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EXECUTIVE SUMMARY

The goal of this research was to develop workflows and tools to advance the implementation and
adoption of UASs to support bridge inspection practices. This research resuhedévelopment of a
series of workflows to guide inspection personnel when conductingasaBled bridge inspections, and
the identification of bridge and site characteristics that should be considered when determining the
suitability of a bridge for UASnalted bridge inspection.

Workflows developed as a part of this project adhere to FHWA regulations, NCDOT regulations, and
UAS operation requirements. The workflows align with B¥WA bridge inspectiomequirementsthe
Bridge Inspection Reference Manual (BIRM)dthe NCDOT Structures Management Unit (SMU)
Inspection Manual. The NCDOT developed Wearable Inspection and Grading Information Network
System (WIGINS) software, historically used to support bridge inspection data collection and archiving,
whichwas also used to inform development of the tEkabled bridge inspection workflows. This work
supports data entry into the WIGINS Element software, as currently used by inspectors in the field and
office.

In summary, the followingbjectives were achieved in this project:
1- Understand theurrentUAS-enabled bridge inspection regulations, procedures, and capabilities.

2- DevelopUASenabl ed bridge inspection workfl ows cust
and data recording practiciat can serve as preliminary guidance as NCDOT moves towards more broad
use of UASenabled inspections

3- Implement the developed workflows in the field, allowing NCDOT bridge inspectors and UAS
pilots to review and critique the workflows for further refinement

4- Develop a tool for assessing tlogjistic and time estimation fahe pre-inspection stage of UAS
enabled bridge inspection.

UAS-enabled bridge inspection workflows created as part of this work are optimizeskfory
NCDOT inspectiorpersonnel butould be adapted by other agencies as well. These workflows should
serve as tools to enable UABabled inspection by personnel that are new to the integration of UASs in
their routine bridge inspection process. The identification of bridge characterdting with their
corresponding quantitative and qualitat-enabded! i mi t s
bridge inspection will also assist the NCDOT and their PEFs in advancingeo&38ed bridge inspection
statewide
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1 INTRODUCTION AND RESEARCH OBJECTIVES
1.1 Introduction

Bridge inspections anequired by the Federal Highway Administration (FHWA) via the National Bridge
Inspection Standards (NBIS) in Chapter G, Part 650, subpart C (FHWA 2022). The FHWA requires all
bridges to be inspected periodically. The different types of inspections caseybyi the FHWA include

initial inspections, routine inspections, underwater inspectiordgith inspections, damage inspections,

and special inspections (FHWA 2022). Bridge inspections can also be conducted for different purposes
such as maintenance,rstruction, and emergency damages, in order to ensure the structural integrity of
the bridges. The different types of inspections are associated with different requirements for intervals and
processes.

Performing a bridge inspection is often costly and time consuming for bridge owners, who are typically
state highway agencies, municipalities, and other entities. In the state of North Carolina, there are over
13,500 bridges that the North Carolina Depemt of Transportation (NCDOT) is responsible for
maintaining (NCDOT 2021). The average cost to inspect a bridge in the United States ranges from $4,500
to $10,000, and the average time to completegpection rangéom 1 to 3 days (Zulfiqar et a82014. In
many cases, the majority of the inspection time is dedicated to setting up traffic control and providing access
for inspectors to observe and inspect the elements of the bridge that require such attention. The introduction
of unmanned aerial systeridAS) into bridge inspection helps bridge inspectors to visually inspect and
photograph the structure and surrounding areas swiftly with a reduced number of support personnel and
equipment, often enabling faster inspection times and lower inspectior{Basks et al. 2018; Cheyne et
al. 2019). UASs are also very portable and have become reasonably affordable for local agencies and private
engineering firms (PEFs) to access.

However, the implementation of UASs is still in its infancy in the bridge inspection sector. Although
the FHWA has recently published guidance on the use of UAS in bridge inspections (Neubauer et al. 2021),
the actual implementation of UA8nabled bridge inspection by state highway agencies is still a work in
progress. Widespread implementation faces challenges, includipgyous Federal Aviation
Administration (FAA) certifications for inspectors and the need to establish inspection guidelines when
usingUASs Wells and Barritt 2013V ells and Lovelace 20)1.70ne of the key current challenges impeding
the implementation of UASnabled bridge inspection is the lack of guidance on developing a practical
workflow (NCDOT 2021).

There are many entities working to provide guidance and support to bridge engineers and inspectors
on the incorporation of UASs into typical bridge inspection procedures. However, many recent studies have
primarily focused on drone technology and the gateessing aspects of the operation (further described
in Chapter 2). The development of a U&Babled bridge inspection workflow, or a series of workflows
tailored to the characteristics of groups of typical bridgésich incorporates both bridge inspection
standards and UAS operating procedures would help support the implementation-eh&l#&d bridge
inspection in the state of North Carolina and potentially in other states and municipalities. Workflows
developed as pbof this research aim to be inspecticantered workflows that meet not only FHWA bridge
inspection regulations, but also NCDOT bridge inspection requirements

1.2 Research Objectives

The goal of this research was to develop a series oféh&Bled bridge inspection workflows to support
NCDOT field inspection personnel. Identification of bridge characteristics to support the selection of
suitable bridges for UA®nabled bridge inspectiavas also performed. The end goal was to develop-UAS
enabled bridge inspection workflows tailored for use on specific types of structures, with companion
guidance that supparinspection personnel in the field while conducting bridge inspections.

Workflows developed as a part of this project adhereutwent FHWA regulations, NCDOT
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regulations, and UAS operation requirements. The workflows align RiHMVA bridge inspection
requirements the Bridge Inspection Reference Manual (BIRM), as well as the NCDOT Structures
Management Unit (SMU) Inspection Manual. The NCDOT developed Wearable Inspection and Grading
Information Network System (WIGINS) software, historically used to support biitgpmection data
collection and archivingwhich was also used to inforrthe development of the UASnabled bridge
inspection workflows. This work supports data entry into the WIGINS Element software, as currently used
by inspectors in the field and office.

Therewerethree objectivesf this research. The first objectiwes to understand the UAShabled
bridge inspection regulations, procedures, and capabilities. The second objestiie development of
preliminary UASe nabl ed bri dge i nspection workflows custom
recording practices. The third objective includes the implementation of the developed workflows in the
field, allowing NCDOT bridge ingectors and UAS pilots to review and critique the workflows for further
refinementGuidance and tools to suppthei mp |l ement ati on of UASs into NCC
developed.

UAS-enabled bridge inspection workflows created as part of this wenk optimized for NCDOT
inspectionpersonnel use bubuld be adapted by other agencies as well. These workflows should serve as
tools to enable UA®nabled inspection by personnel that are new to the integration of UASs in their routine
bridge inspection process. The identification of bridge characteriating with their corresponding
guantitative and qualitative | i mits -enablegtbridggoul d i
inspection will also assist the NCDOT and their PEFs in advancing-é#a8led bridge inspection
statewide Guidance and tools to suppthtebroader use of UAS in bridge inspections and implementation
of UAS into standard practic&ret ai | or e d approath&€h@duld be readily modified to be
used by other agencies, if interested.
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2 SUMMARY OF KEY LITERATURE FINDINGS: IDENTIFYING BRIDGE
INSPECTION CHALLENGES AND OPPORTUNITIES

2.1 Bridge Inspection Requirements

Bridges are vital to the United States transportation system. A total of over 615,000 bridges are
currently maintained by various U.S. agencies and municipalities (FHWA 2022). Each bridge serves the
important responsibility of carrying traffic over water, traffic, land feature, and/or railroad. The collapse of
the Silver Bridge at the Ohio and West Virginia I
Federal Highway Act of 1968, which reged the Secretary of Transportation to develop a standard for
bridge inspections (Ryast al.2012). The NBIS, the NCDOT Element Inspection Manual, and the NCDOT
SMU Inspection Manual collectively provide bridge inspection guidance within the state bf®odlina

To unify the inspection standards and procedures around the country, the FHWA established the
National Bridge Inspection Standards, also known as the NBIS (FHWA 2022). The NBIS states that federal
and state agencies are responsible for inspecting andingpelemental components of all bridges to the
Secretary of Transportation of the United States Department of Transportation (USDOT) on specific time
intervals that depend on the type of inspection that the structure requires (FHWA 2022).

The FHWA is a branch under the USDOT that supports state and local governments in the design,
construction, and maintenance of the public highway system (FHWA 2022). Bridges and other structures,
such as culverts and overhead signs, are parts of the bigihligay systems and are inspected per the NBIS
regulations (AASHTO 2010). The FHWA recognizes that bridge componentdtanesophisticated and
have diverse physical and site characteristics, including a wide variety of lengths, spans, materials,
structual design types, geometric configurations, and traffic characteristics, among other things. The
FHWA Recording and Coding Guide for the Structura
commonly known as the Recording and Coding Guaitprically provided the list of description items
that are expected to be recorded for a bridge. Detailed descriptions of every element of the bridge, or
Aiitems, 06 can be found in the Recording and Coding
be oded (FHWA 1995; AASHTO 2010f hi s has recently been replaced
for the National Bridge Inventory (FHWA 2022).

Within North Carolina, the NCDOT oversees the inspection, load capacity analysis, inventory, and
administration of maintenance policies and procedures for all structures on the public highway system
(NCDOT 2017). Besides inspecting the items listed inRbeording and Coding Guidaow the SNBI)

t he NCDOT also has its own fAspeci al el ementsod to
the NCDOT El ement Inspection Manual (NCDOT 2017) .
Guide, the NC@T Element Inspection Manual provides a detailed breakdown of how to inspect these
speci al NCDOT bridge el ement s. The NCDOT6s EI emer

statebs bridge inspection oper afthasthessuperataures,tp f r om
the rating of individual elements such as the joints (NCDOT 2017). The NCDOT developed the Element
Il nspection Manual to ensure compliance with feder

bridge inspectionRHWA 2022; NCDOT 2017).

To communicate the bridge inspection policies and procedures adopted by the NCDOT to
inspection personnel and PEFs, the NCDOT created the SMU Inspection Manual to provide guidance on
those topics (NCDOT 2018). The types of inspections covered by the S§pdction Manual include
initial inspections, routine inspections, underwater inspections, fracture critical inspectiaepthin
inspections, special inspections, damage inspections, and bridge maintenance supervisor inspections. The
fracture critical inpection that the NCDOT conducts is equivalent to the nonredundant tension steel
member (NTSM) inspection required by the FHWA (NCDOT 2018; FHWA 20R2gently, the term
Afracture criticalodeddasdbeaensteplatedasbypynfimember,
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2.1.1 National Bridge Inspection Standards

The National Bridge Inspection Standards (NBIS) was established by the FHWA to provide guidelines on
how state and local transportation agencies should conduct bridge inspection, and how to submit the
relevant data to the FHWA for organizing and trackingppses (FHWA 2022). In 1971, the NBIS was
established in response to the collapse of the Silver Bridge in Point Pleasant, W\é{Ry2612). Prior

to the NBIS, there were no guidelines established by the federal government to dictate bridge inspection
and management practices in the United States.

The latest edition, the NBIS 2022 Final Rule, provided updated rules and regulations for bridge
inspections (FHWA 2022). Certain bridges that meet all qualifications stated in the updated rule may
undergo routine inspection on longer intervals than thieaypnce per every two years interval that has
been mandated for bridges in the past. The conditions of the bridges and related actions are required to be
reported to the FHWA (FHWA 2022).

2.1.1.1 Bridge Inspection Reference Manual

To aid field offices anghersonnel in the performance and documentation of bridge inspections, the

FHWA created the Bridge Inspection Reference Manual (BIRRa( et al2022). The BIRM

condenses the NBIS information forgoproa@dctiecaluirtce
inspection personnel.

The BIRM includes topics such as equipment necessary for bridge inspection, bridge inspection
safety precautions, inspection methods for different components of the bridge, and bridge inspection
recording. The Bl RM act s ailed btidgeensp@dtion gualityucentral andd  ma n u
guality assurance procedures provided by the FHWA (FHWA 2022)

2.1.2 NCDOT Element Inspection

The FHWA grants state and local agencies the ability to customize the definition of the elements according
to the NBIS (FHWA 2022). Since the end goal of the NBIS is to ensure consistency in bridge inspection
practices throughout the United States, theSN&lows states and local agencies to expand their own bridge
elements based on agency needs and preferdh@DOT 2017). The additional bridge elements
introduced by individual states expand upon the AASHTO Guide for Commonly Recognized Structural
El ements (NCDOT 2017). Based on the NCDOT6s Brid
expanded its bridge elemenank and called it Agency Defined Elements (ADE) (NCDOT 2017). The
comprehensive list of elements that the NCDOT inspects can be found in the NCDOT Manual for Bridge
Element Inspection (NCDOT 2017). ExampleN&DOT-specific bridge elements are diaphragms, slope
protection components, truss members, reinforced concrete deck, prestressed concrete girder top flange,
timber bridge railing, masonry bridge railing, steel truss, elastomeric bearings, and other items. The
NCDOT elements are generally more specific in terms of component and material when compared to those
of the National Bridge Elements.

There are two sets of element lists that the FHWA requires state and local agencies to abide by
when compiling their own bridge element breakdowns, the Bridge Management Elements (BME) and the
National Bridge Elements (NBE) (FHWA 2022). The NCDOT folldtws rating system set by the FHWA
to rate the conditions of the elements (NDOT 2C4¥) the SNBI (FHWA 2022)

2.1.2.1 Structures Management Unit Inspection Manual

The SMU Inspection Manual was developed to help field inspectors of the NCDOT and PEFs supporting
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the NCDOT conduct bridge inspection, analysis, and inventory (NCDOT 2018). The SMU Inspection
Manual details NCDOT standards for bridge inspection for personnel who are in either quality assurance
or quality control roles. This manual is based on the FHWA N&Swvell as the NCDOT Element
Inspection Manual, thus being a compilation of both federaktatdlevel bridge inspection requirements
(NCDOT 2017; NCDOT 2018). Another important type of information provided in the SMU Inspection
Manual is the list of categories of different bridge inspections and frequencies, along with the associated
requirements. feim routine inspections that occur once every 24 months to underwater inspections no less
than once every 48 months, the SMU Inspection Manual provides thorough requirements on the inspection
activities that should be performed based on the structureaypeell as reporting requirements (NCDOT
2018).

Understanding the different types of inspections required by the NCDOT is vital since different
inspection methods apply to different scenarios. The seven types of bridge inspections are as follows:

1) Initial Inspections

2) Routinelnspections

3) Underwater Inspections

4) Fracture Critical Inspections
5) In-depth Inspections

6) Special Inspections

7 Damage Inspections

The different types of inspections typically require different inspection methods and intervals
according to the SMU Inspection Manual and are aligned with the requirements stated in the NBIS (FHWA
2022). For example, a routine inspection could require hesidson intensive inspection, while fracture
critical inspection requires intensive haratsinspection due to the type of structure that is being inspected
and elevated risk to safety (NCDOT 2018). Some inspections are also focused on specific theas of
bridge, such as submerged components (underwater inspections) and areas damaged due to accidents, such
as ovetheight vehicle collisions (damage inspections).

2.1.3 WIGINS Elements

WIGINS Elements was designed by former NCDOT employee Lin Wiggins to help autonomize the sorting
of bridge data within the state of North Carolina. WIGINS can synchronize bidgection data
throughout the state so that future inspection personnel can easily interpret and modify bridge data (NCDOT
2018). The development of the UA#abled bridge inspection workflow will heavily rely on the
implementation of WIGINS since it ifi¢ central to the NCDOT bridge inspection process as well as the
framework for record keeping and preparation of the required bridge inspection reports (NCDOT 2018).

One benefit of WIGINS Elements is the digitization of inspection data and the ease of populating
inspection documents. The software allows the inspectors to record and save all inspection documents
digitally, including inspection images. The digitizatimfinspection documents grants inspectors the ability
to be paperless in the field which is also an advantage since paper recordkeeping sometimes becomes
problematic in outdoor areas. A portable tablet computer is the only necessity during an inspettteon fo
distress information input process into WIGINS Elements (NCDOT 2018), although some inspectors
interviewed as part of this work still prefer to use paper notes. Inspectors using paper notes have often
developed a notetaking system, however, thahaligith the WIGINS software for ease of data entry on
site €.g.,in the vehicle after the inspection) or back at the office.

Another benefit that the WIGINS software provides is the streamlining of the documentation
submission process. In the past, bridge inspectors would have to first take pictures and record in their
notebooks detailed descriptions of the inspection noteisthen transfer all data online after arriving at
their offices. With WIGINS Elements, data can be uploaded immediately onto the cloud upon the
inspectoro6s entry. The inspection data entry proc
If applicable, the NCDOT Central Office could be notified immediately through WIGINS Elements if there
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is a Priority Maintenance item discovered during the inspection to accelerate the determination of the
maintenance need and scheduling a maintenance crew to perform maintenance on the structure (NCDOT
2018). Figure2.1 depicts the cover sheet of an example structure file on WIGINS Elements. F@ure 2
depicts the Structure Element Build of WIGINS Elements for the recording of structural dimension

&= WIGINS Elements & b4

W Home Inventory Reports SIA Admin Tools Inspections Overhead Sians BMS Maintenance &

- vl
Complete Shorthand Group *  Synchronize Jock
Inspection nspection  Inspection Structure Dat;
Work List w B | | 100398 - Routine Element Inspection - Contract - 10/06/2022 | 100667 - Routine Element Inspection - Contract - 10/06/2022 X s
Structure [#8] | Coversheet | Structure Elomont Build | Elemenis and Inspection Homs | FHWA and NCDOT Coding | Prafiles | Photos | Underclearance Records | Sketches | Reports | Inspection Manusl
e Element Inspection - Contract N.C. DEPARTMENT OF TRANSPORTATION ATTENTION
DIVISION OF HIGHWAYS
100667 | STRUCTURE MANAGEMENT UNIT
100680 - Routine Element I
100785 - Routine Ele
15 - Hotio
Bidge Name County Structure Nurmber
Route Across Mile Post
SR2TO2 SWANNANOA RIVER 0
Location
35 MIW JCT SR2707
Superstructure
REINFORCED CONCRETE DECK GIRDERS
Substructure
1 » ABUTSREINFORCED CONCRETE
[ Longitude Latitude
Open Selected Inspection
@ [ 2w 35 i | [orse |
Priority Action Requests
Inspection Date Present Posting
Select a date 5] v TIsT
Other Signs Present
Fracture Critcal v
Tempaorary Sharing: v
Scour Critical v
Scour POA:
New PAR 3
— 1 ‘Weiaht Limit vl

Figure2.1: Coversheet Tab (NCDOT 2022)
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100785 - Routine )
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2™ 100845 - Routine Element Inspectic P
End Bent 1 () Deck, Expansion Jaints, Rails, and Wearing Surfaces
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.’_\I & ~
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Priority Action Requests
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v — —
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4| [Beam 4 EEES 1 -2 %
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Figure2.2: Structure Element Building Tab (NCDOT 2022)

The order in which the tabulated sections are presented in WIGINS corresponds to the order of data
input by NCDOT bridge inspectors. The acknowledgment of this order provides insight into the
development of the workflows since the workflows should be designed to fit current bridge inspection
standard operating procedures. The WIGINS Elements software includes several major tabulated sections
within a report, listed as follows:

1) Coversheet

2) Structure Element Build

3) Elements and Inspection Iltems
4) FHWA and NCDOT Coding

5) Profiles

6) Photos

7) Underclearance Records

8) Sketches

9) Reports

10) Inspection Manual

The Structure Safety Report concludes all bridge inspection findings and recordings for the most
recent inspection operation. All required structural measurements such as bridge dimensions, as well as
distress measurements such as crack quantificationpedoundin the Structure Safety Report. The
Structure Safety Report also provides information on action items that need to be performed to address
issues at the structure. These action items include routine maintenance items, Priority Maintenance items,
and CriticalFindings (NCDOT 2018). Figur2.3 depicts the title page of an example Structure Safety
Report compiled for structure 170003 (NCDOT 2021).
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NC DEPARTMENT OF TRANSPORTATION

Structure Safety Report

Routine Element Inspection - Contract
INSPECTION DATE: 02/01/2021

COUNTY: CATAWBA STRUCTURE NUMBER: 170003

DIVISION: 12

FACILITY CARRIED: US321 NBL MILE POST:

FREQUENCY:

ATTENTION: SNOOPER USED; PRIORITY ACTION REQUESTS

24 MONTHS

LOCATION: 0.2 MI. N. JCT. SR2583

FEATURE INTERSECTED: HENRY FORK RIVER

LATITUDE: 35°42'1.13" LONGITUDE: 81°21'5.21"

SUPERSTRUCTURE:

SUBSTRUCTURE:

SPANS: 5 SPANS. SEE SPAN PROFILE SHEET FOR SPAN DETAILS

[JFRACTURE CRITICAL [CJTEMPORARY SHORING [ ]SCOUR CRITICAL

GRADES: (InspectoriNBl Coding) DECK 6/6 SUPERSTRUCTURE 5/5

POSTED SV: Not Posted POSTED TTST: Not Posted

SUBSTRUCTURE 6/6

[ ]SCOUR PLAN OF ACTION

CULVERT N/N

OTHER SIGNS PRESENT: NONE

Sign noticed

SOUTH APPROACH LOOKING NORTH

MATCHES PLANS

Number

issued for Required
NO WEIGHT LIMIT 0
NO DELINEATORS 0
NO NARROW BRIDGE 0
NO ONE LANE BRIDGE 0
NO LOW CLEARANCE 0
DIRECTION OF SN
INSPECTION
DIRECTION YES

INSPECTED BY SIGNATURE

Ron Flory

N2

ASSISTED BY  Portia Senior

Figure2.3: Location weather station mounted above the deck.

During the inspection, the inspector will submit one of the three action items depending on the
condition of the distress. The severity of the distress depends on the material and is detailed in the SMU
Inspection Manual (NCDOT 2018). If the inspectionveibmits either a Priority Maintenance item or a
Critical Finding, the NCDOT Central Office will be notified and handed the duty of reclassifying the
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distress. Reclassifying the distress includes verifying whether the distress falls under a routine maintenance
item, Priority Maintenance item, or Critical Finding (NCDOT 2018). FigRre depictsthe inspector
requested maintenance items for structure 170003 on 2/1/2021 (NCDOT 2021).

Priority Actions Request

Structure Number 170003

Drift
3366 Drift Drift
Priority
Level Defect Type Quantity Defect Description
@ 80 DRIFT BUILDUP UP TO 100' WIDE X 30' LONG X 6' HIGH AT THE UPSTREAM
END OF BENT 3 (PRIORITY ACTION REQUEST)
@ 4  DISCONNECTED WITH (2) MISSING BOLTS OF THE SOUTHEAST
GRUARDRAIL TO BRIDGE CONNECTION (PRIORITY ACTION REQUEST)
@ 6250 EROSION AREA UP TO 200'+ LONG X 30' WIDE X 25' HIGH IN SPAN 3 AT BENT
2 SLOPE PROTECTION (PRIORITY ACTION REQUEST)
Approach 1
3353 Reinforced Concrete Approach Slab
Priority
Level Defect Type Quantity Defect Description
@ Settlement 75  Approach 1 : SETTLEMENT UP TO 15' LONG X 5' WIDE X 4" HIGH IN THE EAST
SHOULDER ASPHALT WEARING SURFACE AT END BENT 1 (PRIORITY ACTION
REQUEST)
@ Settlement 83  Approach 1 : SETTLEMENT UP TO 15' LONG X 5'-6" WIDE X 4" HIGH IN THE

WEST SHOULDER ASPHALT WEARING SURFACE AT END BENT 1 (PRIORITY
ACTION REQUEST)

. Priority Action Request (PAR) . Assigned Routine Maintenance 2 Assigned Priority Maintenance . Assigned Critical Find

Figure2.4: Location weather station mounted above the deck.

Some of the most important pieces of information included in the Structure Safety Report are the
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photographs taken. The NCDOT requires photographs to be taken during the inspection trip (NCDOT
2018). Thesghotographs best serve the purpose of depicting and archiving the status of the distress and
the overall condition of the bridge. Typical photographs taken during the inspection and included in the
report are a series of required photographs that depicbtidition of the bridges and pictures of the typical
conditions and individual distresses. These required photographs include the following (NCDOT 2021):

1 Approaches
Profile
Upstream and Downstream
Guardrail
Structure

1 Inspection equipment

The detailed requirements for the photographs as well as bridge inspection practices required during

the bridge inspection process can be found in WIGINS Element. The document within WIGINS Element,
titted NCDOT Bridge Inspection Reference Guide, providetiled guidance for inspectors on how to
compile a Structure Safety Report via WIGINS Elements. This document serves as a useful guide for
inspectors (in both the field and office) on the nuances of inspecting a bridge, data entry into WIGINS
Element, ad compiling a Structure Safety Report.

T
T
T
T

2.1.4 NCDOT Data Management for Structures

Through WIGINS, any NCDOT personnel who is given authorization may be able to access and manipulate

the data shown on the Structure Safety Report. An advantage of having all datenkethtp the cloud is

that inspectors can update the information from different workplaces across the state, providimg real
updates on a particular structurebs data. Through
organized into a Staiures Safety Report (NCDOT 2018). Post inspection, the bridge inspectors present

the reports to their respective State Bridge Inspection Supervisors, where reviews of the reports are
performed prior to approval. State Bridge Inspection Supervisors cen mepection reports to inspection

teams for revision and/or improvement prior to final approval. Once approved, the supervisors submit the
reports to the SMU staff at NCDOT6s centr al of fic

2.1.4.1 NCDOT Bridge Management System

One important objective of conducting bridge inspections is to monitor the health conditions of the existing
structures. The National Bridge Element scores help the FHWA determine the state of a particular bridge
(FHWA 2022; AASHTO 2010). Inspection datadften used to facilitatdae development of deterioration
prediction models (Cavalline et al. 2015; Goyal 2015; Goyal et al. 2016). Software such as the
AASHTOWare Bridge Management (BrM) and Bridgit are commercially developed to help state agencies
devdop and applystatebased probabilistic models to forecast bridge deterioration (Goyal et al. 2016).
These bridge deterioration models are based on condition ratings developed with engineering judgment
provided by the inspectors, thus making field inspection practices ewenmmuortant.

2.1.4.2 Conventional Bridge Inspection Process and Challenges

The typical human approach to bridge inspection takes around $4,500 to $10,000 (approximately $5,800 to
$13,000 in 2023) and 1 to 3 days per bridge in the United Satégjar et al. 2014). With over 13,500
structures in the state of North Carolina, the total amount of money and time spent on bridge inspection is
a significant financial burden, coupled with usestassociated delays. Often, a goal of a public agency is

to lower operating costs to save tax dollars, since doing so could please thampdipiovide operational
efficiencies. Azari et al(2022) conducted research on the impact of implementing UAS into bridge
inspection operations. They stated that the Oregon Department of Transportation (ODOT) saved on average
$10,200 while using UAS to assist in bridge inspection operations versus the coratengtimod. They
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also pointed out a Minnesota Department of Transportation (MnDOT) research where a particular bridge
took the agency 8 days and $59,000 to conduct a conventional inspection, whereas it took only 5 days and
$20,000 for theJAS-assisted inspection. Another research included the indirect costs to performing a
conventional bridge inspection. Hubbamdd Hubbard (202xplored the potential cost of conventional
inspection due to the safety risks surrounding work zone accidents, which is oftentimes an dsjpedtitha

be neglected when comparing conventional to tbh&bled bridge inspections.

Despite a lot of research stating the monetary benefits of performinged&3ed bridge
inspections, the Idaho Department of Transportation (IDOT) discovered that UASs are not always more
costefficient. IDOT performed a cost analysis on a fracture critical inspection and concluded that it would
have cost $236 more to inspect the structure using a UAS than with traditionabinaindpection (Azari
et al. 2022). This finding demonstrates thedrance of bridge candidate selection for U&&bled bridge
inspection.

Although some small, simple bridges can be inspected within a matter of hours using access
equipment that can be carried in a typical vehicle (e.g., ladders), larger bridges may require longer durations
and additional access tools such as snooper trboeds, and rope access to perform inspections. The
inspection time required for some bridges can be days or weeks, incurring significant costs associated with
manpower, equipment rental, and traffic control. Significant traffic impacts often occur whpentioss
require support from snooper truck operations. UASs can significantly help improve inspection efficiency
and reduce the time of inspection processes (Cheyne et al. 2019). Reducing the amount of time using a
snooper truck may also impact the amanirtime required to set up and take down the traffic control for
the snooper truck (Banks et al. 2018).

Safety is also a major concern when it comes to bridge inspection (Banks et al. 2018). Multiple
research papers acknowledge the improvement of safety of inspection personnel when UAS is used during
the inspection process (Azari et al. 2022; Cheyne l9; Neubauer et al. 2021). According to the
Bureau of Labor Statistics, the United States averages more than 120 fatal injuries every year on roadway
and bridge worksites (Bridge Masters 2021). When it comes to a typical bridge inspection, the maximum
ladder reaches height often approximately 30 feet (Rickus 2022). In other words, methods besides ladders
need to be explored when inspecting defects at heights exceeding 30 feet. When addressing an amusement
park incident where a Iyearold fell from a 25 éet park ride, Dr. Robert Glatter of Lenox Hill Hospital
i n New Yor KalsGomtgreates than 80,febtive a high probability of inflicting serious injuries
involving the spleen, 't ver and | unRice20173.Henceg wi t h
enabling UASs during bridge inspection practices may help greatly improve field #&fatydt al. 2022;

Cheyne et al. 2029

However, the deployment of UAS does also present potential safety risks as well. One of the major
safety concerns with a cuttiregige piece of equipment such as a UAS is public distraction. A study was
conducted where participants were provided wigetracking hardware and were instructed to drive in a
car simulator. Throughout the driving session, a UAS would be deployed near the roadway for the
researchers to observe the typical driver behavior. The research concluded that most drivers were distracted
by the UAS, and that multiple drivers glanced at the UAS for more than 7 seconds without looking at the
road (Barlow 2019). Therefore, it is not to say that UASs would provide a better inspection environment
with no safety risks at all.

Thetypical bridge inspection process used by the NCDOT is also reviewed in this research. The
workflows should include all aspects of a typical UAsabled bridge inspection procedure, which should
be an expansion of a conventional bridge inspection workffoginspection planning processes and post
inspection organizing processes should be considered in order to determine the adjustment of conventional
bridge inspection procedures for the inclusion of Ufabled bridge inspection procedures.
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2.2  Preparation
2.2.1 Preparation

The office preparation of the bridge inspection process includes reading prior the Structure Safety Report,
researching access points at the bridge, scheduling personnel, preparing inspection equipment, and other
supporting tasks to ensure the inspectargehthe tools needed to support the inspection and to help

mi ni mize the amount of time the inspectors need t
drawings is also a vital pfiespection activity since a part of the inspection requirengetd dbtainthe

necessary dimensions of the structure (Ryan et a2)20

Safety precautions are important when performing bridge inspections according to the Bridge
I nspector ds Ref er e 22k ue td mmdananaturél ®cguareances and tlaelrandora @ature
of traffic behavior, inspectors should follow Occupational Safety and Health Administration (OSHA)
guidelines. Hardhats, vests, steel toe boots, and fully enclosed legwear are just basic requirements upon
entering a work site. Depending on the situation, ladders and harnesses can be required as well. At the end
of the day, inspectors prepare and use personal protective equipment (PPE) as necessary to keep them safe
(Ryan et al. 202).

When it is determined that there is no suitable access point at a bridge, traffic control may be
required since it will help free up some space for the inspectors to access the structure. Traffic control can
be very tediousis inherently dangerous, and often a thpaty contractor specializing in this work is
retained to perform this job during bridge inspections (Banks et al. 2018). This task includes erecting traffic
warning signs, standing up cones, and sometimes flaggirgaffic. At the end oftte day, the necessity
for traffic control depends on the judgment call of the inspectors in charge, with the goal of improving
operational safety for the public and for the working crew.

2.2.2 Access

Most bridges span over a body of water, a roadway, or a railroad, a grade change, or combinations of these
features. For many of these cases, the terrain might be treacherous and would require further attention to
planning the access point(s). The accesstgshould connect two locations, a parking location at the road
level and a setup location at the substructure level (Byah2022).

Access and parking conditions vary greatly for inspection of individual bridges. Most bridges are
not directly adjacent to curb parking and parking lots. The most suitable parking spot for a vehicle may be
on the shoulder of the road. In that case, tlsbimld be as much clearance between the vehicle and the
travel lane (edge line) as possible. Parking should be not only safe from traffic but also flat enough for the
ease of loading and unloading equipment (Rstaal.2022).

On the substructure level, the setup area should be considerably flat as well. NCDOT bridge
inspectors often carry their tablet computers for WIGINS Elements data entry (NCDOT 2018). Some
optional companion equipment for tablet computers may be a tdbléirg chair, and a wireless keyboard.

This setup requires a flat surface as mentioned previously. Of course, in some instances, inspectors might
prefer to conduct the inspection first while recording the inspection notes on a notebook, then later
transerring the information into WIGINS Elements in the office. The latter method might not even require

a setup area. The setup area (substructure level) should have ease of access to any location around and under
the bridge for inspection purposes.

2.2.3 Bridge Components and Typical Distress Conditions

The substructure of a bridge is defined by the NCDOT Element Inspection Manual as the columns, pier
walls, abutments, piles, pier caps, and footings (NCDOT 2017; Byah 2022). The substructure is
responsible for holding the superstructure and deck above the earth (AASHTO 2010). Substructures are
designed to endure earthquakes while still maintaining structural integrity. These components are
oftentimes made from steel, coats, masonry, and timber (Ryahal.2022). The most common defects
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on a superstructure are cracks, patches, and delamination. Delamination is caused by water seeping through
the concrete causing corrosion and resulting in the affected area to weaken and lose bond with reinforcing
steel. Scour is a phenomenon in wHastmoving water erodes the sediment that sits underneath the bridge
foundation. Scour is recognized as the number one reason for bridge collapse (Ayres 2022).

The superstructure of a bridge is defined by the NCDOT Element Inspection Manual as the girders,
stringers, trusses, arches, floor beams, and bearings (NCDOT 2017). The superstructure transfers the live
and dead loads from the deck to the substructuregwgmtually to the foundation (AASHTO 2010; Ryan
et al. 2022). According to some inspectors, the most common defects on the superstructure are rusted
bearings and spalling on the beams and girders (Rickus 2022). Often, bridge bearings and beams are coated
with an extra layer of protective paint or other coating material. Howewenr, time, coatings are
susceptible to wear and provide imperfect corrosion protection.

The deck of a bridge is defined by the NCDOT Element Inspection Manual as the decks, slabs, and
railings (NCDOT 2017; Ryaet al.2022). The function of the deck is to hold live traffic and dead loads
such as signs. Slabs act as both the deck and superstructure, though it is still considered as a deck
component. A common defect found on the deck is asphalt/concrete cracking anditbstaabngs (such
as fasteners loosening) and parapet walls (damage from traffic, cracking) (Rickus 2022). Cracka are oft
signs of fatigue on the deck duead¢arge number of traffic cycles but could also be due to other causes
(NCDOT 2017; NCDOT 2018; Ryast al.2022). The most common types of cracks are transverse cracks
across the width of the roadway and alligator cracks at spots of deterioration. Railing fasteners loosen due
to vibration caused by passing traffic (NCDOT 2018).

2.3 UAS-Enabled Bridge Inspection

With UASs becoming more prevalent, the civil and construction industry is embracing the trend of flying
UASSs, or drones (Dorafshan et al. 2021; Duque 2017; Jeong et al. 2020; Neubauer et al. 2021). UASs
offer threedimensional mobility that a human counart lacks. This advantage could help improve
bridge inspection efficiency (Gillins 2016). A typidaimanperformed inspection would require ladders
or snooper trucks, which are either the@nsuming or cosneffective (Cheyne et al. 2019). A UAS
typically has a builin reaktime camera for not only operation purposes, but also to capture images,
which supplements a very important part of the SMU Structure Safety Report (Wells and Lovelace 2017).
Although UASs provide technological advantages that can save time and money, there are still

constraints that require the userds attentn on. On
FAA certification (Banks et al. 2018; Cheyne et al. 2019). The requirements to obtain a UAS remote pilot
certification are to be 16 or older, to be able to read, write, speak, and understand English, to be in good
physical and mental condition, to pass tthmanned Aircraft Generdbmall (UAG) exam, and tbe
tested every 24 months after certification on aeronautical knowledge (FAA 2022). The Unmanned
Aircraft General Small (UAG) exam includes the following topics (FAA 2022):

1 Applicable regulations relating to small unmanned aircraft system iaiwigges, limitations,

and flight operation.

9 Airspace classification and operating requirements, and flight restrictions affecting small
unmanned aircraft operation.
Aviation weather sources and effects of weather on small unmanned aircraft performance.
Small unmanned aircraft loading and performance.
Emergency procedures.
Crew resource management.
Radio communication procedures.
Determining the performance of small unmanned aircraft.
Physiological effects of drugs and alcohol.

=8 =4 =8 =8 -8 -89
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Aeronautical decisioimaking and judgment.

Airport operations.

Maintenance and preflight inspection procedures.

Operation at night.

Due to this requirement, either a certified UAS pilot is required to accompany the bridge insjgactipn

or a bridge inspector would need to be FAA certified (Banks et al. 2018; Cheyne et al. 2019). The latter
would be ideal, but more difficult to achieve since obtaining an FAA UAS certification is not a job
requirement for becoming a bridge inspector ingta¢e of North Carolinal herefore having both a UAS

pilot and a bridge inspector gather around a screen during acdé8ed inspection is challeang yet
necessary in the current environment, since the population of personnel who are both qualified to inspect
bridges and certified to fly UASs is small.

= =4 = =9

2.3.1 Federal Aviation Administration Requirements

The Federal Aviation Administration (FAA) allows state and local government employees to operate UASs
under the Title 14 Code of Federal Regulation (CFR) Part 107 (FAA 2022). This regulation restricts the
UAS size to under 55 pounds. Additionally, a keynponent of this regulation is that it prohibits the
operations of UAS over traffic and pedestrians for safety reasons. Traffic and pedestrians are two common
features associated with many bridges. Because of these limitations, traffic control may leel equir
perform UAS operations on bridges. This regulation does, however, allow qualified agencies to bypass the
process of applying for permission to fly over public space, thereby providing these qualified agencies with
more flexibility to utilize UASs (MHela et al. 2021)

2.3.2 Equipment and Capabilities

UASs are becoming more technologically advanced by the day. From high image definition to obstacle
avoidance, different UAS manufacturers offer different capabilities using a range of technologies. A
detailed assessment of multiple UAS platforms and aopobtfor UAS selection to support bridge
inspection activities is provided in Karimoddini et al. (2021).

Safety of the public, the inspectors, and the UAS itself are priorities when conductingridhed
bridge inspections. Some UASs offer safety prevention systems that automéasgegitiie drone distant
from other obstacles (Plotnikov and Collura 2021)
bearings. With the piles, bent cap, diaphragm, and beams all located around the bearing, the maneuverable
space becomes very contggs Having an automated wall prevention system helps relieve the sfrine
new-to-flying inspectors when it comes to the fear of colliding the §8insthe bridge or other objects
(Plotnikov and Collura 2021).

Having to fly under lower bridges and even into small culverts requires a drone that is smaller in
size. Some commercial UASs are the size of a child and are not ideal due to limited agility. Other UASs
have dimensions similar to a thick textbook, whichvide improved operational capacitiédahamaet
al. 2021 Hewlin et al. 2021Karimoddini et al. 2021

Being able to acquirbigh-quality images via the UASs is vital. The utilization of UASs should
yield similar visual resolution to that produced by an inspector since the inspection quality is heavily biased
towards visual identifications of distresses. These -tigfinition pictures would also be optimal for
documentation purposes since it is vital that the pictures provide clarity to illustrate the condition of the
bridge. A chart compiled by Seo et al. compares different brands and models of avaii&slenlhe
market (Seo et al. 2018). Although the researchers indicated the UAS selected to satisfy the requirements
of their research, this chart provides a glimpse into the advantages and disadvantages of different UASs, so
that others may compare andestthe appropriate UASs for their own research nddda@dmeet al. 2021
Hewlin et al. 2021 Karimoddini et al. 2021
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233 Summary of Other Statesd efforts

The implementation of UASs is not unexplored in the realm of bridge inspection. Several states, including
states such as Oregon and Minnesota, bawducted research on the practicality of utilizing UASs when
performing bridge inspectieanThe FHWA itself sponsored Futron Aviation to study the use of UASs for
bridge inspection (FHWA 2021).

A research team from Oregon State University has conducted thorough studies on the application
of UAS-enabled bridge inspections for the Oregon Department of Transportation (Neubauer 2021). The
team compared the cost of a traditional bridge inspectioip $dth snooper trucks versus with a UAS. An
average $10,000 savings per bridge was calculated when the UAS was utilized. Not only did they conclude
that UASenabled inspections are maresteffective than conventional inspections, but Ué&&abled
inspecion approaches were also identified as safer and more time efficient.

Collins Engineering performed similar research for the Minnesota Department of Transportation
(Wells and Lovelace 2017). This study determined that:

1. UASs are more suitable for larger structures based on the subject bridges that the experiments were
conducted on.
2. Measurements can be estimated from photos, however information typically obtained from tactile
functions cannot necessarily be estimated from photos.
3. UASs that can perform flight without the need of GPS can be of advantage for bridge inspection
use.
4. Risks associated with both inspector safety and that of the traveling public can be reduced with the
usage of UASs.
Many local transportation agencies are also investigating the use of UASs for bridge inspections under the
new FAA title 14 CFR Part 107 regulation (Mallela et al. 2021)

2.3.4 FHWA guidance on UASenabled inspection

In October 2019, the FHWA compiled a tech brief or
i nspect i oetsab2019)CThis yechebrief is a compilation of UARabled bridge inspection
findings similar to the results of the studies from Oregon State University and Collins Engineering as
mentioned previously (Gillins et al. 2018). The current FAA regulation foaus#se flight restrictions of
UASSs.

One major point that the FHWA emphasizes in it
human inspectors when it comes to bridge inspections (FHWA 2022; Chieglct2019). Replacing human
inspectors with UASs should not be considered. All bridge inspection work can be performed by a human
inspector, but not all work can be done by a UAS (Cheyra.2019).

2.3.5 Previous Workflows for UAS-Enabled Bridge Inspection

Workflows are designed to help guide users in performing certain tasks. The identification of the targeted
end user is especially important since each workflow is designed based on those parties. The end user for
this work would be the NCDOT and its parting field inspection personnel. This means that the workflows
developed should consider the maturity of performing t&h&bled bridge inspection, material distress
diagnosing and reporting procedures, and overall bridge inspection procedures, withisthetipn of
the NCDOT. There are currently no workflows published that could guide inspectors on performing UAS
enabled bridge inspectisabiding by the NCDOT bridge inspection requirements.

There are workflows that provide broad guidelines to t&k8bled bridge inspection such as the
one shown below in Figur25 created by Chen et al (2019). Another example shown in FXfikgas a
workflow created to emphasize the UAS operational aspect during a bridge inspection, such as UAS
equi pment selection and data processing (Tmugil e
than the activities required for a routinepastion, where a 3D reconstruction is neither practical nor
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Figure2.5: Framework for UAV Inspection (Chen et al. 2019)
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Another developed workflow, made by Gillins (2016), includes operational components such as
UAS selection, flight planning, safety plan, data collection, and data processing grguiéis workflow
also provides guidance on the overall U&sabled bridge inspectigmocess butloes not include detailed
procedures for element inspections. The framework is also Fagtylevel anddoes not provide specifics
associated with progressing from one end of a structure to another in a rational mannematiorfdo
support data collection for specific materials, elements, or distresses.
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Figure2.7: UAS Based Bridge Inspection Workflow (Gillins 2016)

Another UAS workflow developed by Wells and Lovelace in2@1shown in Figur.8 (Wells
and Lovelace 200). This workflow represents a higher level of guidance on how a UAS would be
integrated into a bridge inspection operation. This workflow emphasizes the capturing of data and the post
inspection process
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Most current workflows focus on providing a framework for the overall inspection process, such
as the selection of the UAS and the process in which data is collected, and do not contain the level of detail
that would provide useful guidance to inspectorviag on-site. There is yet to be a workflow developed
that incorporates inspection type, bridge components (NBE and BME), and material type

2.3.6 Opportunities for Workflow Improvement

To accompany UA®nabled bridge inspection, workflows have been created to assist bridge inspectors
(Chen et al . 20 1®al 20R0). ThHe F¥WAI&din6lydedvarkflgwis in Chapter 5 of
the Report Collection of Data with UAV for Bridge Inspecti@illins et al. 2018). However, these
workflows serve as a highével guidance towards UA&nabled bridge inspection. From observing the
bridge with the UAS to processing distress data, these workflows provided only the big picture overview
of how UAS would be involved in the bridge inspection process. The purpose of those awistifigws

is to provide preliminary instructions on how UASs would be integrated into the field.

Workflows published based on previous research do not contain the granularity and level of detail
required to fully support inspectors interested in using a UAS to enhance an inspection. Workflows with
stepby-step guidance on how to incorporate UASs &nbwidge inspection operation could provide a useful
tool to support more broad use of UAS by inspection teams.

A workflow that is designed to incorporate NCDOT bridge inspection requirements and preferences
along with FHWA bridge inspection standards is yet to be developed and published. A workflow that
includes specific bridge inspection action items such as hgarticular distress (such as a crack in
concrete) should be treated and what departmental action items should be triggered could assist NCDOT
bridge inspection teams when conducting Uéttabled bridge inspections. Guidance to help bridge
inspectors ideny whether a particular bridge or inspection type is compatible with -gi&bled
inspection techniques has also not yet been developed and published.

2.4 Research Needs

To integrate UASenabled bridge inspections into current NCDOT practices, all aspects of a bridge
inspection operation should be considered. This incltidgsabits and preferences of different inspection
teams. Workflows were developed to guMEDOT and PEF inspectors on how to incorporate UASs into
current bridge inspection operations.

It is also important to recognize that not all bridges may benefit from the usage of UAS when
performing bridge inspections. Furthermore, not all bridges may be eligible foredaiSed bridge
inspections due to FAA restrictions. Therefdheanalysis to identify all bridge characteristics that could
potentially impact the suitability of a bridge fime usage of UAS was performed.

2.4.1 Workflows to Support UAS-Enabled Inspection of Bridges of Different Types
Since the usage of UAS in bridge inspection is still uncommon, the NCDOT saw thioneedkflows
to help guide inspectors along the process of utilizing UASs to perform bridge inspection operations.

Workflows that incorporate NCDOT bridge inspection procedures, with inspector habits considered, may
help the integration of UASs into curren€CROT bridge inspection practices. The level of UAS integration
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should also be considered to help improve the efficiency of conventional inspection operations.
2.5 Methodology to Identify Candidate Bridges for UASEnabled Inspection

To understand which bridge characteristics defined within the NBI could impact the usage of UAS during
a particular bridge inspection, a committee of U&®bled bridge inspection and conventional bridge
inspection experts were surveyed via the Delphi otetfihe surveyed results helped the development of

an algorithm that would scale the NBI characteristics according to the importance of their impact towards
the suitability of performing a UASnabled bridge inspection.
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3 WORKFLOWS TO SUPPORT UAS-ENABLED INSPECTION OF BRIDGES OF
DIFFERENT TYPES

3.1 Methodology

To assist in the integration of UAS operations into current NCDOT bridge inspection procedures, a series
of workflows have been developed. The workflows are intended to serve as guidance for bridge inspectors
and engineers that intend to utilize UASs datimidge inspection operations. The workflows will not serve

as UAS piloting manuals, however, they will instead be integrated into bridge inspection standard operating
procedures derived from NCDOT bridge inspection requirements, as well as field graatideused as
companion tools when inspection teams conduct {dA&bled bridge inspection.

Currently published workflows that support UASRabled bridge inspection are typically limited
tohighl evel action items such as fidata collectiono
rather than focusing on specific bridge inspection aditiems targeting the procedure for inspection of
individual distresses (Gillins 2016). To better serve the NCDOT, more detailed workflows, including
specific action items that would guide inspectors on how to diagnose distresses and document different da
were incorporated to the developed workflows. To encompass the significant number of action items
potentially encountered in different phases of a bridge inspection operation, the workflows were organized
using a Al evel system. 0 Thi s <tiorsdperation nto threeklesvelsd o w n
each incorporating its own action items to best optimize the amount of information within any workflow.

The general steps guiding the development of the-Brdgbled bridge inspection workflowsre
to first develop workflows documenting and reflecting typical inspection practices performed without the
use of UAS. After these workflows were developed, they were modified to support the integration of UASs.
In summary, the UA®nabled bridge inspectiamorkflows were developed throughe following tasks:

1) Review FHWA bridge inspection requirements.

2) Review NCDOT bridge inspection requirements.

3) Understand NCDOT bridge inspection procedures. Table 3.1 provides a list of field visits that were
taken to better understand NCDOT bridge inspection procedures, as well as operational preferences
of different inspection teams.

4) Review WIGINS Elements software framework, functionality, and data entry processes.

5) Understand NCDOT and PEF inspector preferences in performing inspections, considering
different bridge characteristics, site characteristics, traffic conditions, and access needs.

6) Integrate inspection photography and data recording needs into the workflows.

7) Develop typical workflows for conventional bridge inspections performed without UAS
involvement.

Develop preliminary UASnabled bridge inspection workflows by integrating the UAS into the
conventional bridge inspection workflows.

3.1.1 NCDOT Inspection Practices
The NCDOT and its partner PEFs follow the NCDOT Manual for Bridge Element Inspection when

conducting bridge inspections, as well as the SMU Inspection Manual. Although the SMU Inspection
Manual provides clear guidance on how a bridge inspector shouldagphpibaidge inspections, there is

flexibility in i mplementation to accommodate each

focuses on the expectations for the end results while having minimum input on some of the procedural
requirements. Therefe, inspection approaches and techniques vary amongst different groups of inspection
teams.

Since there is not a fione size fits allodo insp

generic way that could be used by any inspection personnel. To understand the inspection procedure and
approaches used by different bridge inspection teamsteen different bridge inspections conducted by
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NCDOT and PEF inspection teams were observed. Timber structures were not observed due to the relative
sparsity of these structures, so the SMU Inspection Manual was heavily relied upon when developing the
workflow for bridges of this material type. The pestion of an aluminum culvert was also observed,
though due to the lack of presence of aluminum structures as a whole, aluminum inspection workflows
were not developed. Eleven of these structures were concrete structures, seven were steel structures, and
one was an aluminum culvert. NCDOT suggested prioritizing the observation of concrete structures due to
their relative prevalence in the NCDOT inventory.

Different materials have different inspection requirements and acceptance criteria per the
inspection manuals. For example, the permitted size of a crack in concrete is very different than in steel.
However, most i nspect i omnmabfoaderpeaspettive, regardlesaafthe matdrialnt i c ¢
Although the different materials have different distress types and inspection criteria, the approach to how
all materials are inspected is largely similar from a practical standpoint.

A bridge inspection operation is comprehensive, with a lot ofsgieeific and structurepecific nuances

and scenariapecific conditions that are not mentioned inithgpection manuals. Most language the

SMU Inspection Manual and the NBIS refer to the analyses, classification, and recording of distresses. In
order to develop workflows supporting the integration of UAS into bridge inspection operations, all facets
of an inspection operation shoulé bonsidered. The purpose of observing bridge inspection operations
conducted by the NCDOT and PEF inspection teams was to understand théoewtdoh action items
pertaining to an inspection operation should be incorporated into the workflows. Table 3.1 is a list of visits
conducted, beginning March 2022, through September.2023

Table3.1: List of Structures Visited During NCDOT Routine Inspections

VISITED DATE | STRUCTURE COUNTY GIRDER FEATURE
NUMBER MATERIAL INTERSECTED

3/22/22 890362 Union Concrete Water
3/22/22 890552 Union Concrete Highway
6/13/22 590083 Mecklenburg Concrete Water
6/13/22 590919 Mecklenburg Concrete 2 lane road
6/28/22 890490 Union Concrete Highway
6/28/22 890549 Union Concrete Highway
8/17/22 590231 Mecklenburg Steel 2 lane road
8/17/22 590524 Mecklenburg Aluminum Water
9/21/22 890178 Union Concrete Water
2/10/23 170023 Catawba Steel Water
2/11//23 170091 Catawba Steel Water
2/18/23 170005 Catawba Steel Water
2/19/23 170003 Catawba Steel Water
2/21/23 640012 New Hanover Concrete Water
3/16/23 & 3/17/23| 270072 Dare Concrete Water
8/23/23 000042 Alamance Steel Water
8/23/23 000086 Alamance Concrete Water
8/23/23 000210 Alamance Concrete Water
9/27/23 860032 Swain Steel Water

The inspections performed during the site visits listed in the table were all routine inspections. The
development of the workflows is centered around routine inspections, although the applicability of the
workflows for other inspection types could alscchasidered. Major action items are similar for all bridge
inspection types, especially during the-prspection and poshspection phases.

A typical inspection trip could be split into three stages:ipspection, during inspection, and post
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inspection. It was observed that the action items pertaining to a bridge inspection operation could be best
split into these three stages. It was observed that the majority of the inspection time was associated with
activities performed in the duririgspection process, followed by the paaspection process

3.1.1.1 Pre-Inspection Process

The preinspection process includes action items such as reviewing the structure condition, planning the
inspection approach and/or pattern, preparing for the weather conditions, and other considerations
associated with the location such as access, trafater, land, and utility features. The purpose of this
stage of an inspection operation is to understand the condition of the bridge during the anticipated date of
inspection, the conditions at the site that might influence the inspection, and pldre fimspection
operation accordingly. While many teams conducted different action items during-ihegaetion stage,
many common action items were observed. These action items were completed either in the office before
the inspection date, or egite bdore performing inspections. The following is a list of common actions
performed during the pf@spection phase:

1) Reviewing the previous bridge inspection report of the structure.

2) Determining the required number of inspection personnel.

3) Determining the required inspection access equipment.

4) Determining the inspection pattern and route.

5) Planning traffic control measures.

6) Assignment of inspection tasks by team leader.

7) Setting up inspection equipment.

8) Ensuring traffic control setup.

Reviewing the previous bridge inspection report of the structure entails both reviewing and
understanding of the previous inspection report conducted for the structure as well as the previous Structure
Safety Report. Doing so allows inspection personnehntterstand the prexisting distresses reported in
the previous inspection cycle, as well as the reported severity of the distresses. Distresses that were
previously deemed as Priority Maintenance requests or Priority Action Requests would be inspexted mo
closely when the team conducts the inspection. Other information on the Structure Safety Report that may
be reviewed includethe bridge geometry and traffic conditions. Reviewing this information enables the
inspection team to anticipate the traffic control measures, identify access approaches, and forecast the time
necessary to complete the inspection operation.

The second action item determining the required number of inspection personnel is based on the
bridge geometry (size, vertical clearance, traffic condition) as well as the inspection type. Most inspection
operations observed consisted of 2 inspectorsidgdy inspection team lead, and an assisting inspector.
When the bridge requires a snooper truck and traffic control, there may be more personnel to assist with
the inspection operation, with the additional personnel serving functions such as traffit, cpetrating
the snooper truck and/or bucket, and serving as personnel in a safety boat (for bridges over waterways).
The amount of personnel necessary to complete a bridge inspection operation is determined in advance by
the bridge inspection team lead.

The determination of required access equi pment
structure. Similar to the previous action item, this action item depends on the bridge geometry and the
inspection operation type. Standard access equipmeatvalosduring the inspection trips consisted of
ladders. Access equipment thaas deemed as required for special situations were bridge inspection
platforms, snooper trucks, and bucket trucksuctures that aréarger or more difficult to access are
geneally tasked to PEFs, instead of being inspected by NCDOT personnel. These are typically the
structures that may require extra access equipment.

The next action item is the determination of inspection pattern and path/process. This refers to the
orderin whichthe individual bridge components will be inspected. The NCDOT inspection report follows
a southto-north reporting procedure, such that the reports are ordered beginning from the southernmost
element of a structure and ending at the northernmost element. Although there is no rigorous requirement
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on the pattertoy which an inspection team should abide, most inspection teams follow the gquitil
to-north pattern to align with the reporting process.

It was also observed that for most structures, the deck would be treated differently than the
superstructure and substructure. None of the decks observed required access equipment since they were all
accessible fromlevel roadway. On the other hand, especially with complex structures, the superstructures
and substructures could be difficult to access due to the vertical clearance of those components and the fact
that oftentimes the substructures sit in water. Becafuthe difficulty in coordinating schuiles withthird-
party inspections on intended dates, the inspection teams prioritized the pattern of the inspection operations
to match the availability of the access equipment and conducted the deck inspection before or after the
required operations.

After the inspection team lead determined the amount of personnel and equipment required, the
logistics of the operation would be determined. The weather conditions would also be considered when
planning for logistics. Bridge inspections are typicallyawacted in drycondtions;howeverit is up to the
bridge inspection team lead to determine the suitability of the weather conditions for the operations. The
need for traffic control would also be considered as well. Generally, team leads would be fethiliae
NCDOT requirements for traffic control. Traffic control typically occurred during the more complex bridge
inspections that involved extra access equipment. The end goal of traffic control is to ensure the safety of
the inspection team, as well e public.

The previous action items mentioned above mostly occur before the day of the bridge inspection
operations. The remaining action items areipspection action items that are to be completedita
pending the situation of the personnel, traffic cond&tjoandreattime environmental constraints. Upon
arrival at the structure, the bridge inspection team lead would assign inspectidn thskaspection team
members.

Prior to setting up the inspection equipment, the inspection team would select a suitable location to
park their vehicles. Once a safe and accessible location had been selected and the vehicles were parked
properly, the inspection team would begin settipgnspection equipment. Typical inspection equipment
needed during an operation included a tablet or PC with WIGINS Elements software installed, pencils,
notepads, the previous Structure Safety Report (digital or paper), measuring tape, vests, laaldkhat, |
camera, chalk, and flashlight. The tablet and PC are used to record distresses and dimensions into WIGINS
Elements. Some inspection teams chose to do this after the bridge inspection operation in an indoor location.
This choice is based on the preference of the inspection teams, where most inspection teams preferred
writing inspection notes on notepads and then later transferring the notes into WIGINS Elements. Inspectors
found it easier to maneuver around the str@stwvith a notepad than with a laptop. With the need to walk
in difficult landscapes, inspectors found laptops difficult to carmy protect

3.1.1.2 Inspection Process

The general procedure of a bridge inspection can be viewed to be similar across each type of bridge
inspection (routine, initial, damage, etc.). There are certain safety measures and inspection action items that
are requiredfor all bridge inspections. Although other inspection types were researched, the routine
inspection was the only type of inspection operation that was observed during the participating bridge
inspections. This stage of the inspection process focuses on théttayinspection operatip where the
recording and diagnostics of distresses are performed.

Chalkor lumber crayonwas used during the inspections to indicate locations of distresses on the
structure. This helped the inspectors keep track of completed distress inspections laglgeal seviewers
of the inspection report to determine the size of the distresses through the photos. Sometimes the marks
from previous inspection cycles would be still visible, which helped the current inspection team identify
pre-existing distresses more easilkx handheld camera was typically used to capture photbgrap
distresses, as well as images of different perspectives of the bridge. The photographs are required to be
inserted into the inspection reports and are considered a vital part of the inspection process.

The NCDOT Manual for Bridge Element Inspection (NCDOT 2018) provides a detailed
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description of how each distress is classified based on the material and element that it is located on. In
addition, the manual provides a 1 through 4 condition ratirgp¢d, 2fair, 3-poor, and 4severe) based

on the extent of the observed conditionamnelement. The unit of quantities of each element is also given

in this document. Although the NCDOT Manual for Bridge Element Inspection is detailed, there are simply
too many inspection criteria for different material types of different elements fortedlencompassed into

a single workflow. Alternatively, the SMU Inspection Manual (NCDOT 2018) provides a shorter list of
distress conditions that would be classified as either a Critical Finding, Priority Maintenance, or Routine
Maintenance action. Thiway the most severe distresses (Critical Findings) are given greater emphasis
andit allows for the inspection team to determine the severity of the distresses more swiftly. These two
manuals serve as the main reference during a typical bridge inspection operation.

3.1.1.3 Post Inspection Process

After all required measurements have been obtained, and all distresses have been inspected, recorded, and
photographed, the inspectors compare notes to make sure that the data collected are correct and adequate.
If there is missing data, the inspectors ietiately reobserve or reneasure the component, distress, or

other feature while on site. The photographs taken are also verified to ensure that the necessary photographs
to compile the inspection report are consistent, and that all photographs aseofairke quality.

Once all inspection data have been validated, the inspectors then input all data into the WIGINS
Elements software. This software helps inspectors record all inspection data and measurements, as well as
the related streambed profiles and photographsipiegato the condition of the structure. The software
identifies the Priority Maintenance and Critical Finding distresses reported bysgeetors andotifies
the Structures Management Unit (SMU) of any of these conditions upon the submission of the report. This
is known as the Priority Action Request or PAR. The R#dRfied distresses are then further evaluated by
the SMU, which reclassifies the dis$s as either a Routine Maintenance item, Priority Maintenance item,
or Critical Finding. The necessary actions to provide remedy to the distresses are determined through the
reclassification process

3.1.2 Development of Workflows for UASenabled bridge inspection

Workflows were developed to guide users through the integration of UASs into current inspection
operations. This work focused on the bridge inspection aspect when developingStenabled bridge
inspection workflows. There are many action items required to be considered in the UAS aspect, though
this work assumes that the pilot is knowledgeable and cognizant of the planning, maintenance, and
operation of the UASs. Specific UAS actidtems were mentioned only when it pertains to a bridge
inspection operan. The procedural integration of UAS into bridge inspections to maximize bridge
inspection efficiency using the right tools and approaches is the focus of these workflows.

The purpose of the UAS is to maximize the efficiency of inspection time and cost while reducing
safety risks for the inspectors. The UAS should serve as a tool only to assist inspectors because bridge
inspection is ultimately a task that heavily relieshmmman senseand previous experiencélthough
sensing technologies are advancing, at the time of this study, the role of the UAS was identified as being
limited to providing visual assistance to the inspectors. A routine inspection requires feweprands
activities, therefore a UAS was deemed beneffoiaperforming this type of inspection operation.

Whenever handen activities are required, it is usually for sounding concrete patches, removing rust from
stee| removingdust from concrete spallgy removing debris to inspect an element. However, it was
observed that during a routine inspection, these tasks were not conducted frequently relative to the entirety
of the bridge inspection operation. A lot of distresses observed could be identifiddssiiied visually.

A UAS could serve as a remote camera that could be controlled at the will ofpfeetios team. Not only

would inspectors be able to view the distress from afar via the biABhotographs and videos could also
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be captured as a part of the inspection reporting process.

To map a more clear path for the integration of the UAS into bridge inspection procedures, different
sets of conventional bridge inspection workflomsredevelopedand then modified to integrate the UAS
Most of the developed workflows have two versions, a conventional workflow and aehfed
workflow. This allows users to compare both methods of bridge inspection and to help new users learn the
UAS-enabled bridge inspection workflows alongside theveational workflows.

The complete process of a bridge inspection operation with the integration of UAS could be split
up into the three major stages as descripsaViously: pre-inspection, during inspection, and post
i nspection. The tasks included in the fiduring i ns
have multiple decision trees pertaining to this stage of the inspection. Because of this, the workflows were
separated into different levels to fully capture all aspects of-edebled bridge inspection operaiso

The following is a list of workflows that were deemed necessary to capture the full spectrum of a
UAS-enabled bridge inspection operation:

1 Overall Inspection Framework Workflows: Workflows that describe the three major stages
associated with conventional and U&8abled bridge inspection operations.

T Gener al Bridge I nspection Workfl ows: Wor kfl ow
action items, more specifically the inspection procedure in relation to how and when the UAS
should be integrated throughout the inspection process.

1 Material Element Inspection Workflows: Workflows that describe how an inspection team should
approach inspecting a type of distress on a certain type of material conventionally and with UAS.

1 UAS Required Structures Photos Workflow: A workflow that describes how an inspection team
could wsea UASfor photographs of a structure required upon each inspection operation.

After observing the typical bridge inspection procedures, it was determined that UASs could assist
inspectors in most aspects of bridge inspections. Even inspection types beyond routine inspections could
take advantage of UAS capabilities. This is dudédact that all inspection operations require photographs
of certain angles of the structures, as defined by the SMU Inspection Manual. These photographs could be
obtained via UAS in a swift manner, with better vantage pdartd improved safetythan aninspector
with a handheld camera on foot.

It was also learned that UASs could help inspectors quickly identify locations of distresses that
may require handsn inspection. To reduce time, UASs would identify these locations during the
preliminary scan of the structure, then the inspectors caddmate for access equipment to be used on
locations where handm would be required. If snooper trucks are required, the UASs could help inspectors
identify these locations on the structure, and perform targeted-baridspections, rather than scarmi
the entire structure via a snooper, which would &ikeich longer time

3.2  Workflows

Workflows were produced from both a conventional standpoint, along with versions that integrate UAS
operati ons. -enhaeb | teedrom diebAS i bes wor kfl ows that i nt e
result of the development is a thileeel workflow system that capies the full bridge inspection process,
reflects NCDOT and PEF approaches and complies with SMU inspection requirements

The conventional and UA8nabled versions of the Overall Inspection Framework Workflow were
the only level 1 workflows developed. These workflows capture a general process that would typically be
followed during a bridge inspection operation. These wondlprovide more idepth action items that
occur during the planning stage of a bridge inspection, as well as during tiespestion stage of a bridge
inspection. Action items during the inspection stage are described in greater detailawehkevel
workflows.

The level 2 workflows, also known as the conventional and lgA&bled General Bridge
Inspection Workflows, capture the inspection stage procedures. The conventional version of this workflow
includes reachable stage and accessing equipment stage procétaresachable stage includes the
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inspection of items that the inspection team could reach on ground, whereas the access equipment stage
entails the inspection of items where access equipisergquired. The UASnabled version of the
workflow leaves the use of the access equipment as the last inspection task if inspectors require closer
inspection of the items or need to perform hap$nspection tasks.

At level 3, the conventional and UAShabled Material Element Inspection Workflows capture
material specific inspection procedures and decision trees. These workflows help inspection personnel
identify ACritical Fi ndi n gandal bassed od teef materaldFurther actiome S M
items that would be required to record material distresses can also be found in these workflows.

In addition to the Element Inspection Workflows, another level 3 workflow that was developed was the
UAS Required Structure Photos Workflow. As previously mentioned, not all structures are suitable for
UAS-enabled bridge inspection, meaning that the UA8g not be able to efficiently perform inspections

due to the inspection material or operation type. However, most bridge inspections require photographs of
certain angles of a bridge, and this is where the UASs could help in those specific operations.

Most workflows were developed through multiple iterations, with edits and modifications made
based on information obtained during the series of inspection site visits, as well as feedback from NCDOT
and PEF inspectors. Changesere made over the course of the projectnore accurately describe the
action items in each workflow. The changes may be as simple as clarifying the verbiage to more significant
modifications affecting the order of tasks and actions. Major changes amongst each iteration of each
workflow will be described in the following sectiorigerations of the workflows, along with detailed
explanations of the enhancements and changes are presented in WuR@028rity, only the final
versions of workflows are presented here in the body of this reportPrevious iterations are included
in Wu (2023) with a discussion on the evolution of the workflow from its initial to final forms.

3.2.1 Level 1 Overall Bridge Inspection Framework Workflows Conventional and UASEnabled

The OverallBridge Inspection Framework Workflow asdeveloped to map out the overall process of a
bridge inspection operation. iBrworkflow captura the major action items conducted by an inspection
team during the planning phase, inspection phase, aneingpsttion phase of a bridge inspection
operation. These are the action items that were observed and described in the previous section.

Several iterations were required to develop the Levedrkflow andare described in Wu (2023)
Upon approaching the workflow, the userdisected to one of the three major branches:IRspection
Process, Inspection Process, and fRuostection ProcesgFigure 3.1). The preinspection and post
i nspection branches can be further broken down in
suggest, some tasks should be performed in the office prior to the day of inspection, or on site right before
the inspectia begins. Similarly, some actions should be performed on site as soon as the inspection process
is completed, and some actisi®uld be performed in the office after all fieldwork has been verified and
completed. This workflow has a more detailed breakdown of the action items conducted before and after
the inspection process. This workflow is the only one that includes actios jiertaining to the planning
process and organization process of a bridge inspection operation, whereas the inspection process branch
is to be expanded into the level 2 and level 3 workflows.

The three colors used in this workflow pertain to each phase of the bridge inspection operation,
allowing users to easily identify which action items are included in a particular phase. Fihgpgation
process allows users to familiarize themselves thighstructure that is underspection angbrepares for
the bridge inspection operation accordingly. This branch also allows users to plan for the flight path of the
UAS, and understand any limitations imposed by the bridge on site conditions that ritéty UMs
operations. When arriving on site, the workflow guides users to select a base station to servedst a take
and landing spot for the UAS, as well as set up vantage points to allow the inspector and the pilot to
commurncate effectively.

Toguide inspectors and/or piloptsommentary boxes were adde@xplain some action item$he
commentary boxes are labeled with numbers, corresponding to different cells. A similar labeling system
was used for all workflows with commentary boxes. In this iteration, a total of 5 commentary boxes were
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provided on the right side of the workflow, as shown in Figuge

Intheprei nspection branch, the action item ATraffi
to anticipate any necessary traffic control measures that may need to be provided during the day of the
inspection.Traffic control measures may change the bridge inspection pattern, especially with respect to
prioritizing the inspection of the components of the bridge that may require traffic control, so that traffic
control can be limited to as short adurationasireque d . A | oop wi trébmorelsgansqou e st i o
i n s pisindu@edo represent the iterative process required to inspect span by span. It was also observed
that inspectors typically started their inspections from one side of the substructure, worked their way up
towards the superstructure, and thenmovetdtan t he ot her substructure of t
ANoO prompt, provides wusers the ability to returr
loop. if necessary.

Thefinal versions of thevorkflow include both a conventional versi@figure 3.1 and 3.2nd a
UAS-enabled versiorfFigure 3.3 and 3.4)For the UASenabled workflow, the postspection branch
includesaction items related to the organization of measurements and photogwetns associated with
review, recapture, and archiving are included for both UAS and handheld camera photes A Ph ot o
relabelingo cell directs users to relabel phot os
handhel d cameras. The other <cell AUAS photo storag
hard drives. After the UAS completes bridge inspection tasks, transfer of the data from the UAS to a hard
drive is required to allow users to compile insjpen reports later via a laptop.

The UASEnabled Overall Inspection Framework Workflow resembles the conventional version
in that the overall scope and procedures are the same, with the exception of embedded UAS operations.
The UAS action items were inserted into the overall procedursidenmg observations of field trials
conducted by other parties. Similar to the conventional version of the workflow, the UAS action items
described in this workflow are mainly focused on theipspection and poshspection branches with an
identical hspection process branch. The commentary cells associated with this workflow address the
number of inspection personnel required, traffic control planning, bridge inspection pattern, photo
relabeling, and UAS photo storage in drive. These commentary b@tesnade to address action items
pertaining to UAS operations. FiguBe5 depicts the differences between the conventional and-UAS
enabled workflows
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Figure3.1: Conventional Overall Inspectidframework Workflow



COMMENTARY

1

Determine number of required personnel

Larger structures may require more inspection personnel to inspect.
Larger structures may also require additional personnel to help keep
track of the location of the UAS during flight. This step allows users to
assess the amount of inspectors needed based on the size of the
structure.

Traffic Control Planning

The appropriate traffic control plan should be determined by the
inspection team before visiting the site. Necessary traffic control
methods should be utilized to ensure the safety of the general public
and the inspectors.

Bridge Inspection Pattern

The bridge inspection pattern is dependent upon the inspection team
that is conducting the bridge inspection. This pattern is depicted from
the cell labeled "Deck Inspection” to the cell labeled "Are there more
spans to inspect?" A general south to north and west to east direction
may dictate the overall direction of the inspection process, due to
structure labeling guidance on the Structure Safety Reports. This
workflow suggests a commonly used method of span to span
inspection. However, this pattern may be substituted with whichever
method the inspection team sees fitting to the situation.

4

Photo Relabeling

To identify the source used to capture the photos, the UAS captured
photos should be labeled with unique identifications. The photo IDs
should be documented to further ease the WIGINS compilation
process.

UAS Photo Storage in Drive

Since the UAS photos are captured in higher definition than a typical
hand held camera, the UAS photos would need to be reduced in the
WIGINS software due to storage concerns. To retain the original files,
the high definition UAS photos would need to be saved in a dedicated
folder in the NCDOT cloud drive.

Figure3.2: Conventional Overall Inspection Framework Workflow
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COMMENTARY

1

Determine number of required personnel

Larger structures may require more inspection personnel to inspect.
Larger structures may also require additional personnel to help keep
track of the location of the UAS during flight. This step allows users to
assess the amount of inspectors needed based on the size of the
structure.

Traffic Control Planning

The appropriate traffic control plan should be determined by the
inspection team before visiting the site. Necessary traffic control
methods should be utilized to ensure the safety of the general public
and the inspectors.

Bridge Inspection Pattern

The bridge inspection pattern is dependent upon the inspection team
that is conducting the bridge inspection. This pattern is depicted from
the cell labeled "Deck Inspection” to the cell labeled "Are there more
spans to inspect?" A general south to north and west to east direction
may dictate the overall direction of the inspection process, due to
structure labeling guidance on the Structure Safety Reports. This
workflow suggests a commonly used method of span to span
inspection. However, this pattern may be substituted with whichever
method the inspection team sees fitting to the situation.

4

Photo Relabeling

To identify the source used to capture the photos, the UAS captured
photos should be labeled with unique identifications. The photo IDs
should be documented to further ease the WIGINS compilation
process.

UAS Photo Storage in Drive

Since the UAS photos are captured in higher definition than a typical
hand held camera, the UAS photos would need to be reduced in the
WIGINS software due to storage concerns. To retain the original files,
the high definition UAS photos would need to be saved in a dedicated
folder in the NCDOT cloud drive.

Figure3.4: Commentary Boxes to the UAEBnabled Overall Inspection Framework Workflow
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INSPECTION FRAMEWORK

PRE-INSPECTION
PROCESS

——

In Office

On Site

l

INSPECTION PROCESS

|

On Site

l

POST-INSPECTION
PROCESS

$_I_*

On Site

In

Office

Inspection leatier assicus * Inspection data
documentation < -5 WSrection tagsks reviewand <€ =» Data archiving
preparation Component verification
Base station * 4
- lecti
Structure review < > se e;:::lr‘\’and Data recapture Photo relabeling
Deck inspection = 5
Flight permission a N -, Photo review and
= Equipment setup . " - UAS photo
planning verification storage in drive
Begin with In|
S = put data and
Preliminary flight UAS setup Southernmost or Photo recapture Ly  photos into
path planning Westernmost
Span WIGINS Elements
UAS support level = Hand held camera/
and platform <= inspection UAS photo
salection equipment setup Subtiachine labeling
1 Determine LA
number of - [ Finalize flight path + UAS pack-up <=
required
personnel Tareet Superstructure
Determine o > observer/ pilot speston
inspection order position plan *
Previous Ny Ensure traffic ;
: » re
inspection report <= control setup there more
review —_ spansto
inspect?
2
Traffic control <€ NO
planning *

Speciall targeted
components

Figure3.5: Changes to thelAS-Enabled Overall Inspection Framework Workflow (highlighted in green)

3.2.2 Level 12 General Bridge Inspection Workflowi Conventional, andUAS-Enabled

The inspection branch from the level 1 workflow provides users with a general inspectionhzeéeaton
the geometry of the structurEhe detailed inspection stage procedure can be found in the level 2 General
Bridge Inspection Workflows as described in this section. The objective of Level 2 workflows is to describe
the general tasks performed during thes@ia inspection process. Thimrkflow originates from the middle
branch named Al nspection Pr ocess 0 Warkiflowtatdends bg v e | 1
|l eading uselrmss gec ttihoen AFProcsctess o in the Overall |l ns
workflows introduce users to the procedures of obtaining required structure photographs, setting up traffic
control, performing reachable inspectj performing nowreachable (access equipment required)
inspection, and performing UA&nabled inspection.

Two versions of the Level 2 General Bridge Inspection Workflow were developed, a conventional
version (Figure 3.6) and a UAShabled version (Figure 3.Mhe differences between these two workflows
are highlighted in Figure 3.8. Throughout the field visits, most of the operations were performed
conventionally, with no use of UASs. The conventional version of the General Bridge Inspection Workflow
was develped based on these observations. The {dA&bled version of this workflow was developed
based on a smaller sample size of observed-Bdebled inspections from which the understanding of the
capabilities of UASs and procedural approaches and risk tolerantle pilots were studied. Similar to
the level 1 Overall Inspection Framework Workflow, the level 2 General Bridge Inspection Workflow was
developed over several iterations. While the initial iterations were-eife®led, the last version of this
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workflow included a conventional version and a U&abled version. All iterations and a deeper
discussion on their developmemid evolution over the course of the progeet presented in Wu (2023).

CONVENTIONAL COMMENTARY
GENERAL BRIDGE
INSPECTION / A
RLUGE Required Structures Photos
Required structures photos can be obtained prior to
beginning other inspection activities.
A: REQUIRED R1,R2,R3
STRUCTURES Reachable Inspection Stage

‘ PHOTOS Inspectors should plan an inspection approach for
the structure. Elements of the structure that can be

inspected within arms reach without the assistance
of access equipment can be inspected first,

@ assisting in development of a flight plan if one is not
REACHABLE yet developed. In the workflow at left, select the
; material to view the inspection process for
reachable elements. Select the appropriate material
Fo view the material inspection process.

\ 4 \ 4 i

@ @ Traffic Control Setup
R1: CONCRETE R2:STEEL IAlthough this could also be performed before
beginning other activities, traffic
control can be established (if appropriate) before
conducting snooper truck or any other operation
that may require the use of the roadway.

R1,R2,R3
Equipment Stage
After the UAS inspection stage, if there are
concerning areas that could be accessed with a
ladder or snooper truck on site immediately, then
the inspectors can utilize such access equipment to
further inspect the distress area. This stage allows
EQUIPMENT inspector to revisit critical distresses or other
INSEECTION elements of interest. Note that the 3rd tier
orkflows for the equipment stage are the exact
l same to that of the reachable inspection stage.
\ 4
g

R1:CONCRETE R2:STEEL

) 4
Proceed to

POST-INSPECTION
PROCESS

Figure3.6: Level 2 Conventional General Bridge Inspection Workflow
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COMMENTARY

A
UAS Required Structures Photos
Required structures photos can be obtained prior
to beginning other inspection activities. Enter the
UAS Required Structures Photos workflow to
begin the process.

R1,R2,R3
Reachable Inspection Stage
Inspectors should plan an inspection approach for
the structure. Elements of the structure that can
be inspected within arms reach without the
assistance of access equipment can be inspected
first,
assisting in development of a flight plan if one is
not yet developed. In the workflow at left, select
the material to view the inspection process for
reachable elements. Select the appropriate

material to view the material inspection process.

U1,U2, U3
UAS Inspection Stage
UAS-enabled bridge inspection can be performed
for areas that can are not reachable and/or cannot
be readily accessed. A reasonably flat and
clear area should be selected for UAS takeoff and
flight observation. Scan the unreachable elements
of the bridge via the pre-planned flight route, or a
flight route of the inspector's choosing. In the
workflow at left, select the material to view the
UAS-enabled material inspection process. Identify
areas that will require hands-on inspection using
access equipment and develop an access plan.
Select the appropriate material to view the 3rd tier
UAS enabled material element inspection
workflows.

T
Traffic Control Setup

Although this could also be performed before
beginning other activities, traffic control can be
established (if appropriate) before conducting
snooper truck or any other operation that may
require the use of the roadway.

R1,R2,R3
Equipment Stage
After the UAS inspection stage, if there are
concerning areas that could be accessed with a
ladder or snooper truck on site immediately, then
the inspectors can utilize such access equipment
to further inspect the distress area. This stage
allows inspector to revisit critical distresses or
other elements of interest. Note that the 3rd tier
workflows for the equipment stage are the exact
same to that of the reachable inspection stage.

Figure3.7: UAS-Enabled General Bridge Inspection Workflow
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COMMENTARY

A
UAS Required Structures Photos
Required structures photos can be obtained prior
to beginning other inspection activities. Enter the
UAS Required Structures Photos workflow to
begin the process.

R1,R2,R3
Reachable Inspection Stage
Inspectors should plan an inspection approach for
the structure. Elements of the structure that can
be inspected within arms reach without the
assistance of access equipment can be inspected
first,
assisting in development of a flight plan if one is
not yet developed. In the workflow at left, select
the material to view the inspection process for
reachable elements. Select the appropriate

material to view the material inspection process.

U1, U2, U3
UAS Inspection Stage
UAS-enabled bridge inspection can be performed
for areas that can are not reachable and/or cannot
be readily accessed. A reasonably flat and
clear area should be selected for UAS takeoff and
flight observation. Scan the unreachable elements
of the bridge via the pre-planned flight route, or a
flight route of the inspector's choosing. In the
workflow at left, select the material to view the
UAS-enabled material inspection process. Identify
areas that will require hands-on inspection using
access equipment and develop an access plan.
Select the appropriate material to view the 3rd tier
UAS enabled material element inspection
workflows.

i §
Traffic Control Setup
Although this could also be performed before
beginning other activities, traffic control can be
established (if appropriate) before conducting
snooper truck or any other operation that may
require the use of the roadway.

R1, R2, R3
Equipment Stage
After the UAS inspection stage, if there are
concerning areas that could be accessed with a
ladder or snooper truck on site immediately, then
the inspectors can utilize such access equipment
to further inspect the distress area. This stage
allows inspector to revisit critical distresses or
other elements of interest. Note that the 3rd tier
workflows for the equipment stage are the exact

same to that of the reachable inspection stage.

Figure3.8: Differences Between the Conventional UESabled (Right) Level 2 Wé&flows (highlighted
in green)
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During the field observations, it was typically observed that the inspection team would first capture the
required photographs, as advised by the SMU Inspection Manual. Different angles of the structure would
be photographed to complete this task. Durlrig stage, users are directed to a level 3 workflow named
AfUAS Required Structure Photos Workflow. o0 This
photographs using a UAS. If the ustiooseso capture the photographs with a handheld camera, then this
workflow may be neglected with these required photographs captured conventionally.
After completing this task, the inspection team would begin inspecting components and elements of the
bridge that are within armdés reach without acce
confirmation, then it would also be inspected during #imge. These inspection tasks are named
i Reachabl & inthass woekfiotvs, singe these elements could be inspected without the need for
access equipment such as | adder s, boat s, snooper
I nspectiond task, a series of aedefiTidBmiwer ké | aws ini
guide users on the inspection of the three main material types mentioned in the upcoming section.
Once the reachable inspections are completed, the conventional workflow prompts users to perform
traffic control setup, if necessary. If only a ladder is required to inspect all other areas of the bridge deemed
as not reachable, then traffic control may he needed. If a snooper truck or box truck is required, then
users are prompted to perform traffic control. For the t&A8bled version of this workflow, once the
reachable inspection is completed, users are prompted to perform a UAS inspectionpinsteadliately
preparing for the setup of traffic control. This step allows users to perform visual inspections with a UAS
on the items that are not normally visible to the inspectors on ground. The use of the UAS would help
identify areas of the bridghdt are noteachable bunay require inspectors to perform hatwtsinspection
due to evidence of potential distress. For the t&f&bled version of this workflow, these areas would be
further inspected during the fAaccess equi pment st
During aninspection on access equipment, the way inspectors perform tasks for each material is
identical to the approach performed during reachable inspections on the material. Therefore, for the
conventional version ofthe GeneBat i dge | nspection Workfl ow, the fre
stages incorporate identical level 3 material inspection workflows. The final iteration of the workflows
introduced the addition of the ARe@dified COINtwot urs
task. The ARequired Structures Photos'' task in t
prompt for users to capture the required angl es ¢
Photos" cell in the UA®Nnabled version of the workflow directs users to a level 3 workflow dedicated to
guidance for capturing the required photographs using a UAS.

3.2.3 Level 37 Element Inspection Workflows and UAS Required Structure Photos
Workflow - Conventional and UASEnabled

The level 3 workflows contain diagnostic decision trees based on different material types, as well as
guidance on how UASs could be used to obtain the required photographs as mentioned in the previous
section. These workflows are extensiafsthe level 2 General Bridge Inspection Workflows. These
element inspection workflows focus on three main types of materials: concrete, steel, and timber, the most
predominant materials used for bridge construction in the state of North Carolina (Snoké\206a@gjing

to InfoBridge, a FHWA website that provides data based on the NBI, out of 18,817 bridges in North
Carolina, 18,422 of them have main spans constructed by one of the three materials mentioned above
(FHWA 2023). As mentioned in the previous sewafionly concrete and steel bridge inspection operations
were observed. A set of timber workflows were created to meet the needs of the NCDOT khausing
guidance in the NCDOT Manual for Bridge Element Inspection and the SMU Inspection Manual. The
element inspection workflows were developed to assist inspectors in classifying and recording distresses
via conventional methods and the U&Babled method. Theonventional methods are referred to as the
AReachabl e EIl ement I nspectiond due to the fact th:
and a UAS inspection is whether an element is within reach for the inspectors without access equipment.
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It was recognized that the vast range of egwecific considerations andkecisionmaking required to
diagnose the condition of a specific material would be difficult to encompass within a single workflow.
One of the main challenges was to identify the appropriate depth and detail of the workflow decision trees
without overcrowding the arkflow space or becoming confusing or overburdensome to an inspector.
Overcrowding the workflow or providing too much detailed information may lead tdatggre andcould

limit the inspector in using previous experience to help inform the inspection process. Considering that the
level 3 workflows are most applicable in the field, simplicity is critical to an effective workflow. Therefore,

it was determined that thdeenent inspection workflows would focus on the distress measurement and
recording processes, with only the diagnosing pro
called out. The combination of distress identification, distress measurednigical Finding classification,

and distress recordingasdetermined to be the optimal amount of detail on the inspection tasks contained
within any single workflow.

The overall logic behind diagnosing distresses was observed to be consistent across different
material types. Therefore, although there are three sets of material inspection workflows (conventional and
UAS-enabled versions for each of the three mater@kflows), they are based on the same inspection
logic. The workflows focus on helping users identify the most severe classification of distresses as stated
by the SMU I nspection Manual, which are ACritical
opeaating procedure states that distresses categorized by the inspectors as either Critical Finding or Priority
Maintenance are to be submitted to the SMU for review through the WIGINS Elements software, these
workflows allow inspectors to quickly identify fical Finding distresses, since they may require more
attention due to the implied risk to public safety.

Upon approaching a distress, the first task for an inspector is to identify the type of material in
which the distress has occurred. As mentioned previously, different materials may be present on the same
bridge, so the proper element inspection workfiheuld be utilized to correctly assess the distress. Once
the proper element inspection workflow is used, the inspector would then categorize the distress based on
its type. Different materials have different distress types and the classification ofyséwedifferent
distress types is covered by the SMU Inspection Manual. The element inspection workflows feature a series
of questions to help inspectors determine whether a distress should be classified as Critical Finding or not.
If a distress is detenmed to be a Critical Finding, then the inspector would immediately be cognizant of
thesituation andnay choose to escalate the response to the distress. If a distress is deemed as either Priority
Maintenance or routine maintenance, then a typical reporting process would be followed.

After the identification of the distress severity, the workflows ask the inspectors to determine
whether the distress is a pegisting distress. If a certain distress existed prior to the current inspection
cycle, there would be information on the disgrén the previous Structure Safety Report. The objective of
this task is to determine whether a-présting distress has worsened. The worsening of a distress would
most likely be manifest as an increase in size or depth of the distress. Inspectormakamiltote of the
pre-existing distress in the WIGINS Elements software.

If the distress is new (not pexisting), then the inspector would begin the process of recording
relevant distress information. The workflow first prompts users to obtain a photograph for recording
purposes. A reasonable number of photographs to reprifferent distresses are expected to be inserted
into the WIGINS Elements software, and this action in the workflows would guide inspectors through this
task. After obtaining the photographs of the distress, the workflows then prompt users to pezform th
recording of distress dimensions and information, as well as the photograph ID to better help inspectors
reference the photographs to their corresponding distresses when compiling the Structure Safety Report in
the WIGINS Elements software.

The observation of bridge inspection operations was performed for concrete and steel structures,
therefore the conventional and UAS versions of these workflows were developed first. Figures 3.9, 3.10,
and 3.11 present the conventional Concrete Elemepédtion Workflow along with its comment boxes
Figures 3.12, 3.13, and 3.14 present the UEn@bled Concrete Element Inspection Workflow along with
its comment boxe&igure 3.15 shows the difference between the conventional aneeb&8ed inspection
of concrete elementEarlier iterations and a deeper discussion on development of these final workflows is
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presented in Wu (2023).

The first challenge identified for a UA&habled concrete inspection was for UASs to inspect
patches and delamination. Typically, these distress types require inspectors to put their hands (or tools such
as hammers or pocket knives) on the distressesp@timeter of a patch and a delamination would be
inspected by the inspectors brushing away debris with their hands. If the perimeter of a patch or
delamination appears to be flaking, inspectors will sound the patch or delamination with a hammer to listen
for differences in the sound echo generated by the patched concrete versus concrete that surrounds the
patch. Because of the need for handsnspection for these two types of distresses, the workflow prompts
users to use the UAS to perform visual insmectnitially, followed by a handsn inspection during the
access equipment inspection stage of the operation.

The UASEnabled versions of the workflows take into consideration the capabilities of the UASS,
as well as their abilities to perform human tasks. The overall finding through the field observations led to
the conclusion that UASs serve primarily as molodeneras, offering inspectors the ability to view
distresses from afar. However, it was determined that the UASs should only be used to perform visual
inspections. If certain distresses require hammspection, inspectors could utilize UASs to locats¢h
distress locations and schedule access equipment to get closer to the distress at a later time. To optimize the
development process of the UA&Rabled material inspection workflows, the initial stages of this work
focused on the development of the ame workflow. After a few refinements of the concrete workflow,
steel and timber workflows were then developed based on the template and logic that was used on the
concrete workflow.
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Figure3.9: Conventional Concrete Element Inspection Workfl&art 1 (upper portion)
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Continue to next
distress

Figure3.10: Conventional Concrete Element Inspection Workfl®art 2 (lower portion)

Figure3.11: Commentary Boxes to the Conventional Concrete Element Inspection Warkflow
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Priority Action Request (PAR)
After performing the inspections on the distresses, the inspector can
determine whether the distress(es) warrant notification of the Bridge
Inspection Team Leaders for a Priority Action Request.

3

Pre-Existing Distresses

Upon observing a distress, the inspection team should determine
whether the distress existed during the previous inspection, or is new.
If the distress is listed in the previous inspection report, and is
currently the in the same condition and extent as previously recorded,
the distress should be noted as such in the new inspection report. If
the distress is new, or appears to have increased in severity or
extent, the inspector should determine whether the distress should be
reported as a PAR.
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Figure3.12 UAS-Enabled Concrete Element Inspection Workfd&art 1 (upper portion)
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COMMENTARY

Distress Type
Identify the type of distress that appears. Select one of the four
distress types to further diagnose the condition.

2
Inspectors Approximating Distress Dimensions
At this time, UAS technologies do not have measurement
capabilities, and this would therefore be estimated by the inspector
based on the video feed or captured images.

3
Record Distress Location and Information for Equipment Stage
Inspection

After observing the distress using the UAS, the inspection team
should record the location of the distress, so that access equipment
can be used subsequently to allow hands-on inspection.

4
Priority Action Request PAR
After performing the inspections on the distresses, the inspector can
then determine whether the distresses are severe enough to notify
the Bridge Inspection Team Leaders for NCDOT headquarter
reporting.

Pre-Existing Distresses

Upon observing a distress, the inspection team should determine
whether the distress existed during the previous inspection, or is new.
If the distress is listed in the previous inspection report, and is
currently in the same condition and extent as previously recorded, the
distress should be noted as such in the new inspection report. If the
distress is new, or appears to have increased in severity or extent,
the inspector should determine whether the distress should be
reported as a PAR.

Figure3.14: Commentary Boxes to the UAEnhabled Concrete Element Inspection Workflow
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Figure3.15: Top Portion oflUAS-EnabledConcrete Element Inspection Workflavith Changes from
Conventional Inspection Highlighted in Green

Once the final iteration of the UABnabled Concrete Element Inspection Workflow had been
developed, the steel and timber versions were develmied the same logisince there are many process
similarities wherinspectingdifferentdistress typein differentmateriab. Figures3.16 and 3.17 present the
Conventional Steel Element Inspection Workflows, while Figure 3.18 shows thresponding
commentary boxes-igures 319 and3.20present th&JAS-enabledSteel Element Inspection Workflows
while Figure3.21presents the corresponding commentary boxes. The differences between the conventional
and UASenabled versions of the workflows are shown in Figug2.

Of note in the Steel Element Inspection workflows,-netundant steel tension members (NSTM)
(formerly fracture critical members) must be inspected handsand the UAS may only be used for
documentation. A note regarding this need has been addedited=#j18, 3.22, and 3.24.

54



N

caunyie}
[eamonas
asned

ued JEY3 Jaquisw >

e uo aBewep

a1 5|
¢ WLSN

h e uo aBewep

z s

3OVWVa

IN

jsenbay uopoy
Ruoud
14

N

£Nosp

puB jaays e |
UO SP|aMm pexyorsd >

e auy

L

m jsanbay uonoy

Jlaquiaw
Aiepuodas e uo

Z ¥orso paeBpjwun

ue a8yl 5|

t

N

Ayuoud
14

CWNLSN

oy S|

€

ﬁ

HOVHO

CWLSN ®
Bunseuuocd
plam ¢ Jo
WLSN © uo ¥oei2 z
paweBpjwun
ue aiayy 5|

© Uo ssansip %

N

jsanbay uonoy

Aypoud
v

f

£550|
uonoes

2i0W 10 9,67
aiaup s

L,

)

| jsenbay uonoy &550|
| uonoas
fpoud €T asowo %62
14 aiaup 5|
PATEL T

< Z aAROE asaul S|

N

laquisw
Aiepuosas
10 Asrewud e uo 2ioq Buissiw
UOISOLIOD ALl §) d A LTIN ]
[4

é99nds

310G © UO UOISOLI0d

Z juoneiouep
ay 5|

f

NOISO¥¥O0D
/NOLLYYOR313a

i)

st
ssansip
30 adA3 3eym
13

t

| ssens|p |enuajod
sayoeoidde
Jopdadsu|

il

y .\=o_~ooam:_ j221s

a|qeyoeay:zy

Figure3.16: Conventional Steel Element Inspection Workfideart 1 (upper portion)
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Figure3.17: Conventional Steel Element Inspection Workfid®art 2 (lower portion)
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COMMENTARY

Distress Type

New distresses and pre-existing distresses which have worsened or
increased in extent require inspection. The type of distress should be
identified, and the inspection process shown in the workflow at left
should be followed.

2

Primary Members versus Secondary Members

On a steel structure, Primary Members are beams, girders, and steel
piles. Secondary Members are diaphragms, bracing, and other
members as outlined in inspection requirements.

3
Non-redundant Steel Tension Member (NSTM)
On a structure, a non-redundant steel tension member (NSTM)
(formerly called a fracture critical member or FCM) is a steel member
that experiences tensile stresses from either axial or bending forces.
These members are also considered "non-redundant” due to their
load carrying functions for the structures.

4
Priority Action Request (PAR)
After performing the inspections on the distresses, the inspector can
determine whether the distress(es) warrant notification of the Bridge
Inspection Team Leaders for a Priority Action Request.

Pre-Existing Distresses

Upon observing a distress, the inspection team should determine
whether the distress existed during the previous inspection, or is new.
If the distress is listed in the previous inspection report, and is
currently in the same condition and extent as previously recorded, the
distress should be noted as such in the new inspection report. [f the
distress is new, or appears to have increased in severity or extent,
the inspector should determine whether the distress should be
reported as a PAR.

Figure3.18: Commentary Boxes to the Conventional Steel Element Inspection Workflow
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Figure3.19: UAS-Enabled Steel Element Inspection Workfld®art 1 (upper portion)
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