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Abstract

Initial Evaluation of Digital Twin Technology and Internet-of-Things Sensors for the Interstate-

90 Homer Hadley Floating Bridge

Timothy Bernard

Chair of the Supervisory Committee:
Travis Thonstad

Civil and Environmental Engineering

The emergence of digital twin technology is set to reshape the management of civil infrastructure
by enabling real-time monitoring, predictive maintenance, and data-driven decision-making.
Advances in internet-of-things (IoT) sensors, 5G connectivity, and cloud computing allow
structural health monitoring systems to collect high-resolution data from diverse sensor types,
transmit it in real time, and aggregate it within accessible, cloud-based platforms. These
capabilities are particularly valuable for complex structures like floating bridges, which require
constant visual inspections and are highly sensitive to dynamic forces and inputs from the

environment.

This thesis details the design, deployment, and initial evaluation of a “proof-of-technology”

digital twin for the Homer M. Hadley (I 90) floating bridge in collaboration with the Washington



State Department of Transportation, the University of Washington’s Mobility Innovation Center,
and industry partners. The Homer M. Hadley bridge is the only floating bridge in the world that
supports light-rail transit, requires many more maintenance and operations decisions than a
typical bridge, and has the potential to be uniquely benefitted from the insights that digital twins

can provide.

A system of [oT sensors was installed to monitor key structural and environmental parameters,
including anchor cable tension, pontoon movement, pontoon freeboard, and temperature. Data
was transmitted over the 5G cellular network and integrated into a cloud-based digital twin
platform. Additional data, for example, lake level, lake water quality, traffic, and weather data
from outside sources were also federated into the system. The digital twin was then used to
assess bridge behavior in real-world conditions, focusing on anomaly detection capabilities,
usefulness of real-time monitoring, and the feasibility of integrating such a system into existing

maintenance programs.
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Chapter 1. Introduction

A significant number of bridges in the United States are nearing, or have reached, the end of
their intended service lives (ASCE, 2025). Many of these bridges were built during the interstate
program in the 1950s and 1960s and often support busy thoroughfares with high economic
impact and cost for replacement. State bridge asset management programs must develop cost-
effective solutions to maximize bridge performance while minimizing life-cycle costs,
recognizing the limited resources available for these critical repairs and maintenance (ASCE,
2025). Effective bridge preservation projects include a wide range of activities, from minor
repairs, painting, deck rehabilitation, to eventual replacement. In Washington State, as an
example, there are roughly 7700 bridges that are over 20 feet in length that carry vehicular
traffic, the average age of these bridges is 51 years with an expected 75 year service life, and the
Washington State Department of Transportation (WSDOT) estimates that there are 315 bridges

that are 80 years old or older (WSDOT, 2023a).

Modern infrastructure management increasingly depends on data-driven decision-making and
predictive maintenance strategies. Infrastructure owners like WSDOT recognize that utilizing
new technologies for informed asset management can extend service life, optimize maintenance
investments, and reduce life-cycle costs. Utilizing data-driven predictive maintenance, while
balancing the need for emergency repairs, represents a fundamental change in how transportation
agencies can maximize the value of their infrastructure investments while ensuring long-term

performance and reliability.

“Digital twin” technology is emerging as a possible solution that could revolutionize how

agencies monitor, maintain, and manage critical assets. Digital twins are virtual models that



mirror the behavior of physical assets (hence “twin”) using data collected from sensors,
inspections, and other sources. Digital twins are characterized by a three-part architecture: the
physical entity, the virtual model, and the data connections between them, which is ideally
bidirectional (Tao et al., 2017). By creating real-time, data-driven virtual characterizations of
physical systems, digital twins enable infrastructure owners to optimize performance through
continuous monitoring and make informed maintenance decisions based on comprehensive data

that supplements periodic visual inspections.

Infrastructure represents a compelling application domain for digital twin technology.
Infrastructure assets operate for decades under harsh and variable environmental conditions and
are subject to complex loading scenarios and gradual deterioration processes. The high costs
associated with unplanned maintenance and replacement create a strong economic case for
technologies that can extend asset life, optimize maintenance intervals, and prevent failures

through early detection.

Recent advances in internet-of-things (IoT) sensors, 5G connectivity, and cloud computing have
made comprehensive infrastructure digital twins more feasible. Low-cost, high-precision sensors
enable continuous monitoring of structural parameters previously measured only during visual
inspections. 5G networks provide the connectivity required to transmit large volumes of sensor
data in real time, while cloud computing platforms offer the resources necessary to process,

analyze, and visualize these complex datasets.

This thesis presents the design, implementation, and evaluation of a “proof-of-technology”
digital twin system for the Homer M. Hadley (I-90) floating bridge, developed through

collaboration between WSDOT, the University of Washington's Mobility Innovation Center, and



industry partners. The project represents a case study to demonstrate how digital twin technology
can be practically deployed on critical infrastructure assets to enhance operational efficiency and

improve maintenance decision-making.

This research addresses key questions about the practical implementation of infrastructure digital
twins: How can sensor systems be integrated to provide comprehensive real-time monitoring?
What insights can continuous monitoring provide that traditional approaches cannot? How can
digital twin systems integrate into existing maintenance workflows? What are the challenges

associated with deploying such systems on operational infrastructure?

Through examination of system architecture, data integration methodologies, and performance
evaluation under real-world conditions, this work demonstrates a practical framework for
implementing digital twin technology in infrastructure management. The insights generated from
this project offer guidance for infrastructure owners, technology developers, and policymakers

seeking to harness the potential of digital twins to optimize asset management.

This thesis is composed of five chapters.

e Chapter 2 presents a literature review, which briefly covers the background of digital
twin technology, specifically within the context of infrastructure applications.

e Chapter 3 introduces the [-90 Homer Hadley floating bridge, which was the subject for
this project, as well as elaborating on the motivation for its selection.

e Chapter 4 describes the proof-of-technology digital twin framework and sensor systems

that were installed on the bridge.



e Chapter 5 summarizes the research effort, offers several conclusions about the completed

work, and describes several lessons learned throughout the project.



Chapter 2. Literature Review

The implementation of digital twin technology for infrastructure monitoring represents the
convergence of multiple technological domains that enable data-driven decision making and

predictive maintenance. This literature review is comprised of three parts.

e Section 2.1 examines the fundamental components that comprise infrastructure digital
twins: the physical asset, digital representation, and bi-directional data connections
between them (Tao et al., 2017a).

e Section 2.2 highlights several case studies in which digital twin technology has been
implemented in the infrastructure space.

e Section 2.3 deals with two major challenges associated with the convergence of digital
twin technology and the infrastructure space: cybersecurity and integration with existing

systems.

2.1 Digital Twin Fundamentals

The concept of a digital twin is a relatively recent development, initial conceived in 2003 as a
tool for product lifecycle management (Grieves, 2015). The preliminary form of digital twin

technology defines three distinct parts:

e Physical asset
e Virtual representation

e Connections between them



Since this initial concept, the technologies which digital twin is based on have undergone rapid
development (Tao et al., 2019). As a result, digital twin has been expanded upon to include
several definitions and focus on different aspects (Wang et al., 2022a). Many researchers
continue to focus on the original three-part model as a simple basis for digital twin (e.g., Qi et
al., 2018; Tao et al., 2017b; Grieves, 2015). Meanwhile, others think that digital twins should
focus on simulations (e.g., Gabor et al., 2016; Maurer, 2017; Weyer et al., 2016). Figure 1 shows
a diagram of an advancement on the original theory was put forward by Tao et al. which
proposes that a complete digital twin consists of a five-part model: the physical entity (PE),
virtual entity (VE), connections (CN), digital twin data (DD), and service (Ss) (Tao et al. 2017a).
This more advanced model highlights the importance of data as the central focus of a digital
twin. Data is the core of a modern digital twin, as it drives better decision making and

optimization strategies.
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Figure 1. Five-part model of digital twin (Tao et al., 2019)

The IoT provides the sensor network foundation that enables comprehensive data collection for
infrastructure digital twins. IoT sensors offer reduced installation costs, improved spatial
coverage, and real-time data transmission capabilities on a greater scale than before. The data
they collect can be integrated into digital twin models and used to perform advanced analytics.
The proliferation of low-cost, high-precision sensors has made comprehensive infrastructure
monitoring economically feasible for diverse applications. The combination of IoT sensor
networks data collection capabilities, with digital twin’s analytics capabilities enables data driven
decision making, predictive maintenance strategies, and anomaly detection. These added
capabilities stand to enhance the reliability and efficiency of many engineered systems, including
infrastructure assets (e.g, Hu et al., 2024; Omrany et al., 2023; Pregnolato et al., 2022; Wang et

al., 2024b; Yan et al., 2023; Zaheer et al., 2023; Qiu et al., 2024; Qiu et al., 2025).

Modern IoT sensor networks incorporate multiple communication protocols including cellular
(4G/5G), WiFi, and specialized 1oT protocols. 5G networks provide advantages for infrastructure
monitoring through enhanced bandwidth, reduced latency, and improved reliability in dense
urban environments. For infrastructure digital twins, 5G capabilities enable real-time
transmission of high-frequency sensor data streams (e.g., Liu et al., 2022; Zhou et al., 2021).
However, the addition of IoT sensor networks is not without challenges. In order for real-time
and high quantity data transmission to exist, “robust communication protocols, data
standardization, and interoperability must exist across diverse systems” (Tao et al., 2019).
Additionally, the high volume of data captured using these systems requires advanced analytical

and computational capabilities to fully utilize. It is critical for a modern digital twin to carefully



address these challenges if it is to take full advantage of IoT sensors (e.g., Hossam & Youssef,
2024; Barricelli et al., 2019; Ham & Kim, 2020; Kshetri et al., 2021; Wang et al., 2022; Liu et

al., 2022; Zhou et al., 2021).

Cloud computing platforms provide the computational infrastructure necessary for processing,
analyzing, and visualizing large datasets generated by infrastructure monitoring systems. The
integration of multiple data streams through cloud platforms enables comprehensive analysis of
shared data between the multiple stakeholders in infrastructure projects (Qi et al., 2021). The
scalability and accessibility of cloud platforms make them essential components of infrastructure
digital twins. A multitude of modern cloud services offer data ingestion, analytics, visualization
tools, and scalability (e.g., Bhatta et al., 2024; Jiang et al., 2014; Pushpa & Kalyani, 2020; Qi et
al., 2018b). Cloud-based digital twin platforms can correlate sensor measurements with external
data sources including weather conditions, traffic patterns, and operational parameters to provide

contextual insights into asset behavior.

2.2 Case Studies

In recent years, the infrastructure sector has begun to recognize digital twin technology as a
powerful tool for asset management. Digital twins enable data-driven decision making,
predictive-maintenance, and anomaly detection, all of which can extend the service life and
reduce operating costs of large infrastructure assets. This section outlines various case studies

where digital twins were successfully implemented in the infrastructure sector.

The application of digital twins for railway bridges have demonstrated the value of integrating

continuous monitoring with predictive analytics. Ye et al. (2019) developed a comprehensive



digital twin for a railway bridge using dense fiber optic sensor arrays to capture high-resolution
structural response data. The implementation combined physics-based finite element modeling
with statistical analysis techniques to create a hybrid approach that leveraged both theoretical
understanding and empirical observations. This case study established important precedents for
bridge digital twin development, particularly in demonstrating how continuous sensor
monitoring could be effectively integrated with analytical models to provide insights beyond

traditional inspection methods.

The integration of Weight-in-Motion technology with Building Information Modeling represents
another significant advancement in bridge digital twin applications. Dan et al. (2022)
investigated the feasibility of developing a digital twin of a mock-up bridge by integrating WIM
data into a bridge information model. The implementation utilized Arduino-based sensor systems
to replicate Weight-in-Motion technology, with data integration facilitated through Dynamo
software to enable real-time interaction between the digital model and physical bridge
measurements. This approach created a responsive system capable of detecting overweight
vehicles and triggering preventive measures, demonstrating how digital twins can move beyond

passive monitoring to active operational control.

A practical bridge maintenance application was developed by Dang and Shim (2020) for an
existing cable-stayed bridge in Korea. The implementation focused on creating a comprehensive
maintenance management system that regularly updated the digital twin model with real-time
sensor data from the bridge structure. The system assessed inventory and information

requirements for various maintenance tasks, demonstrating how digital twin technology could be
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integrated into existing maintenance workflows without requiring complete operational

restructuring.

Recent implementations have emphasized cost-effectiveness and scalability. Armijo and
Zamora-Sanchez (2024) presented a case study of a railway bridge where low-cost wireless
MEMS accelerometers were combined with edge computing and cloud-based digital twin
technologies. The system processed vibration data collected after train crossings in the frequency
domain and applied machine learning techniques to detect anomalous spectral peaks indicative of
potential structural issues. Validated over a two-year deployment on an in-service bridge, the
study demonstrated how scalable, loT-enabled digital twin frameworks can enable real-time
anomaly detection and predictive maintenance without requiring prohibitively expensive

instrumentation.

2.3 Potential Challenges

The implementation of digital twin technology faces numerous potential challenges. Integrating
modern IoT sensor networks and cloud services with existing systems raises questions about
interoperability, proprietary formats, and closed protocols. Digital twin systems must consider
these factors in order to facilitate communication and data exchange with existing technologies
that were installed over the course of the asset’s lifetime (Zhang et al., 2023; Su et al., 2023;
Song et al., 2023). Integrating new digital twin systems with legacy systems presents an
additional barrier. Many were not designed to interface with modern systems. Integrating these
older systems often requires costly retrofitting or middleware solutions, and in some cases,
complete replacement may be necessary (Hussain et al., 2024; Jiao et al., 2024; Ramonell et al.,

2023; Xie et al., 2022). Successful integration also requires collaboration across disciplines,
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involving engineers, IT professionals, and data scientists who together can align digital twin
requirements with the operational realities of existing systems (Cheng et al., 2023). These
technical and organizational challenges underscore the need for strategic upgrades that can both
preserve existing system investments and ensure future compatibility (Wang et al., 2024;

Yonggang & Qamar, 2022).

Cybersecurity is a critical consideration in the implementation of infrastructure digital twins due
to their reliance on pervasive connectivity, sensitive data exchange, and integration with
operational technologies. As digital twins act as high-fidelity representations of physical assets,
they can expose vulnerabilities that extend beyond the digital domain into real-world
infrastructure operations (Suhail et al., 2023). A successful cyberattack on a digital twin platform
could not only compromise data integrity but also manipulate the physical system itself, resulting

in safety hazards or operational disruptions (Pirn et al., 2024).

The attack surface of digital twins is considerable, encompassing [oT devices, cloud computing
platforms, edge nodes, and data visualization interfaces. Each layer introduces distinct risks,
ranging from sensor spoofing and unauthorized data interception to denial-of-service attacks and
malicious model manipulation (Alcaraz & Lopez, 2022). The distributed nature of IoT-enabled
monitoring further compounds these challenges, as hundreds or thousands of connected devices
must be secured simultaneously, often with limited computational resources for advanced

encryption or intrusion detection.

The construction and infrastructure sectors face unique risks because digital twins often involve
multiple stakeholders, including contractors, owners, operators, and technology providers. This

distributed governance structure complicates the implementation of unified security policies and



12

increases the likelihood of misconfigurations or access control gaps (Alshammari et al., 2021).
To mitigate these risks, multi-layered security strategies are recommended, including tamper-
resistant hardware, secure communication protocols, network segmentation, and role-based
access control. Proactive measures such as continuous monitoring, penetration testing, and
anomaly detection algorithms are essential for identifying potential breaches before they impact

critical infrastructure (Alcaraz et al., 2022).

As digital twins become more tightly integrated into decision-making and operational control,
their cybersecurity must be treated as a foundational design requirement rather than a
supplementary safeguard (Alshammari et al., 2021). Ongoing research emphasizes the
importance of developing standardized security frameworks, cross-sector collaboration, and
resilient architectures capable of adapting to evolving cyber threats. Without such measures, the
promise of digital twins in enhancing infrastructure resilience could be undermined by their own

vulnerabilities.
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Chapter 3. I-90 Homer Hadley Floating Bridge

Floating bridges represent a particularly compelling case study for digital twin implementation
due to their unique operational characteristics and maintenance requirements. These structures
experience complex dynamic responses to environmental conditions and require sophisticated
monitoring approaches, in addition to more traditional inspection methods. The operational and
maintenance demands of floating bridges create substantial costs and complexities that digital
twin technology is uniquely positioned to address through continuous monitoring and predictive

insights.

In particular, the Homer M. Hadley Memorial floating bridge (I-90), referred to here as the
“Homer Hadley”, across Lake Washington presents an exceptional opportunity to demonstrate
the potential of digital twin technology for complex infrastructure systems. As the designated
route for Sound Transit's East Link Extension, it will become the world's first floating bridge to
carry light-rail transit, creating unprecedented operational and monitoring challenges. The
bridge’s critical role in regional connectivity and the substantial investments required for its
ongoing maintenance make it an ideal candidate for demonstrating how digital twin technology

can optimize asset management decisions and extend infrastructure service life.

3.1. Bridge Overview

The Homer Hadley is one of four floating bridges owned by the Washington State Department of
Transportation (WSDOT). These bridges are critical for the economic prosperity of the Puget
Sound region and represent complex pieces of infrastructure with unique maintenance

requirements and operational considerations. The idea of using concrete pontoon bridges to cross



14

Lake Washington was first proposed in 1921 by engineer Homer Hadley, for whom the bridge
was later renamed. Lake Washington is sufficiently deep and the underlying soil is sufficiently

poor that a fixed span bridge, such as a suspension bridge, was cost prohibitive.

Of the four floating bridges that WSDOT operates, the Homer Hadley bridge is of particular
interest for this project due to Sound Transit’s construction of the East Link light rail extension,
which will operate on the floating structure and is scheduled to begin service in early 2026. This
will represent the world’s first light rail line over a floating bridge and will subject the structure
to new, uncertain demands. Because of the unprecedented nature of this project, the collected
real-time data would be of significant value, allowing engineers to verify assumptions used in

their computer simulations and assess the accuracy and conservatism of those models.

Figure 2 shows the location of the Homer Hadley across Lake Washington between Seattle and
Mercer Island in Washington State. It currently carries westbound traffic from Mercer Island to
Seattle and is also the chosen route across Lake Washington for Sound Transit’s East Link
Extension project. The East Link Extension will connect the Central Link and East Link lines
which are currently in service, unifying the Sound Transit light rail system. To prepare for the
use of light rail vehicles (LRVs) over the existing bridge, ballast has been adjusted in the
pontoons and the existing structure has been strengthened with a longitudinal post-tensioning
system that spans the length of the bridge. This added prestress is intended to stiffen the floating
portion, which will reduce its deflection in response to the off-center LRV loads on the bridge,

and reduce cracking, which could cause water intrusion into the pontoons.



Lake Washington

Heomediadley

Map Data: Google

Figure 2. Bridge Location and Link Extension Line

3.2. Floating Span Structural System

The 1-90 Bridge is comprised of five separate spans; two fixed end-spans, a central floating span,
and two transition spans that act as simply supported connections between the fixed and floating
spans. The focus of this study is the central floating portion, consisting of 18 floating concrete
pontoons held in alignment by 52 anchor cables as shown schematically in Figure 3. An
additional longitudinal post-tensioning system, that prestresses the pontoons together, was added
in 2018 in preparation for light rail vehicle loading. The floating span is restrained from axial,
lateral, vertical, and torsional movement by the anchor cables, However, much like a boat at

harbor, the bridge experiences minor movements under loading and environmental conditions.
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Specialized expansion joints at the end of the fixed and floating spans, separate systems for road

and rail traffic, allow for smooth transitions in roadway and track geometry.

£
/
\
@

1
1

Figure 3. Floating span pontoon and anchor cable layout

Each of the 18 pontoons are a hollow reinforced concrete box, fastened to its adjacent pontoons
by steel post-tensioned rods at each end. These bolted connections enforce displacement
compatibility of the structure, which acts similarly to a slender beam, supported vertically by
buoyancy and held in horizontal alignment by anchor cables. Each pontoon is sectioned into
approximately 60 smaller watertight cells by reinforced concrete bulkheads that provide stiffness
as well as reduce the risk of water incursion. The central 16 pontoons were approximately 350 ft
long, 75 ft wide, and 20 ft deep. End pontoons A and R were 75 ft long, 200 ft wide, and 30 ft
deep, and oriented perpendicular to the other pontoons for stability. For the initial 1981 design,
gravel ballast was placed in each pontoon to align their top surfaces and to position their center
of gravity close to lake level, allowing the bridge to remain stable in elevated weather conditions
and under heavy loads. To accommodate the additional eccentric loading from light rail vehicles,

this ballast was adjusted, to counterbalance the additional fixed weight of the rail and crossties.
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Each of the 52 steel anchor cables entered the pontoon through a hawse tube at an angle, passing
through a waterproofing seal and over a steel saddle, before anchoring horizontally in the
pontoon at walkway level, to allow for maintenance and adjustment. The other ends of the
anchor cables were fixed in the lakebed below with a variety of anchor designs. Cables inside the
pontoon were coated in grease to reduce friction over the saddle and provide additional corrosion
resistance. In plan, cables were primarily oriented at 90 degrees from the roadway (transverse) to
hold the structure in alignment, with 12 (longitudinal) cables in the center pontoon that orient
closer to the longitudinal axis of the bridge, reducing movement in that direction. Each cable was
tensioned to a set value, designated during the original design, to minimize movement and

prevent overstressing during high-weather events.

3.3. Project Motivation

The Homer Hadley is a complex structural system that is subject to changing lake, weather, and
traffic conditions. For example, the elevation of Lake Washington fluctuates with the seasons
and is controlled by outflow through the Hiram M. Chittenden Locks, carrying freshwater from
the lake out to the Puget Sound. As the lake elevation changes, the tension in the anchor cables,
which are required to maintain the bridge’s alignment in the lake, must be adjusted. This creates
a unique maintenance consideration for the floating structure: the re-tensioning, annual
inspection, and periodic replacement of these anchor cables. In 2022, WSDOT replaced 38
anchor cables at the cost of approximately $9 million (Bellevue, 2010; WSDOT, 2023b). If
better data on anchor cable demands and performance could extend the service life of the cables

by just five years, the annualized cost of anchor replacement would be reduced by 25%. These
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structural and operational considerations present an ideal subject for a proof-of-technology

digital twin project.

Digital twin technology promises to reduce maintenance costs and extend the lifetime of
infrastructure by allowing maintenance crews to make better, faster, and more informed
decisions. By providing continuous monitoring and real-time insights into structural behavior,
digital twins enable the transition from reactive maintenance schedules to predictive maintenance
strategies based on actual asset condition rather than predetermined intervals. In the case of the
Homer Hadley, this approach can significantly extend service life by identifying optimal
maintenance timing, preventing premature anchor cable replacement, and detecting potential

issues before they develop.

Planned data collection included traffic and weather metrics, global navigation satellite system
(GNSS) position of the pontoons, anchor cable strains, and the vertical displacement of the
pontoons in the lake during train passage. The goal of this data collection and digital twin
visualization was to allow maintenance teams to make more informed decisions regarding the

short- and long-term health of the bridge.

The data that the digital twin provided will likely be more valuable given the complicated nature
of the Homer Hadley. Current monitoring systems were not currently installed to capture the
nuances of structural response and health of this complicated structure. Given the short project
lifetime, it was important to select a bridge with a complex structural system where data
collected would be useful while the project was ongoing. For these reasons and those stated

above, the Homer Hadley was chosen for a proof-of-technology digital twin project.
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Chapter 4. Homer Hadley Digital Twin

This chapter describes the proof-of-technology digital twin which was installed on the Homer

Hadley for this project.

Section 4.1 provides a short overview of the framework of the digital twin.

e Section 4.2 addresses cybersecurity considerations for protecting critical infrastructure
data.

e Sections 4.3 and 4.4 detail the physical monitoring systems which were installed on the
bridge and provides examples of representative data collected so far.

e Section 4.5 identifies additional sources of publicly available data that were federated

into the digital twin.

Certain commercial equipment, computing infrastructure, and instruments are identified in this
chapter in order to specify the digital twin system adequately. Such identification does not
necessarily imply recommendation or endorsement of any product or service, nor does it imply

that the materials or equipment identified are necessarily the best available for the purpose.

4.1. Digital Twin Framework

The 1-90 digital twin employed the simple three-part architecture for data collection, federation,
and visualization described by Tao et al. (2017). Modern cloud-based solutions enable data
aggregation from multiple sources with relative ease. Figure 4 shows the digital twin framework

that was developed and deployed as a part of this project.
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Two separate monitoring systems were deployed in combination with publicly available external

data:

e A “long-term” system that captured daily, weekly, and seasonal trends with data with

collection rates ranging from once per minute to once per hour.

e A “triggered” system that collected bursts of data at 100 Hz during weather events or

LRV passage and

Data collected onsite was transmitted to two separate cloud ecosystems using the 5G cellular
network. The cellular approach eliminates the need for dedicated fiber optic installations or
wireless point-to-point links, reducing infrastructure costs and installation complexity while
providing flexibility for sensor placement anywhere on the bridge structure. The 5G network
provided advantages over previous generations of cellular technologies, including increased

bandwidth (up to 1 Gbps theoretical), reduced latency (sub-20ms), and improved reliability in
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dense urban environments like the I-90 corridor. For this project, 5G capabilities enabled real-
time transmission of triggered data streams. The data collected from the triggered system was
collected at 100 Hz and transmitted every 30 seconds, generating substantial data volumes that

benefited from 5G's enhanced throughput.

The long-term system, which had “plug and play” functionality, sent data directly to the iTwin
IoT platform (Bentley Systems), which acted as both backend storage and visualization platform
for the digital twin. Device configuration used the built-in GUI, with automatic communication
via REST HTTP API. iTwin loT served as the primary data visualization and analysis platform
for the digital twin, providing time-series plotting, data export capabilities, and alarm/notification
systems capabilities for threshold-based monitoring. The platform's strength lied in its ability to
handle multiple data types from different sources within a unified interface. Each individual
users could create custom dashboards combining GNSS coordinates, strain measurements,
weather data, and pressure readings, and public data on synchronized time axes. Built-in data
retention policies and backup systems ensured long-term data availability for trend analysis and
historical comparison. Integration with Bentley's broader infrastructure software ecosystem
provided potential for future expansion into 3D visualization and digital twin modeling

capabilities.

The triggered system sent data to a separate cloud computing platform (Microsoft Azure) where
it was parsed, stored for later analysis, and sent to iTwin IoT for collective storage. External data
from public sources was also collected using this separate cloud computing platform, which
offered more functionality for external API calls. The use of a separate cloud platform was

needed in this case to parse the triggered system and external data streams, which had varying
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and sometimes complex output, to a format suitable for federation into the iTwin [oT
visualization. Azure loT Hub provided enterprise-grade device management and bidirectional
communication capabilities, though only unidirectional data flow was utilized for this project.
The platform handled device authentication, message routing, and provided monitoring
dashboards for connection status and message throughput. [oT Hub's ability to scale to millions
of devices and messages made it suitable for future expansion to additional bridge monitoring
locations. Triggered monitoring system data was sent to Azure IoT hub using Azure's REST
HTTPS API. The datalogger sent TOAS formatted, base 64 encoded sensor data every 30

seconds to minimize file size and transmission requirements.

Figure 5 shows the Azure system architecture that ingested data and sent it to iTwin IoT. An
Azure Stream Analytics job converts incoming data from TOAS to JSON format using a custom
JavaScript function. Formatted JSON files were then sent to a blob storage container for long
term storage as well as transmission to iTwin IoT. Stream Analytics provided the ability for real-
time data processing capabilities including filtering, aggregation, and anomaly detection. The
service's ability to process streaming data in near real-time positioned the system for future
implementation of automated alerting based on sensor thresholds or pattern recognition. An
Azure Logic App then uses iTwin IoT API to send converted data to iTwin, where all system

data was stored collectively.
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Figure 5. Azure system architecture

4.2. Cybersecurity

The Homer Hadley represents critical infrastructure vital to the greater Seattle area economy and
transportation network. Great care was taken to ensure the physical and digital security of digital
twin elements. Three different layers of cybersecurity were implemented, as recommended by

Parn et al. (2024);

e physical,
e organizational, and

o digital.

Physical security included restricted access areas and sensor placement away from public
walkways. Pontoon access required boat transportation or crossing light rail right-of-way and
protective fencing, with locking doors and key-access hatches, provided additional protection.
Bridge maintenance personnel provided an additional layer of security due to their near constant

presence and visual monitoring of bridge access.
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Organizational security consisted of both a cultural and access management aspect. While not a
“hard” security method, previous work has emphasized the importance of cultivating a culture of
cybersecurity (Borjigin et al., 2024). In order to promote this culture, the project team has
stressed the importance of cybersecurity when interfacing with project stakeholders and
interested parties. Access management was provided by authorization portals within digital twin
cloud applications. Authorization portals allow organizations, in this case WSDOT, to manage
exactly what information each individual user has access to. This provides a greater degree of

granularity in the control of potential sensitive data.

Digital security utilizes platform-specific APIs with encryption and time-sensitive authorization
tokens. The datalogger uses SAS tokens (symmetric keys) valid for hours, chosen for
programming language compatibility and project scale appropriateness. Azure-1Twin
connections use Bentley's OAuth system with tokens expiring within an hour, providing

enhanced security through more modern authentication methods.

4.3. Long-term Monitoring System

The long-term monitoring system captured trends associated with daily and/or weekly cycles,
cable tension adjustments, and seasonal change. The intent of the long-term system was to
identify and observe systematic patterns that impact the floating structure, allowing WSDOT
bridge maintenance teams to utilize predictive maintenance strategies based on actual bridge
conditions. It was comprised of three separate IoT gateway devices with several sensor

configurations that collected minutely, hourly, and daily data.
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The IoT gateways used in this project (Worldsensing Thread X3), shown in Figure 6, provided

power, sensor connectivity, and communications gateway functionality within a single

weatherproof enclosure. Features that were considered in the selection of the particular [oT

gateway used included:

Power - on the floating bridge, power was supplied to the [oT gateway via standard
120V/20A outlets, which were available inside the pontoons throughout the bridge for
hydraulic prestressing pumps and lights. An internal battery in the IoT gateway allowed
for limited interruption in power. Optionally, solar panels could have been installed to
maintain uninterrupted power.

Networking - although the IoT gateways had built-in 4G cellular communication, the
wireless carrier and network settings had to be configured by the manufacturer at the
point of sale. For additional flexibility, and to take advantage of higher throughput
offered by a 5G connection, the [oT gateways were connected to external modems (Sierra
Wireless XR60), shown in Figure 7. These cellular modems had additional features such
as built-in GNSS and edge computing capabilities that were not used in this project. The
IoT gateways also supported mesh wireless networking which was not used in this
project but provided potential cost saving capabilities for a larger deployment.
Compatibility - built-in plug-and-play sensor integration to the iTwin IoT platform
(Bentley Systems) greatly simplified sensor integration and deployment. Preloaded
settings for compatible instruments streamlined communications setup.

Ruggedness — The [oT gateways, connectors, and power adapters were all outdoor rated
(IP66) and were installed on the exterior of the bridge without additional protection. The

modems were contained within an NEMA-4X enclosure, since the devices were only
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IP64 rated, cable glands and cabling needed to meet the same ratings to prevent water and

dust ingress.

Figure 6. Thread X3 IoT Gateway
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Figure 7. XR60 modem inside enclosure

Figure 8 shows schematically the locations of the three IoT gateways that were installed on site.
Two gateway devices were located on the bridge, one at midspan (Pontoon J), shown in Figure
10, and one at the eastern end (Pontoon R), shown in Figure 9. Both gateways were connected to
GNSS receivers to track geospatial movement of the pontoons. The gateway at the midspan of
the bridge was equipped with a weather station, while the gateway on the eastern end included a
vibrating wire interface to monitor anchor cable strains. The third gateway was located off the
floating bridge, elevated by a light pole adjacent to the permanent WSDOT maintenance office at

the east end of the bridge, shown in Figure 11. It was equipped with a GNSS receiver configured



as a base station to provide differential corrections to the bridge-mounted units. All three long-

term setups were equipped with a wireless modem connected to the 5G cellular network.
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Figure 8. Thread Locations on Bridge

Figure 9. Long-term monitoring setup on eastern end pontoon (Pontoon R)
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Figure 11. Long-term monitoring base station
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Figure 12 shows the weather station (Vaisala WXT536) that was installed at the midspan of the

bridge. The weather station provided localized weather data for contextualizing strain gauge and
GNSS readings and captured atmospheric pressure, temperature, humidity, rainfall, wind speed,

and wind direction every 15 minutes. This localized weather data proved essential for separating
environmental effects from structural behavior, enabling more accurate assessment of bridge

response to loading conditions.

Figure 12. Weather station installed at the midspan of the bridge

Figure 13 and Figure 14 shows collected temperature (°F) and windspeed (mph) data plotted
against publicly available weather data from a King County owned lake buoy near the bridge.
Figure 13 shows that the temperature variation wis minimal between the two. One concern with

installing the weather station at grade was interference from road and train traffic and turbulence
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caused by the bridge. Figure 14 shows a clear difference in windspeed between the weather
station (yellow line) and lake buoy (purple line) which can be attributed to a combination of this
effect and the differing topography surrounding the two. Weather data follows expected patterns

but provides bridge-specific conditions that differ from regional weather stations.
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Figure 13. Weather station temperature data
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Figure 14. Weather station wind speed data

Long-term geospatial movement of the pontoons was captured using GNSS receivers (Topcon
AGM-1). Three receivers were installed: one at the center of the bridge (Pontoon J), one at the
east end of the bridge (Pontoon R), and one at the maintenance facility as a base station, which
provided differential correction data to improve the accuracy of the measurements. Features that

were considered in the selection of the particular GNSS devices used included:

e Accuracy — with advertised accuracy of 0.12 in (3 mm) horizontally and 0.28 in (7 mm)
vertically, the GNSS devices (with a base station) provided the necessary accuracy. For
the design of the East link light rail project, the anticipated horizontal movement of the
end pontoons relative to the fixed span during wind and weather events was assumed to
be on the order of 1-2 inches.

e Collection frequency — by averaging collected data over an hour, higher accuracy was

achieved at the cost of a longer time between data point collection for calibration of
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differential correction data. This was ideal for tracking the movements of the floating
bridge pontoons on a long-term scale but would not be suitable for capturing dynamic
bridge movements. If GNSS devices were used to capture dynamic movements, real-time
kinematic (RTK) units would be required in order to reduce the time between
measurements.

Compatibility — plug-and-play compatibility, on list of supported devices for the [oT
gateway. This allowed for automatic integration without additional setup. The built-in
software handled differential corrections and data averaging automatically, which
otherwise would have required a significant effort to implement.

Ruggedness — the chosen GNSS devices were IP69K rated, allowing them to be installed

without an additional enclosure.

Figure 15. AGM-1 GNSS Receiver Installed at East End of Bridge (Pontoon R)
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Figure 16 shows the change in the pontoon positions in the longitudinal direction of the bridge
(A easting) over a period of one week, with the air temperature at the midpoint of the bridge also
shown for reference. It is worth noting is that longitudinal movement is being equated to easting
here, while the bridge itself was oriented a few degrees from the east-west direction. The change
in longitudinal position of the midspan of the bridge (Pontoon J) during this period was small,
less than 0.5 inches (yellow line). In contrast, the longitudinal (easting) position of the end of the
bridge (Pontoon R) showed consistent movement of an inch or more and this movement largely
correlated with the fluctuation in air temperature. This movement was attributed to thermal
expansion and contraction of the bridge, with the structure expanding during daytime heating and
contracting at night. Because the midspan of the bridge is restrained by longitudinal anchor
cables, it remained stationary, while the end of the bridge moved longitudinally in response to
thermal strains. Assuming a coefficient of thermal expansion of 5.5x10 (in/in)/°F and a 10°F
fluctuation in temperature, the simple thermal expansion calculation in Equation 1 shows that the

magnitude of the expected thermal movement to be.

aLAT _ 5.5X1075Xx5811ftx12in/ftx10°F
2 2

ALy = =19in (1)

Where «a is the coefficient of thermal expansion of concrete, L is the length of the floating span,
AT is change in temperature, and the result is divided by two to account for the longitudinal
restraint at the center of the bridge. Taking an example day near the middle of the plot, a change
of around 10 °F in ambient temperature is observed in congruence with a movement of
approximately 1.3 inches. Comparing this to the expected movement of 1.9 inches, we can see

that the structure is expanding and contracting as expected. The lower actual expansion can be
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attributed to other factors, such as the structure not reaching ambient temperature, and additional

resistance provided by the transition spans.
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Figure 16. Axial movement vs. ambient temperature

Figure 17 shows the change in the pontoon positions in the transverse direction of the bridge (A
northing) over a period of five days. It is worth noting is that transverse movement is being
equated to northing here, while the bridge itself was oriented a few degrees from the east-west
direction. Transverse data shows both pontoons shifting northward each night and returning
during the day, indicating temperature-driven lateral movement patterns previously unobserved.
These small movements may be partially attributable to the alignment of the bridge in the
geospatial reference frame, however the consistency of the measurements between the pontoons
may indicate another source. Also shown in the figure is the lateral shift that was observed in
both pontoons coinciding with the adjustment of the anchor cable tensions. The cables on the

east end of the bridge (Pontoon R) were adjusted on August 4th (purple line), and the cables at
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the midspan of the bridge (Pontoon J) were adjusted the following day (yellow line). A shift in

the range of 1.5 inches can be seen in both pontoons, in opposite directions. This information

could be useful for determining the alignment of the bridge in the lake and if any corrective

actions need to be taken. Over the length of the bridge, the measured differential movement

would represent a bending deflection of /12,000 and is therefore likely acceptably small.
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Figure 17. Transverse movement during cable adjustment

Figure 18 shows the change in the pontoon elevation (A elevation) over a period of one month,

with lake level data from the US Army Corps of Engineers overlaid for comparison. Elevation

data clearly shows a seasonal drop in the level of Lake Washington between July 1% and

August 1%, Both pontoons showed a steady drop of nearly ten inches in elevation corresponding

to lake level data, validating both the data accuracy and the system's ability to track long-term

structural movements with high precision.
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Figure 18. Vertical movement vs. lake elevation

Additional trends can be seen in the elevation of pontoon R, which appears to see both daily
fluctuations and a significant bump on the 18 of July which remains. Potential reasons for the
daily fluctuations include unequal vertical temperature distribution and eccentric longitudinal
restraint from post-tensioning in the floating span cross-section, causing negative internal
curvatures which forces the ends downwards during the warmest point in the day. Another
consideration is the thermal expansion of the transition spans which connect the floating and
fixed portions of the bridge, which could push down on the end pontoons and cause a similar
bending effect. Figure 19 below shows that peak ambient temperature coincides with the

minimum elevation of pontoon R.
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Figure 20 shows the position of the anchor cable vibrating wire strain gages (Geokon 4000 series
instruments) at the east end of the bridge (Pontoon R) that were used to measure the force in each
of the anchor cables. The vibrating wire strain gages were installed on three of the four anchor
cables inside the pontoon. Features that were considered in the selection of the vibrating wire

strain gage devices used included:

e Drift — because the instruments were intended to be left in place for long periods of time,
instrument drift was an important consideration in instrument selection. Vibrating wire
strain gauges monitor strain through harmonic frequency change of a wire of known
length, making them inherently more stable than electrical resistance or voltage over long
measurement periods.

¢ Electrical isolation — the anchor cables were actively protected from corrosion using

impressed current cathodic protection. During the project development phases, there were



39

concerns from project engineers that the installation of strain gages could impact the
effectiveness of the cathodic protection system or the DC potential from the cathodic
protection system could impact the instrument readings. Because the electrical
components of the vibrating wire gages were isolated from the body of the instrument,
there was no electrical path added to the system. Also, because the vibrating wire gages
measured resonant frequency, rather than electrical resistance, the DC potential of the
anchor cables did not impact the measurement.

Installation - Since the anchor cables were already in service, the use of through-hole
load cells or load sensing devices was not possible, opting instead for an instrument that
could be externally affixed onto the cables. Welded or epoxied connections were avoided
to prevent damage to anchor cables. Instead strain gauges were epoxied to clamps that
were installed on the anchor cables, as a less intrusive and cost-effective solution. Other
installation challenges arose due to the grease coating on the cables as well as the
presence of the steel saddles that adjusted the trajectory of the anchor cables in the
pontoon.

Cable length — sensors installed required cable runs in excess of 200ft which can be
difficult for electrical resistance gages. Long cable runs can introduce significant noise
and voltage drop in resistance-based measurement systems, compromising data accuracy.
The use of vibrating wire gauges overcame this limitation by transmitting frequency
information, ensuring reliable measurements despite the substantial cable lengths

required for installation within the pontoons.
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Figure 20. Pontoon R Sensor Layout

Figure 21 shows the final clamping method devised to minimize slipping. It utilized a cast steel
galvanized clamp body for a greater clamping force. Belleville washers allowed pre-tensioning
of the clamps to accommodate changes in cable diameter due to changes in tension in the cables.
A small steel screw provided a mechanical connection between the vibrating wire housing and
the clamps, while epoxy prevented rotation and loosening of the threaded connection over time.
Isopropyl alcohol and a cotton cloth was used to remove the grease coating prior to clamp
installation. A total of five strain gauges were installed on pontoon R in this way. Three on the
southwest cable in the same locations as the test installations, one before the saddle on the
northwestern cable, and one after the saddle on the southeastern cable. A variety of locations,
both before and after the saddle, were investigated to study the effect of the saddles on the

instrument readings.
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Figure 21. Vibrating wire strain gauge attachment method

Cables entered the pontoons at angles, transitioning to horizontal after passing over steel saddles,
as shown in Figure 22. The friction across the steel saddles was assumed to filter some of the
dynamic response of the cables to sudden loads. Therefore, strain gauges would ideally have
been installed before the saddles, however that would have also put the instruments in a
precarious position, requiring periodic relocation due to anchor cable adjustments to
accommodate seasonal lake level changes. To assess the impact of the saddles on the measured
strains, three test installations were deployed on the same cable at the start of the project to
determine the magnitude of this effect, as well as the influence of the grease coating on the

anchor cables. These instruments were installed onto the cables using worm gear hose clamps,
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since no storms or train passage was anticipated during the installation period. Installation 1 was
located before the saddle structure, without the grease removed from the anchor cable;
Installation 2 was located after the saddle, without grease removed from the anchor cable; and
installation 3 was located after the saddle structure, but with grease removed with a cotton cloth

and alcohol wipes.

Saddle

" Sava ::':J.:’, e A
Bt Installation #1 1 Test Installation #2

Figure 22. Vibrating wire test installations

Figure 23 shows the change in microstrain (in/in x10) recorded by the three instruments over
time for the month of June. Instrument readings were taken every minute. Installation 1 (purple
line) and Installation 2 (yellow line), those installed without first removing the grease, slowly
slipped out of agreement with Installation 3 (green line). During the month of June, the bridge
slowly lowered as the lake elevation dropped; the observed negative change in strain was

therefore expected. The dynamic dampening effect of friction from the saddle can also be seen in
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the figure, as greater short-term fluctuations were seen in Installation 1, in comparison to
Installation 2. Assuming a nominal cross-sectional area of the tendon of 3 in? and an elastic
modulus of 28,500 ksi, the change in tension measured in the anchor cables was roughly
estimated to be 9 tons, which was within expectations of the bridge maintenance crew within this
time period. Calibration of the instruments in-place, on the anchor cable, against the pressure

gauge on the hydraulic prestressing system would improve the accuracy of these estimates.
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Figure 23. Anchor cable strain with slip

Figure 24 shows the change in micro strain at Installation 3 over time, plotted alongside the
change in elevation of the east end of the bridge as measured by the GNSS device on Pontoon R.
The strain gage data from installation 3 (purple) was compared to pontoon elevation (yellow) to
confirm its accuracy. There was a clear and consistent correlation between the two, as expected.
As the bridge level dropped with the lake, the anchor cables slowly lost tension. The strong

correlation seen here confirmed that installation 3 was slipping minimally and that the anchor
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cable grease, which is needed around the cable saddle could lead to erroneous readings if it was

not removed prior to installation.
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Figure 24. Installation 3 strain vs pontoon R elevation

Figure 25 shows all anchor cable strains during the period in which maintenance teams adjusted
anchor cable tensions. Jumps in strain can be seen which correlate with the tightening of cables
to match lower lake levels. Note that the SW cable 1 and NW cable strain gauges exhibited
downwards jumps (loss in anchor cable tension). This was because these instruments were
located before the saddle and had to be temporarily uninstalled by the maintenance team to
prevent any damage to instruments during cable tensioning. They were later reinstalled on the
anchor cables the following day, explaining their jump to positive values, however it should be
noted that the new values do not correspond to any physical change in anchor cable tension,
rather a new set point for the instrument. The noisy signals seen for several of the anchor cables

were the result of the strain gauges being near or exceeding their operating range, failing to
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properly bin frequency data, and not real physical phenomena. These instruments were later

swapped out for new instruments.
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Figure 25. Strain gauge data during anchor cable adjustment

Following these initial vibrating wire gage installations, several conclusions were reached:

e Dynamic changes in anchor cable tension were filtered out from the signals that were
installed “after” the steel saddle, on the horizontal portion of the anchor cables between
the steel saddle and the jacking point.

e The perceived value of the data for the long-term monitoring system was the gradual
change in anchor cable tension

e This gradual change was observed in instruments that were installed on either side of the

steel saddle and was consistent with lake level changes and historical expectations
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e Instruments installed “before” the steel saddle, i.e. on the inclined portion of the cable
between the waterproof membrane and the saddle, would need to be removed each time
adjustment took place

e This added maintenance step, removing and reinstalling the instrument several times a

year, increases the risk of damaging the instruments and should be avoided.

4.4. Triggered Monitoring

The east approach sees vehicles descend onto the flat floating span at high speeds, expected to be
the most critical location for monitoring bridge response to LRVs. In order to capture dynamic
response to these events, a triggered system was developed to monitor movement of the east end
of the bridge (Pontoon R). The triggered monitoring system contained equipment reused from a

previous research project, shown in Figure 26, and consisted of three major components.

e A datalogger (Campbell Scientific CR6), which had the ability to run user-written code
and provided multiple analog and digital input channels with 24-bit resolution and
programmable measurement intervals. The system’s flexibility allowed for future
expansion to accommodate additional sensor types or additional vibrating wire gauges as
monitoring needs evolve.

e A dynamic vibrating wire analyzer (Campbell Scientific CDM VW305), capable of
interpreting changes to the vibrating wire sensors at high rates (100 Hz).

e Vibrating wire pressure transducers that were attached rigidly to the pontoons and
submerged several inches into the lake to measure changes to the vertical position of the
pontoon relative to lake level, or “freeboard”, which was a critical design quantity under

train passage.
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Figure 26. CR6 Datalogger and VW interface in enclosure

The datalogger was connected to the same wireless modem as the long-term monitoring system
present on the pontoon. Data from the triggered system had to be first transmitted to a separate
cloud environment (Microsoft Azure), different from the iTwin IoT platform, to be parsed into

the proper format before being transferred to iTwin IoT through an API.

A custom script was developed to collect data from up to eight pressure transducers and/or strain
gauges at 100 Hz. CRBasic, based on the BASIC programming language, provided sufficient

functionality for sensor interfacing and data formatting while remaining accessible for field
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modifications. The systems onboard memory stored data locally during communication

interruptions, ensuring no data loss during network connectivity issues.

Communications with Azure [oT hub use HTTP API authenticated with SAS tokens. The
datalogger’s ethernet port connected to the modem, enabling reliable cellular data transmission.
Built-in network protocols support various communication methods, though HTTP was selected

for its simplicity and compatibility with Azure services.

Figure 27 shows the two pressure transducers which were mounted near the southeastern corner
of pontoon R, as shown in Figure 20, and measured pontoon freeboard with theoretical accuracy
of 0.2mm. Combined with 100 Hz data acquisition, this allowed detailed recording of the east
end of the bridge’s dynamic response. Pressure transducers were installed on the same mounting
pipe, shown in Figure 27, but facing in opposite vertical directions. The intent of this duplication
was to explore the best attachment strategy for the instruments. The instrument position
influenced the ease of installation, since entrapped air needed to be removed from the instrument
during installation, and this was easier to do if the end of the instrument was pointed upwards.
The instrument position also had the potential to influence the data, given that the instruments
experienced dynamic pressure changes due to both changes in freeboard and the velocity of the

instruments through the water.
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Figure 27. Pressure Sensors

Figure 28 shows the change in depth (A depth) readings of both sensors over a 30 second time
period. Sensor 1 (purple line) faces downwards into the lake, and sensor 2 (yellow line) faces
upwards. The captured data demonstrated exceptional resolution, displaying individual wave
patterns of less than an inch passing over the sensors. While some dynamic variation was visible
between the two transducers, the magnitude of this was minimal. The high resolution of these
measurements indicated that pontoon response to future LRV passes would be detectable and
quantifiable. Unfortunately, the trains were not operational during the first deployment of these
sensors. However, this baseline data provided crucial context for distinguishing between
environmental effects and train-induced response, i.e. what “trigger” should be used, in the

future.
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Figure 28. Pressure Sensor Readings

4.5. Publicly Available Data

Modern infrastructure operates within a data-rich environment where numerous public agencies
and organizations collect and share information relevant to infrastructure monitoring and
analysis. The I-90 digital twin leverages this ecosystem of publicly available data sources to
provide additional context and enhance the understanding of bridge behavior beyond what onsite

sensors alone can capture.

Several external data sources were integrated into the digital twin through their respective APIs,
with data automatically pulled at regular intervals and federated through Azure before integration
into 1Twin IoT. This approach ensured all data sources were synchronized within the same

platform and available for comparative analysis with onsite sensor measurements.

Figure 29 shows traffic data obtained from Compass [oT, which provided real-time traffic flow
information including vehicle counts, speeds, and congestion levels on the [-90 corridor. This
data enabled correlation between traffic loading patterns and structural response measurements

from GPS and strain sensors. Understanding traffic patterns is particularly valuable for
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establishing baseline conditions before light rail service begins and for separating vehicle-

induced effects from environmental factors.
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Figure 29. Compass IoT Traffic Data (https://app.compassiot.cloud)

Figure 30 shows additional traffic data from WSDOT which provided broader transportation
network context, including traffic volumes, incident reports, and construction activities that may
influence bridge loading patterns. This regional traffic information helps identify unusual loading

conditions or events that might affect bridge response measurements.
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Figure 30. WSDOT Traffic Data (https://wsdot.com/Travel/Real-time/Map/)

Figure 31 shows Lake Washington environmental data obtained from the King County Lake
Washington buoy monitoring system to provide comprehensive context for pontoon behavior.
The King County buoy provides real-time measurements of water temperature, dissolved oxygen
level, and other water quality parameters at multiple depths throughout the lake. These
measurements complement the onsite weather station data and provide broader context for

understanding environmental conditions.



King County Lake Buoy Data QC

Lake: Year: Month:
Washington b 2025 b January A
Buoy Month Year plots Paired Profile Comparison Plots Weather Station Plots Station Map

Washington Temperature in January 2025 Washingten Dissolved Oxygen in January 2025

20230101 aoas0raz 2080003 2028.0104 20250105 20250190 20230101 2025.01:02 20250143 20230100 2025.0143 202341.08
1o
20250107 20250108 20250100 2025:01:10 20250111 20250112 20250107 20250100 20250108 20250110 20250011 20250112
10
20250113 20250114 20250115 20250116 20250147 20250118 20250113 20250114 20250118 20250116 20250117 20250118
10
L
= £
2 wmens | mmow wsan sz g sz zoaseras
o (=0

Figure 31. Lake Buoy Environmental Data (https://curtisld.shinyapps.io/lk_buoy/)

Figure 32 shows Lake Washington elevation data from the US Army Corps of Engineers
(USACE) which provided official water level measurements that were essential for interpreting
GPS elevation data and strain gauge readings. Seasonal lake level management by USACE
directly affects pontoon buoyancy and anchor cable tensions, making this data critical for

separating operational bridge movements from environmental factors.
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The integration of these publicly available data sources demonstrated the value of federated data
systems for infrastructure monitoring. By combining onsite sensor measurements with contextual
environmental and operational data, the digital twin provided a more complete picture of bridge
behavior than either data source could provide independently. This comprehensive approach

enables more accurate condition assessment and supports better-informed maintenance decisions.

Chapter 5. Summary, Conclusions, and Lessons Learned

A “proof-of-technology” digital twin for the Homer M. Hadley (I-90) floating bridge was
developed. Two systems of [oT sensors were installed to monitor key structural and

environmental parameters, a long-term system designed to monitor daily, weekly, and yearly
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cycles, and a triggered system to capture dynamic events. Data collected included anchor cable
tension, pontoon movement, pontoon freeboard, and temperature. Data was transmitted over a
5G cellular network and integrated into a cloud-based digital twin platform. Additional data, for
example, lake level, lake water quality, traffic, and weather data from outside sources were also
federated into the system. The digital twin was used to assess bridge behavior in real-world
conditions, focusing on anomaly detection capabilities, usefulness of real-time monitoring, and
the feasibility of integrating such a system into existing maintenance programs. The project

aimed to evaluate the usefulness of the technology for bridge operation and asset management.

5.1. Conclusions

The deployed monitoring systems demonstrated value in characterizing bridge behavior. The
long-term monitoring system successfully captured long-term trends including thermal
expansion cycles, seasonal movements, and cable tension variations that were previously
unquantified. GNSS data revealed daily movement patterns with millimeter precision, providing

insights into structural behavior that periodic inspections could not previously capture.

The correlation between temperature data and structural movements validated assumptions about
thermal expansion and contraction on the pontoons while quantifying their magnitude. The
observed elevation change tracking lake level adjustments demonstrates the system's accuracy
and ability to separate environmental factors from structural changes, critical for accurate

condition assessment.

The triggered systems provided unprecedented detail of dynamic bridge response, detecting

centimeter surface waves, suggesting excellent sensitivity for detecting future train-induced
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movements. Collected data also implied that the dynamic effect of sensor direction could be of
minimal magnitude, reducing future work to interpret freeboard data, although additional
measurements under train-passage are needed for final interpretation. The baseline data collected
establishes environmental response patterns essential for distinguishing operational loads from

environmental effects.

The integration of multiple data streams through cloud platforms enabled comprehensive
analysis impossible with traditional monitoring approaches. Trends such as the daily elevation
change at the east end of the bridge which were previously unknown can be studied in context.
Real-time data availability allows for immediate response to anomalies, while historical trends
support predictive maintenance strategies. The system's ability to correlate weather conditions
and external data with structural response provides maintenance crews with contextual

information for better decision-making.

These initial results demonstrate that digital twin technology can provide quantitative insights
into floating bridge behavior that traditional inspection methods cannot achieve, supporting a

transition to data-driven, real-time operation and predictive maintenance strategies.

5.2. Lessons Learned

The implementation of the Homer Hadley digital twin brought several challenges to light. While
the state of the technology is advanced enough to support the building of large-scale
infrastructure digital twins, no single platform was able to handle all of the data collection,
federation, analysis, and visualization methods that were desired for the project. The digital twin

framework ultimately used required the use of two separate cloud environments, the 5G cellular
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network, and the integration of legacy systems not initially designed with modern cloud
integration in mind. Many of these challenges would also be present if agencies and owners

would want to implement digital twin systems for other existing infrastructure assets.

Specifically, challenges relating to interoperability of equipment, installation compatibility with
existing systems, and cybersecurity were novel to the organizations involved and ad-hoc
solutions were developed, both technical and organizational. Future digital twins would benefit
from a detailed framework, which considers the many intraplatform connections and their
requirements regarding cybersecurity, interoperability, and communication. Considering and
engaging the many project stakeholders that tend to arise on projects with this level of

complexity became key to a successful deployment.

Implementing a digital twin for the Homer Hadley floating bridge was more complex than a
traditional structural health monitoring system. The integration of monitoring systems into cloud
environments represented a significant challenge, even before considering cybersecurity and
interoperability challenges. At an organization level, this development process required a
combination of technical and information technology skills that may be not exist presently and
would require workforce development. While infrastructure owners such as WSDOT do have
significant technical capabilities, these are often in different areas (or these skills are separated
by organizational structure) than those required for cloud integration and visualization of

instrumentation data.
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