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EXECUTIVE SUMMARY

Introduction

Ensuring the safety and longevity of Indiana’s bridge infra-
structure requires efficient and accurate inspection methods.
Traditional techniques, such as visual assessments and nonde-
structive testing (NDT), provide valuable information but have
limitations including subjectivity, accessibility challenges, and
labor-intensive data collection. As infrastructure ages, there is
an increasing need for advanced inspection technologies that
can provide high-resolution, repeatable, and objective data for
condition assessment and maintenance planning.

This study evaluates the feasibility of three-dimensional (3D)
scanning technologies, such as terrestrial laser scanning (TLS),
unmanned aerial vehicles (UAV) photogrammetry, close-range
photogrammetry (CRP), and light detection and ranging
(LiDAR), for bridge inspections, particularly for detecting
corrosion, section loss, and deformation in steel bridge girders.
A framework was developed to optimize scanning workflows,
enhance data integration with structural analysis tools, and
support decision-making. The report outlines key findings and
presents practical recommendations for incorporating 3D scan-
ning into Indiana’s bridge inspection program.

Findings

The study confirmed the accuracy and effectiveness of
3D scanning technologies and identified key benefits and
challenges:

® Scanning Accuracy and Coverage: TLS and UAV photogram-
metry demonstrated high-resolution geometric detail capture for
steel bridge components, including steel girders, deck soffits, and
bearing areas. While TLS provides millimeter-level accuracy,
UAV-based scanning enhances accessibility to hard-to-reach
areas. However, occlusions and reflective steel surfaces can affect
accuracy under certain conditions.
Corrosion and Section Loss Detection: 3D scanning technolo-
gies successfully detected section loss and surface deterioration.
However, it appears that their effectiveness depends on scanning
resolution, surface conditions, and postprocessing methods. The
study developed standardized workflows to improve consistency
and reproducibility in condition assessments.
® Data Processing and Structural Integration: Large point cloud
datasets require advanced filtering, segmentation, and modeling

techniques for integration with finite element models (FEMs) and
bridge management systems. The study provides guidelines to
streamline data processing and analysis.

Field Application and Operational Limitations: While 3D scan-
ning reduces reliance on manual inspections, factors such as
weather conditions, UAV flight restrictions, and equipment costs
must be considered for practical field deployment.

Scanning Workflow Optimization: The research produced guide-
lines for optimal scanning locations, data collection protocols,
and quality control measures to improve efficiency and ensure
reproducibility in bridge assessments.

Proposed Framework Validation: A standardized framework was
developed and validated for integrating 3D scanning data into
bridge inspection workflows. This framework ensures consistent
data collection, efficient processing, and seamless integration
with structural evaluation models.

Implementation

To facilitate the integration of 3D scanning technologies into
Indiana’s bridge inspection program, the following recommen-
dations are proposed:

® Adoption of a Standardized Framework: Implement the validated
3D scanning framework into routine inspections to ensure con-
sistency, accuracy, and reliability in data collection and analysis.
Pilot Deployment on Targeted Bridges: Conduct pilot studies
on bridges with known structural deficiencies to refine scanning
techniques, data processing workflows, and reporting procedures.
Training and Workforce Development: Provide specialized train-
ing for bridge inspectors and asset managers on 3D scanning
operations, data interpretation, and integration with structural
analysis tools.
Integration with INDOT’s Bridge Management System: Ensure
seamless incorporation of scanning outputs into existing bridge
asset management platforms to support data-driven maintenance
and rehabilitation planning.
® Long-Term Scalability Assessment: Conduct a cost-benefit
analysis to determine the long-term feasibility of expanding 3D
scanning across Indiana’s bridge network and assess potential
advancements in automated data processing and predictive main-
tenance capabilities.

By implementing these recommendations, Indiana’s bridge
inspection program can leverage 3D scanning technologies to
improve accuracy, efficiency, and overall asset management
decision-making. The findings of this study offer a structured
approach to improving bridge inspection practices, reduc-
ing costs, and enhancing safety for Indiana’s transportation
infrastructure.
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1. INTRODUCTION
1.1 Background

Bridge inspection and maintenance play a crucial role in
ensuring the safety and longevity of transportation infrastruc-
ture. In the United States, bridges are required to undergo peri-
odic inspections as mandated by the National Bridge Inspection
Standards (NBIS; Indiana Department of Transportation
[INDOT], 2022). Traditionally, bridge inspections have relied
on manual visual assessments and conventional measurement
tools, such as calipers, tape measures, and ultrasonic thickness
gauges. While these methods have been widely used, they pres-
ent significant limitations, including subjectivity, inconsisten-
cies, and accessibility challenges, particularly for hard-to-reach
structural components (Beainy et al., 2011; Horan et al., 2012;
Wang et al., 2024). Additionally, manual inspections often
require lane closures, increasing operational costs and posing
safety risks to both inspectors and the traveling public (Khaloo
et al., 2018; Tzortzinis et al., 2022).

Recent advancements in three-dimensional (3D) scanning
technologies offer promising alternatives to traditional inspec-
tion methods by providing high-precision geometric data in a
more efficient and automated manner. Technologies such as
terrestrial laser scanning (TLS), close-range photogrammetry
(CRP), and unmanned aerial vehicle (UAV)-based photogram-
metry have demonstrated significant potential for structural
assessment (Ameli et al., 2022; Miller et al., 2011; Pinto et al.,
2020). These methods enable detailed data acquisition of bridge
components, capturing corrosion-induced section loss, deforma-
tion, and cracks with minimal human intervention (Bolourian &
Hammad, 2020; Yao & Song, 2023). The integration of these
technologies into bridge inspections could improve accuracy,
enhance efficiency, and reduce operational disruptions.

Despite the potential benefits, the application of 3D scan-
ning in steel bridge inspections remains underdeveloped due
to challenges in data processing, integration, and interpreta-
tion. There is a need for a systematic framework that enables
the seamless transition from 3D scanning data to meaningful
structural assessment outcomes. This research addresses this
gap by developing a semiautomated framework that utilizes 3D
scanning technologies for the inspection and residual strength
estimation of steel girders. The framework aims to enhance the
efficiency of bridge inspections while providing high-fidelity
geometric models that can be integrated into finite element anal-
ysis (FEA) for structural evaluation.

1.2 Problem Statement and Objective

Bridges in Indiana and across the United States are subjected
to periodic inspections to ensure their structural integrity and
safety (INDOT, 2022). Traditional bridge inspection methods
rely heavily on visual assessments and manual measurements,
which are often labor intensive, time consuming, and highly
dependent on the experience of the inspector (Beainy et al.,
2011; Horan et al., 2012). These methods introduce subjec-
tivity and potential inconsistencies in the assessment process

leading to variations in reported conditions (Khaloo et al., 2018;
Tzortzinis et al., 2022). Additionally, accessing critical struc-
tural components, such as girders located beneath the deck or
within confined spaces, poses significant challenges and safety
risks to inspectors (Mohammadi et al., 2021; Wang et al., 2024).
The increasing demand for efficient, accurate, and automated
inspection techniques highlights the limitations of current prac-
tices and underscores the need for advanced technological solu-
tions (Jin et al., 2021).

The adoption of 3D scanning technologies presents a promis-
ing approach to overcoming these challenges. Techniques such
as TLS, CRP, and drone-based scanning have demonstrated the
capability to capture high-precision geometric data of bridge
components (Gyetvai et al., 2018; Pinto et al., 2020; Yao & Song,
2023). However, despite the availability of these technologies,
several key challenges hinder their widespread implementation
for bridge inspections. These challenges include data processing
complexities, accuracy limitations in field conditions, difficul-
ties in integrating point cloud data (PCD) with structural analy-
sis models, and the lack of standardized guidelines for practical
use in steel bridge inspections (Khaloo et al., 2018; Omar &
Nehdi, 2017). Without a systematic approach, these technolo-
gies remain underutilized, preventing their full potential from
being realized in routine bridge management (INDOT, 2022;
Metni & Hamel, 2007; Miller et al., 2011).

The objective of this project is to develop a generalized frame-
work for utilizing 3D scanning technologies in bridge inspec-
tions, specifically focusing on the assessment of steel girders and
residual strength estimation. This framework aims to:

® Evaluate the accuracy and feasibility of different 3D scanning
technologies for bridge inspections;

® Develop optimal scanning strategies tailored to different bridge
types and conditions in Indiana;

® Establish a workflow for integrating 3D PCD into finite element
models (FEMs) for strength assessment; and

® Develop a set of guidelines for INDOT to facilitate the adoption
of 3D scanning in routine bridge inspections.

By addressing these objectives, this project will provide a
structured and reproducible methodology for incorporating
3D scanning into bridge inspections, improving data reliabil-
ity, reducing manual effort, and enhancing the overall deci-
sion-making process for infrastructure management.

1.3 Research Approach

To develop a generalized framework for 3D scanning in
bridge inspections, this project uses a multiphase approach. It
integrates literature review, experimental investigations, numer-
ical modeling, and field validation.

The first phase involves a literature review to evaluate 3D
scanning technologies for bridge inspections. It compares tech-
niques like terrestrial laser scanning (TLS), close-range photo-
grammetry (CRP), and UAV-based photogrammetry in terms of
accuracy, efficiency, cost, and practical implementation chal-
lenges. Commercial scanning devices are also reviewed for
optimal hardware configurations.

10 Joint Transportation Research Program Technical Report FHWA/IN/JTRP-2025/16



The second phase focuses on experimental investigations to
assess scanning accuracy and applicability. Controlled labora-
tory experiments are conducted using corroded steel girders at
Bowen Laboratory to evaluate different scanning methods under
varying conditions. The results are validated against conven-
tional measurement techniques to establish benchmarks.

The third phase involves developing a data processing pipe-
line for integrating PCD into structural analysis models. This
includes automated segmentation, 3D model conversion, and
residual strength estimation using FEM. Python scripts extract
section loss measurements, which are applied to develop FEMs
predicting corroded girders’ remaining load-bearing capacity.
Numerical results are validated against experimental data.

The fourth phase extends research to field implementation,
scanning bridge structures in Indiana with optimized 3D scan-
ning strategies. Real-world bridge inspections test integrating
3D scanning into routine workflows. Key operational param-
eters, such as UAV flight path optimization and environmental
considerations, are documented.

Finally, practical guidelines and recommendations for 3D
scanning in bridge inspections are developed. These cover tech-
nology selection, field procedures, data processing, and integra-
tion with INDOT bridge management systems. The final report
provides a structured approach for adopting 3D scanning tech-
nologies for enhanced structural assessments.

1.4 Research Scope

This project aims to develop a systematic framework for
integrating 3D scanning technologies into bridge inspections,
specifically targeting steel girders and residual strength estima-
tion. The research will evaluate, implement, and validate 3D
scanning techniques in controlled laboratory settings and real-
world bridge environments in Indiana.

The project investigates multiple 3D scanning techniques,
including terrestrial laser scanning, close-range photogramme-
try, and drone-based photogrammetry, to assess their feasibility
for geometric data collection, defect identification, and struc-
tural assessment. It addresses corrosion-induced section loss,
deformation, and material degradation in steel girders, which
are critical factors in evaluating bridge structural integrity. The
study also explores multitemporal data integration to enhance
long-term monitoring of structural deterioration.

Beyond data collection, the project involves data processing
and structural analysis, including automated point cloud seg-
mentation, conversion into 3D solid models, and finite element
modeling for residual strength estimation. It also optimizes
scanning parameters to improve accuracy and efficiency.

The study includes field validation through full-scale bridge
inspections, incorporating lessons from controlled laboratory
experiments. Bridges in Indiana will be scanned using the opti-
mized framework to assess its real-world applicability. This
ensures the framework’s practicality, scalability, and adaptabil-
ity to diverse bridge types and conditions.

Finally, the study develops guidelines and recommenda-
tions for implementing 3D scanning in routine bridge inspec-
tions. These guidelines address technology selection, scanning

procedures, data processing workflows, and integration strate-
gies for INDOT bridge management systems. By establishing a
structured methodology, the research aims to facilitate the adop-
tion of 3D scanning technologies, enhancing bridge condition
assessments’ accuracy, efficiency, and reliability.

1.5 Structure of the Report

This report provides a comprehensive overview of research
on 3D scanning technologies for bridge inspection and their
implementation. It explores existing technologies, their applica-
tions, and challenges for steel girder assessments. The research
team developed a systematic framework through field scanning
activities, testing equipment, evaluating conditions, optimizing
path planning, and performing feasibility checks. The frame-
work includes technology selection, field preparation, postpro-
cessing, and data management for repeatability and reliability.
The methodology details 3D solid model conversion, residual
strength estimation, and field implementation strategies. The
report concludes with practical implementation of the frame-
work and guidelines, and broader implications for bridge
inspection and management.

2. LITERATURE REVIEW
2.1 Background of 3D Scanning Technologies

3D scanning technologies have emerged as powerful tools
for capturing high-resolution geometric data of infrastructure
elements, including bridges (Bolourian & Hammad, 2020; Chen
et al., 2019). These technologies utilize laser scanning, photo-
grammetry, or a combination of both to create precise digital
models of structural components, facilitating automated defect
detection, damage assessment, and structural analysis (Ameli et
al., 2022; Lu & Brilakis, 2017). In the context of bridge inspec-
tion, 3D scanning technologies offer significant advantages
over traditional manual inspection methods by providing rapid,
non-contact, and high-precision data acquisition while reducing
human subjectivity and safety risks (Khaloo et al., 2018). This
section provides background of 3D scanning technologies being
used in the industry.

2.1.1 Terrestrial Laser Scanning (TLS)

TLS, also known as ground-based light detection and rang-
ing (LiDAR), employs LiDAR sensors to capture millions of
points in a three-dimensional space. TLS devices, such as Faro
Focus and Trimble TX series, generate high-density point clouds
that accurately represent structural geometries. These scanners
are often mounted on tripods and positioned at multiple loca-
tions around a bridge to obtain comprehensive coverage. TLS
is particularly effective for large-scale data collection, detecting
surface deformations, and measuring corrosion-induced section
loss in steel girders (Wang et al., 2024). However, its primary
limitations include high equipment costs, sensitivity to ambi-
ent lighting conditions, and line-of-sight constraints that may
require multiple scan positions (Elkawas et al., 2017).
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2.1.2 Close-Range Photogrammetry (CRP)

CRP is a camera-based scanning technique that recon-
structs 3D models by processing multiple overlapping
images of an object. Unlike LiDAR, which relies on laser
pulses, CRP uses computer vision algorithms to extract spa-
tial information from photographs. The technique is widely
adopted due to its affordability, portability, and ease of use
(Pinto et al., 2020). CRP has been successfully implemented
for bridge inspections, crack detection, and section loss mea-
surements, demonstrating comparable accuracy to LiDAR
when high-quality images are captured under controlled
conditions (Jin et al., 2021; Popescu et al., 2019). However,
challenges such as camera calibration, lighting inconsisten-
cies, and the need for stable image alignment can affect data
quality and accuracy (Yiqiu et al., 2014).

2.1.3 Drone-Based Photogrammetry and LiDAR

UAVs, or drones, equipped with photogrammetry cam-
eras or LiDAR sensors, provide a highly flexible and
efficient solution for bridge inspections, particularly for hard-
to-reach areas such as the underside of bridge decks, high
steel girders, and confined spaces. Advanced drones, such as
DIJI Matrice 300 RTK and DJI Avatar2, offer real-time kine-
matic (RTK) positioning, enabling precise georeferencing of
collected data. Drone-mounted LiDAR scanners can capture
detailed structural features with centimeter-level accuracy,
while high-resolution cameras support automated defect rec-
ognition and 3D reconstruction (Khaloo et al., 2018; Wang
et al., 2024). The main advantages of UAV-based scanning
include rapid deployment, minimal disruption to traffic,
and enhanced coverage of complex bridge geometries (Lu
& Brilakis, 2017). However, limitations such as weather
dependency, flight time restrictions, and regulatory compli-
ance (e.g., Federal Aviation Administration (FAA) Part 107
certification) must be carefully considered when deploying
drones for bridge inspections.

2.2 Comparison of 3D Scanning Technologies

Each 3D scanning technology offers distinct advantages
and limitations based on inspection objectives, environmental
conditions, and required accuracy levels (Beainy et al., 2011).
While TLS provides the highest accuracy for localized measure-
ments (Gyetvai et al., 2018; Tzortzinis et al., 2022), CRP offers
a cost-effective alternative with reasonable accuracy under
controlled conditions (Pinto et al., 2020; Popescu et al., 2019),
and drone-based photogrammetry/LiDAR enhances accessi-
bility and efficiency for large-scale inspections, particularly in
hard-to-reach areas (Ameli et al., 2022; Wang et al., 2024). The
selection of the most suitable 3D scanning technology depends
on multiple factors, including bridge type, environmental con-
ditions, accuracy requirements, and budget constraints (INDOT,
2022; Khaloo et al., 2018). The selection of an appropriate 3D
scanning technology depends on factors such as bridge type,
structural complexity, budget constraints, and data processing
requirements (INDOT, 2022).

This project evaluates these technologies through controlled
laboratory experiments and field implementations to determine
their feasibility and effectiveness in steel girder inspections and
residual strength estimation (Pinto et al., 2020; Wang et al.,
2024). The insights gained from these evaluations will guide the
development of a standardized framework and guidelines for
integrating 3D scanning into routine bridge inspections, ensur-
ing accuracy, efficiency, and reproducibility in bridge condition
assessments (Yao & Song, 2023).

2.3 Applications of 3D Scanning in Bridge Inspection

3D scanning technologies, such as TLS, CRP, and UAV-
based LiDAR scanning, provide high-resolution geometric
data of bridge components, enabling detailed assessments
of section loss, deformation, corrosion, and other structural
deterioration (Chen et al., 2019; Lu & Brilakis, 2017). Unlike
manual inspections, which depend on the experience and
judgment of inspectors, 3D scanning technologies generate
objective and repeatable digital records of bridge conditions,
reducing inconsistencies and improving decision making
in maintenance and rehabilitation planning (Jduregui et al.,
2006; Mohammadi et al., 2021; Pinto et al., 2020).

Several studies have demonstrated the effectiveness of 3D
scanning technologies in automating bridge inspections and
improving assessment accuracy (Popescu et al., 2019; Wang
et al., 2024). TLS has been successfully used to capture pre-
cise geometric details of bridge elements, including girder
deformations, crack propagation, and misalignments (Gyetvai
et al., 2018; Tzortzinis et al., 2022). Research has shown that
TLS can achieve millimeter-level accuracy, making it suitable
for detailed bridge condition monitoring over time. However,
TLS requires multiple scanning positions and manual post-
processing to align point clouds, which can be labor-intensive
(Elkawas et al., 2017).

CRP has gained popularity as a cost-effective alternative to
TLS, allowing inspectors to create accurate 3D models from a
series of overlapping images (Jiang & Jauregui, 2010; Khaloo
et al., 2018). Studies have demonstrated that CRP can be used
to detect section loss in steel girders, estimate corrosion depth,
and assess overall bridge geometry (Pinto et al., 2020). The
main advantages of CRP include affordability, portability, and
the ability to capture high-resolution data with consumer-grade
cameras (Jin et al., 2021). However, challenges related to image
alignment, lighting conditions, and the need for stable reference
points must be addressed to ensure reliable results (Yiqiu et al.,
2014).

Drone-based photogrammetry and LiDAR scanning have
emerged as powerful tools for inspecting hard-to-reach areas
of bridges, such as underside girder sections, deck soffits, and
confined spaces (Ameli et al., 2022; Wang et al., 2024). UAV-
mounted LiDAR can rapidly scan large bridge structures and
generate high-fidelity 3D models, significantly reducing inspec-
tion time while improving data completeness. Recent studies
have highlighted the ability of drones to perform bridge assess-
ments without requiring lane closures or scaffolding, improving
both safety and efficiency (Lu & Brilakis, 2017; Pinto et al.,
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2020). However, flight restrictions, environmental factors, and
regulatory compliance pose challenges for widespread adoption
(Omar & Nehdi, 2017).

2.4 Challenges and Gaps in Adopting These Technologies
for Steel Girders

Although 3D scanning technologies provide numerous advan-
tages, their implementation in steel bridges presents unique chal-
lenges that differ from other bridge types (Barth & Wu, 2006;
Mohammadi et al., 2021). Steel bridges experience corrosion,
section loss, and fatigue cracking, making high-resolution scan-
ning and precise defect detection crucial for structural assessment
(Jiang & Jauregui, 2010; Tzortzinis et al., 2022).

2.4.1 Corrosion and Section Loss Detection

Steel girders are susceptible to corrosion, leading to section
loss that affects load-carrying capacity. While TLS and UAV-
based LiDAR can detect large-scale section loss, capturing
small pitting corrosion and early-stage deterioration remains
challenging (Elkawas et al., 2017). Integrating advanced pro-
cessing techniques such as Al-based corrosion detection and
multispectral imaging could enhance accuracy (Lu & Brilakis,
2017; Wang et al., 2024).

2.4.2 Challenges in Capturing Thin Structural Components

Steel bridges have thin plate elements, stiffeners, and intri-
cate connections, making accurate point cloud generation dif-
ficult. TLS and CRP face occlusion issues, leading to missing
data points in shadowed or confined spaces (Popescu et al.,
2019). UAVs with oblique-angle scanning and multiview photo-
grammetry have shown promise in addressing these gaps (Pinto
et al., 2020).

2.4.3 High Reflectivity of Steel Surfaces

Unlike concrete, steel surfaces are highly reflective, which
can cause errors in LIDAR-based scanning. Laser beam reflec-
tions may lead to incorrect distance measurements, requiring
postprocessing adjustments (Ameli et al., 2022). Researchers
have explored polarized LiDAR scanning and optimized sensor
configurations to minimize reflectivity-induced errors.

2.4.4 Finite Element Model (FEM) Integration Challenges

For structural analysis, 3D scanning data must be seamlessly
integrated into FEMs for accurate residual strength evaluation.
However, PCD often require manual mesh refinement to create
FEM-compatible models (Jiang & Jauregui, 2010). Automated
meshing techniques and Al-driven FEM generation could
enhance efficiency and accuracy (Wang et al., 2024).

This project tackles these challenges by evaluating different
3D scanning technologies, developing a systematic framework
for bridge inspection, and proposing guidelines for implementa-
tion. By bridging the gap between technology development and

field applications, this research aims to support transportation
agencies, such as INDOT, in adopting 3D scanning for more
reliable and data-driven bridge management practices.

3. RESEARCH APPROACH: DEVELOPMENT OF 3D
SCANNING GUIDELINE

Developing standardized scanning guidelines ensures con-
sistent data quality, operational efficiency, and reliable struc-
tural assessments across diverse bridge types. These guidelines
provide structured protocols for field data collection, improving
bridge inspection accuracy, efficiency, and repeatability.

This chapter describes the systematic approach taken to
develop the scanning guidelines, including laboratory testing,
field validation, and data processing evaluations. The research
team conducted controlled experiments at Bowen Laboratory
and field scanning activities across multiple bridge sites in
Indiana to assess different scanning technologies, environmen-
tal influences, and operational challenges. Through these evalu-
ations, the team refined:

® Testing multiple 3D scanning technologies, including terrestrial
laser scanning (TLS), close-range photogrammetry (CRP), and
UAV photogrammetry, to determine optimal configurations for
different bridge conditions;

Assessing the impact of environmental factors, such as lighting
conditions, surface reflectivity, and atmospheric variations, on
data quality;

Optimizing data acquisition strategies by refining scan locations,
overlap rates, and scanning angles to minimize occlusions and
enhance measurement accuracy; and

Validating measurement accuracy under various field conditions
by comparing 3D scanning results to ground-truth reference
measurements.

Based on the findings from these evaluations, the research
team developed scanning guidelines focused on four key
components:

1. Equipment Selection: Systematic evaluation of scanning technol-
ogies (TLS, CRP, and UAV-based systems) for different bridge
types and inspection needs.

2. Path Planning and Optimization: Development of scanning pro-
tocols through laboratory testing and field validation to optimize
scanning efficiency and data quality.

3. Field Implementation: Deployment of scanning methods in real
bridge environments, accounting for logistical and operational
factors that impact data collection.

4. Quality Control: Establishment of prescanning assessment proce-
dures, verification methods, and postprocessing validation tech-
niques to ensure consistent and accurate results.

The following sections detail each of these critical elements,
providing specific recommendations and best practices. The
finalized guidelines are provided in Chapter 4.

3.1 Equipment Selection

The selection of an appropriate 3D scanning technology
is vital for accurately detecting section loss in steel girders.
Following an extensive literature review, the research team
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evaluated TLS and CRP based on measurement accuracy,
feasibility, and data processing requirements. The evaluation
approach consisted of three phases:

® First, conducting controlled laboratory tests using an 18-ft
We-section specimen at Bowen Laboratory to assess resolution,
scanning configurations, and reliability;

® Second, analyzing the comparative results to identify the most
suitable technology; and

® Third, performing multiple outdoor field tests to refine scanning
protocols for real-world conditions.

This systematic approach led to the adoption of drone-based
photogrammetry as the preferred method, offering an optimal bal-
ance of accuracy, efficiency, and practicality for field operations.

3.1.1 Comparison of TLS and CRP

After literature review, the research team identified TLS and
CRP as the most suitable technologies for inspecting steel bridge
girder members. The initial testing phase focused on deter-
mining each technology’s precision for section loss detection
(1-2 mm). To compare under optimal conditions, an 18-ft
W-section specimen was set up at Bowen Laboratory. To pro-
vide a brief overview of each method’s core attributes, Table 3.1
compares TLS and CRP in terms of resolution, operating range,
capture configurations, and processing requirements.

A comprehensive testing protocol was developed to evaluate
each technology’s performance under controlled scanning con-
ditions, including consistent lighting. For the TLS assessment, a
FARO Focus 3D Scanner was deployed at three scanning loca-
tions per side and two different elevations, ensuring complete
coverage of the W-section, minimizing shadowing, and main-
taining uniform point density. Figure 3.1 illustrates the TLS
setup, and Figure 3.2 shows the resulting point cloud.

By contrast, CRP required a more complex data acquisition
strategy using a Sony a7M4 full-frame mirrorless camera. The
image capture protocol spanned four distinct elevation lay-
ers—positioned above the girder, at mid-upper height, at mid-
lower height, and below the girder—with both surrounding and
oblique views of the W-section, thus covering critical areas such
as web-flange intersections and potential section loss regions.
This systematic multilevel approach ensured comprehensive
documentation of the entire structural element while minimiz-
ing shadowed or occluded areas in the final reconstruction.

TABLE 3.1
Comparison of TLS and CRP Technologies.

Terrestrial Close-Range
Laser Scanner Photogrammetry

Feature (FARO Focus 3D) (Sony 0.7M4)
Resolution 44 MPts/Scan 33MP sensor resolution
Operating Range 65 ft optimal 3°-7" testing range
Capture 6 scan positions 4 elevation layers with
Configuration (3 per side x surrounding and

2 elevations) oblique views
Processing Direct point cloud Photogrammetric
Requirements generation reconstruction required

Figure 3.1 TLS Scanning Setup.

Figure 3.2 TLS Scanning Result.

Figure 3.3 shows the CRP scanning experiment in prog-
ress, and Figure 3.4 shows its corresponding photogrammetric
reconstruction.

To investigate how image density influences model accuracy,
the research team conducted three imaging scenarios for CRP:

1. A high-density capture of 1,000 images at a 3—7 ft range
2. A medium-density capture of 350 images at a 57 ft range
3. A minimal capture of 100 images at a 7 ft range

Figure 3.3 CRP Scanning Experiments.
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Figure 3.5 Measurement Locations and QR Code Targets on the
Steel Girder.

To establish ground truth for validation, the team used cal-
iper readings, ultrasonic thickness measurements, and total
station surveys. These references provided a robust baseline
for comparing the accuracy and reliability of each technology.
Figure 3.5 illustrates the labeling of sample measurement loca-
tions (A1, A2, etc.) and the placement of QR code targets on the
W-section, facilitating accurate point cloud registration and con-
sistent measurement across different methods. These QR codes
served dual purposes: they provided scaling constraints for the
photogrammetric reconstruction process, ensuring dimensional
accuracy of the resulting model, and their centers were used as
precise reference points for thickness validation, allowing direct
comparison between ultrasonic sensor measurements and thick-
ness values derived from the photogrammetric model.

Table 3.2 presents local thickness measurements (for both
flange and web locations), showing how TLS and CRP values

TABLE 3.2

Comparison of All Measurement Methods and Results for

W-Section Scanning.

Measurement TLS Results

Point Ground Value (in.) CRP Results
(Location) Truth (in.) Method [Diff %] 3ft (in.) [Diff %]
Al 0.59 Caliper  0.57 [2.58%] 0.62 [5.0%]
A2 0.59 Caliper  0.58 [1.64%] 0.63 [6.0%]
A3 0.52 Caliper  0.55 [-6.37%] 0.32 [-38.0%]
A4 0.526 Caliper  0.58 [-10.33%] 0.49 [-7.0%]
AS 0.21 Caliper  0.23 [-9.67%] 0.20 [-5.0%]
A6 0.303 Caliper  0.29 [4.50%] 0.31 [3.0%]
A7 0.22 Caliper  0.26 [-16.50%]  0.10 [-52.0%]
A8 0.251 Caliper  0.26 [-3.99%] 0.22 [-11.0%]
A9 0.606 Caliper  0.59 [2.29%] 0.58 [-4.0%]
30 0.61 Ultrasonic N/A 0.60 [-1.0%]
tll 0.43 Ultrasonic  0.55 [-28.91%] 0.44 [2.0%]
9 0.424 Ultrasonic  0.54 [-26.93%]  0.44 [3.0%]
c5 0.433 Ultrasonic  0.57 [-31.57%] 0.44 [1.0%]
cll 0.426 Ultrasonic  0.54 [-27.91%] 0.44 [4.0%]
cl 0.428 Ultrasonic  0.56 [-31.45%]  0.47 [9.0%]
c7 0.432 Ultrasonic  0.56 [-28.96%]  0.47 [8.0%]
3 0.425 Ultrasonic  0.54 [-27.47%]  0.43 [1.0%]
TABLE 3.3

Comparison of Global Dimensional Measurements.

Distance b/w Total TLS (in.) CRP (all distances)
Ref. Points Station (in.) [Diff %] [Diff %]
C3-C7 89.25 89.32 [0.07%] 89.21 [0.00%]
C7-C1 62.50 62.57 [0.11%] 62.60 [0.00%]
C3-Cl1 149.25 149.24 [0.01%] 149.17 [0.00%]

compare to their respective ground truth measurements. The
data reveal that TLS measurements deviated between 1.64%
and 16.50% for flange locations (points Al, A2, A4, A6, AS,
A9), while showing larger discrepancies of 26.93% to 31.57%
for web thickness measurements (points tl11, cl-c11). In con-
trast, CRP demonstrated better performance for web thickness
measurements with deviations typically ranging from 1% to
9%, though it showed more variability in flange measurements,
particularly at points A3 and A7 with -38.0% and -52.0% devi-
ations, respectively. Overall, these results indicate that while
TLS provides more consistent flange measurements, CRP
tends to achieve higher accuracy in capturing web thickness
values, which are critical for section loss assessment in bridge
inspections.

TLS excelled in global dimensional measurements, with
deviations below 0.4% relative to total station data, as shown in
Table 3.3. In contrast, CRP showed variability at specific flange
points but achieved higher accuracy in web thickness assess-
ments (e.g., A3 and A7) with deviations typically ranging from
1% to 9%, while maintaining comparable accuracy in global
dimensions (Table 3.2).

These findings highlight the strengths of TLS and CRP.
TLS provides robust global dimensional accuracy and consis-
tent flange measurements, while CRP accurately captures web
thickness at closer ranges. A hybrid approach using both may
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yield the most comprehensive measurement of steel girder
geometry for bridge inspections.

3.1.2 Implementation of Drone-Based Photogrammetry

The research team’s decision to prioritize drone-based
photogrammetry for bridge inspections was solidified by
initial technology evaluation findings. Drone-based pho-
togrammetry offers practical advantages over TLS. TLS
requires multiple ground setups and direct access to bridge
elements, making it time consuming and potentially disrup-
tive. Drones can access hard-to-reach areas easily, reducing
setup time and minimizing traffic disruptions. Additionally,
CRP’s successful validation at a 3 ft capture distance aligns
with drone operation parameters, suggesting field replicabil-
ity of measurement quality.

To address these requirements, the research team selected
the DJI Matrice 300 RTK platform paired with the Zenmuse
P1 camera system. The research team selected the DJI Matrice
300 RTK platform with the Zenmuse P1 camera system to
address these requirements. The Zenmuse P1’s 45 MP full-
frame sensor with a fixed-focus 35 mm lens provides enhanced
low-light performance and a wider dynamic range than smaller
sensors, making it ideal for inspecting under-bridge areas with
suboptimal lighting.

As illustrated in Figure 3.6 and Figure 3.7, the DJI Matrice
300 RTK includes the following features that are essential for
bridge inspection activities:

® RTK Positioning System offers half-inch-level accuracy for geo-
referenced data collection.

® Upward Gimbal Mounting Capability enables inspection of

under-bridge areas by allowing the camera to face upward

Advanced Obstacle Avoidance Systems enhances operational

safety when maneuvering near structural components

Extended Flight Time (up to 55 minutes) allows for comprehen-

sive data collection without frequent battery swaps

IP45 Weather Resistance Rating facilitates safe operation in

adverse weather conditions

Hot-Swappable Battery System minimizes downtime and sup-

ports uninterrupted inspection workflows

These combined capabilities address key bridge inspec-
tion challenges, especially limited accessibility and the need
for accurate data. Drone-based photogrammetry with a robust
RTK-enabled platform efficiently gathers critical structural
information, minimizing traffic impact.

Photogrammetry for Bridges’ Complex Structures are unique
challenges compared to traditional photogrammetry applica-
tions. While typical photogrammetry deals with exterior sur-
faces in controlled environmental conditions, bridge inspection
captures complex, interconnected surfaces in confined areas like
webs, flanges, bracings, and other connections. This structural
complexity requires collecting both global geometric data and
detailed information in critical regions like web-flange intersec-
tions to minimize section loss.

Environmental factors complicate photogrammetry in bridge
settings, affecting data quality and efficiency. Unlike architec-
tural photography, bridge inspections often have inconsistent

Figure 3.6 DJI Matrice 300 RTK.

- _ DIl Matrice
¥ 300RTK
Bl R

Figure 3.7 Drone Attitude During Flight.

or low-light environments beneath deck structures. These
varying lighting conditions can cause brightness differences
along the same girder, as shown in Figure 3.8. Smooth, painted
steel surfaces provide few distinct features for reconstruction,
increasing alignment errors. Wind-induced motion, especially
in confined spaces, can compromise image quality by causing
camera shake or misalignment.

The precision requirements for bridge inspection exceed
those of most typical photogrammetric applications. Detecting
millimeter-scale section loss and accurately measuring remain-
ing material thickness are critical for structural assessments,
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Figure 3.8 Outside W-section is Brighter Than Inside W-Section
Due to Different Light Conditions.

TABLE 3.4
Overview of Key Parameters and Validation Metrics for Bridge
Photogrammetry for Laboratory Testing Phase.

Parameters to Validation
Category Optimize Metrics
Coverage Pattern Image overlap ratios (front/side) ¢ Point cloud density
Multielevation layer spacing * Surface coverage
completeness
Oblique angle effectiveness « Feature reconstruction
quality
Distance & ‘Working distance ranges * Section loss detection
Resolution accuracy
Camera resolution settings ¢ Thickness measurement
precision

Surface reflection handling Point cloud noise levels

including load rating adjustments and long-term deterioration
monitoring. These demands imply that every aspect of the scan-
ning process—from hardware selection to field execution—
must meet stringent accuracy typical to produce reliable results.

Addressing these challenges requires careful consideration
of key parameters for successful scanning protocols. Image
capture strategies may need higher overlap ratios than typical
photogrammetry for robust feature matching, especially in areas
with limited texture. Multiple viewpoints help capture surface
details in potential corrosion regions. Working distances must
be optimized for sufficient image resolution without contact
or collisions, especially beneath deck structures with restricted
clearances. Resolution settings should balance detail and data
volume for efficient processing and analysis.

To guide this process, the research team developed a compre-
hensive guideline with four primary phases: Laboratory Testing
(Table 3.4), Field Implementation (Table 3.5), Environmental
(Table 3.6), and Site-Specific (Table 3.7). Each phase addresses
specific challenges, drawing from preliminary research and
bridge engineering standards.

Several parameters stand out as influential in bridge inspec-
tion guidelines. Laboratory-based coverage patterns and work-
ing distance experiments establish accuracy for section loss
detection. Field implementation protocols ensure under-deck
scanning and girder complexity are addressed. Environmental
factors like lighting and wind affect data integrity and safety.

TABLE 3.5
Overview of Key Parameters and Validation Metrics for Bridge
Photogrammetry for Field Implementation Testing Phase.

Category  Parameters to Optimize Validation Metrics
Scanning Component-specific patterns * Coverage efficiency
Strategy Vertical surface methods * Data completeness

Under-deck approaches Time efficiency
Complex geometry protocols ¢ Safety compliance
Operational ~ Flight zone requirements Setup time

Protocol Battery management * Mission success rate
Mission segmentation ¢ Data quality consistency
Safety buffers * Risk mitigation effectiveness
TABLE 3.6

Overview of Key Parameters and Validation Metrics for Bridge
Photogrammetry for Environmental Testing Phase.

Category Parameters to Optimize  Validation Metrics

Lighting Management Shadow compensation
Time-of-day planning
Exposure settings

Wind thresholds

Image quality metrics
Exposure consistency
Feature detectability

Weather Limits Position stability

TABLE 3.7
Overview of Key Parameters and Validation Metrics for Bridge
Photogrammetry for Site-Specific Testing Phase.

Category Parameters to Optimize Validation Metrics

Physical Constraints  Clearance requirements

Obstacle avoidance

Access feasibility
Coverage completeness
Traffic coordination

Operational Factors Disruption minimization

Time windows Schedule efficiency

Site-specific considerations like traffic management and clear-
ance restrictions impact data collection feasibility. These criti-
cal elements are a focused in the resulting recommendations for
routine bridge inspections.

3.2 Path Planning and Optimization

Optimizing drone-based bridge inspections requires a sys-
tematic approach ensuring complete coverage without com-
promising data quality. This section details iterative scanning
protocol development through laboratory and field testing. At
Bowen Laboratory, baseline flight parameters were established
under controlled conditions, then refined in real bridge environ-
ments. By iterating between controlled experiments and field
validations, comprehensive flight planning strategies were for-
mulated balancing coverage completeness, data accuracy, and
operational efficiency.

3.2.1 Laboratory Testing Phase

Developing optimal path planning strategies for drone-based
bridge inspection requires systematic evaluation in controlled
conditions before field implementation. Extensive laboratory
testing at Bowen Laboratory established baseline parameters
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TABLE 3.8
Overview of Scanning Iterations Conducted at Bowen Laboratory.

Scanning Date Total Photos Key Parameters Primary Objectives Key Findings & Issues
07-17-2023 (1st) 569 * ISO: 1600 * Initial drone-based scanning test * 54% lost/disconnected images
¢ Shutter: 1/250  Evaluate basic circular flight path * Poor edge connectivity
¢ Aperture: 5.6 « Insufficient coverage at transitions
* Exposure: 0
* No supplementary lighting
07-24-2023 (2nd) 850 * ISO: 1600 * Improve edge coverage * Reduced lost images to 2%
¢ Shutter: 1/250 * Enhance model quality * Better edge coverage
* Aperture: 5.6  Test multilevel scanning » Excessive redundant data
* Exposure: 0 * Middle section focus issues
¢ No supplementary lighting
08-10-2023 (3rd) 294 « ISO: 100 ¢ Optimize camera parameters ¢ 0% lost images
 Shutter: 1/80 * Implement sparse capture strategy « Efficient data collection
* Aperture: 2.8  Validate lighting setup * Complete coverage achieved

Under exposure: -2.8
Back and edge lighting added

.

and validated scanning protocols. The testing focused on con-
trolled environment experiments, coverage optimization stud-
ies, and validating parameters in a controlled setting.

The controlled environment experiments used an 18 ft
W-section specimen under standardized conditions. Drone-
based systems struggled to achieve consistent coverage, espe-
cially in confined areas. Unlike handheld CRP, drone operations
require careful flight path stability, obstacle avoidance, and
maintaining a consistent distance to the structure. To address
these complexities, the research team iteratively tested and
refined scanning protocols.

Between July and August 2023, three iterations refined the
path planning strategy. Lab testing details are below. Table 3.8
summarizes each iteration’s flight path approach, captured
images, and key findings.

3.2.2 Iteration 1 (July 17, 2023)

This initial iteration employed a circular flight path approach
similar to conventional photogrammetry, capturing 569 images.
However, 54% of these images failed to integrate into the final
model due to inadequate overlap and insufficient edge cover-
age. Figure 3.9, Figure 3.10, and Figure 3.11 illustrate the flight
path (indicated by green camera positions) and the resulting 3D
model, highlighting sparse and uneven point cloud distribution,
especially along the edges of the W-section.

3.2.3 Iteration 2 (July 24, 2023)

In response to the connectivity problems encountered in
Iteration 1, the second iteration applied a multilevel scanning
strategy and expanded the total image count to 850, reducing
disconnected images to 2%. While this approach significantly
enhanced coverage, it also introduced data redundancy and
proved less efficient in terms of processing time. Figure 3.12,
Figure 3.13, and Figure 3.14 show the flight path layout, indi-
cating a more structured distribution of camera positions, along
with corresponding model views that reveal a denser, more
complete point cloud.

18

Figure 3.9 Flight Path Visualizations (Green Camera Positions).
Scanning Date: July 17, 2023, Circular Flight Path.

Figure 3.10 Horizontal Views of the Resulting 3D Models. Scanning
Date: July 17, 2023, Circular Flight Path.

3.2.4 Iteration 3: (August 10, 2023)

The final iteration achieved optimal results by refining the
capture strategy and reducing the total images to 294 while
still maintaining complete model coverage. This was accom-
plished through careful optimization of flight parameters,
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Figure 3.14 Vertical Views of the Resulting 3D Models. Scanning

. . . . . Date: July 24, 2023, Multilevel Scanning Approach.
Figure 3.11 Vertical Views of the Resulting 3D Models. Scanning

Date: July 17, 2023, Circular Flight Path.

Figure 3.15 Flight Path Visualizations (Green Camera Positions).

Figure 3.12  Flight Path Visualizations (Green Camera Positions). Scanning Date: August 10, 2023, Refined Sparse Capture Strategy.

Scanning Date: July 24, 2023, Multilevel Scanning Approach.

Figure 3.16 Horizontal Views of the Resulting 3D Models. Scanning
Date: August 10, 2023, Refined Sparse Capture Strategy.

Figure 3.13 Horizontal Views of the Resulting 3D Models. Scanning
Date: July 24, 2023, Multilevel Scanning Approach.

camera settings, and lighting conditions. The camera parame-
ters were adjusted from their initial values (ISO 1600, shutter
speed 1/250, aperture £/5.6) to more effective settings (ISO 100,
shutter speed 1/80, aperture /2.8, exposure compensation —2.8).
Additionally, strategic lighting placed at the rear and edges of
the specimen enhanced image clarity and improved reconstruc-
tion accuracy. Figure 3.15, Figure 3.16, and Figure 3.17 display
the final flight path arrangement and corresponding 3D model
views, emphasizing a uniform, consistent point cloud without Figure 3.17 Vertical Views of the Resulting 3D Models. Scanning
excessive redundancy. Date: August 10, 2023, Refined Sparse Capture Strategy.
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During parameter validation, flight speed proved crucial for
reliable data in confined spaces. The research team optimized
drone structure to ensure thorough coverage while maintain-
ing image fidelity. These ranges were confirmed through ref-
erence measurements and analyses of point cloud density and
completeness.

The evolution of flight path strategies revealed best prac-
tices for drone-based data collection. The initial circular pat-
tern (Iteration 1) caused connectivity gaps, while the multilevel
approach (Iteration 2) resolved them but generated redundant
data. The sparse capture strategy (Iteration 3) balanced cover-
age and efficiency by prioritizing strategic camera placement,
reducing image counts and processing requirements while
matching close-range photogrammetry reconstruction quality.

Key principles from laboratory testing will inform future
standard protocols. Multilevel scanning paths with targeted
edge capture provide comprehensive coverage. Camera
parameter optimization, especially exposure and ISO settings,
enhances model fidelity. Supplementary lighting is crucial for
high-quality images in shadowed bridge areas. Systematic
parameter optimization creates reliable and efficient drone-
based inspection methodologies.

3.2.5 Field Implementation Strategies

Field testing in West Lafayette, Indiana, revealed challenges
in drone-based bridge inspection beyond laboratory conditions.
These insights helped adapt flight path planning for real-world
scenarios.

The initial field deployment took place at Davis Ferry Road
on September 11, 2023, and highlighted critical challenges in
flight path execution. Using a DJI Matrice 300 equipped with a
P1 camera, the research team captured 418 photos. However, los-
ing RTK service and Global Navigation Satellite System (GNSS)
signals beneath the bridge limited under bridge coverage to about
50% usable images. Figure 3.18 and Figure 3.19 illustrate the
difficulty of maintaining complete coverage, emphasizing the

Figure 3.18 Summary of Field Implementation Testing Results at
Davis Ferry Road Bridge. Target and Surroundings.

Figure 3.19 Summary of Field Implementation Testing Results at
Davis Ferry Road Bridge. 3D Scanning Results.

Figure 3.20 Summary of Field Implementation Testing Results at
S-Brite Bridge. Target and Surroundings.

importance of robust positioning methods when external GPS
signals are compromised.

A second field deployment at the S-Brite Bridge on
November 13 and 16, 2023, improved reconstruction quality,
especially in edge clarity and detail preservation. The revised
scanning strategy included close-range detail captures and wid-
er-angle overview shots, balancing high-resolution imaging with
broader contextual coverage (Figure 3.20 and Figure 3.21). This
dual distance strategy proved effective for handling repetitive
steel girder features. Collecting approximately 3,000 images
yielded notable gains in edge quality in well-lit areas.

Four key principles emerged from these field deployments:

® Distance Management: Varying the distance from the structure,
combining close range captures for fine detail with wider angle
shots for global context, proved crucial for reconstructing repeti-
tive features in steel girder bridges.

Coverage Strategy: Employing systematic overlap patterns while
addressing site specific constraints is vital. Flight paths must be
adaptable to environmental obstacles and access limitations yet
maintain sufficient overlap for consistent image alignment.

20 Joint Transportation Research Program Technical Report FHWA/IN/JTRP-2025/16



Figure 3.21 Summary of Field Implementation Testing Results at
S-Brite Bridge. 3D Scanning Results.

® Positioning Systems: Reliable scanning strategies must be pre-
pared for degraded GPS or RTK signals, particularly under bridge
decks. Integrating visual positioning and carefully planning flight
paths ensures the drone can maintain orientation when external
signals are compromised.

® Environmental Adaptation: Adjusting flight paths based on light-
ing conditions plays a significant role in the quality of the final
imagery. Capturing brighter areas first and using appropriate
exposure settings for shadowed regions yielded more accurate
edge details during reconstruction.

Collectively, these field implementations demonstrated that
effective bridge inspection requires more sophisticated flight
planning than laboratory tests alone might indicate. Balancing
close range detail capture with broader contextual imaging,
while adapting to site specific challenges, emerged as a key
concern for optimal flight path design.

3.3 Field Implementation

Field implementation of 3D scanning for bridge inspection
considers various environmental and site-specific factors affect-
ing data quality and efficiency. This section examines three
critical aspects: lighting conditions and exposure control, wind
considerations, and site-specific access limitations. Strategies
address these challenges, providing essential guidance for inte-
grating 3D scanning into bridge inspection scenarios while
ensuring data fidelity and operational safety.

3.3.1 Environmental Factors - Lighting Conditions and
Exposure Control

Lighting conditions significantly impact photogrammetric
reconstruction in bridge inspection. Preliminary tests at Bowen
Laboratory confirmed the importance of managing lighting, but
field implementation revealed complexities specific to bridge
structures. Transitions between natural sunlight and shaded
interior sections at girder webs and flanges create challenges.

Underexposed images in shadowed areas (Figure 3.22) can
lead to incomplete or distorted regions in the final 3D model
(Figure 3.23). Bridge inspections involve varying illumination,
from exterior edges to deep shadows in the girder interior. This

Figure 3.22 Incorrect Exposure and Resulting Incomplete 3D Model
Sections: Incorrect Exposure Picture.

Figure 3.23 Incorrect Exposure and Resulting Incomplete 3D Model
Sections: Lead Holes appearing in 3D Model.

variation, especially at transition zones, can disrupt feature
matching and reduce reconstruction quality.

The field tests evaluated exposure strategies in four distinct
zones on a W-section specimen, each with unique lighting con-
ditions. Figure 3.24 shows automatic and manual exposure
controls. Automatic settings balanced scene brightness but
underexposed shadows and overexposed edges. Manual con-
trol, using low ISO, controlled aperture, and consistent shut-
ter speeds, produced higher completion rates in challenging
regions. Below summarizes automatic and manual exposure
testing.

® Automatic Exposure Testing:
— Default camera settings attempting to balance overall scene
brightness
— Resulted in underexposed areas in shadow regions
— Poor detail preservation in transition zones
— Limited success in feature matching across varying light
conditions
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Sony ILCE-7TRM2 35mm /45 1/320 sec

ISO100 EXPO No flash, compulsory

Sony ILCE-7TRM2 35mm f/56 1/200 sec Sony ILCE-TRM2
ISO100 EXPO No flash, compulsory

Figure 3.24 Exposure Settings in Different Zones.

ISO200 EXPO No flash, compulsory

f/4  1/200 sec Sony ILCE-7RM2 35mm /5 1/400 sec
ISO100 EXPO No flash, compulsory

General

Figure 3.25 The Comparison of Model Construction Result
(General and Cross-sectional Views). Auto-Exposure Model and
Section Profile.

® Manual Exposure Control (strategic adjustment of key
parameters):
— Low ISO settings to minimize noise
— Controlled aperture for depth of field
— Consistent shutter speed (1/200s) to prevent motion blur
— Zone-specific exposure compensation
— Graduated exposure adjustments in transition areas

Manual exposure control significantly improved the final
reconstruction quality, especially in areas with severe contrast

Figure 3.26 The Comparison of Model Construction Result
(General and Cross-Sectional Views). Manual-Exposure Model and
Section Profile.

(Figure 3.25 and Figure 3.26). Handheld equipment validated
these principles for drone-based inspection protocols, ensuring
uniform image capture across lighting zones.

3.3.2 Environmental Factors: Wind Considerations

Wind conditions pose a significant challenge in bridge
inspection due to the close-range flight required near structural
elements. Even larger drone platforms like the DJI Matrice 300
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RTK, with better wind resistance, experience unpredictable
turbulence and channeling effects due to the proximity of bridge
components.

During protocol development, the research team set con-
servative wind limits (26.84 mph) below manufacturer speci-
fications to maintain data quality and safety near structures.
Flight often occurs within 5-7 ft of girders, so sudden gusts can
destabilize the drone or reduce image clarity.

3.3.3 Site-Specific Challenges Access Limitations

Access constraints hinder bridge inspection, especially cap-
turing detailed steel girder geometry. Larger drones document
exterior surfaces, but maneuvering within confined spaces is
needed for web surfaces and bottom flanges. This prompted the
research team to reevaluate equipment selection and scanning
strategies.

Full-frame sensor drones deliver high-quality images but can
be cumbersome in narrow gaps. The DJI Avata 2 was evaluated
for its compact form factor and sensor performance. Smaller
drones with wide-angle optics can successfully navigate interior
W-sections and produce high-fidelity reconstructions, but image
consistency varies under different lighting conditions.

Wide-angle optics (blue lines) in Figure 3.28 can distort,
especially at frame edges. Calibration or correction algorithms
are needed to preserve accurate feature matching and geome-
try in 3D models. Despite limitations, the DJI Avata 2 accessed
tight interior sections and collected detailed images, filling cov-
erage gaps larger aircraft could not. Key findings:

1. Navigation Capabilities:
— Successfully maneuvered through limited spaces between
W-sections
— Demonstrated ability to maintain stable flight in confined
conditions
— Required careful speed control for optimal image quality
2. Data Quality:

— Achieved significant improvement in web surface
documentation

— Successfully reconstructed inner surface details previously
inaccessible

— Maintained consistent image quality despite space constraints

Figure 3.27 Wide-Angle Image from Compact Drone.

Figure 3.29 Compact Drone Scanning Result: 3D Reconstruction
Result.

3.  Integration Strategy: The testing revealed the potential for a
dual-platform approach:
— Large drones (e.g., Matrice 300) for exterior and accessible
areas
— Compact drones (Avata 2) for confined spaces between girders
— Data fusion between platforms for complete structural
documentation

Field trials with the DJI Avata 2 successfully navigated
confined spaces and captured 4K footage, reconstructing
previously unreachable inner web surfaces (Figure 3.29 and
Figure 3.30). Smaller drones sacrifice image quality but are
essential for complete structural documentation. Integrating
large and small drone platforms offers a dual approach: using
larger drones for exterior surfaces and smaller units for tight
spaces between girders, then merging data for a comprehen-
sive representation.

Real-world operations require nuanced flight planning and
specialized methods beyond laboratory work. Exposure optimi-
zation through manual control, conservative wind thresholds,
and selective use of compact drones for confined areas ensure
safe and high-quality data collection. By applying these mea-
sures, bridge inspection teams can effectively navigate on-site
3D scanning challenges, resulting in robust and accurate results.
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Figure 3.30 Compact Drone Scanning Result: More Complete Inner
Section Profile.

3.4 Quality Control

Extensive experimental work at both laboratories and field
sites revealed that successful 3D reconstruction of bridge struc-
tures depends on preliminary quality assessment procedures.
Initial scanning attempts failed to provide sufficient feature
points for photogrammetric reconstruction, especially on coated
or polished steel surfaces. A preflight feature detection protocol
improved scanning efficiency and reliability.

A real-time feature point detection system using Scale-
Invariant Feature Transform (SIFT) algorithms is the corner-
stone of this prescanning protocol. It operates during preliminary

drone flyovers to assess surface feature detectability before full
scanning. The feature detection software provides a comprehen-
sive visualization of feature point distribution, including a heat
map showing feature density and accumulated points over mul-
tiple frames. This visualization helps identify challenging areas
during photogrammetric reconstruction.

Integration of exposure analysis tools within the prescanning
workflow addresses challenging lighting conditions in bridge
environments. Real-time exposure histogram analysis and image
clarity metrics provide objective image quality measures, over-
coming limitations of on-screen visual assessment, especially
in varying lighting conditions. This capability proved valuable
during field testing, where screen visibility can be compromised
by strong ambient light or low illumination.

The feature detection interface (Figure 3.31) provides real-
time feedback through a multiwindow display showing the orig-
inal image, detected feature points, and corresponding exposure
histogram. Operators can quickly identify problematic areas and
adjust scanning parameters. The system implements automated
thresholds for feature density, triggering warnings when fea-
tures fall below levels required for reliable reconstruction.

Systematic comparison between feature detection results
and final reconstruction quality validated the effectiveness of
this prescanning protocol. Data from multiple scanning sessions
showed a strong correlation between preliminary feature point
density measurements and successful 3D model reconstruction.
This correlation allows reliable prediction of scanning feasibil-
ity and optimal resource allocation for bridge documentation.

] @ Real-time SIFT Feature Detection and Quality Ass@sment

2 Frame Width 1280

Camera Index: 0 < Frame Height

Start Stop

Sharpness: 123.48

Metrics:
Keypoints: 1712
Matches: 0

Overlap: 100%

Exposure Histogram
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7500 4
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Z  Desired Overlap Ratio:  0.80 2 Max SIFT Features 4000 $

Capture (Space) Quit

Figure 3.31 Screenshot of Feature Detection Interface Showing Multiple Windows With Original Image, Feature Detection Results, and

Exposure Histogram.
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Sharpness: 102.59
Metrics:
Keypoints: 2526

Figure 3.32 The Comparison of Feature Points Number to the Quality of Model in Different Place of The Bridge.

This prescanning quality check protocol significantly
improves bridge scanning efficiency. It identifies potential
reconstruction challenges before full scanning, preventing
resource-intensive data collection for unsuitable results. This
approach is especially valuable for complex bridge structures
with varying surface conditions.

3.5 Lessons Learned and Best Practices

Extensive field implementation and testing by the research
team led to comprehensive insights into effective 3D scanning
practices for bridge inspection. This section presents two case
studies illustrating practical scanning protocol refinement.
The first case study at the Davis Ferry Road Bridge showcased
optimized strategies, while the second case study integrated
multiple platforms for complete bridge documentation, high-
lighting complementary technology strengths and operational
considerations. These real-world implementations demon-
strate successful scanning strategies and critical factors for
future bridge inspection.

3.5.1 Practice 1: Implementation of Optimized Scanning
Strategy at Davis Ferry Road Bridge

Field implementation at the Davis Ferry Road Bridge
(1000-1067 Davis Ferry Rd, West Lafayette, IN 47906) in April
2024 oftered insights into practical challenges and optimization
strategies for bridge scanning (Figure 3.33). Wind conditions
(maximum recorded wind speeds of 13.7 m/s) necessitated two
sessions (April 17 and 25, 2024), emphasizing environmental
considerations in scanning operations.

The research team developed a comprehensive scanning
strategy with multiple elevation layers to cover the bridge
structure. The scanning path focused on capturing detailed
data from two W-sections, varying camera angles and exposure
settings for maximum data quality. The multilayer approach
effectively captured the bridge’s complex geometries, espe-
cially the underside details through optimized camera angles
(Figure 3.34).

The implementation revealed critical findings about surface
characteristics and their impact on photogrammetric reconstruc-
tion. External web surfaces, despite adequate illumination, posed
challenges due to their smooth, patternless surface, leading to
suboptimal feature detection. Interior web surfaces, with lower
illumination, showed better reconstruction quality, suggesting
surface texture is more crucial than lighting alone.

Key improvements implemented during this field operation
included:

® Developing manual exposure control strategies that adapt to
different surface conditions.

® Enhancing the scanning angle coverage to ensure comprehensive
data capture.

® Increasing the overlap between adjacent images to improve the
reconstruction process.

® Modifying the camera positioning to capture the intricate details
of the bridge structure.

Despite achieving comprehensive coverage and optimized
scanning, certain W-section components’ smooth surfaces
posed challenges for feature detection and reconstruction.
Further research is needed on surface feature enhancement
methods and alternative scanning strategies for highly polished
or uniform surfaces.
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Figure 3.33 Details of Scanning Location, Overview Picture and Locations from Satellite Map (Map Data: ©2016, 2025 Google).

Figure 3.34 Visualization of the Scanning Path Showing a Profile View (Top) and an Isometric View (Bottom) to Demonstrate Multiple Elevation
Layers and Comprehensive Coverage.
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Figure 3.35 High-Fidelity 3D Reconstruction of the Davis Ferry Road Bridge Showing Detailed Capture of Structural Elements and Surface Features.

The scanning implementation achieved remarkable results
in model reconstruction quality, as shown in Figure 3.35. The
reconstructed model exhibits exceptional detail and geometric
accuracy, especially in capturing the bridge’s complex struc-
tural elements. This level of quality represents a significant
advancement in field scanning capabilities, showcasing the
effectiveness of the optimized scanning methodology.

The exceptional visual quality of the reconstruction vali-
dates the effectiveness of the implemented scanning strat-
egies, particularly the multilayer approach and optimized
exposure settings. This success in field conditions shows that
high-quality photogrammetric reconstruction of bridge struc-
tures is achievable with proper protocols, despite varying sur-
face conditions and environmental factors. Insights from this
implementation inform refinements in scanning methodology,
aiming to replicate this quality across diverse bridge structures
and environments.

3.5.2 Practice 2: Multiplatform Integration for Complete
Bridge Documentation

The research team integrated multiple scanning platforms
to achieve comprehensive 3D bridge documentation. Three
data collection methods were used: a DJI Matrice 300 RTK for
main structural elements, a DJI Avata 2 for confined spaces,

and handheld cameras for bottom-view documentation. The
RTK system provided accurate geometric reconstruction with
scaling constraints.

The integration of point clouds from various sources created
a comprehensive bridge model encompassing the superstruc-
ture, deck, and W-sections (Figure 3.36). Visualizing the point
cloud reveals distinct characteristics from each scanning plat-
form, reflecting the data collection method’s capabilities and
limitations.

The implementation revealed significant operational con-
siderations. Despite not achieving complete vertical coverage,
the scanning operation required more than eight hours of field
work, emphasizing the importance of battery management.
Maintaining a complete battery set ensured continuous opera-
tion and adequate redundancy for safety. Proper battery cooling
periods were also necessary to prevent equipment degradation.

The integrated point cloud model achieved remarkable recon-
struction quality, capturing intricate structural details like the
bridge’s superstructure, deck surface conditions, and supporting
elements (Figure 3.37). The high-fidelity color reproduction and
clear definition of structural components showcase the effective-
ness of the multiplatform approach in capturing comprehensive
bridge documentation.

Analysis of confidence metrics from different scanning plat-
forms revealed distinct quality patterns (Figure 3.37). The DJI
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(1) Pictures from DJI Matrice 300

(2) Pictures from DJI Avatar 2

(3) Pictures from handheld cameras

Figure 3.36 Integrated Point Cloud Visualization Showing Contributions From Multiple Scanning Platforms. Different Colors Indicating Data
Sources: DJI Matrice 300 (Source 1), DJI Avata 2 (Source 2), And Handheld Cameras (Source 3).

DJI Avatar 2

Lower confidence area from

Higher confidence aré&from
DJI Matrice 300

Figure 3.37 High-quality 3D Reconstruction Showing Overall Bridge Structure With Detailed Texture and Geometric Capture and Confidence
Analysis Visualization Showing Varying Quality Levels From Different Scanning Platforms.

Matrice 300’s full-frame sensor consistently produced higher
confidence in reconstruction, especially in upper structural ele-
ments and exposed surfaces. The DJI Avata 2, while useful for
confined spaces, generated lower confidence metrics. This vari-
ation guides filtering and optimizing the final model, ensuring
selective use of high-confidence data from each platform for
optimal reconstruction.

This implementation suggests multiple scanning platforms
for comprehensive bridge documentation, but operational effi-
ciency must be considered. For future small drone use in con-
fined spaces, the research team recommends balancing image
capture and video recording. Image-based reconstruction offers
better quality, but video recording may be more time-efficient
for limited coverage within short operational windows.
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3.6 Summary of the Chapter

The development of 3D scanning protocols for bridge
inspection revealed critical findings impacting photogram-
metric reconstruction in field conditions. Systematic inves-
tigation of prescanning quality assessment and multiple field
implementations identified key factors influencing scanning
success and strategies for reliable results.

Prescanning quality assessment, particularly real-time fea-
ture point detection using SIFT algorithms, predicted recon-
struction feasibility before full scanning. This approach was
especially valuable for polished steel surfaces where traditional
visual assessment might fail. Exposure analysis tools and auto-
mated quality metrics provided objective measures for scanning
feasibility, enhancing efficiency.

Field implementation at the Davis Ferry Road Bridge
demonstrated the importance of comprehensive scanning
strategies and environmental considerations. Surface char-
acteristics significantly impacted reconstruction quality.
Exterior web surfaces with smooth, patternless characteristics
posed challenges despite adequate illumination, while inte-
rior surfaces showed better reconstruction potential despite
lower light. These findings highlight the complex relationship
between surface texture, lighting, and reconstruction success.

The multiplatform integration approach revealed the
potential and limitations of current scanning technologies.
Combining large drones (DJI Matrice 300), compact drones
(DJI Avata 2), and handheld cameras showed that compre-
hensive bridge documentation requires a strategic mix of
platforms. Each platform had advantages: the Matrice 300’s
full-frame sensor provided superior image quality for accessi-
ble areas, while the Avata 2 was essential for confined spaces.
The integration achieved more complete documentation than
any single platform.

Operational considerations were crucial. Extended scan-
ning operations exceeded eight hours, highlighting the impor-
tance of battery management and redundancy. Environmental
factors, especially wind, impacted scanning feasibility and
data quality, necessitating careful weather planning.

These findings provide the basis for standardized bridge
inspection protocols using 3D scanning. Controlled testing
and field implementation demonstrated that successful doc-
umentation requires a systematic approach considering tech-
nical capabilities, environmental conditions, and operational
constraints. These lessons inform comprehensive guidelines
for implementing 3D scanning in routine bridge inspection.

4. GUIDELINE AND RECOMMENDATION FOR 3D
BRIDGE SCANNING

A well-structured guideline is essential for successful
3D scanning of bridges. Modern bridge inspections require
sophisticated methods to capture and document structural con-
ditions, especially for detecting deterioration in critical ele-
ments. Extensive laboratory testing and field implementations
in Indiana have developed comprehensive protocols for routine
bridge inspections using 3D scanning.

This section provides practical guidelines for selecting, deploy-
ing, and managing 3D scanning technologies in bridge assess-
ments. Systematic evaluation revealed that successful bridge
documentation requires careful consideration of environmental
conditions, equipment capabilities, and operational constraints.
These guidelines address critical aspects of implementation, from
technology selection to data processing and management, ensur-
ing transportation agencies effectively integrate advanced tools
into their inspection programs.

The workflow outlined in Figure 4.1 systematically imple-
ments 3D scanning for bridge inspection. It involves selecting
technology based on requirements and site conditions, field
preparation, execution, data processing, and management. Each
phase ensures reliable and efficient data collection.

Optimized for steel girder inspection in Indiana, the process
emphasizes critical decision points and quality control. Detailed
guidelines and recommendations follow, based on research and
practical experience.

4.1 Selection of 3D Scanning Technologies

The selection of appropriate scanning technology is crucial
for successful bridge inspection. Modern bridge inspection
requires sophisticated methods to capture structural conditions
accurately and efficiently. Traditional visual inspection remains
important, but advanced 3D scanning has revolutionized bridge
documentation and assessment. Factors like accuracy, acces-
sibility, and operational efficiency must be carefully balanced
when choosing technology.

Recent advancements in UAV technology have revolutionized
bridge inspection. UAVs provide unprecedented access to chal-
lenging areas, enabling comprehensive documentation of bridge
conditions. Their rapid coverage of large areas makes them a
preferred choice for initial assessments and routine inspections.

CRP complements UAVs by capturing fine surface details
and creating high-resolution 3D models. Its cost-effectiveness
and portability make it valuable for focused inspections.

.. Selection of 3D .
Initial . Preparation of
Scanning = .
Assessment ; Field Scanning
Technologies

Data

Field Operation (=ap| Post Processing
Management

Figure 4.1 Guideline for 3D Bridge Scanning.
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Figure 4.2 Selection Flow for 3D Scanning Method.

TLS offers high precision but faces operational challenges
in field conditions. Stable setup positions, clear lines of sight,
and controlled environments limit its practical application.
However, TLS remains valuable for specific applications requir-
ing extremely high precision and site conditions permitting
proper setup.

Selection workflow for 3D scanning methods to guide
inspectors in choosing the best scanning technology is shown in
Figure 4.2. It considers factors like accessibility, accuracy, and
environmental conditions identified through research at Bowen
Laboratory and field bridge sites.

The decision workflow involves systematic evaluation of
scanning technologies under varying conditions. Controlled
laboratory experiments and field implementations at multiple
bridge sites in Indiana revealed that technology selection should
consider three primary factors: required measurement accuracy,
site accessibility, and environmental conditions. Quantitative
performance evaluations and practical implementation experi-
ences led to these recommendations.

® UAV-based and Handheld CRP

— Optimal for comprehensive bridge documentation

— Best for both overall bridge inspection and detailed surface
documentation

— UAV excellent for accessing difficult areas under bridge and
between girders

— Handheld ideal for precise measurements and defect mapping

— Quick setup and data collection with immediate quality checks

— Works best in overcast to bright daylight, avoid direct sunlight

— Requires clear weather with wind under 15 mph for UAV
operations

— Cost-effective with standard camera equipment

— FAA certification needed for UAV, basic training for handheld

— Can combine both methods for complete bridge coverage

* TLS
— Highest precision (+0.003-0.005in at 33 ft range)
— Ideal for specialized high-precision measurements
— Generates immediate PCD
— Requires stable ground conditions for setup
— Takes longer to set up but highly reliable
— Higher equipment cost than photogrammetry
— Best suited for bridges with good access points
— Limited by line-of-sight to bridge elements
— Professional training required for operation
— Most effective in controlled environments

Thorough preparation for field implementation becomes
critical after selecting the appropriate scanning technology
using the decision workflow. Successful scanning operations
require careful consideration of prescanning assessments,
environmental conditions, and operational protocols detailed
in the following section.

4.2 Preparation of Field Scanning

Successful 3D scanning of bridge structures requires thor-
ough preparation and careful planning. This preparatory phase
ensures efficient data collection and high-quality results.
Planning considers technical requirements, safety, environ-
mental conditions, and regulatory compliance, especially for
UAV operations (see Preoperation Checklist in Table 4.1).

The Preoperation Checklist (Table 4.1) sets the stage for
successful field scanning. With proper preparation, teams can
proceed to field operations, where these carefully planned pro-
cedures are implemented. This section details the systematic
approach required during active scanning, ensuring high-qual-
ity data collection.
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TABLE 4.1
Preoperation Checklist.

CHECK ITEMS

Verify environmental conditions:

* No precipitation

 Proper lighting conditions (overcast to bright daylight, avoid
direct sun)t!

* Wind speed below 15 mph for UAV operations'?!

Complete equipment readiness check:

* All batteries fully charged

* Memory cards formatted

* Lens/sensors cleaned

* Backup power supplies prepared

Configure camera settings:

¢ ISO: 100-400 for optimal noise control
 Shutter speed: minimum 1/200s for UAV
 Aperture: /4.0-f/5.6 for depth of field ¥

Verify UAV systems:

» Gimbal operation and calibration

* RTK signal reception

* Obstacle avoidance systems
 Controller firmware updated
Review flight compliance:

e Check airspace restrictions
 Verify FAA authorization
 Contact local air traffic control if required
Prepare scanning strategy:

« Flight paths planned and loaded

« Coverage patterns verified

« Alternative landing zones identified
Safety equipment check:
 High-visibility vests

« Safety barriers if needed

« First aid kit

¢ Communication devices

(1]

2]

3]

Lighting Conditions: Field testing has established optimal scanning conditions under
different scenarios:
— Best: Overcast days (uniform, diffused light)
— Good: Early morning/late afternoon (indirect sunlight)
— Acceptable: Bright daylight with minimal shadows
— Avoid: Direct midday sun, heavy cloud cover, or dawn/dusk
These conditions correspond to technical illumination ranges (2,000-20,000
lux) validated through extensive field testing at multiple bridge sites. Laboratory
studies at Bowen Laboratory demonstrated that consistent, diffused lighting produces
the most reliable photogrammetric reconstructions of steel girders.
Wind Speed Thresholds: Based on comprehensive field implementation studies:
— Optimal: < 10 mph (stable flight, best data quality)
— Acceptable: 10-15 mph (increased precautions required)
m Reduce flight speed
m [ncrease image overlap
m  Monitor battery consumption
— Restricted: > 15 mph (suspend operations)
These thresholds ensure both data quality and operational safety, particularly
critical for under-bridge scanning operations.
Camera Settings: Through systematic testing at Davis Ferry Road Bridge, optimal
camera parameters for steel girder inspection were identified:
— ISO: 100-400 (minimizes noise in shadow areas)
— Shutter Speed: Minimum 1/200s (prevents motion blur during UAV operations)
— Aperture: f/4.0-/5.6 (balances depth of field with light gathering)
— Focus: Manual focus preferred, with focus distance set to anticipated scanning
range
These settings provided optimal results for feature detection and model recon-
struction quality across various bridge conditions.

4.3 Field Operation

The checklist and guidelines establish the foundation for
successful field scanning. With proper preparation, teams can
proceed to field operations, where these procedures are put
into action. This section details the systematic approach during
active scanning. More details are provided in Appendix A.

TABLE 4.2
Field Operation Checklist.

CHECK ITEMS

UAV-Based Close-Range Photogrammetry Checklist
Preflight Check:
¢ Check propeller condition and sound!"!
 Turn on all safety features'®
¢ Check GPS connection®!
During Flight:
¢ Watch battery level™
* Monitor image coverage!”!
¢ Check image quality regularly®
¢ Maintain steady flight path!”!
Handheld Close-Range Photogrammetry Checklist
Camera Setup:
¢ Check camera settings !
¢ Check lighting conditions!
¢ Prepare scanning path!'”!
Manual Operation:
* Keep steady scanning distance!'!
¢ Maintain image overlap!'?
 Follow planned pattern
* Review captured images

[1] Propeller System Diagnostics: Normal operation produces a consistent 5800+200
RPM sound signature. Any asymmetric sound patterns or frequency variations indi-
cate potential mechanical issues requiring immediate system check. Critical for both
Alight safety and data quality.

[2] Safety Systems Protocol: Includes RTK positioning system (accuracy +0.8in), obsta-
cle avoidance sensors (effective range 1.6-98 ft), and redundant control systems. All
systems must be verified through preflight diagnostic checks.

[3] GNSS Signal Quality: Minimum 7 satellites for RTK fixed solution. PDOP value
should remain below 3.0 for optimal positioning accuracy. Monitor both horizontal
and vertical dilution of precision.

[4] Power Management Protocol: Maintain 20% minimum reserve capacity (approxi-
mately 10 min flight time for M300 RTK). Monitor cell voltage differential (maximum
0.3V variance) and pack temperature (optimal range 68-95 °F).

[5] Coverage Parameters: Maintain 75% forward overlap and 65% side overlap for opti-
mal photogrammetric reconstruction. Maximum ground sampling distance of 0.4 in./
pixel at typical inspection range.

[6] Image Quality Metrics: Monitor exposure histogram for balanced distribution, main-
tain focus consistency (> 90% focus score), and verify motion blur index remains
below 0.3.

[7] Flight Path Stability: Maintain consistent altitude +3.3 ft, speed within 4.5-11 mph
range, and gimbal stability within +0.02° for optimal image quality.

[8] Camera Configuration: For optimal results, maintain consistent settings throughout
scanning:

— ISO: 100400 range for clean images

— Shutter: Minimum 1/200s for sharp capture
— Aperture: f/4.0-f/5.6 for good depth of field
— Focus: Manual mode preferred

[9] Hllumination Requirements: Optimal range 180—1850 ft-candles, with diffused light-
ing preferred. Monitor shadow contrast ratio (< 4:1) and avoid specular highlights
(peak intensity < 90%).

[10]  Scanning Pattern Optimization: Systematic coverage ensuring maximum incident
angle < 30° to surface normal. Grid pattern with 60% minimum overlap between
adjacent positions.

[11]  Distance Control: Maintain consistent working distance within +10% of planned
range to ensure uniform ground sampling distance and depth of field coverage.

[12]  Image Overlap Parameters: Minimum 60% overlap in both horizontal and vertical
directions, ensuring at least 3 views per surface point for reliable photogrammetric
reconstruction.
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Successful field scanning requires careful coordination and
constant attention to data quality. Extensive field testing showed
that dividing complex structures into manageable sections
ensures consistent coverage and quality. Regular monitoring of
environmental conditions and equipment status ensures reliable
data collection and operational safety.

Once field scanning is complete, systematic processing
generates useful 3D models from collected data. Proper field
operations and documentation significantly impact this pro-
cessing. This section details essential steps, starting with ini-
tial data verification and ending with final model generation.

4.4 Postprocessing

The postprocessing phase transforms raw field data into
usable 3D models using systematic workflows. Extensive
testing with various bridge structures led to optimized proce-
dures using industry-standard software (Agisoft Metashape and
Bentley iTwin Modeler) for photogrammetric reconstruction.

The Post Processing Checklist (Table 4.3) bridges raw field
data to actionable inspection results. Systematic testing at
multiple bridge sites, including the Davis Ferry Road Bridge
implementation, revealed that proper execution of these steps
ensures reliable geometric reconstructions. The quality of final
3D models directly impacts their utility for structural assess-
ment and long-term bridge management.

Successful postprocessing requires balancing processing
parameters and computational resources. Field implementations
show that a typical bridge inspection dataset expands from 5-15
GB of raw imagery to 50-100 GB of processed data, including
point clouds, mesh models, and analysis results. This expan-
sion necessitates careful storage and processing considerations.
Higher quality settings yield better results, but practical con-
straints require optimizing parameters to achieve optimal out-
comes within available resources.

The successful generation of accurate 3D models marks a
milestone in bridge inspection workflow, but it also creates
new challenges in data organization and storage. This section
addresses these challenges with systematic data management
protocols, ensuring accessible and usable raw data and pro-
cessed results throughout the bridge inspection lifecycle.

4.5 Data Management

Effective data management is crucial throughout the bridge
inspection process. We have developed comprehensive protocols
ensuring data integrity, traceability, and usability. These address
immediate operational needs and long-term archival requirements.

Properly executing data management protocols (Table 4.4)
ensures bridge inspection data remains accessible and usable
throughout its lifecycle. Systematic data management is crucial
for immediate inspection needs and long-term bridge monitor-
ing and analysis. Organized storage and documentation of raw
data and processed models support structural analysis, condi-
tion assessment, and decision-making.

This comprehensive guideline establishes a robust foundation
for advanced bridge inspection using 3D scanning technologies.

TABLE 4.3
Post Processing Checklist.

CHECK ITEMS

Data Preparation:

e Verify all raw files are complete!!!
o Create working backup copies'?!
e Check computer capability!!
Initial Processing:

e Extract image features™

o Align photo positions!”!

e Optimize camera alignment'®
Model Generation:

e Build dense point cloud”

e Check point cloud quality'®

o Adjust model scale”

Final Steps:

o Export inspection products!'”!

e Generate process report!'!!

e Archive project files!'?

(1]

2]

[3]

[4]

[5]

[6]

171

8]

191

[10]

[11]

[12]

Data Verification: Compare field collection logs with raw files. Typical dataset
includes 300-1000 images per bridge section, requiring 5-15 GB storage.

Backup Protocol: Create minimum two copies on separate storage devices. Original
raw data must remain untouched throughout processing.

System Requirements: Minimum 32 GB RAM for standard processing. GPU with 8
GB VRAM recommended. Storage requirements typically increase 10-15x during pro-
cessing. Professional 3D reconstruction software (Agisoft Metashape / iTwin Capture
Modeler) is required to complete upcoming steps.

Feature Extraction (Agisoft Metashape):

— Quality setting: High

— Key point limit: 40,000

— Tie point limit: 4,000

— Typically requires 1-2 hr for 500 images.

Alignment Parameters:

— Accuracy: High

— Reference preselection: enabled

— Key point limit: 40,000

— Expected alignment rate > 95% for proper field capture.

Camera Optimization:

— Parameters: f, cx, cy, kl-k4, p1, p2

— Optimization error threshold: 0.5 pixels

— Targets sub-pixel accuracy for control points.

Dense Cloud Generation:

— Quality: High/Medium based on computer capability

— Depth filtering: Aggressive

— Typical point density: 0.1-0.2 in. point spacing

Quality Control:

— Coverage completeness > 98%

— Noise level < 0.04in at 15 ft range

— Check for artifacts and gaps

— Consider subsampling if point cloud exceeds 100M points.

Scale Adjustment:

— Use known control distances

— Verify global accuracy (target: +0.2in at 15 ft)

— Check local accuracy (target: £0.04in at 3 ft)

Export Formats:

— ES7/LAS for point clouds

— OBJ/FBX for mesh models

— Consider octree structure for large datasets

Documentation:

— Processing parameters

— Quality metrics

— Time stamps

— Software versions

Archival Requirements:

— Raw images: Original format

— Project files: Agisoft Metashape / iTwin Capture Modeler native formats

— Processed results: Standard formats

— Reports: PDF documentation

— Typical project size: 50-100GB total.
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TABLE 4.4
Data Management Checklist.

CHECK ITEMS

During Field Operations
Back up your data every 30 min!'!
Name files clearly with date and location'!
Watch your storage space'®
Record field conditions!*!
Postoperation Tasks
Move data to secure storage'®
Check data quality and completeness'®!
Organize all project files!”!

Create final delivery package!®!
Update project documentation'”!

[1] Backup Protocol: Create incremental backups during field operations. Maintain min-
imum two separate storage devices with checksum validation. Typical field session
requires 15-30 GB storage capacity with redundancy.

[2] File Naming Standard: Format: “BRIDGEID_DATE_SECTION_OPERATOR.”
Include essential metadata for database integration and project tracking. Critical for
maintaining systematic data organization.

[3] Storage Requirements: Monitor real-time storage usage. Maintain minimum 25% free
space on capture devices. Field operations typically generate 5—-15 GB/hr of raw data
depending on scanning parameters.

[4] Field Documentation: Record environmental conditions, equipment configurations,
and scanning positions. Essential for quality assessment and processing optimization.

[51 Data Transfer Specifications: Implement verified transfer protocols with integrity
checking. Typical project structure requires 100—150 GB total storage, distributed
across processing and archival systems.

[6] Quality Control Parameters:

— Image integrity: Focus quality > 90%
— Coverage verification: Minimum 60% overlap
— Dataset completeness: > 98% target coverage
— Data validation: Checksum verification
[7] Project Organization Structure:
— Raw data: Original capture files
— Processing: Software-specific project files
— Products: Point clouds and models
— Documentation: Technical reports and metadata
[8] Deliverable Requirements:
— Point clouds: E57/LAS format, indexed
— Project files: Native software formats
— Reports: PDF with embedded metadata
— Storage media: Enterprise-grade devices
[9] Documentation Standards:
— Processing parameters
—  Quality metrics and validation results
— Field operation records
— Project metadata and version control
— Bridge management system integration data

Systematic data collection, processing, and management ensure
high-quality geometric data for structural assessment. Proper
data collection and management serve as the groundwork for
advanced structural analysis and decision-making. The follow-
ing framework section converts PCD into meaningful structural
assessments, enabling efficient bridge condition evaluation
and informed maintenance decisions without complex finite
element modeling.

5. FRAMEWORK FOR BRIDGE INSPECTION UTILIZING
3D SCANNING

The proposed framework utilizes advanced 3D scanning
technologies to analyze the residual strength of bridge compo-
nents. This offers an alternative to traditional FEA approaches.

By converting raw PCD into actionable structural assessments,
this framework allows transportation agencies to make efficient
decisions regarding bridge maintenance and repair priorities.
The framework balances speed and precision, serving as a non-
FEA solution for most cases while clearly distinguishing scenar-
ios requiring detailed FEM analysis, such as severe section loss,
complex load interactions, or critical infrastructure evaluations.

The framework operates through a structured sequence of
modules, designed to systematically assess bridge conditions
with minimal computational overhead. it consists of three core
modules: (1) deterioration analysis, (2) residual strength evalu-
ation using empirical equation, and (3) residual capacity evalu-
ation through traditional FEA.

1. Deterioration analysis assesses corroded steel girders for material
loss, thickness reduction, and damage distribution on webs. to
evaluate their residual strength and structural integrity.

2. Residual strength estimation uses empirical equations (from
Kanakamedala et al.’s (2023) SPR-4527 project) to estimate the
remaining load-carrying capacity of corroded steel girders based
on predefined mathematical models, considering factors like sec-
tion loss, crippling capacity, and material properties.

3. Residual capacity evaluation through FEA simulates the struc-
tural behavior of corroded steel girders under load, providing a
detailed assessment of stress distribution, deformation and ulti-
mate strength.

The first and second modules are essential to implement,
and the third module is recommended when empirical equa-
tion-based estimates are inadequate or needed to validate empir-
ical predictions and support maintenance decisions by assessing
ultimate load-carrying capacity. The overall framework work-
flow is shown in Figure 5.1.

This chapter explains each module in detail. The research
team implemented a case study using this proposed framework.
The results of the case study are followed by a discussion of the
three modules.

5.1 Deterioration Analysis Using Point Cloud Model

Deterioration analysis in this framework uses high-resolu-
tion PCD to characterize corrosion in steel girders. It processes
3D scans of the girder’s surfaces to calculate localized thickness
values and pinpoint areas of section loss or other defects. These
outputs provide a high-resolution map of current structural con-
ditions for accurate residual strength assessments. The follow-
ing subsections explain how web thickness is measured using
a grid-based approach and how damage areas are identified,
emphasizing precision and manageable data processing.

5.1.1 Web Thickness Measurement

This subsection explains how the framework determines
local thickness values from raw PCD for consistent thickness
measurements across scanning technologies. It converts the
original text-based PCD to a comma-separated values (CSV)
file, establishes a global coordinate system, and defines a grid to
systematically sample the girder’s web. Figure 5.2 shows steps
of thickness measurement.
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Figure 5.2 Overview of Deterioration Analysis Using Point Cloud Model.

® PCD Conversion and Global Coordinate Setup: PCD from scan-
ning devices is typically in text format, listing X, y, and z coordi-
nates (with optional intensity or color channels). The framework
converts these raw files to CSV format, defining a global coordi-
nate system for consistent reference across scans. For instance,
the lower-left corner of the girder web can be set as the origin
(0,0,0), aligning the web along the x and y axes. This standardizes
spatial references and simplifies calculations.

Grid-Based Thickness Sampling: After establishing a global
coordinate system, the framework subdivides the web into a

34

user-defined grid, typically 1 in. x 1 in. cells. Smaller cells cap-
ture more detail but increase computation time and data volume,
while larger cells process more quickly but with reduced resolu-
tion. Each grid cell represents a local area where the framework
computes web thickness.

® Automated Thickness Calculation: Within each cell, the frame-
work (using the provided Python scripts) identifies PCD cor-
responding to the front and back surfaces of the web. The
framework calculates web thickness by determining the shortest
distance between these opposing surfaces, effectively subtracting
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the z-coordinate of the inside surface from the outside surface.
Algorithmic checks remove noise points and outliers to ensure
accurate thickness measurement.

® Data Organization and Output: For each grid cell, a CSV file
records the resulting thickness value and its spatial coordinates.
This consistent set of data points can be visualized as a thickness
map or analyzed for material loss trends. Automated processing
is essential for speed and accuracy, eliminating manual thickness
measurements in girder scans with thousands of points.

5.1.2 Damage Area ldentification

This framework identifies damage areas by comparing
measured thickness values against a predefined threshold.
For steel girders, a commonly used benchmark is 93% of the
nominal web thickness (0.93 t ). Cells or regions below this
threshold are flagged as having significant section loss, pre-
venting false alarms from minor surface irregularities and
measurement tolerances.

® Threshold Definition: The threshold of 0.93 t is flexible and
can be adjusted based on engineering judgment, material prop-
erties, or inspection standards. Using a defined fraction of nom-
inal thickness accounts for manufacturing variations and slight
surface wear, preventing misclassification of minor corrosion or
measurement noise as critical deterioration.
Flagging Damaged Cells: Once thickness data are compiled
in a CSV file (as described in the web thickness measurement
process), each grid cell is evaluated against the threshold. Cells
with values below 0.93 t  are automatically tagged as “dam-
age areas.” Generating a map of flagged cells is straightforward
since the data is structured (including coordinates and thickness
values).
® Mapping and Clustering: Group flagged cells based on proximity
or shared boundaries to represent contiguous corrosion. This con-
solidates adjacent cells into larger “damage areas” for quantifica-
tion, such as total area and average thickness reduction.

Figure 5.3 illustrates an example of identified damage areas
in a steel girder web. Each cell’s thickness is compared to a
threshold. The grid size (1 in. x 1 in.) can be adjusted for resolu-
tion and data handling. Shaded regions indicate cells below the
threshold, highlighting significant section loss.

The framework defines and maps damage areas, facilitating
targeted inspections and maintenance. Identifying locations
requiring closer examination enables more effective repair
planning, load rating assessments, and resource allocation.

P =1xt,

P <1+t
Damaged Area (grid size: 1 inch)

Figure 5.3 An Example of Identified Damage Areas in a Steel
Girder Web.

5.2 Residual Strength Estimation Using Empirical Equation

This framework uses empirically derived equations to
estimate the residual strength of corroded steel girders. These
equations, developed through experimental testing from the
previous research (Kanakamedala et al., 2023) and validated
against real-world bridge data, use geometric properties of
the section loss profile for a rapid assessment.

5.2.1 Key Parameter Determination

The empirical model focuses on four parameters that capture
web deterioration. Each parameter is computed from grid-based
thickness measurements, particularly in the lower web region near
the support where corrosion is most severe. Figure 5.4 depicts the
key parameters along with the identified damage areas.

® Corrosion Length (CL): CL is determined by analyzing grid cells
in the lower web region near the support. Corroded cells are iden-
tified if their thickness is less than 0.93t . These consecutive cor-
roded cells form “corrosion segments” with minor gaps (up to
2 in.) for small discontinuities or noises. The average length of
these segments is then calculated, and the final CL is determined
by considering the longest possible lengths to ensure conservative
results for subsequent analysis.

Corrosion Height at Support (CH1) and at Corroded Region End
(CH2): CHI is determined from the first three columns near the
support (3 in. from the edge) by counting cells below 0.93 ¢ .
CH2 is evaluated at the corrosion length’s tail end (e.g., near CL)
with a stricter threshold of 0.98 t_ to differentiate severe deterio-
ration. The maximum value is chosen for conservatism.

Effective Remaining Thickness (t  ): t_ is calculated by averag-
ing the thickness values of the bottom three rows (3 in. from the
bottom of the web) up to the bearing length N. This region is
critical for resisting web local crippling under concentrated loads.
For instance, a nominal thickness t_of 0.50 in. and a measured t
of 0.30 in. indicates substantial section loss, signaling potential
vulnerability near the support (Kanakamedala et al., 2023).
Thickness Loss (t, ): t, . quantifies the absolute extent of cor-
rosion by subtracting t from t . A higher value suggests more
severe degradation and reduced load-carrying capacity.

loss

After determining these parameters, these parameters are
converted into dimensionless ratios to ensure broad applicability:

p= % (capped at1.0if CL exceeds the web heighz)

w

5.2.2 Residual Strength Calculation

Using the above parameters, the framework, first, calcu-
lates reduction factors for web local crippling (¢, ) and
shear capacity (@, ... )- These factors are multiplied by nom-
inal strengths (R, and V) established in American Association
of State Highway and Transportation Officials (AASHTO;
Kanakamedala et al., 2023) or similar specifications. For exam-

ple, acomputed ¢_, . =0.85 indicates a 15% reduction in local
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Figure 5.4 An Example of Four Parameters Along With the
Identified Damage Areas.

Algorithm  Residual Strength Estimation for Corroded Steel Girders
Require: Web thickness (¢,), web height (hy), corrosion parameters (CL,
CHI, CH2, trem)
Ensure: Residual web local crippling strength (Ryesiduar), Residual shear
strength (Vesiduat)
Step 1: Calculate dimensionless parameters
B = min(CL/hy,1.0) {Normalized corrosion length}
@ ¢ (tw — trem)/tw {Normalized thickness loss}
v <= CH1/h, {Normalized corrosion height at support}
k + CH2/h,, {Normalized corrosion height at end}
Step 2: Calculate nominal strengths
Ry, + 04121+ (4N/D — 0.2)(t,,/t£)"]
Vi = 0.6F,t,DCyy {Shear capacity}
Step 3: Calculate reduction factors
Grsdiwie — 0.8 — 1.4e~#/3a {Web local crippling}
Orsdi_shear < 1 —0.48(0.7y 4+ 0.5x)cr {Shear}
Step 4: Calculate residual strengths
Ryesidual < Prsdiwie X Rn
Viesidual <= Grsdi_shear X Vo
return Rresidual, Vresidual

EF,tg/t, {Web local crippling}

Figure 5.5 Pseudo-code of the algorithms of the Framework that
calculates residual strengths.

crippling capacity due to corrosion. Because these equations are
empirically derived, they offer computational simplicity while
retaining the accuracy needed for most routine inspections.

The framework provides a computer algorithm that can
calculate (1) dimensionless parameters (a,f,y,andx), (2)
nominal strengths (R and V), (3) reduction factors (¢
and ¢_, .. ). and (4) residual strengths (R . —~and V__. ).
Figure 5.5 shows the pseudo-code of the algorithms of the
framework that calculates residual strengths.

rsdl_wlc

5.3 Residual Capacity Evaluation Through FEM Model

This framework uses automated FEA with Python scripting
and Abaqus to provide in-depth structural assessments for bridges
with complex geometries and critical loading conditions. It con-
structs detailed FEM models from processed PCD, runs analy-
ses like static capacity checks and buckling studies, and provides
high-fidelity insights into potential failure modes. The automated
approach minimizes manual intervention, enhances repeatability,
and allows rapid evaluations across large bridge inventories or
time-sensitive projects, enabling engineers to pinpoint localized
weaknesses and accurately estimate load-carrying capacity.

5.3.1 Automated FEM Model Development

The framework implements a sophisticated computational
pipeline that transforms PCD into FEM for structural assessment.
This process employs parametric scripting to generate, configure,

and execute advanced FEA in Abaqus, significantly enhanc-
ing efficiency and consistency compared to manual modeling
approaches. The workflow begins with systematic processing of
PCD through several key stages:

1. Geometric Model Construction: The framework first extracts
critical girder dimensions from standardized data files, includ-
ing flange dimensions, web geometry, and overall member
length. These parameters drive the parametric construction of the
W-section geometry, ensuring accurate representation of the base
structural form before deterioration mapping.

2. Material Property Integration: Material characteristics are incor-
porated through a unified property assignment system that includes
elastic parameters (modulus of elasticity and Poisson’s ratio), mass
properties, and nonlinear constitutive relationships. The system
supports bilinear and multilinear stress-strain formulations to accu-
rately represent steel behavior in both elastic and plastic regimes.

3. Systematic Grid Partitioning: A key innovation is the implemen-
tation of an automated partitioning system that creates a high-res-
olution grid network (typically at 1 in. x 1 in. spacing) across
the web surface. This partitioning strategy establishes the founda-
tion for precise mapping of non-uniform thickness distributions
caused by corrosion. The system generates orthogonal datum
planes that systematically segment the model, creating discrete
regions for thickness assignment.

4. Thickness Mapping from PCD: The framework implements a
data-driven thickness assignment algorithm that reads processed
thickness measurements from the point cloud analysis and sys-
tematically transfers these values to corresponding regions in
the FEM. This process creates a high-fidelity digital twin of the
corroded girder, preserving the spatial variation in web thickness
caused by deterioration.

5. Mesh Generation and Assembly: The system employs automated
mesh generation algorithms optimized for shell elements (specif-
ically S4R elements), which are particularly effective for mod-
eling thin-walled structures like steel girders. Mesh refinement
parameters are configured to balance computational efficiency
with solution accuracy. The meshed components are then assem-
bled with predefined connection sets for boundary conditions and
load application regions.

6.  Boundary Condition and Load Configuration: The framework
includes predefined templates for support conditions (pinned and
roller supports), lateral bracing configurations, and loading sce-
narios based on standardized structural assessment requirements.
These templates are automatically applied to the relevant geomet-
ric entities in the model, ensuring consistent analysis setup.

5.3.2 Residual Strength and Failure Mode Assessment

The framework implements multiple analysis methodologies
to comprehensively evaluate the corroded girder’s structural
behavior:

1. Multianalysis Configuration: The system automatically config-
ures both static strength and eigenvalue buckling analyses to assess
different potential failure modes. The static analysis employs the
modified Riks method to capture postbuckling behavior and geo-
metric nonlinearity, while the eigenvalue analysis identifies criti-
cal buckling modes and load factors.

2. Comprehensive Response Monitoring: The framework establishes
systematic output requests to capture critical structural responses,
including section forces, stress distributions, and deformation
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Figure 5.6 Overview of Residual Capacity Evaluation Through
FEM Model.

patterns. These outputs are configured for optimal postprocessing
and visualization of results.

3. Initial Imperfection Integration: A sophisticated feature of the
framework is its ability to incorporate realistic geometric imper-
fections derived from eigenvalue buckling modes. This approach
enables more accurate prediction of ultimate capacity by account-
ing for geometric instability phenomena that are particularly rele-
vant for corroded steel girders.

4. Analysis Execution Management: The framework generates com-
plete analysis specifications and manages execution parameters,
enabling seamless integration with high-performance computing
resources when needed. This approach supports both individual
analyses and parametric studies to evaluate sensitivity to various
deterioration patterns.

This automated finite element modeling approach significantly
accelerates the evaluation process while ensuring methodological
consistency and reproducibility. By eliminating labor-intensive
model development tasks and providing standardized analysis
configurations, the framework enables transportation agencies to
efficiently evaluate multiple bridges or monitor deterioration pro-
gression over time with high reliability and technical rigor.

5.4 Case Study: Implementation of Proposed Framework

An 18 ft W24x68 steel girder, salvaged from a demolished
bridge in Indianapolis, Indiana, was selected to demonstrate the

transverse stiffener

— +— () 4] In
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q— h _ —
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thickness
Figure 5.8 Point Cloud Model: Cross Sectional View.

proposed framework. The girder has a nominal web thickness
of 0.5 in. and a web height of 24 in. The research team scanned
the girder using close-range photogrammetry, and conducted
the experiments at Bowen Laboratory. By focusing on a single
girder in a controlled environment, the framework’s accuracy
and reliability could be evaluated alongside actual load-carrying
experiments. Figure 5.7 and Figure 5.8 and provide an over-
view of the girder’s point cloud model in both side elevation and
cross-sectional views, respectively.

5.4.1 (1) Deterioration Analysis using Point Cloud Model

First, the point cloud model was converted to a CSV file
with a global coordinate system to identify the girder’s dam-
aged area. A grid spacing of 1 in. X 1 in. was implemented up to
a length of 48 in., as illustrated in Figure 5.9. Within this grid,
the framework calculates local thickness by comparing points
on the web’s interior and exterior surfaces. Figure 5.10 depicts
a contour plot of the remaining web thickness derived from this
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Figure 5.9 Created Grid System to the Scanned Girder.
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Figure 5.10 Contour plots of web thickness measured from the point
cloud.

process; the left side corresponds to the girder end, and the bot-
tom represents the lower flange.

Based on these contour plots, significant section loss appears
to follow a trapezoidal pattern, especially near the girder end
(020 in.). In these regions, the remaining thickness measures
about 0.1245 in., indicating notable deterioration. From 20 in.
to 30 in., the girder exhibits less severe section loss, with thick-
nesses around 0.2905 in., illustrated by the light brown shading
in the contour plot.

To validate these point cloud-based measurements, the
girder’s web thickness was also assessed using a T-Mike BTM
ultrasonic thickness gauge (UT). Traditional measurement tools
(e.g., calipers or tape measures) can provide spot checks but
are often insufficient for comprehensive verification across an
entire girder. Therefore, UT readings were collected at each
l'in. x L 'in. grid cell up to 48 in., resulting in approximately
1,100 data points. Figure 5.11 shows the resulting contour plot
of web thickness based on UT measurements, while Figure 5.12
illustrates the accuracy of the point cloud model by comparing
thickness values at each grid cell. The accuracy metric is com-
puted as follows:

(thickness from PCD) - ( thickess from UT)
(thickess from UT)

Accuracy =1-

Thickness Measurements from the UT
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Figure 5.12  Accuracy of Each Point Cloud Model.

Analysis of these contour plots reveals that the point
cloud model achieves approximately 90% accuracy in most
areas of the web. In a few localized regions, accuracy ranges
from 70% to 80%, potentially influenced by scanning angles,
surface reflectivity, or minor registration errors.

Overall, this validation demonstrates the framework’s
capacity to generate high-resolution thickness data across
an entire girder web, offering comprehensive insights into
section loss patterns. The consistency between point cloud—
based measurements and UT assessments confirms that auto-
mated scanning and data processing can accurately capture
web deterioration and facilitate early intervention strategies.

5.4.2 (2) Residual Strength Estimation using Empirical
Equation

The process involves extracting key geometric parame-
ters from a deterioration analysis and using them to calculate
strength reduction factors for web local crippling and shear
capacity. For this case study’s W24x68 girder, the following
corrosion parameters were extracted:

® Corrosion Length (CL): 37 in.
¢ Effective Remaining Thickness: 0.313 in.
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® Corrosion Height near Support (CH1): 6 in.
® Corrosion Height at Corrosion End (CH2): 1 in.

Based on this identified damaged area, four dimensionless
ratios and the girder’s thickness loss have been calculated as
follows:

® The thickness loss (¢, ) due to corrosion:

loss

to. =1, 1, =0.5-0.313=0.187in.

loss

® B: Ratio of corrosion length to web height, capped at 1.0

B :min(%,l.ojzmin£;—z,l.0) =min(1.542,1.0)=1.0

® o: Ratio of thickness loss to nominal thickness

o=t 01873y
t 0.5

w

® 7: Ratio of corrosion height near the support to web height

JCHL_ 6 o5
h 24

W

® k: Ratio of corrosion height at the corrosion end to web height

w=C2_ 1 o042
ho 24

w

Based on these four dimensionless ratios and the calculated
thickness loss, we compute the reduction factors for web local

Crlpphng (¢rsdl_wlc) and Shear CapaCity (¢rsdl_shear ):
® Web Local Crippling Reduction Factor

1
B :O.S—[1.4><e + xaj
—lxl.O
G =08—| Laxe 7 %0374

B e =0.8-0.375~0.425

® Shear Capacity Reduction Factor

Boat spear =1—0.4x Bx(0.7y +0.5¢ ) x ot
B =1-0.4x1.0x(0.7x0.25+0.5x0.042) x 0.374

Bgt ghear = 1—0.0293 2 0.971

The team used the nominal strengths for the W24x68 girder,
provided in AASHTO’s (2020) LRFD Bridge Design Guide.
The residual strengths are calculated as follows:

® Nominal Web Local Crippling Strength:

R, =169.35 kips

® Nominal Shear Strength:

V. =307.18 kips

® Residual Web Local Crippling Strength (Bearing Capacity):

=R x¢ =169.35%x0.425 = 71.97kips

residual sdl_wlc

® Residual Shear Strength:

\%

st = Vi XDy e = 307.18%0.971 = 208.22 kips

sdl_shear

The calculated residual web local crippling strength of 76.54
kips shows a significant reduction from the nominal value of
169.35 kips, indicating a substantial loss of capacity due to cor-
rosion. Interestingly, some results provided elsewhere suggest a
residual crippling strength of 52.41 kips, which is even lower.
This discrepancy could stem from adjustments in the empirical
method or different input values, and it underscores the impor-
tance of validating these estimates with a more detailed FEA,
especially when significant strength reductions are observed.
The residual shear strength of 298.22 kips remains close to the
nominal value of 307.18 kips, suggesting that shear capacity is
less affected by the corrosion in this case.

5.4.3 (3) Residual Capacity Evaluation through FEM Model

To complement the empirical estimates of residual strength
developed earlier—particularly for girders with significant dete-
rioration, a detailed FEA was conducted using Abaqus. In order
to compare the results of FEM model, a large-scale experimental
investigation was also performed to establish a reliable bench-
mark for the FEA. Residual web local crippling strength and
shear strength were estimated based on the deterioration pat-
terns observed in point cloud analysis (Figure 5.7, Figure 5.8,
Figure 5.13, and Figure 5.14). The resulting section loss pro-
file, shown in a contour plot (Figure 5.10), matched Figure 5.11
and Figure 5.12, ensuring a valid basis for comparing residual
capacity between experimental and numerical approaches.

The experimental setup involved applying a load with an
actuator positioned 40 in. from the girder’s end (Figure 5.15),
simulating real-world loading conditions. Vertical displacement

Figure 5.13 Created Grid System to the Scanned Girder.
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Figure 5.15 Schematic View of the Test Set Up.

of the bottom flange was measured in the loading region. The
girder was supported in a simply supported configuration using
two steel blocks, allowing for rotations, while lateral stability
was ensured through bracing frames. The section loss contour
plot is shown in Figure 5.16. This contour plot is created as sub-
tracting remaining web thickness (Figure 5.11) from the origi-
nal web thickness.

The FEA model was developed in Abaqus using S4R shell ele-
ments, 4-node doubly curved elements suitable for thick or thin
shells, with reduced integration and hourglass control for com-
putational efficiency. A key feature was the accurate assignment
of web thickness, extracted from point cloud models via auto-
mated Python scripting. This mirrored the thickness data used
in the empirical estimates (e.g., an effective remaining thickness
of 0.313 in. near the support). The top and bottom flanges were
assigned a nominal thickness of 0.585 in., and a uniform mesh
size of 0.5 in. was applied throughout the model (Figure 5.17).

Boundary conditions replicated the experimental setup: the
deteriorated end was modeled as a pinned support with trans-
lational restraints, while the opposite end was constrained ver-
tically as a roller support. Lateral restraints were applied to the
top and bottom flanges at the section loss region and 36 in. from
the loading point to prevent lateral buckling. Displacement-
controlled loading was applied 40 in. from the girder’s end,

Top flange
0.3735
0.2905
Girder
end 0.2075
0.1245

Bearing /

Bottom flange

Figure 5.16 Experimental Specimen - Section Loss Contour Plot.

Figure 5.17 Numerical Model Girder Modelled With Shell Element
With Thickness Measurements From the Point Cloud Model.

consistent with the experiment. Due to anticipated instability
from section loss, the static RIKS method was used to capture
nonlinear behaviors like web local crippling. Material proper-
ties adhered to ASTM ES8 standards (Figure 5.18).

Both the experiment and FEA identified web local crippling
as the dominant failure mode (Figure 5.20). The experimental
maximum applied force was 48.5 kips, while the FEA predicted
a residual capacity of 50.01 kips—a difference of approximately
3.1%. This close agreement validates the FEA model’s accuracy
in capturing initial stiffness and postpeak behavior, as shown in
Figure 5.20, which compares the applied force-to-displacement
responses.
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These results also tie back to the empirical estimates from earlier
sections. For Bridge A, the empirical method estimated a residual
web local crippling strength of 76.54 kips, while the FEA provided
a refined prediction of 50.01 kips (Figure 5.20). This discrepancy
highlights the conservative nature of empirical approaches and
underscores the value of FEA for critical cases requiring precise
capacity assessments to inform maintenance decisions.

5.5 Summary of the Proposed Framework

The proposed framework uses 3D scanning, empirical
strength equations, and automated finite element modeling to
evaluate corroded steel girders. It creates detailed visual repre-
sentations of corrosion severity, calculates capacity reduction
factors, and provides high-fidelity insights into stress distribu-
tions and failure modes.

Key contributions include converting point cloud scans into
grid-based CSV files to measure local thickness and identify
damage areas. The framework balances accuracy and compu-
tational efficiency, enabling engineers to handle large-scale
scans with sufficient detail. Empirical equations focus on corro-
sion-related parameters to swiftly estimate girder load-carrying
capacity. These methods are accurate for routine inspections and
allow agencies to prioritize repairs. In severe deterioration cases
or with intricate girder geometries, an automated FEA process
within Abaqus refines capacity predictions. Python scripting
streamlines geometry creation, mesh generation, boundary con-
dition assignment, and result extraction processes.

A controlled test environment with an 18 ft W24x68 steel
girder validated the framework’s effectiveness. Point cloud
measurements, ultrasonic thickness readings, empirical esti-
mates, and experimental load tests were conducted. 3D scanning
outputs showed approximately 90% agreement with ultrasonic
measurements, confirming the reliability of deterioration anal-
ysis. The FEA approach accurately predicted capacity within
3.1% of experimental results, underscoring the model’s accu-
racy in assessing corroded girder sections.

(b)

Figure 5.19 Failure Mode — Web Local Crippling Failure.

This framework integrates scanning, empirical calculations,
and advanced modeling to address the varied needs of infra-
structure agencies:

® Speed and cost-effectiveness: Rapid evaluation via point cloud
scanning and empirical strength predictions reduces inspection
times and costs.

® Adaptability: Parameter-based thresholds and grid sizes accom-
modate varying accuracy, geometries, and corrosion severity.

® Scalability: Automated finite element processes assess large inven-
tories without manual effort, supporting proactive maintenance.
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® Risk mitigation: In-depth failure mode insights from FEM anal-
ysis allow confident decisions about load restrictions, repairs, or
retrofits.

The multitiered approach ensures bridge owners and engi-
neers tailor analysis to each structure’s condition and impor-
tance, maximizing efficiency and safety.

6. CONCLUSION
6.1 Summary

This study explored the feasibility of 3D scanning technol-
ogies for bridge inspection and structural assessment, focus-
ing on steel girder condition evaluation and residual strength
estimation. The research compared TLS, CRP, and UAV-based
photogrammetry, determining their effectiveness in capturing
corrosion, section loss, and deformation in steel bridge girders.
A comprehensive scanning framework was developed, integrat-
ing data acquisition, deterioration analysis, and strength esti-
mation to support transportation agencies in improving bridge
inspection efficiency.

Key findings demonstrated that UAV-based photogramme-
try provides a cost-effective and operationally efficient solution
for capturing complex bridge geometries, making it preferable
for large-scale inspections. TLS excelled in global dimensional
accuracy, while CRP proved more reliable in web thickness mea-
surements. Combining these technologies in a hybrid approach
maximizes coverage and accuracy. The study also highlighted
environmental and operational challenges, such as lighting con-
ditions, wind effects, and access constraints, that impact scan-
ning effectiveness in real-world bridge settings.

6.2 Implementation of the Proposed Framework for Bridge
Assessment

The proposed 3D scanning framework provides a system-
atic approach to assessing corroded steel girders and estimating

their residual capacity. The framework consists of three key
components:

® Deterioration Analysis using PCD: Enables precise mapping of
section loss, identifying critical damage areas.

® Residual Strength Estimation using Empirical Equations: Offers
rapid capacity assessments based on predefined models.

® Residual Capacity Evaluation through FEM Modeling: Provides
high-fidelity stress analysis, recommended when empirical esti-
mates are insufficient.

A case study validated the framework, demonstrating that
point cloud-derived thickness measurements align closely with
ultrasonic thickness data (90% agreement). Empirical strength
estimates provided a quick and reliable assessment of girder
performance, while FEA offered detailed insights into failure
modes and structural behavior. The results confirm that this
multitiered assessment strategy improves decision-making for
bridge maintenance and rehabilitation planning.

6.3 Implementation of the Proposed Guideline for 3D
Scanning

Based on laboratory and field testing, a practical guideline
was developed for systematic bridge scanning. The guideline
covers:

® Technology selection: Recommends UAV photogrammetry for
large-scale inspections, with TLS and CRP used for targeted
high-precision measurements.

® Field preparation and operations: Defines optimal scanning
parameters, flight paths, and environmental considerations to
enhance data quality.

® Postprocessing and data management: Establishes workflows
for point cloud processing, quality control, and integration with
structural assessment tools.

Field implementations demonstrated that adapting scan-
ning protocols to real-world conditions—including variable
lighting, wind exposure, and confined spaces—is essential for
achieving high-quality data. The research also identified best
practices for image exposure settings, multiplatform scanning
integration, and feature detection, ensuring consistent, accu-
rate, and repeatable scanning results.
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APPENDIX A. Field Scanning Details

1. FAA Drone flight waiver form

The document included as Appendix [X] is a Certificate of Waiver or Authorization (COA) issued
by the Federal Aviation Administration (FAA) under 14 CFR 107.41, which represents a critical
regulatory requirement for Unmanned Aircraft System (UAS) operations in controlled airspace.
This authorization is essential for our research project involving 3D scanning of bridge structures
near Purdue University Airport's Class D airspace.

Purpose and Significance

The COA permits specific drone operations within restricted airspace that would otherwise be
prohibited under standard Part 107 regulations. For bridge inspection activities utilizing
photogrammetric techniques, such authorization is mandatory when operating within the vicinity
of airports, as these locations typically fall under controlled airspace designations. The
authorization establishes clear operational parameters, including maximum altitude restrictions
(150 feet AGL in this case), precise geographical boundaries (designated by coordinates and
radius), and temporal limitations.

Project Necessity

Our bridge inspection methodology relies extensively on drone-based photogrammetry for data
acquisition, requiring access to specific bridge structures that fall within controlled airspace.
Without this authorization, data collection at these crucial sites would be legally impossible,
significantly limiting our research scope and practical implementation potential. The authorization
enables our team to systematically document bridge conditions while maintaining compliance with
federal aviation regulations, ensuring both research integrity and operational safety.

Application Process
Obtaining this authorization required a structured application process through the FAA DroneZone
portal (https://faadronezone.faa.gov), which included:

1. Detailed documentation of the proposed operation, including precise coordinates and

operational parameters

2. Submission of the remote pilot's certification information and operational qualifications

3. Specification of equipment capabilities and technical specifications

4. Justification of the operation's necessity and purpose
The authorization process typically requires 60-90 days for processing, though expedited
authorizations may be available through the Low Altitude Authorization and Notification
Capability (LAANC) system for certain airspace classes.

This authorization represents a critical component of our research methodology, enabling the
comprehensive 3D scanning approach detailed in the framework section of this report.


https://faadronezone.faa.gov/

14 CFR 107.41 Airspace Authorization Page 1 of 3
FAA Form 7711-1 2024-P107-CSA-30044

DEPARTMENT OF TRANSPORTATION
FEDERAL AVIATION ADMINISTRATION

CERTIFICATE OF WAIVER OR AUTHORIZATION

e T PN RO

Jiashu Hu (765) 694-5337

ATTN: Jiashu Hu

This certificate is issued for the operations specifically described hereinafter. Ne person shall conduet any
operation pursuant to the authority of this certificate except in accordance with the standard and special
provisions contained in this certificate, and such other requirements of the Federal Aviation Regulations

not y waived by this certificate

GPERATIONS AUTHORIEED
Operations under this certificate of authorization are limited to the maximum altitude listed below. This
altitude is an absolute value and it shall not be added to the height of any structures.

Class of Airspace: D

At or Below: 150 feet Above Ground Level (AGL)

Location: 40° 24° 32" N, 86° 57° 00” W — Within YELLOW shaded circle — See Attachment 1

Radius: 0.10 NM

Under the Jurisdiction of: Purdue University Airport Traffic Control Tower (LAF ATCT)

Al i

nt;
TISTOF WAIVED REGULNTIONS BY SECTION A0 TTTEE

STANDARD PROVISIONS

1. A copy of the application made for this eertificate shall be attached and become a part hercof.

2. This certificate shall be presented for inspection upon the request of any authorized representative of
the Federal Aviation Administration, or of any State or municipal official charged with the duty of
enforcing local laws or regulations.

3. The holder of this certificate shall be responsible for the strict observance of the terms and provisions
contained herein.

4. This certificate is nontransferable.

NOTE - This certificate constitutes a waiver of those Federal rules or regulations specifically referred to
above. It does not constitute a waiver of any State law or local ordinance.

SPECIAL PROVISIONS

Special Provisions 1 to 3, inclusive, are set forth in this authorization.

This certificate, 2024-P107-CSA-30044, is effective from ber 11, 2024 to October 11, 2024, and
is subject to cancellation at any time upon notice by the Administrator or his/her authorized
representative.

BY DIRECTION OF THE ADMINISTRATOR
Digitally signed by
CAROL S CAROL S LONG
LO NG Date: 2024.09.10

13:02:48 -05'00"
EAA, Central Service Area Dall:

=)

FAA Form 77111 (7-74)
14 CFR 107.41 Airspace Authorization, May 25,2018

~

a.

a.

14 CFR 107.41 Airspace Authorization Page 2 of 3
FAA Form 7711-1 2024-P107-CSA-30044

SPECIAL PROVISIONS

. CONTACT INFORMATION:

Jiashu Hu is the person designated as responsible for the overall safety of UAS
operations under this Certificate of Waiver or Authorization. During UAS operations
for on-site 11, ible Person shall be continuously
available for direct contact at (765) 694-5337 by LAF ATCT or designated
representative.

. The Responsible Person listed on this Authorization must maintain a current list of

pilots by name and the remote pilot certificate number(s) associated with the
Authorization holder’s operation. This list must be presented for inspection upon
request from the Administrator or an authorized representative.

. SCHEDULE OF FLIGHT OPERATIONS:

This authorization and the Special Provisions shall be in effect between civil sunrise
and civil sunset local time, except when complying with the operating requirements in
14 CFR 107.29(a) while operating at night.

. UAS flight operations under this certificate are not authorized when LAF ATCT is

closed.

. This airspace authorization does not relieve the remote pilots from the responsibility to

check the airspace they are operating in and comply with all restrictions that may be
present in accordance with see 14 CFR 107.45 and 107.49 (a)(2), such as restricted and
Prohibited Airspace, Temporary Flight Restrictions, ete.

. The operator must contact LAF ATCT at (765)743-2611 at least fifteen (15) minutes

prior to operations and upon letion. LAF ATCT may disapprove,
terminate, restrict, or delay UAS flight operations covered by this authorization at any
time.

. EMERGENCY/CONTINGENCY PROCEDURES - Lost Link/Lost Communications

Procedures:

a.

b.

1f the UAS loses communications or loses its GPS signal, the UA must return to a pre-
determined location within the operating area and land.

The operator must abort the flight in the event of unpredicted obstacles or

14 CFR 107.41 Airspace Authorization, May 25, 2018

14 CFR 107.41 Airspace Authorization
FAA Form 7711-1 2024-P107-CSA-30044

Page 3 of 3

Attachment |
OPERATIONS AREA

Class of Airspace: D
Ator Below: 150 feet AGL
Location: 40° 24* 32 N, 86° 57° 00” W — Within YELLOW shaded circle
Radius: 0.10 NM

14 CFR 107.41 Airspace Authorization, May 25, 2018

Figure A.1 FAA Certificate of Waiver or Authorization (COA) for UAS Operations in Class D Airspace Near Purdue University Airport (KLAF), September—QOctober 2024.



Table A.1 Data Organization Table.

Date Folder Name Objects to Device Objectives Folders for Raw Data Final Products for View
Scan Used
04/20/2023 | 1- W-section Faro Test photogrammetry | \LiDAR Scanning\W- \LiDAR Scanning\Trimble
04 20 2023 Bowe | outside of LiDAR accuracy compared Section \Raw Projects\Registered.laz
n_Initial Scanning | Bowen Lab scanner, with LiDAR based on | \Photogrammetry \Photogrammetry Scanning\w-
Handheld literature Scanning section_photogrametry
. project\Productions\Productio
cameras recommendations n 2 (2)
06/08/2023 | 2- Real bridge DII Compare different \Raw Images Drone Point cloud.las
06 08 2023 Real | structure Matrice scanning \Lidar \model\Productions\Productio
Bridge 300 RTK technologies (drone n_2
with P1, vs. LiDAR) for future
Trimble equipment
LiDAR-X7 | purchasing
06/16/2023 | 3- Base section in | Trimble Create baseline \
06 16 2023 Bowe | Bowen Lab LiDAR-X7 | model for comparison
nLab Lidar with photogrammetry
07/20/2023 | 4- Double section | DJI Optimize scanning \* raw_images Point CLoud.las
07 20 2023 Bowe | in Bowen Lab | Matrice methodology using \* project/Productions\Produc
nLab_Drone Testi 300 RTK different flight paths tion_*/model
ng with P1
08/10/2023 | 5- Double section | DJI First formal scanning | \raw_images \photogrammetry project\Prod
08 10 2023 Bowe | one in Bowen | Matrice of double section one uctions\Production 2
nLab_Testing Lab 300 RTK
with P1
08/17/2023 | 6- Another double | DJI Second formal \raw_images \Photogrammetry
08 17 2023 Bowe | section in Matrice scanning of another Project\Productions\Productio
nLab Testing Bowen Lab 300 RTK double section n_1\Scene
with P1
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Date Folder Name Objects to Device Objectives Folders for Raw Data Final Products for View
Scan Used
09/20/2023 | 7- Railway bridge | DJI Test path planning \Raw_data
09 20 2023 Railw Matrice for entire bridge level
ay Bridge 300 RTK scanning
with P1
11/13/2023 | 8- Bridge DIJI Test modeling results | \Photogrammetry Data \Productions\Production 1 (2)
11 13 2023 S Bri | structure in Matrice in controlled
te_Reconstruction | Bowen lab 300 RTK environment
with P1 resembling real
bridge conditions
9- Nikon Testing manual vs. \Group_2\Group 2 data | \Group 2 NIKON Jiashu Au
03/19/2004 03 1 9_2024_Exp95 S-BRITE D850, automatic exposure to_Exposure\point_cloud auto
ure_Control_Testin Sony control for better exposure.las
g ATM4 results
DIL Test approaching \DJI 202404251603 00 \ne\-zv . -
10- N 9th Street Matrice highest model quality L project: Productions\ Producti
04/17/2024 | 04 _17 2024 Drone . DJI_ 202404251603 _002 | on(3)
- - Road 300 RTK by precisely - -
_NOthStRd with P1 controlling ;
DIJI_ 202404251603 _003
DII \Image \CC_Processing\2024 06 17
12- Matrice . Sbrite\Productions
06/17/2024 06 17 2024 Sbrite S-BRITE 300 RTK Test modeling
with P1
13 I]\)I;l;(:)rj Te.st capt.uring whole \mage result
08/27/2024 08 27 2024 Sbrite S-BRITE Sony E;ff;e\l}gtcl;i .
ATMA4
14- Test feasibility of 3D | \videos \result
09/09/2024 | 09 09 2024 Drone 1;09&? Strect 2DH Avata | | deling using Avata
_N9thStRd 2
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Date Folder Name Objects to Device Objectives Folders for Raw Data Final Products for View
Scan Used
DJI Avata 2024.09.17 sbrite Bridg
5. 2, DII Test reconstructing e\data,
09/17/2024 09 17 2024 Shrite S-BRITE Matrice 1arg§ area with 2024.09.17 sbrite_lidar,
- - - 300 RTK multiple structures
with P1/L1
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Data Thumbnail

DJI_20240617110104_0017.JPG DJI_20240617110107_0018.JPG DJI_20240617110110_0019.JPG DJI_20240617110113_0020.JPG

DJI_20240617110117_0021.JPG DJI_20240617110120_0022.0PG DJI_20240617110142_0023.JPG DJI_20240617110144_0024.PG

DJI_20240617110145_0025.JPG DJI_20240617110147_0026.JPG DJI_20240617110147_0027.JPG DJI_20240617110150_0028.JPG

DJI_20240617113700_0085.JPG DJI_20240617113702_0086.JPG DJI_20240617113704_0087.JPG DJI_20240617113705_0088.JPG

DJI_20240617113707_0089.)PG DJI_20240617113709_0090.JPG DJI_20240617113711_0091.JPG DJI_20240617113713_0092.)PG

Figure A.2 Thumbnail Grid of Aerial Photographs Collected by DJI Matrice 300 RTK with Zenmuse P1 Camera.
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#New Project_Scan_026

New_Project_Scan_009

1.00 m

Figure A.3 Top-Down View of a Registered Terrestrial LIDAR Point Cloud Depicting a Bridge Structure and Surrounding Area.
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Table A.2 Equipment Lists.

Item Quantity Key Details

DJI Matrice 300 RTK SP Combo | 1 Professional drone with maximum flight time of 55 minutes, 15 km transmission range, 6-directional
obstacle sensing, P45 weather resistance rating, triple redundant systems for safety, payload capacity up
to 2.7 kg, and RTK positioning system for centimeter-level accuracy. Includes 2 TB60 Intelligent Flight
Batteries and BS60 Intelligent Battery Station.

DJI Zenmuse L1 1 Integrated LiDAR, IMU and camera payload featuring Livox LiDAR sensor with 450,000 points per
second scanning capability, 2 cm vertical accuracy, 5 cm horizontal accuracy, 3-axis stabilized gimbal,
70° field of view, integrated 20MP RGB camera for simultaneous LiDAR and photogrammetry capture.

DJI Zenmuse P1 1 Full-frame 45MP sensor camera payload with mechanical shutter (1/2000s), 3-axis stabilized gimbal,
interchangeable fixed-focus lenses, smart oblique capture capabilities, 3 cm mapping accuracy without
GCPs, and time-synchronized positioning data for precise image georeferencing.

DJI  Matrice 300 TB60 | 2 Additional batteries for extended flight time

Intelligent Flight Battery

JZ T90 Spotlight for DJI 1 Accessory light for drone operations

DIJI Matrice 300 Upward Gimbal | 1 Mount for upward-facing payloads

Connector

DJI Avata 2 Drone Fly More | 1 Compact FPV drone with 18-minute flight time, 10 km transmission range, 4K/60fps video recording,

Combo 48MP photo capture, 155° ultra-wide field of view, built-in propeller guards for safety,
forward/downward/backward obstacle sensing, and 20 m/s maximum speed. Combo includes additional
accessories, landing pad, and 128GB microSD card.

DJI Avata 2 Intelligent Flight | 1 Additional battery for Avata 2 drone

Battery

DIJI Avata 2 Battery Charging | 1 Multi-battery charging station

Hub
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About the Joint Transportation Research Program (JTRP)

On March 11, 1937, the Indiana Legislature passed an act which authorized the Indiana State Highway
Commission to cooperate with and assist Purdue University in developing the best methods of improving
and maintaining the highways of the state and the respective counties thereof. That collaborative effort
was called the Joint Highway Research Project (JHRP). In 1997 the collaborative venture was renamed as
the Joint Transportation Research Program (JTRP) to reflect the state and national efforts to integrate the
management and operation of various transportation modes.

The first studies of JHRP were concerned with Test Road No. 1 —evaluation of the weathering characteristics
of stabilized materials. After World War II, the JHRP program grew substantially and was regularly
producing technical reports. Over 1,600 technical reports are now available, published as part of the JHRP
and subsequently JTRP collaborative venture between Purdue University and what is now the Indiana
Department of Transportation.

Free online access to all reports is provided through a unique collaboration between JTRP and Purdue
Libraries. These are available at docs.lib.purdue.edu/jtrp/.

Further information about JTRP and its current research program is available at engineering.purdue.edu/JTRP.

About This Report

An open access version of this publication is available online. See the URL in the citation below.

Kang, K., Xiao,].,Hu,]., Kanakamedala, D.S.C., Seo, ]., & Varma, A. (2025). Feasibility of 3D scanning technology
for bridge inspection and management (Joint Transportation Research Program Publication No. FHWA/IN/
JTRP-2025/16). West Lafayette, IN: Purdue University. https://doi.org/10.5703/1288284317880


https://docs.lib.purdue.edu/jtrp/
https://engineering.purdue.edu/JTRP
https://doi.org/10.5703/1288284317880
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