure in Duval County, Florida. The analysis focuses on quantifying
replacement costs for structurally vulnerable bridges using NBI data and standardized unit costs
from FHWA and FDOT guidelines. These cost estimates were then integrated with accessibility
loss metrics and composite risk scores to highlight bridges whose failure would impose significant
fiscal and mobility burdens. The goal is to provide a planning-level, data-driven foundation for
agencies to make investment decisions that account not only for engineering and hazard risk, but
also for economic priorities.

7.1. Introduction

Bridge failures and disruptions represent not only physical breakdowns but also economic events
that impose substantial costs on transportation agencies, local governments, and the public. These
costs manifest in two main forms: direct expenditures required for repair or replacement, and
indirect costs due to travel delays, access disruptions, and broader economic consequences.

In areas with limited network redundancy, especially rural communities, the closure or
failure of a single bridge can cut access to essential services generating ripple effects throughout
the local economy. These impacts disproportionately affect younger and senior populations,
compounding issues of mobility and resilience.

To support a more informed prioritization framework, this study incorporates an economic
lens by estimating the replacement cost of structurally at-risk bridges and quantifying associated
access loss. The goal is to help transportation agencies weigh financial demands against risk and
economic consequences when allocating limited resources.

7.2. Methodology

The economic analysis methodology focuses on estimating replacement costs for individual
bridges and linking those estimates to accessibility losses and risk scores identified in earlier
sections.

7.2.1. Estimating Replacement Cost

To quantify the economic burden associated with potential bridge failure, planning-level
replacement costs were estimated for each bridge in the study area using NBI data. The process
included the following steps:

e Deck Area Identification: The deck area for each bridge was obtained directly from the
NBI dataset.

e Material Classification: Bridge materials were categorized based on the NBI’s structure
type code. Structures were broadly classified into concrete, prestressed concrete, steel, or
other types.

e Unit Cost Assignment: Standardized unit cost values (2023 USD) were derived from
FHWA and FDOT planning guidelines, with cost ranges reflecting differences in material
and construction complexity:

o Concrete or Prestressed Concrete: $200-$250/sq.ft.
o Steel: $225-$275/sq.ft.
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o Other: $150-$200/sq.ft.

e Replacement Cost Computation, for each bridge:

USD
Estimated Cost = Bridge Area (sq. ft.) X Unit Cost <W> 9
For sensitivity, both lower and upper-bound unit costs were used to generate a replacement cost
range for each bridge (see Figure 11). This provided a replacement cost range for each structure,
enabling consistent economic comparisons across the network. Table 2 presents the replacement
cost of the top ten costly bridges to replace in Duval County.

Table 2. Top 10 Most Expensive Bridges to Replace in Duval County

Bridge Material Deck Area | Unit Unit Low High
No. (sq.ft.) Cost Cost Estimate Estimate
(Low) (High)

720249 Steel 107,812 225 275 $24,257,725 | $29,648,330

720343 Steel 107,812 225 275 $24,257,725 | $29,648,330

720518 Prestressed 104,486 200 250 $20,897,156 | $26,121,445
Concrete

720076 Steel 39,791 225 275 $8,953,058 | $10,942,627

720630 Prestressed 41,756 200 250 $8,351,200 | $10,439,000
Concrete

720629 Prestressed 38,837 200 250 $7,767,326 | $9,709,158
Concrete

720684 Prestressed 28,000 200 250 $5,600,088 | $7,000,110
Concrete

720107 Steel 23,317 225 275 $5,246,287 | $6,412,128

720627 Prestressed 25,635 200 250 $5,127,078 | $6,408,848
Concrete

724445 Steel 16,558 225 275 $3,725,516 | $4,553,409

Figure 12 maps the spatial distribution of estimated replacement costs for all bridges in the
county. The majority of bridges fall within the lower cost categories (less than $1 million),
indicated by yellow and orange symbols scattered across the network. However, a smaller number
of high-cost bridges, exceeding $10 million, are concentrated along major river crossings and key
urban corridors, particularly in the central and eastern portions of the county. These bridges
represent critical financial liabilities for transportation agencies, as their replacement would
require disproportionately large investments compared to smaller, local structures.
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Figure 12. Spatial Distribution of Bridge Replacement Costs across Duval County

While this method follows the first step of the FDOT Bridge Development Report (BDR)
cost estimation framework, it does not include site-specific adjustment factors or cost
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benchmarking against historical square-foot ranges, due to data limitations. Therefore, these
estimates should be interpreted as preliminary planning-level figures, suitable for comparative
prioritization and risk analysis, but not for detailed budgeting or design-level cost justification.
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CHAPTERS8. STRUCTURAL HEALTH ASSESSMENT
8.1. Introduction

Understanding the current and projected condition of bridges is fundamental to any risk-based
prioritization framework. Structural health assessment provides a data-driven basis for evaluating
a bridge’s integrity, functional capacity, and remaining service life. It enables agencies to move
beyond reactive maintenance and toward proactive, condition-informed decision-making,
particularly vital in hazard-prone regions.

While traditional bridge condition ratings, such as those reported in the NBI, offer a
snapshot of structural performance, they may not fully capture emerging risks, degradation trends,
or multi-hazard exposures. To address these gaps, the study incorporates a layered structural health
assessment approach that combines NBI condition ratings, fragility modeling, inspection history,
and weather-related exposure factors.

By integrating these diverse indicators, the assessment identifies not just which bridges are
deteriorating, but which are most at risk of failure when exposed to flooding or other hazards. This
approach supports more nuanced, risk-responsive planning and complements accessibility and
economic analyses in determining where limited resources should be directed for repair, retrofit,
or replacement.

8.2. Methodology

The structural health assessment in this study was designed to evaluate both the current condition
and projected vulnerability of bridges under flood-induced hazards. The methodology combines
traditional inspection-based indicators with probabilistic fragility modeling to provide a multi-
dimensional understanding of bridge performance.

8.2.1. Condition Rating via NBI

Each bridge was assigned condition ratings for key components: deck, superstructure, and
substructure, based on the NBI’s 0-9 scale, where:

e 9= Excellent condition
e 03 = Critical condition or failure
o NBI ratings < 4 were flagged for immediate attention or further modeling.

These ratings were extracted from state-level inventory records and used as baseline indicators of
structural deterioration.

8.2.2. Normalization and Critical Defect Identification

To enable fair comparison across bridges of varying sizes and structural complexity, NBI
component ratings were normalized by deck area. This ensured that deterioration was expressed
relative to structural scale, preventing larger bridges with moderate wear from being overshadowed
by smaller bridges with concentrated deficiencies. The normalization was defined as:

NBI Component Score;

1
Deck Area (10)

Normalized Score; =

where i € {deck, superstructure, substructure}
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The Structural Risk Index (SRI) was then computed as a weighted aggregation of normalized
scores, adjusted for the presence of smart flag indicators:

3
SRI = ZWi - Normalized Score; + F, (11)

=1

Here, w; represents the weight applied to each component rating (equal weights were assumed in
this study), and F; is the adjustment factor reflecting the presence of “smart flag” conditions.
Following DOT guidance (Sobanjo et al., 2008; Thompson et al., 2003), these flags identify critical
vulnerabilities such as scour susceptibility, settlement, steel fatigue, or section loss.

The adjustment term was defined as:

k

~.
Juy

where I; is a binary indicator of whether a given defect type is flagged (1 if present, O if absent),
and a;is the penalty weight assigned to that defect type. For example, bridges with a scour-critical
code of < 3 were penalized more heavily due to the elevated failure likelihood under flood
conditions.

Finally, bridges were categorized into fragility classes (low, medium, high) based on their
SRI distribution. Higher SRI values indicated greater structural vulnerability, while lower values
reflected relatively sound bridges. Table 3 presents the top ten bridges ranked by the Structural
Risk Index. Bridge 720059 emerged as the highest-priority structure, with poor NBI ratings across
deck and superstructure, a scour-critical code of 3, and high fragility classification. Other high-
ranking bridges such as 724219 and 724039 also combined substructure deficiencies with scour
concerns, illustrating the framework’s ability to highlight structures at elevated risk under flood
scenarios.

Table 3. Top ten Bridge in Duval County with Structural Risk Index

Bridge | NBI | NBI NBI Deck  Area | Scour Structural
ID Deck | Superstructure | Substructure | (sq.ft.) Flag Risk Index
720059 |4 4 5 2756.04 3 56.25
724219 |6 6 4 212.28 3 51.06
724039 |7 7 4 229.36 3 47.97
720029 |4 4 7 308.16 3 47.9
720012 |7 7 4 302 3 45.65
720440 | 4 4 7 1594.93 3 40.18
720218 |7 7 4 3404.58 3 38.98
720336 |7 7 4 3404.58 3 38.98
724333 | 6 6 6 44.22 3 83.33
724330 |5 5 5 175.5 3 66.8
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CHAPTER 9. BRIDGE PRIORITIZATION
9.1. Introduction

Bridge management in hazard-prone regions requires moving beyond single-factor assessments. It
involves considering more than the traditional indicators and including demographic and economic
factors to capture the consequences of bridge failure. This chapter outlines a prioritization
methodology that integrates structural health, accessibility loss, and economic burden into a
composite framework. Community vulnerability is then included by spatial overlays to provide a
human-centered interpretation.

9.2. Methodological Framework

Structural risk was first assessed using inspection-derived indicators, with the Bridge Condition
Score (BCS) serving as the primary measure of fitness. This score, derived from NBI ratings of
deck, superstructure, and substructure, allowed for straightforward comparison across assets:
bridges with higher BCS were considered more structurally sound, while those with low scores or
flagged defects such as scour and settlement were categorized as fragile. This ensured that latent
vulnerabilities not captured by condition scores were included in the prioritization.

The accessibility impact of bridge failure was then evaluated through network-based
modeling. For each Census block group, baseline travel times to the nearest critical services
including police stations, fire stations, hospitals, and grocery stores were computed on the intact
network. Disruption was simulated by removing each bridge, yielding new travel times. The
accessibility loss (AT), defined as the difference between disrupted and baseline times, was
calculated for each block group. Bridges associated with higher average (AT) values were
identified as particularly important for maintaining community access under flood scenarios.

Finally, the economic burden was estimated using deck area and material-specific unit
costs, producing replacement cost ranges for each bridge. To integrate these fiscal considerations
with accessibility, a Cost-per-Minute Index was introduced, defined as the replacement cost
divided by the average accessibility loss.

Replacement Cost

Cost per minute index = N (13)

Bridges with high cost per minute index values represent infrastructure whose loss would
impose disproportionate financial and mobility burdens, highlighting assets that are both expensive
to replace and critical for service accessibility.

The three dimensions; structural risk, accessibility loss, and economic burden, were
normalized and combined to form a Composite Prioritization Index (CPI). This generated a ranked
list of bridges where failure would yield the most severe systemic consequences.

9.3. Role of Community Vulnerability

Community vulnerability, measured here through an age consequence score at the block group
level, was not directly embedded in the composite index. Instead, that data were used in the Results
and Discussion to spatially compare prioritized bridges against at-risk areas. This approach allows
decision-makers to identify overlaps between technically high-priority bridges and areas with
elevated vulnerability, ensuring that investment strategies remain both data-driven and economy-
focused.
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CHAPTER 10. FINAL RESULTS

The prioritization framework produced a ranked list of bridges based on structural condition,
accessibility loss, and economic burden, synthesized into the Composite Prioritization Index.
Table 4 presents the top ten bridges identified as highest priority, with CPI values ranging from
0.56 to 0.36. These bridges exhibited a combination of moderate-to-poor bridge condition scores,
measurable increases in travel time (AT) under disruption, and, in some cases, substantial
replacement costs. Notably, Bridge 720107 ranked highest, driven primarily by its low BCS,
modest but non-negligible AT, and very high replacement cost, resulting in a disproportionately
high Cost-per-Minute Index. By contrast, bridges such as 724308 and 724130 achieved high CPI
values despite lower costs, highlighting that accessibility disruption alone can elevate the
importance of otherwise less expensive assets.

Table 4. Top 10 Prioritized Bridges in Duval County Based on the Composite Prioritization
Index (CPI), Integrating Structural Condition, Accessibility Loss, and Economic Burden

Bridge ID | BCS Condition | AT (min) | Replacement Cost ($) | CPI | Priority Tier
720107 | 0.459615 | Fair 0.05 5,829,208 0.56 | High
724308 | 0.436704 | Fair 1.19 156,177 0.54 | High
724130 |  0.52297 | Fair 1.22 25,436 0.51 | High
724129 | 0.52297 | Fair 1.22 25,436 0.51 | High
724403 | 0.604309 | Fair 1.17 186,158 0.45 | High
720033 | 0.410601 | Fair 0.65 875,394 0.42 | High
724395 | 0.565626 | Fair 0.84 111,586 0.38 | High
720201 | 0.332628 | Poor 0.34 111,706 0.37 | High
724253 |  0.28021 | Poor 0.24 90,585 0.37 | High

The spatial distribution of prioritized bridges is shown in Figure 13. High-priority assets
are clustered in central and eastern portions of Duval County, where the roadway network funnels
traffic across relatively few crossing points. Several high-priority bridges are located on or
adjacent to designated evacuation routes, underscoring their importance during hazard events
(Figure 14). The coincidence of structural fragility and evacuation reliance elevates these bridges
into a category of critical concern, as their failure would impede large-scale movement during
emergencies.
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Figure 13. Spatial Distribution of Prioritized Bridges in Duval County
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Figure 14. Prioritized Bridges Relative to Designated Evacuation Routes

When overlaid on maps of age-based vulnerability (children and older adults) and age
consequence scores, the results reveal important dimensions (Figures 15 and 16). Many high and
medium priority bridges coincide with tracts exhibiting high proportions of those populations or
very high consequence scores. This alignment emphasizes that disruptions would not only delay
access but disproportionately affect those communities less able to cope with prolonged travel
times. Integrating these dimensions strengthens the case for prioritizing such bridges beyond
purely engineering or cost considerations.
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Figure 16. Prioritized Bridges Overlaid on Census Block Group Classified by the Age
Consequence Score

Taken together, findings highlight that the most critical bridges are not solely those with
the lowest condition ratings or highest replacement costs, but rather those that intersect structural
fragility, accessibility loss, evacuation functionality, and impact on populations. This finding
supports the utility of the tri-dimensional prioritization framework and demonstrates its ability to
capture cascading impacts that traditional asset management approaches may overlook.
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CHAPTER 11. CONCLUSIONS AND RECOMMENDATIONS
11.1. Discussions

This study introduced a human-centered prioritization framework that integrates structural risk,
impact on populations, accessibility loss, and economic burden to evaluate bridges under flood
disruption scenarios. Applied to Duval County, Florida, the results reveal the complex and
interdependent ways in which infrastructure fragility interacts with social exposure and financial
constraints.

Several key insights emerged:

e Structural risk is not sufficient on its own. Many bridges with moderate NBI condition
ratings still ranked highly in prioritization because they served communities with limited
redundancy or high age-based vulnerability. This demonstrates the importance of shifting
from purely engineering-centric assessments toward approaches that reflect the lived
consequences of failure.

e Accessibility losses are unevenly distributed. Service-based analyses showed that while
access to police and fire stations was relatively resilient, hospitals and grocery stores
exhibited significant limitations, with large clusters of buildings experiencing substantial
increases in travel time. These results underscore the role of resilience planning, as
populations such as younger and older adults are disproportionately affected when daily-
need services are disrupted.

e Economic costs amplify the stakes. Replacement costs varied from less than $100,000 for
small rural bridges to more than $29 million for major river crossings. When paired with
access loss and demographic data, a subset of bridges emerged as both high-cost and high-
impact assets—structures where failure would impose cascading functional and fiscal
consequences.

o Composite mapping supports decision-making. The integration of structural, demograhic,
and economic dimensions into a single Structural Risk Index—based decision framework
produced a spatially explicit prioritization tool. This tool highlights not only which bridges
are most at risk, but also where failure would generate the most severe human and
economic burdens.

At the same time, limitations must be acknowledged. Fragility parameters were drawn from
literature rather than calibrated with local damage data; replacement costs were estimated at
planning-level precision without site-specific adjustments; and accessibility modeling focused on
four services (police stations, fire stations, hospitals, and grocery stores) without including schools,
shelters, or other critical facilities. These limitations point to opportunities for refinement in future
work.

11.2. Conclusions and Recommendations

This research demonstrates that effective bridge management in flood-prone regions requires a
multi-dimensional perspective. Key conclusions include:

1. Bridges with the highest systemic consequences are not always those in the poorest
structural condition. Prioritization must account for accessibility and demographic impacts
to avoid overlooking assets whose failure would disproportionately affect rural populations
as well as those communities with younger and older people.
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2. Service-specific accessibility matters. Hospitals and grocery stores were shown to be more

vulnerable than public safety services, suggesting that resilience planning should not treat
all essential services as substitutable.

Economic costs must be considered together. High replacement cost alone does not justify
prioritization, but when combined with structural risk and community exposure, it
identifies critical “pressure points” for agencies.

Composite indices provide actionable decision-support. By integrating fragility,
accessibility, and demographic exposure into a single framework, agencies can make
resilient resource allocation decisions.

Recommendations for practice include:

Prioritizing investments not only based on bridge conditions but also on human-focused
impacts and service accessibility losses.

Developing multi-service accessibility models that capture the compounding effects of
losing access to health, safety, and daily-need facilities.

Using cost-per-unit-of-access-loss as a practical metric to weigh the true burden of
infrastructure failure.

Embedding such composite frameworks into agency workflows through interactive
decision-support dashboards.

This study provides a replicable and scalable approach for bridge prioritization in hazard-prone
regions. By moving beyond single-dimensional metrics and embedding human-centered
consequences into risk assessments, transportation agencies can better allocate limited resources
to the assets whose failure would result in the most severe structural, and economic consequences.
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CHAPTER 12. NEXT STEPS: GEOSPATIAL INTEGRATION AND DECISION
SUPPORT SYSTEM DEVELOPMENT

Building upon the analytical foundation established through accessibility modeling, risk
assessment, and structural health evaluation, the next phase of this research will focus on
developing a comprehensive geospatial knowledge base and an interactive decision support system
(DSS). These components are critical for translating technical findings into practical tools that can
inform resilient infrastructure planning.

12.1. Geospatial Knowledge Base Development

A secure, cloud-based geospatial platform will be designed to consolidate and organize the diverse
datasets generated and utilized throughout this study. These include:

o Bridge infrastructure and condition data (e.g., NBI, fragility scores, flags)
e Flood hazard layers (e.g., FEMA zones, BFE rasters)

e Accessibility and travel time outputs

o Demographic indicators

o Estimated economic costs and prioritization scores.

This geodatabase will serve as the backbone for scenario modeling, visualization, and
collaborative decision-making. It will be developed using scalable, open-source tools (e.g.
GeoServer, PostgreSQL/PostGIS) to ensure flexibility and long-term usability by agencies.

12.2. Decision Support System Design and Testing

Leveraging the geospatial knowledge base, a web-based decision support system will be developed
to integrate the full suite of risk, accessibility, and demographic metrics. This tool will:

o Allow users to visualize bridge-level data in real-time,

e Simulate hazard scenarios (e.g., flood-induced outages),

o Rank bridges based on composite prioritization scores,

 Filter by location, developed indicators, or infrastructure function,
e Provide downloadable reports to support capital planning.

The DSS will be designed with user input to ensure usability by transportation agencies, planners,
and policymakers. Initial prototypes will be tested through stakeholder engagement workshops
and iteratively refined based on feedback. The platform aims to promote data transparency, support
multi-criteria prioritization, and bridge the gap between research and practice.
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APPENDIX A: LIST OF ACRONYMS AND ABBREVIATIONS

Acronym Full Form

ABC Accelerated Bridge Construction
ABC-UTC Accelerated Bridge Construction University Transportation Center
ACS American Community Survey

ADT Average Daily Traffic

All Age Impact Indicator

ASCE American Society of Civil Engineers
BCS Bridge Condition Score

BDR Bridge Development Report

BFE Base Flood Elevation

CII Composite Impact Index

CPI Composite Prioritization Index

CRS Coordinate Reference System

DEM Digital Elevation Model

DOT Department of Transportation

DSS Decision Support System

FEMA Federal Emergency Management Agency
FDGL Florida Geographic Data Library

FDOT Florida Department of Transportation
FHWA Federal Highway Administration

FIU Florida International University

FPI Final Prioritization Index (Composite Prioritization Index)
GEO_ID Geographic Identifier (Census Bureau)
GIS Geographic Information System

HPC High Performance Computing

ISU Iowa State University

LiDAR Light Detection and Ranging
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NBI

NOAA

OSM

OSMnx

RITA

SRI

Cll

SHM

USDOT

WSE

National Bridge Inventory

National Oceanic and Atmospheric Administration
OpenStreetMap

OpenStreetMap NetworkX (Python library)
Research Advisory Panel

Research and Innovative Technology Administration
Structural Risk Index

Composite Impact Index

Structural Health Monitoring

United States Department of Transportation

Water Surface Elevation
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