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Abstract: This paper presents an innovative approach to road assessment, focusing on enhanc-
ing the Pavement Condition Index (PCI) and Visién Inspection de Zones et Itinéraires A Risque
(VIZIR) methodologies by integrating Unmanned Aircraft System (UAS) technology. The research
was conducted in an urban setting, utilizing a UAS to capture high-resolution imagery, which was
subsequently processed to generate detailed orthomosaics of road surfaces. This study critically ana-
lyzed the discrepancies between traditional field measurements and UAS-derived data in pavement
condition assessment. The study findings demonstrate that photogrammetry-derived data from UAS
offer at least similar or, in some cases, improved information on the collection of a comprehensive
state of roadways, particularly in local and collector roads. Furthermore, this study proposed key
modifications to the existing methodologies, including dividing the road network into segments for
more precise and relevant data collection. These enhancements aim to address the limitations of
current practices in capturing the diverse and dynamic conditions of urban infrastructure. Integrating
UAS technology improves the measurement of pavement condition assessments and offers a more
efficient, cost-effective, and scalable approach to urban infrastructure management. The implications
of this study are significant for urban planners and policymakers, providing a robust framework for
future infrastructure assessment and maintenance strategies.
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1. Introduction

Unmanned Aircraft Systems (UAS or drones) have become present in many industries
in the field for their low cost of operation compared to traditional tools and their ability to
simplify tasks without compromising quality and reliability [1]. When compared to other
technologies and the final cost of operation, UAS performs better because it can reduce
time spent in the field, increase the productivity of the team by providing data faster and
effectively, and reduce the cost of the overall operation by completing the job with fewer
resources [2].

UAS have been used widely in different fields, both outside and inside engineering.
From package delivery to search and rescue operations, UAS have proven effective in
helping human operators in tasks that can be dangerous, take longer, and put people
outside the operation at risk [3]. In addition, it can allow the operator to spend time
effectively on tasks that require complex thinking based on the collected data, such as
post-processing or decision-making.

The technology has been widely spread across multiple fields, from water resources
in applications that monitor damns [4] to construction in site projection [5], geomatics in
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developing digital twin models for further analysis [6], surveying in the development of
digital terrain models [7], inspection in crack detection [8], and many more. UAS technology
has proven to be an effective tool in data collection combined with other consolidated
techniques that guarantee job quality in many fields. The literature has multiple studies
that demonstrate that the technology has been adequate in their respective fields. Still,
there are no comprehensive standards for successful operations for particular applications.
In those cases, the researchers must validate their models before providing meaningful
conclusions for future applications.

1.1. Pavement Maintenance

Roads are essential to everyday operations in our communities. Roads keep us
connected, provide a way to transport goods, mobilize people to provide services, bring
people together, and directly impact the economy. As an example of their presence, there are
4.19 million miles of road in the United States [9], 600,000 miles in France [10], 128,000 miles
in Colombia [11], and 1.95 million miles in South America in general [11], connecting
communities and their services.

Pavement is the surface on the road intended to receive traffic, such as vehicles or
people. Pavement can be classified based on how loads are distributed (flexible or rigid),
by material (concrete, asphalt, or composite), or by application (pervious and porous) [12].
Given their importance in roads, pavements need to guarantee their service throughout the
life they were designed for.

In general, pavement quality is guaranteed by proper maintenance. Maintenance
operations are critical to detect any deterioration in this structure that can pose a risk to
its users. Cracks, potholes, and debris are among the most common defects found in a
pavement structure [13]. Maintenance has also been found to be cheaper in guaranteeing
connectivity compared to the alternative of reconstructing the road earlier than expected
when it is severely damaged [14]. In addition, maintenance can prevent damage to the
vehicles of road users by providing timely repair operations.

1.2. PCI Methodology

The Pavement Condition Index (PCI) is a numerical scale, ranging from 0 to 100, used
to assess the general condition of pavements [15]. Developed by the U.S. Army Corps
of Engineers and presented in ASTM D6433-23 [15], this tool provides a systematic and
objective way to evaluate and record the distress observed on pavement surfaces over time.
The PCI estimates the degree and type of cracking, surface deficiencies, and other factors
based on visual observations. The calculated index assists municipalities, engineers, and
transportation agencies in making informed pavement maintenance and rehabilitation
decisions. A higher PCI value indicates a better pavement condition, while a lower value
signals a need for repair or replacement. In some countries, PCI has been commonly used
for rigid types of pavements, even though the methodology applies to most pavements [16].

1.3. VIZIR Methodology

The Visién Inspection de Zones et Itinéraires A Risque (VIZIR) methodology, stemming
from French practices, offers a systematic approach to evaluating the surface conditions
of pavements [17]. As with PCI, VIZIR aims to provide transportation agencies and
municipalities with an objective metric for assessing road wear, damage, and overall quality.
VIZIR allows the quantification of the damage by type and category and provides the length
and severity per section of the road. VIZIR serves as an instrumental tool in extending the
lifespan of roadways and ensuring optimal resource allocation. The VIZIR methodology
considered in this paper is the adaptation developed by the Colombian Department of
Transportation in INV E-813-13 [18]. The numbers resulting from VIZIR analysis represent
a quantified assessment of pavement damage, where each value corresponds to a specific
type and severity of distress. Lower numbers typically indicate minor or negligible damage,
while higher numbers reflect more severe deterioration.
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1.4. PCI and VIZIR Comparison
Table 1 compares PCI and VIZIR methodologies as presented in the literature [19].

Table 1. PCI and VIZIR comparison.

Category PCI VIZIR
Pavement type Flexible, rigid, composite, gravel Flexible, rigid, composite
Road category Freeway, arterial, collector, local All

Advantages Accuracy Easy implementation
Equipment Moderate Minimum
Staff training Moderate Minimum

From the analysis in the literature summarized in Table 1, the methodologies PCI and
VIZIR are similar in terms of application and minimum requirements before execution.
This allows for comparing results by applying both methodologies without the use of any
additional technologies and as a benchmark for comparison using new technologies (UAS)
for data collection.

1.5. Photogrammetry in Road Assessment

Photogrammetry, the use of pictures in surveying and mapping to measure distances,
has been used in road assessment since the last century. State agencies have been interested
in collecting data records (photos) to analyze pavement for cracking and rutting [20]. These
methods now or then incorporate similar technological principles: a device to capture
pictures (e.g., cameras) mounted on a vehicle to cover long distances (e.g., van) [21]. More
recent frameworks have included navigation units with cameras synchronized with ex-
ternal trigger and laser projectors [22] or mobile Light Detection and Ranging (LiDAR)
to monitor highway assets and pavement condition data [23]. The integration of Geo-
graphic Information Systems (GIS) and advanced image processing algorithms has further
enhanced the capability to analyze and visualize pavement condition data in a more com-
prehensive and efficient manner [24]. The evolution of road assessment methodologies has
taken a significant leap forward in recent years, moving from ground to aerial methods
with the incorporation of UAS technology.

1.6. Pavement Maintenance Using UAS

With high-resolution cameras and advanced sensors, UAS can capture detailed aerial
imagery of vast stretches of roadways in significantly less time than traditional methods.
By flying over roads, highways, or parking lots, they can quickly detect surface defects
like cracks, potholes, and scour [25]. With the integration of advanced image processing
software, these captured images can be automatically analyzed to quantify and classify
pavement distresses, providing a comprehensive view of pavement health [26].

UAS join photogrammetric tools used for road assessment in the literature. However,
UAS can provide cheaper solutions in defect detection compared to LiDAR technology,
close-range photogrammetry, and systems incorporated with navigation systems when
high-quality information is not required [27]. By reducing the need for on-ground manual
inspections, UAS increase efficiency and enhance safety by minimizing the exposure of
inspection crews to traffic hazards. As technology continues to evolve, the integration of
UAS in pavement management systems promises to revolutionize the way road networks
are monitored and maintained.

While UAS have shown immense potential in enhancing pavement maintenance
practices, a noticeable gap exists in the literature. Most studies have focused on the
general capabilities of UAS in various fields, but there is limited comprehensive research
addressing their specific use in pavement assessment using standardized methodologies
like PCI and VIZIR. Furthermore, there is a lack of detailed exploration of how UAS-
acquired data aligns with these methodologies and how it can be effectively integrated into
existing pavement management systems. This study seeks to bridge this gap, providing a
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nuanced understanding of the potential synergies between UAS technology and established
pavement assessment methodologies.

1.7. Objectives of This Study

The increasing prevalence of UAS in various industries has shown its potential for
efficient and safe operations in diverse applications. This study seeks to delve deeper
into one application—pavement assessment in urban roads. The specific objectives of this
research are as follows:

o Toinvestigate the capability and efficiency of UAS in pavement assessment applied
to urban roads, specifically in detecting surface defects such as cracks, potholes, and
debris. This includes analyzing their ability to capture high-resolution aerial imagery
of road sections and comparing it to information collected using traditional methods;

e  To compare the PCI and VIZIR methodologies in the context of UAS-acquired data.
While similar, these methodologies offer distinct advantages and have unique proce-
dures and training requirements;

e  To establish benchmarks for using UAS as a technology for data collection in pavement
maintenance, thereby understanding its role relative to traditional techniques.

Through these objectives, this study aspires to shed light on the practicality, advantages,
and potential challenges of employing UAS in pavement maintenance, setting the stage for a
comprehensive and technology-driven approach to sustaining road infrastructure.

2. Materials and Methods

This study was structured in three phases to quantify and analyze pavement pathologies.

In the first phase, pertinent information was gathered by selecting flexible and rigid
pavement sections. These sections were initially chosen based on preliminary identification of
the roads in the study area, focusing on establishing a sample, including a mix of conditions:
good, regular, and poor. This sample was adjusted based on the results of surveys presented
to transportation professionals to verify and validate the pavement conditions.

The second phase involved a conventional survey of the pathologies, primarily
through a visual inspection conducted in the field applying the VIZIR and PCI method-
ologies. A designated team was tasked with identifying the types of damage, measuring
them, and assigning a severity grade to the identified damages. Concurrently, a UAS was
deployed to obtain orthophotos of the designated sections. These orthophotos served to
classify and quantify the defects similarly to the first visual inspection.

The final phase was dedicated to data analysis. The objective was to compare the
results derived from field measurements with those obtained from the orthophotos, thereby
assessing the congruence between the two data collection methods. Figure 1 summarizes
the methodology followed in this study.

METHODOLOGY
\i Y Y
PHASE | PHASE Il
and

Gathering of Classification

information Data analysis

quantification of
pavement

damage in road

networks

(test sections)

A \J

Traditional pathological survey (Visual
inspection VIZIR and PCI
methodology)

Traditional pathological survey
(Drone VIZIR and PCI
methodology)

Figure 1. Methodology followed in this study for phases I, II, and III.
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2.1. Area of Study

The study area was determined by analyzing the municipal government’s road infras-
tructure maintenance database for urban roads in Santiago de Cali, Colombia. Test sections
were chosen based on the presence of pavement pathologies and maintenance or rehabilita-
tion needs. In a reconnaissance tour of the city’s southern urban area, known for housing
development and urban expansion, the authors selected five road sections. Each section
had been constructed at different times. Selection criteria also included ease of field data
collection, visually and via UAS, and rigid and flexible pavement structures exhibiting
various pathologies. Table 2 shows the general characteristics of these sections.

Table 2. General characteristics of the study area.

ID Pavement Material Length (m) [ft] Average Width (m) [ft]
FS1 Flexible Asphalt 334.63 [1097.87] 7.00 [22.97]
FSs2 Flexible Asphalt 164.20 [538.71] 7.00 [22.97]
FS3 Flexible Asphalt 216.60 [710.63] 6.00 [19.69]
RS1 Rigid Concrete 259.36 [850.92] 12.32 [40.42]
RS2 Rigid Concrete 243.00 [797.24] 7.00 [22.97]

2.2. PCI Methodology

The Pavement Condition Index (PCI) method starts by selecting the necessary number
of samples (n) to evaluate pavement conditions accurately. This selection is based on a
standard equation aiming for a 5% accuracy in the Pavement Condition Index (PCI)
estimate at a 95% confidence level. The samples are chosen systematically throughout the
pavement section, with a random starting point.

The next step involves calculating the sampling interval (i), ensuring an even distribu-
tion of the samples. Field inspections are then conducted to gather detailed information
about the pavement, such as dimensions of deterioration and its severity. These data lead
to the computation of damage density or percentage.

The PCI methodology then applies a set of curves to determine the Deduct Value (DV)
based on the severity and density of damage. These values help calculate the Corrected
Deduct Value (CDV) and the allowable number of deducts (m).

Finally, the PCI is computed by iterating through deduced values and calculating the
Corrected Deduct Value (CDV) for each of them. This process involves using specific PCI
curves to obtain the final Pavement Condition Index (PCI) score, which is adjusted based
on the maximum total deducted value (HDV). Figure 2 provides a visual summary of the
PCI methodology. The complete process to follow when applying the PCI methodology is
presented in the 2023 version of the standard ASTM D6433-23 [15].

( PCI METHODOLOGY ]

Failure
types
Measures Degree of severity
|

Y
Deduced Value (DV)
Pavement curves

' \

Y
Total Deducted @ (sum of the numbers Calculation of the maximum
Value (TDV) >2 of the DV) allowable number deducted
= )
!

.’

A J

Calculation of corrected maximum
deducted value (CDV)

Y
DV Values iteration Determine the TDV, adding all the Find the value of Q, reducing the
individual deduced values valuesofqto 1
\ ]
Figure 2. Summary of PCI methodology.
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2.3. VIZIR Methodology

The VIZIR methodology defines pavement damage conditions based on the Surface
Deterioration Index (Is). This index is calculated from the percentage of affected area over
a defined linear length of the road under study. The value is 1 for a perfectly maintained
condition and 7 for a completely deteriorated or destroyed flexible pavement structure.
VIZIR primarily evaluates two main types of damages: Type A, which considers structural
damages based on the pavement’s structural capacity deficiencies, and Type B, which
accounts for functional damages related to operational and road safety.

After defining the Deformation Index (Id) and the Cracking Index (If), the next step
is determining the Type B damages using a deterioration index associated with structural
failures. The calculation of the deterioration index, based on the correlation between Id
and If, is presented in Table 3. In addition, Figure 3 summarizes the VIZIR methodology.
The complete process to follow when applying the VIZIR methodology is shown in the
original standard [17] or in the adaptation developed by the Department of Transportation
of Colombia in INV E-813-13 [18].

Table 3. Deformation Index (Id) and the Cracking Index (If) relationship.

If 1 If 0 1-2 3 4-5
0 1 2 3 4
1-2 3 3 4 5
3 4 5 5 6
4-5 5 6 7 7
[ VIZIR METHODOLOGY ]
I
Y A4
Extension Extension
0to 10 to 0to 10 to
>50% >50%
CRACKING Gravity: 10% || 50% DEFORMATION Gravity: 10% || 50%
INDEX (If) INDEX (Id) J
1 1 2 3 1 1 2 3
2 2 3 4 2 2 3 4
3 3 4 5 3 3 4 5
¢ J
Yy
FIRST RATING I1d If 0 1—2 3 4—5
OF THE
DETERIORATION
INDEX (Is)
0 1 2 3 4
1—2 3 3 4 5
3 4 5 5 6
4—5 5 6 7 7
0to 10 to
>50%
Correction 10% 50%
for repair >
0 0 0
0 0 +1
0 +1 +1

THE SURFACE
DETERIORATION INDEX, Is
(Itis the grade from 1 to 7)

Figure 3. Summary of VIZIR methodology.

2.4. General Procedure for Visual Inspection

Two civil engineers with pavement expertise performed a visual field inspection to
assess the overall condition of the sections. This process involved documenting observed
failures in the study section and measuring relevant parameters. The duration of inspections
varied: roads with high deterioration took roughly 40 min, while those in regular or good
condition took around 20 min for 100 m (328 ft) sections. Inspection time also depended on



Drones 2024, 8,99

7 of 15

traffic flow; high-traffic roads precluded total closures. If a road had multiple lanes, at least
one remained open, needing a traffic controller and proper signage.

2.5. UAS Technology and Flight Plan

Using an Unmanned Aircraft System (UAS), specifically the DJI Mavic Air, was
fundamental for collecting imagery data. This UAS is equipped with a 1/2.3” CMOS
sensor capable of capturing 12 MP images, with a lens offering a wide 85° field of view,
an f/2.8 aperture, and a shooting range from 0.5 m. The UAS also incorporates sensors
to enhance its flight stability: infrared sensing system for precise hovering and landing,
inertial measurement unit (IMU) with accelerometers and gyroscopes, and global position
system (GPS) for navigation. Figure 4 illustrates the UAS used in this study.

Figure 4. DJI Mavic Air used in this study.

The procedure for data acquisition involved planned flights over the study area created
automatically using flight planning software—Pix4D—with a frontal (along-track) and lateral
(cross-track) overlap of 80%, as presented in Figure 5. The overlap was chosen to be higher
than the recommended by the literature (70%) [28] and based on past flight experience from
the authors. Lower overlap would reduce image quality for post-processing applications.

- EFpaaue Lag
el Gt

1
s 197x55 m iy |
0 :
) | ] .
e 8min:30s O START

Figure 5. Flight plan over the study area at an altitude of 5.00 m (16.40 ft).

The UAS was flown at altitudes ranging between 3.00 m and 5.00 m (9.84 ft-16.40 ft).
The DJI Mavic Air’s camera has the following specifications: the sensor width of the camera
is 6.16 mm (actual width size obtained from 1/2.3” and not a direct inch-to-millimeter
conversion [29]), the focal length of the camera is 4.5 mm (most sources list it as 24 mm, but
this is an equivalent measure for the 35 mm/full frame [30]), and a maximum resolution of
4056 x 3040 pixels [31]. The projected ground sample distance (GSD) based on the previous
parameters was 0.10 cm per pixel for 3 m and 0.17 cm per pixel for 5 m. The achieved GSD
was 0.11 and 0.18 cm/pixel, respectively. Higher altitudes would increase GSD and reduce
image quality.
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The systematic flight plan also allowed for the collection of images with significant
overlap, a crucial factor for the orthomosaic development and analysis. The orthomosaic
was used to obtain measurements such as perimeter, area, volume, and dimensions of
observed features. Flight planning was crucial to ensure comprehensive coverage and
optimal image quality. The photogrammetric process included digital surface modeling
and image processing using the pavement surface pictures captured by the UAS.

The UAS flights were conducted under favorable weather conditions to minimize
potential disturbances and ensure stable flight operations. Additionally, the UAS" onboard
camera settings were fine-tuned for optimal image capture. The camera’s focus, exposure,
and white balance were adjusted to suit the ambient lighting conditions, ensuring the
captured images were clear, well-lit, and detailed. No additional focal length or lens was
considered to provide a general framework, which is available in most cases.

2.6. UAS Inspection: PCI and VIZIR

The UAS inspection process started with the creation of the mission file with the
geographic information. Ground control points were placed in the study area. Ground
control allows for improved efficiency in the execution of the flight plan and geolocation.
The control points were distributed evenly across the project area to ensure consistent
measurements, and checkpoints were selected to test the measurement differences across
the flight path. Finally, post-processing was conducted using the data collected to produce
orthophotos that allow for 2D measurements. This process involved measurements of
various pathologies, as presented in the Results and Discussion section. This step enabled
the determination of relevant measures, showcasing the significant advantage of UAS-
based inspection over manual methods in coverage and efficiency. Figure 6 presents a flight
plan over the study area.

46x139 m
13min:00s

Figure 6. Flight plan over the study area at an altitude of 3.00 m (9.84 ft).

3. Results and Discussion

The information was analyzed using visual and UAS inspection’s VIZIR and PCI
methodologies. Figure 7 shows an example of a pavement section captured during a
traditional visual inspection. Figure 8 shows orthophotos generated using images captured
by the UAS.

Despite the differences between the measurements taken in the field and those taken
from the orthophoto, it can be observed that the qualifications of the state of the roads were
the same using the two methods (visual inspection and UAS). It is important to empha-
size that, even if the final condition was the same, the PCI presented a slight difference
between the qualifications evaluated with the data in the field and the information from
the orthophotos, as shown in Table 4.
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Figure 8. Three-dimensional models of the area of study generated by images captured by UAS.

Table 4. VIZIR and PCI rating comparison by visual inspection and UAS.

Section Visual Inspection Rating UAS Rating
VIZIR Method
Fs1 3 3
Fs1 3 3
FS2 3 3
PCI Method
RS1 94 94

RS2 66 58
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The observed difference comes from the methodology used in measuring field deterio-
rations. Considering the reliability of data obtained from UAS and the measurements in
the orthophotos, it can be seen that the photogrammetrically derived from UAS VIZIR and
PCI assessment offer a comprehensive review of the road’s condition. Figure 9 compares
the measuring procedure (red dotted line) of a pavement section measured in the field (left)
and using computational measuring tools on an image captured by a UAS (right).

EX

Coordnate  Distance  Surface  Voksme
Cick on the mode! to define a surface
Double dick to close the polypon, Backsnace to delete the last pont.

Permeter: 5040 m
Aea:  4120m2

Figure 9. Measurement comparison using traditional tools (left) and computational tools (right).
The measurements to the right show a perimeter of 50.40 m and area of 41.20 m?.

3.1. PCI Methodology Comparison: Visual vs. UAS

A significant limitation of the PCI methodology is the time-consuming nature of
field data collection. Visual inspections of road sections require meticulous individual
measurements of each typology, accurate recording of these measurements, and ensuring
proper photographic documentation. Table 5 compares field data collection with UAS-
based data collection.

Table 5. Criteria comparison for visual and UAS PCI inspection.

Criteria Visual Inspection UAS Inspection
Duration of data capture It can take at least 40 min on highly deteriorated roads Up to 20 min for 100 m sections (328 ft), inclusive of all processes described above
Method of inventory Conducted in the field Conducted through orthophotos
Method of measurements Regular geometric shapes (Square and/or Rectangle) Based on the existing road irregularity
Personnel required Minimum of 2 people One person for flight and data processing
Road closures Total or partial closure during the inspection, causing traffic delays Complete closure for approximately 10 min during UAS flight
Safety concerns Risk of accidents, e.g., being hit by a vehicle Limited risk to the operator and people aiding in the flight operation

The data in Table 6 reveal distinctions and similarities between field and UAS inspec-
tions for various road defects. This table objectively contrasts the measures obtained from
both methods, particularly concerning defects such as disintegration, crack blocks, and
shrinkage in section RS1, and separation joints, patches, and longitudinal cracks in RS2.
For instance, the UAS recorded a 12.50% decrease in disintegration for RS1, compared
to field measurements, while for RS2, it showed a notable 24.80% increase in patch area.
The percentage differences, marked as increases (+) or decreases (—), highlight the precision
of UAS-based measurements compared to traditional field methods. The shrinkage in RS1
and longitudinal cracks in RS2, both showing over 6% increase in UAS measurements,
highlight the enhanced detail capture of UAS inspections.
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Table 6. Measure comparison between field and UAS inspection for sections RS1 and RS2.
Section Type of Defect Unit Field UAS Difference  Difference (%)

RS1 Disintegration [‘f‘tlzz] [11229'9107] [11103'?(?2] [116.5105] ~12.50

Crack block [Ifrt122 ] [1gé6.(3)3] [1100§.27()9] [(6):22] +630

Shrinkage [Ifltlzz ] [13250.23] [1110356201] [664.0508] +6.10

RS2 Separation joints [rfrtll [égg(l)g] [ggég] [é;;lz] —8.70

Patch [rfrt122 ] [2253466'.6704] [321975%.1289] [65386?5851 +24.80

Longitudinal crack [rfrt1] [égg(l)g] [gggg] [é;;g] +8.70

Disintegration [IfIt122 ] [7771279;.5101] [88606%.66(11] [9%77'.15%] +12.10

3.2. VIZIR Methodology Comparison: Visual vs. UAS

The comparative analysis in Table 7 highlights the discrepancies between field and
UAS inspections concerning various pavement defects. This table methodically presents
the differences in measurements for defects like aggregate polishing, bumps, longitudinal
cracks, surface wear, and crocodile skin across different sections. Notably, in section FS1,
UAS inspection revealed a 2.30% increase in aggregate polishing and a 4.40% increase in
bump measurements compared to field data. In contrast, section FS2 exhibited significant
variations, with a 33.10% increase in surface wear and a 16.00% decrease in bumps as
measured by the UAS. The most striking difference is observed in the crocodile skin defect
in FS2, where UAS inspection recorded a 42.40% increase. These variances, denoted as
either increases (+) or decreases (—) in percentage, demonstrate UAS inspections’ detailed
and nuanced perspective over traditional field methods. The data from Table 7 emphasize
the enhanced ability of UAS-based assessments to capture the extent and severity of various
pavement defects, offering a more comprehensive view of the pavement condition that
might be less perceptible in standard field inspections.

Table 7. Measure comparison between field and UAS inspection.

Section Type of Defect Unit Field UAS Difference  Difference (%)
. m? 215.00 220.00 5.00
FS1 Aggregate polishing (2] [2314.24] [2368.06] [53.82] +2.30
Bum m? 7.43 7.76 0.33 +4.40
p [f2] [79.98] [83.53] [3.55] :
o m 100.00 105.00 5.00
Longitudinal cracks [£t] (328.08] [344.49] [16.40] +5.00
m? 70.00 93.20 23.20
FS2 Surface wear [f22] [753.47] [1003.20] [249.72] +33.10
B m? 100.00 84.00 16.00 16,00
ump [ft2] [328.08] [904.17] [172.22] :
o m? 72.00 61.30 10.70
Aggregate polishing [f2] [775.00]  [659.83]  [115.17] —14.90
. . m? 78.00 111.10 33.10
Crocodile skin (2] [83959]  [119587]  [356.29] +42.40
m? 336.00 425.00 89.00
FS3 Surface wear 2] [3616.67]  [4574.66]  [957.99] +26.50
m? 72.00 88.70 16.70
Bump [f2] [775.00] [954.76] [179.76] +2320
o m? 120.00 120.00 0.00
Crocodile skin [fe2] [1291.67]  [1291.67] [0.00] 0.00

Figure 10 offers a visual representation of the defect measurements captured by both
field and UAS inspections, as outlined in Tables 6 and 7. The scatter plot clearly shows
the comparison across various defects such as disintegration, crack blocks, and shrinkage
for sections RS1 and RS2, as well as aggregate polishing, bumps, and crocodile skin for
sections FS1, FS2, and FS3. Notably, the UAS measurements for disintegration in section
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RS1 and patch areas in RS2 appear slightly lower than field measurements, indicating
a more conservative estimation of affected areas. However, UAS data for surface wear
and crocodile skin, especially in section FS2, exhibit a higher value, suggesting that UAS
may capture a broader extent of these defects. The data points for longitudinal cracks and
bumps also demonstrate proximity between the two methods, with UAS data providing a
marginally increased quantification in most cases. This graphical analysis underscores the
meticulous detail offered by UAS inspections, which can enhance or contrast the field data,
providing a nuanced perspective on road surface conditions.

@Field @ Drone

(RS1) Desintegration [m?] o

(RS1) Block crack [m?] | J

(RS1) Shrinkage cracking [m?] (]

(RS2) Separation joints [m] ()

(RS2) Patch [m?] o o

(RS2) Longitudinal crack [m] ( _J

(RS2) Desintegration [m?] ([ [¢]
(FS1) Aggregate polishing [m?] @

(FS1) Bump [m?] ™)

(FS1) Longitudinal cracks [m] (]

(FS2) Surface wear [m?] ([ 1]

(FS2) Bump [m?] = J

(FS2) Aggregate polishing [m?] D

(FS2) Crocodile skin [m?] [ X )

(FS3) Surface wear [m?] [ J [
(FS3) Bump [m?] e

(FS3) Crocodile skin [m?] ®

Figure 10. Defect comparison between visual and UAS inspection measurements.

3.3. PCl and VIZIR Applied to Urban Roads

In evaluating road conditions using VIZIR and PCI methods, we encounter several

challenges when applied to urban roads. Some considerations can be addressed by incor-
porating UAS technology, but others require additional efforts. Some considerations are
summarized below:

Data collection process: Urban road inspections require meticulous, time-consuming
visual checks. Every defect needs individual measurement and photographic documen-
tation, a task that becomes more arduous with extensive wear and tear. UAS can help
speed up this process and allow better allocation of time to decision-making processes.
Traffic disruption: Inspections often necessitate traffic closures, introducing logistical
complications and safety risks for the inspection teams, particularly in areas with high
traffic volume. UAS still require some closures, but the process is faster and reduces
the risk for the inspection team.

Inspection methods to discriminate normal wear and tear from pavement damage:
VIZIR is designed to assess structural damage typically caused by heavy vehicles.
However, urban streets predominantly experience lighter traffic from personal cars
and public transportation. This difference means that the wear and tear observed on
urban roads do not necessarily indicate structural failures. More information than the
UAS assessment is needed before obtaining the pavement condition.

“Segment by segment” construction in urban settings: Roads often consist of segments
built at different times, using varied materials, and constructed by multiple companies.
This diversity in construction history adds complexity to the inspection process, as each
segment may exhibit unique wear patterns and vulnerabilities not uniformly applicable
across the entire road network. UAS can provide the current pavement condition, but a
detailed post-processing will guide necessary actions after detecting a defect.
Environmental conditions: Pavement assessment can be interrupted by multiple envi-
ronmental conditions: rain, snow, sleet, freezing, or high temperature, among others.
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UAS will have the same experience under these conditions and follow the same criteria
for when the inspection needs to be stopped. However, other environmental factors
must be considered when UAS takes pictures during inspection: water reflectivity
after rain, snow covering portions of the pavement, foreign object debris in the road
(vegetation, animals, etc.), and even shadows from surrounding objects. Under these
circumstances, UAS must be accompanied by a team and equipment that can mitigate
the effect of this outside variable in the inspection process.

Considering these limitations, it is imperative to consider further approaches and
incorporate them in everyday inspections. This could mean modifying existing methods to
better align with the nuances of urban environments or embracing innovative technologies,
like UAS usage, to facilitate more efficient and less intrusive data collection.

3.4. Proposed Modifications to PCI and VIZIR Methodologies

This research introduces modifications to the Pavement Condition Index (PCI) and VIZIR
methodologies to improve the measuring method and efficiency in assessing urban infrastruc-
ture. A significant innovation is the integration of UAS into pavement assessment methods.
UAS utilization markedly enhances the data collection process, offering more detailed and
comprehensive evaluations of pavement conditions than traditional on-ground measurements.

This study also highlights discrepancies between PCI scores from field measurements
and those derived from UAS-captured orthophotos, as seen in Figure 10. This difference
underscores the improved precision of photogrammetry-based data in reflecting the condi-
tion of roadways. Although the PCI method effectively assesses structural and functional
damage, it exhibits limitations in its current application to local and collector roads. In-
terestingly, while the overall condition rating may be similar, data from photogrammetry
provide a comprehensive representation of the pavement’s actual state.

The authors suggest dividing the road network into distinct segments to tackle the
uniformity issues in assessing local and collector roads. This strategy would allow for
more precise, pertinent data collection, leading to a thorough understanding of the varied
conditions across different road sections. These proposed modifications aim to enhance the
precision and applicability of PCI and VIZIR methodologies in urban settings. Integrating
advanced technologies like UAS and segmenting road networks for targeted analysis can
provide more reliable and actionable insights for pavement condition assessment and
maintenance planning.

4. Conclusions and Recommendations

This research study underscores the efficacy of photogrammetry, facilitated by UAS, as
a viable alternative. This technology offers a blend of quantitative and qualitative analysis,
enabling a more comprehensive assessment of pavement damages. Integrating UAS into
pavement condition assessment has proven to provide a comprehensive assessment and
significantly reduce the time and resources required for field inspections. Furthermore,
this approach minimizes safety risks associated with on-ground inspections, especially in
high-traffic urban areas.

This study highlights the inherent limitations of the VIZIR and PCI methodologies
in assessing urban road conditions. The VIZIR method, although robust, struggles with
efficient data collection over extensive road networks and cannot account for functional
damages in its assessments. Similarly, the PCI method faces challenges in data collection
efficiency, particularly in urban environments where traffic and logistical constraints com-
plicate field inspections. Both methods face challenges when incorporated in urban settings
that need to be studied in future work; these challenges include the data collection process,
traffic disruption, differentiating damage from wear and tear, segmented construction, and
environmental conditions.

This study recommends the adoption of UAS-assisted photogrammetry as a standard
practice in urban infrastructure management. It offers a scalable, efficient, cost-effective
pavement condition assessment solution. Future research should focus on refining the inte-
gration of UAS technology with existing pavement assessment methodologies, establishing
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standardized protocols, and exploring the potential of machine learning and artificial intel-
ligence in automating damage detection and classification. These advancements will pave
the way for more proactive and preventive maintenance strategies, ultimately contributing
to the longevity and safety of urban road networks. Furthermore, this study did not use
different height configurations, cross-flights, convergent photography, GIS integration,
and Al detection approaches since the objective was to provide a faster and readily avail-
able framework for implementation. However, future research should explore this flight
configuration and how they could improve certain parameters in this study.

In addition, future research should explore the implications of using UAS technology
in urban infrastructure regarding public regulation. For example, the Federal Aviation Ad-
ministration of the United States regulates flying over people, flights at night, and operations
within restricted airspace. Infrastructure owners will have to navigate the legal environment
and work with regulatory agencies to provide seamless integration in urban roads.

Finally, the VIZIR methodology considers defects that compromise the pavement’s
structural integrity, also known as structural defects. However, the methodology does not
consider defects that affect the pavement’s performance or efficiency without necessarily
compromising its structural integrity, also known as functional defects. These defects can
affect the pavement’s condition and, if considered in the assessment, can decrease the rating
condition. Future work should address functional defects and adapt the methodology to
include their effects in the analysis.
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