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Abstract

Roadways are crucial for Canada's economy, serving as the primary mode of transportation.
However, the country faces challenges in managing its pavement assets due to past cuts in
infrastructure spending. To safeguard the economy and optimize road conditions, there's a pressing
need for the development and implementation of a pavement management EyM&nto
efficiently allocate resources across the network. The conventional method for assessing pavements
within a PMSrelies on monitoring surface conditions, which is ticemsuming, costly, and limited

by long intervals between assessments. In response, in situ condition monitoring has emerged as a
promising alternative, providing continuous data collection and addressing time and expertise
constraints. This approach aligns with the development of "smart" pavements, incorporating advanced
technologies like Artificial Intelligence (Al) and machine learning (ML) to extend service life,
enhance performance, and improve safety.

This thesis forms a part of the Smart Pavements project at the University of Waterloo. The project
aims to assess the responses of a flexible instrumented pavement section on Courtland Avenue in
Kitchener, Ontario, Canada, through data collection and preliminary assessments using sensory
systems. These efforts seek to understand how the pavement reacts to different loads, environmental
factors, and seasonal variations. The thesis successfully integrates advanced monitoring and
predictive technologies, such as embedded sensors, within an instrumented test section, yielding
favorable results. Ultimately, this work is expected to advance the integration of -ltidd
predictive modeling for predicting pavement performance and climate change impacts across various
instrumented test sections.

Previous research has identified several gaps in the literature, including a lack of consideration for
sensor response results during construction, limited data collection periods with sensory systems over
various seasons, inadequate exploration of-tengy pavement response trends, understanding the
impacts of vehicle wander on pavement response, and a scarcity of comparative studies between static
and dynamic pavement response simulation methods. Additionally, there is a need for scalability and
costbenefit analysis of implementing pavement sensor technologies on a wider scale over decades.
This thesis addresses the first five gaps while identifying scalability anébeosfit analysis as a

future research topic.

The instrumentation and testing processes for the pavement se&ferdocumented, covering
design, sensor types, construction, hydro connection, and material sampling. Challenges included
weatherrelated delays, with recommendations for scheduling installations during favorable weather
and allowing time for sensor calibration to address discrepancies. Other issues higimigbtkest
installation planning, sensor placement accuracy, vibration impact, and data security.

Material testing procedures during construction were outlined, including field tests like truck and
LWD testing and lab tests evaluating layer properties. Dynamic modulus and Proctor tests were
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employed on HMA and granular layers, respectively. Recommendations for future studies include
regular testing, expanding tests to characterize various pavement layers, such as FWD testing, and
adopting a structured approach to enhance insights into material properties and trend assessments.

One of the major assessment phasethisfresearch focused on truck testingudk tests involved a

standard l4vheeler truck traversing the section at varying speeds and temperatures, analyzing the
impact of speed, temperature, moisture, axle load, and traffic on layer strain and pressure. Conducted
five times across seasons, the tests aimed to capture diverse data, revealing variations across speeds
and sensor arrays, emphasizing the importance of environmental factors and traffic conditions in
interpreting sensor data. Key findings include longitudinally higher strain responses, clearer signals at
slower speeds, and seasonal variations in sensor responsiveness.

Following the truck testing, the assessment of the impact of vehicle wander on pavement behavior by
correlating tire position with pavement response was performed. Wander tests involved the truck
traversing different trajectories at 10 km/h, collecting sensor data. Polynomial expressions were
developed to quantify the relationship between strain or pressure responses and lateral deviations,
accurately representing strain responses but showing some skewness for pressure responses. Future
studies should conduct more wander tests to refine baseline responses for validating truck test
outcomes and identifying outliers, crucial for constructing a national database. Integration of similar
relationships into data filtering algorithms can assess the accuracy of truck test results, indicating the
need for retesting if necessary.

The study compared KENPAVE and 3@ove software results from truck tests across different
seasons with field measurements to assess their accuracy in modeling pavement damage. Initial tests
showed disparities, but subsequent experiments demonstrated improvements likely due to stabilized
properties and tipavement interactions. 3Move proved superior in estimating pavement stress,
especially in irservice scenarios, and facilitated dynamic response curve generation. Challenges with
3D-Move emerged before summer conditions testing, suggesting ongoing research and validation are
necessary to enhance predictive capabilities in pavement engineering during construction. Future
assessments should explore alternative software options for improved usability while comparing
results across temperatures and speeds.

The analysis explored detailed strain, pressure, and moisture trends spanning approximately nine
months across various seasons, aiming to evaluate sensor functionality. It unveiled correlations
between seasonal variations and sensor responses, with clear and consistent trend data. However,
high-speed data analysis yielded ambiguous outcomes in some cases, posing challenges in
visualization due to data volume. Future studies should integrate live angpeigd data for
improved sensitivity in trend assessments and extend the duration of assessment beyond the initial
ninemonth period to offer a yearly perspective and more comprehensive insights for pavement
engineering applications.
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Finally, the thesis introduced a basic database for organizing and sharing data from the instrumented
test section, proposing preliminary charts and data collection methods adaptable to databases using
tools like SQL. The goal is to efficiently capture, store, and filter project data and potentially data
from similar projects. Continued development of this concept is recommended, starting with
preliminary tests and establishing a basic database state to assess functionality and identify areas for
improvement before extending to other similar projects. This iterative approach aims to create a
robust tool for managing and analyzing instrumented test section data, facilitating dexikiog in
pavement engineering.

This study provided an understanding in pavement instrumentation by conducting controlled truck
tests immediately after laying Hot Mix Asphalt (HMA) layers, providing comprehensive data on
pavement structural responses. It advanced understanding by subjecting an instrumented test section
to rigorous testing across various seasons, offering insights into how heavy vehicle loads affect strain
and pressure responses in freshly placed asphalt. Additionally, it delved inttedongrends and
assessments of load and environmental factors, addressing the existing gap in understanding long
term pavement behavior. Furthermore, the study explored the impact of vehicle wander on pavement
sensor responses and compared the efficacy of static and dynamic pavement response simulation
methods across different seasons and speeds, enhancing their utility in predictnwgriceal
pavement behavior.

The thesis suggests several recommendations for future work to advance understanding of
instrumented pavement sections from a pavement management perspective. These include integrating
artificial intelligence and machine learning algorithms to enhance prediction models, prioritizing
long-term data collection to evaluate climate change impacts, replicating test sections on other roads
for a broader dataset, completing and implementing a national database for sharing data, developing
standardized guidelines for sensor implementation and testing, and assessing the scalability and
feasibility of the technology from both a lifecycle and economic standpoint. These efforts aim to
improve pavement management practices and enhance the effectiveness of pavement performance
assessment and modeling on a broader scale.
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Chapter 1

Introduction

Roadways are an undeniably important part of argy t i ecomding, as they facilitate the movement of
people and gooddn Canadaspecifically roads play a vital role in bolstering the economy and
maintaining itscompetitiveness and productivity. They serve as the primary mode of transportation,
surpassing rail, marine, and air travel as of 2021, according to Transport Qartedas of usage for
freight and passeng€il.

Canada has a combination of paved and unpaved roads (40 andedp¥#ctively) that provide
economic supportanda k e up t Wast netveorK2].tAccgrding to Statistics Canada, as of 2018
t he nat i onthamnBh1® mifigh twelane equivalentlark i | omet res [RfSecRubl i c r
In addition, the country includes over 38,075 kxilemetres of highways as part of the National
Highway System, or NHE], asseen in Figure .1That number has likely increasemce 2018making

Canada onef the nations with théargest road networksorldwide[3].

@ National Airport System

—— National Highway System

Figurel.1 Map of the National Highway System in Canada, and its connection to the National Airport System,
another important transportation mdag.



Paved roads in Canaddfer several advantageser unpaved roads, making them a preferred choice
for many highprofile and complexoad projectsin Canada's often harsh climates, roposvidea safe
and reliable surface, ensuring smooth driving conditions with excellent traction. This enhances driving
comfortandminimizes vehicle wear and tear, contributgupstantidy to road safety and efficiendg].
This is especially important for lomgjstance travel and in urban areaghvwheavy traffic In addition,
well-designed paved roads are built with durability in mamdi can withstand the stresses, strains and
deflectionsimposed by heavy truck traffigs compared to unpaved roads which are prone to erosion and
degradationi5]. Paved roads also provide an accessible means for people living in remote regions of
Canada to access and be accessed by vital services, such as health care, trade, and commerce, as well as
education, and make roads usable yeand[6]. Finally, a paved road surface and designed pavement
structure protect the soil beneath it from environmental factors, such as-tfiaezeand moisture
infiltration [7].

With this knowledgethere must exist the development and implementation of a plan to manage
pavement assets within Canadafirstty s af eguard the nationds economy,

manage the road network, which is in and of itself a very valuable (read: costly) asset.

Unfortunately, Canada is struggling in this regard. As a result of cuts in infrastructure spending in the
1980s and 1990s, the country is experiencing what
a reduction in infrastructure spending and leads to delays in developing and maintaining new and existing
infrastructure[8]. Although the early 2000s brought a much greater amount of investment than in the
Afgol den yearso of the 1960s and 70s, this period
including its roads and highways, to fall into a state of disr¢PhifThis disrepair is felt even today, as
described by the Canadian Infrastructure Report CEOYl In 2019, the report card found that about
146, 000 km of roads (16.4% of the nationbés total)
200, 000 km (or 22.6% of thdlOjna®Ai 6nds tat tassdf wWenaes
requires attentio 410, p. 8] since there are deficiencies, a poo
t he end of [10fps8lasnedr va cveerlyi fpeodbor rating means the a:¢
[10, p. 8] The exact values for this infrastructure defiaty widely depending on the estimatavith an
average value ranging between $110 to $270 bilfmmall infrastructure, with roads constituting a

substantiaportion[11].

TheCore Public Infrastructure Survegerformed in 2020 by Statistics Canada, found that roads have a
total replacement value of $894.2 billiod26% of the almost $2.1 trillion in total infrastructure

replacement value, excluding affordable hous[@g]. This survey also found that roads are the



infrastructure that requires the most replacement from poor and very poor conditions (condition rating
defined similarly to the Canadian Infrastructure Report Card).

Based on thes#tatisticsprovided by both the Canadian Infrastructure Report Card ar@aiteePublic
Infrastructure Survey pavement managemerdnd a pavement managemerslystem have become
imperativeto ensure that theonditions of the paved roads over an emtir@d network (such as that in
Canada) are optimized to the best possible giggpendingon the availabléudgets and resourcebhese
budgets and resources should distributed efficiently and effectivelpcross the network to address

construction, operating and maintenance needs

As stated in the 199BASHTO Guide for Design of Pavement Structuresvement management, or
P M, é eficompasses athe activities involved in the planning, design, construction, maintenance,
evaluation and rehabilitation of t h[E8, pp.d3dleme nt po
pavement management sysétaens,etorofPMSo 0lcsonoers fment haosd s
makers in finding optimum strategies for providing, evaluating, and maintaining pavements in a
serviceable condition over a period of tirjé3, pp. }31]. A PMS is either a planning/analysis tool or a

software program that will allow a practitioner to perform pavement managemerntlilsks
The major components of a PMS inclydg]:
1. Aroad network inventory, including road locat®andyeometries.

2. An assessment of road conditions, including pavermridce roughness, texture, skid resistance

and structural properties. This is performed thromghat i s known as a fAcondi

3. A pavementperformancedeteriorationmodel to foresee the deterioratiamte of a pavement

sectionbased oroad and environmental factors.

4. Maintenance decision criteria to serve as a baseline for acceptable and unacceptable pavement

conditions.

5. A schedule of whemaintenance and rehabilitation of the pavement network will occur.

1.1 Problem Statement

It is imperative that theondition of the pavement structuseaccurately capturedlVithout this precision,

the resulting data becomes unreliable, compromising the accuracy of assessments. This, in turn, hinders
the ability to gather essential insights for the implementation of timely and effective maintenance and
rehabilitation strategies, whether at the level of an individual pavement section or for the entire network
[15].



Condition surveysurrently are performeith one of two way$15]:

1. SurfaceCondition Monitoring:investigaéd manually, through either expert visual inspection
equipped vehiclesr equipmenthat will scan the pavement surface.

2. In-situ Condition Monitoringinvestigatedusing sensing devices, which are embedded in the
pavement structure and captusevariety of data typessuch as stress, strain, deflection,

moisture, temperature, etc.

In the pavement industry, the prevailing method for assessing pavements primarily involves monitoring
surface conditions. However, this technique poses several chabeidesime-consuming, demanding
expert practitioners for both execution and data analysis, and incurs substantidlsdpgt6]. The most
substantiatirawback lies in its inability to offer continuous monitoring, typically occurring at intervals of
a few years, which often proves impractical since pavement deterioration, although gradual, has the
potential to changféom season to season, meaning the assessment liatéad [15], [16]. In addition,
only assessing the pavement conditions at the surface ignores the fact that pavement deterioration could
in fact, begin within the granular layer§Vhen surface distresses indicate the needstitastantialor
complete rehabilitationgdestructivetechniques such as coring or trenching need to be performed to
understand the impact of damage in each specific [aigr

In response to these challenges, in situ condition monitoring has emerged as a promising alternative,
gaining traction in thditerature[15], [16], [17], [18], [19], [20]. This method offers continuous, remote
data collection for pavements, addressing the time and expertise constraints associated with surface
condition monitoring.Eventually, this technology could enable tieultaneous monitoring of entire
networks, where the generated data is automatically logged and seamlessly transferred to a database

system, streamlining the overatinditions assessmemiocesg14].

This approach contributes to the evolving field of "smart" pavemetish is typically understoods
a road thaincorporatesdvanced materials and technologies for active monitoring and adaptation. It aims
to extendthe service life, enhancthe performance, and improvihe safetyof existing and new roads
[21]. Smart pavementsan providereaktime insights into pavement performance characteristics using
Artificial Intelligence (Al) [19]. As part of the smart pavements concept, machine learning (ML)
algorithms can signal when a specific pavement structure requires maintenance basecabnathe
structural responses of the pavemeri22]. Additionally, by applying machine learning concepts,
environmental data for the section can be gathered to develop pavement degradation models and
performance predictions for future climate change scenarios based on current climate and performance

data[17], [19]. This is best expressaad the framework expressed kigure 1.2, developed by Tavassoti



et al. in[19]. It demonstrates how the reahe monitoring of pavements, supported byeHl-sperating
Big-Data gathering platforpcould function and integrate Al models.

Autonomous 1 Remote Data
Semi-Continuous | Post-processing &
Data Logging Truncating Data

Train Al based
Performance Models !

Figurel.2 Framework for the implementation afselfoperating data gathering platfofd®].

This thesis forms a part of the Smart Pavements project at the University of Wdrenbed by the
work performed by Jiandkang [22]. The continuation of the project seeks to construct and assess the
responses from an actual flexible pavement instrumented section, locatouthwestern Ontario,
Canadalt beginsthe data collection and cleanipgocesses andndertale preliminary assessments to
gain an initial understanding of the pavemearttuctural response to various loads, environmental
conditions, and seasonal variatiofitis aims to advanceork towards the integration of Al/Maided
predictive modellingvithin thisand otheinstrumentedest sectiasfor pavement performance prediction

and climate changenpactprediction objective§l9].

Preliminary data assessment work is very important since in the litertitare,is a lack opublished
in-depth assessment on thwtial pavementperformance and responses of an instrumented pavement
section.Heavy vehicles, such as truckexert the greatest impact and inflict the greatest damage to
pavement structures. Therefore, tlaegthe vehicle of choice during relevant tests in this study.

Through careful screening of the literature, it was found that there is limited research in the following

areas



1. The responses of a pavement structure during the construction phase anchpaués are
exerted by heavy vehicles on freshly placed asphalt. This study will address this gap by
collecting pavement structural response data using a controlled truck test immediately after the
placing of aHot Mix Asphalt(HMA) layer.

2. In-depth heavy vehicle tfuck) testing analysis performed over various seasmrestop an
instrumented test sectiomhis gap in researchimits a thorough understanding of the
relationshipsbetweena pavement sectidns s t rrasponsesr oadr various HMA and
ambient temperature$his studywill seekto address this gap by undertaking a more extensive
assessment comparedthat in theexisting literature, where truck tests are typically conducted

duringonly onetesfdaykeason

3. Longterm trends and assessments lohd and environmentablata collectedfor an
instrumented test sectidor a busy arterial roadwaginda look into sensor functionality based
on these trend result¥his study will seek to address this ghpough the collection of real
time data from the instrumented test sectiwrr multiple months and seasarsd assess the

trend results.

4. A comparison between thesponse magnitude and shape of an embedded senstiieand
extent of vehicle tire deviatiob k nown as v e las aHeavy vehickattempisto 0 )
passover that embedded sensoin essencethere is a lack of understanding of how vehicle
wander impacts the pavement sensor respombésstudy will address this gap deliberately
testing sensor responses at various lateral deviations from the senssraadajeveloping

correlations.

5. Thecomparison betweestatic and dynamic pavement resposisaulation methodsespecially
over variousseasonsand speedand how it will compare to embeddednsor fieldresults.
This study will work to address this gap impddling the truck testingperformedover several
seasons in two common static and dynamic paveswodtwareand compang them tothe field

results.

Therefore,this thesis will seek to do this wotlo advancefuture pavement performance prediction

research.

1.2 ResearchObjectives & Methodology

In the realm of smart pavements;situ monitoring offers redime insights into pavement condition,
aiding timely maintenance and averting costly rehabilitation. Unlike traditional methods, it allows

proactive interventions, saving both time and resources in pavement manadgeamermore, irsitu



pavement monitoring lessens the need for frequent surface condition checks and invasive borehole
analysis. It provides personalized, localized data on the impact of loads and environmental factors on
pavement degradation, enabling customized performance predictions atigstadled locations. Lastly,

when enhanced with AI/ML predictive capabilities, these algorithms could forecast the timing of needed
pavement maintenance strategies and continually adjust these predictionstimeaea$ conditions
evolve. With the unpredictable impact of climate change, aging infrastructure, and urban population
growth in Canada, integrating advanced monitoring and predictive technologies becomes increasingly

vital for effective infrastructure management and sustainability.

This research aims to contribute to the implementation of embedded seitborpavementas part
of an improved national pavement management systdmns. is done by providing a comprehensive
assessment dhe implementation data collection, data analysis and database developmrandssesf
an instrumented test sectidncated on Courtland Avenue in Kitchener, Ontario, Canadd his
instrumented test section providesngansto assesand testthe functionality of an embedded sensor
network on an arterial roadwagevelop a framework for sensonplementation collect preliminary
sensor data foboth traffic loads and environmental responaed describe lessons learned for future
projectsand applications of this technolagy

The following research objectivese addressed in this thesis based on the problems described in the

previous section:

1. Synthesizethe historical and recentvorks regardingpavement distressesyrcent pavement
monitoring practices and limitationgexamples of sensors and test sectionpast studies,

applications of pavement performance monitoring and current research gaps.

2. Provide practical documentation of the instrumentation as well as the field and laboratory
testing processes for the pavement section selected for analysis. This section describes the
construction, materials, and procedures used and performed, as well as presents results and

challenges.

3. Conduct a comprehensive, mideasonal assessment of the responses received from the
instrumented test section. Thsattained through a series of controlled truck tests in which
pavement data such as strain, stress, moisture, and temperature data at various truck speeds and
various pavement temperatures were collected. Assessnaeatslone during various

construction conditions, including different seasonal temperatures and pavement structures.

4. Provide detailed strain, pressure and moisture trend results over a period of about nine months

over various seasons to assess sensor functionality.



5. Model the results of several truck tests performed over various seasons in KENPAVE-and 3D
Move software and validate these results with the field measurements to understand the
software's accuracy and reliability in modelling pavement damage under local conditions.

6. Develop correlations between a heawshicles tire position and the pavement response to
assess the impact of wander on pavement response.

7. Develop a rudimentary databasenceptfor the organization and dissemination of the data

collected at thenstrumented test section.

1.3 ThesisStructure

This thesis contains ten chapters

1 Chapter 1: Introduction
U Preserdgthe thesis contexandprovides a statement of the objectives, research and thesis
methodology and summary of contributions.
1 Chapter 2: Literature Review
U Presentsa review & relevantliterature, encompassing topics on common pavement
distressesgurrent pavement monitoring practices and limitatieveral key examples
of previous instrumented pavement sectjomgpical sensors used in pavement
monitoring, pavement performance prediction modefsl climate change applications.
Research gapareexplored.
1 Chapter 3: Trial Section Design and Construction
U Outlinesthe design, rationale, and configuration of the instrumented test section. The
data gathered playa crucial role in the subsequent chapters of this thesis, where further
analysis and interpretati@redetailed.
1 Chapter 4: Constructiofjeld,and Laboratory Testing
U Outlines the results of the various poenstruction/field and laboratory testing actions
and procedures undertaken to obtain further information on the properties of the various
materials in the pavement structure. This sect®uivided into two sections: post
construction field testing and laboratory testing.
1 Chapter 5: Truck Testing Evaluation and Results
U Describes the results from the series of controlled truck tests performed on the Courtland
Avenue instrumented test section. Various test® performed over various
seasons/temperatures and truck speeds to assess the impact on the pavement response.

1 Chapter 6Quality Control for Data Analysis



U Examines the correlatiobetween truck trajectory and pavement respaosestablish a
l'ink between the truck tireds THesetestsugada mov er
truck of known weight and axle configuration to traverse the senstlled test section
at various distances from teensor array
1 Chapter 7Pavement Section Modelling
U Compares KENPAVE and 3DBlove software tools for predicting pavement response in
the project. It involves modelling truck tests conducted across different seasons in both
software programs and validating these results with field measurements to gauge
accuracy and reliability. Additionally, it offers lessons learned and acts as an example for
future test sections with similar needs for simulating and modelling pavement structures
across varying seasons and speeds.
1 Chapter 8in-Service Pavement Performance Trends
U Focuses on trends observed in environmental and traffic load data collected from the
Courtland Avenue instrumented test section since the full deployment of the DAC
system, including sensor installation, power supply, and initial calibration. The primary
goal is to evaluate sensor effectiveness by analyzing the data for meaningful insights and
verifying their reliability. The t er m A p e r fagpa gaeraldezndto describa s e d
the results obtained from moisture and temperature sensors, and the responses obtained
from the load sensors.
1 Chapter 9: Database Development
U Outlines the development of a specialized database for collectingtamag data from
this pavement section and comparable projects. The aim is to create a database concept
that can incorporate artificial intelligence algorithms and ensure nationwide accessibility,
streamlining information dissemination to diverse agencies.
1 Chapter 10: Conclusions and Recommendations
U Provides a summary of the work performed in this project, the contributions of this

research anthe recommendations for future work



Chapter 2

Literature Review

This Chapter mesents a review of relevant literature, encompassing topics on common pavement
distresses, current pavement monitoring practices and limitations, several key examples of previous
instrumented pavement sections, typical sensors used in pavement monitoring, pavement performance

prediction models and climate change applications. Research gaps are explored.

2.1 PavementDistresses

The prevalent "poor" or "very poor" condition thfe majorityof Canada's paved road network can be
attributed to asubstantialdegree of pavement distress. This distress is a natural occurrence in all
pavements and is influenced by various factéhese includéoadrelated factors, such as those imparted

on the pavement structufiem passing heavy vehicle&/hen the road isinder designetbr the current

traffic Equivalent Single Axle Loads (ESALS), where traffic volume exceeds the design capacity, the rate
of deterioration intensifiedn addition,the type of tire, axle position armbnfiguration, as well as the
speed of the passing vehicles can also impact the pavement stj28jure

Beyond load factors, environmental elements also exert a substantial impact on the pavement
deterioration process. Daily and seasonal temperature fluctuations, coupled with phenomena such as
freezethaw cycles, possubstantiathallenges to the structural integrity of the pavement. The expansion
and contraction resulting from temperature variations, especially in regions experiencing extreme climate
conditions, contribute to the development of cracks and other distressltypddition, themoisture and

radiation contenalso contributed to pavement deteriorafia8].

Finally, various design and constructioelated issues further contribute to pavement distress. Poor
drainage practices can lead to water accumulation, compromising the pavement's foundation and
accelerating deterioration. Material deficiencies, construgtitated lapses, and suboptimal design
choices such agpavement layer thicknesses, types pnapertiesalsoplay pivotal roles in determining

the longterm resilience of the pavement structi@].

Figure2.1 shows all of these factors visually and the interplay between each of the factors and how
they relate to each othdn essence, all of the factors do contribute to each other and all need to be taken
into consideration when determining the source of pavement distresses and what maintenance and

rehabilitation methods to use.
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Figure2.1 Factors affecting pavement performance and the interactions between thosdZ8gtors

2.1.1Common Types of Flexible Pavement Distresses

There are various kinds of performance distrefisasimpact both rigid and flexible pavemerithiese
can be classified into several major categories, which in¢listje

1. Cracking fatigue cracking block cracking, edge crackindpngitudinal and transverse
(thermal)cracking,and reflection cracking at joints.

2. Patching and pothate
3. Surfacedeformation:rutting and shoving
4. Surface defectdleeding and raveling
For flexible pavements,some of themost addressedlistresses include ruttingransverse and

longitudinal cracking, fatigue cracking apdtholeg14].

2.1.1.1Rutting

Rutting typically shows up as arface depression present within the wheel pa#). When permanent
deformation occurs in any of the pavement layers or subgtjeuts carappearThere are three kinds
of ruts that can appear, which incly@d:

1. Mix Rutting: rutting that occurs within thelMA layer, typically because ofmix/compaction
problems.

11



2. Subgrade Ruttingutting that occurs due to consolidatias a result of loading.
3. Densification:rutting that occurs as a result of poor asphalt compaction deoimgjruction.

Figure 2.2shows examples of all three of thessting types.

Wheel Wheel Wheel
Loads Loads Loads

Aggregate Base Aggregate Base Aggregate Base

Figure2.2 Examples of Mix Rutting (left), Subgrade Rutting (middle), and Densification (rig#t)

2.1.1.2Transverse Cracking

Transverse cracking typically shows up as craaksoss the lanes of asphalt, perpendicular to the
direction of traffic. This kind of cracking is also called thermal cracking sithe main cause of
transverse cracking the shrinkage of the HMA layemder cold weather conditiog5]. Figure 2.3

shows an examplef a transverse crackituatedpoerpendicular to the direction of traffic.

Figure2.3 Example of a transverse crack across the surface of a pavement s{@ijture
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2.1.1.3Longitudinal Cracking

On the other hand, longitudinal cradigpically show up as cracks that are in the same direction as that of
the traffic passing on the pavement surfaoe.example isshownin Figure 2.4. Because pavements are
typically constructedby pouring out lanes of pavemefseeFigure 2.5), the joints where théanes of
pavement meet beconageas sensitive toads if poorly constructef6]. Other potential causes include
HMA fatigue and topdown crackind26].

Figure2.4 An example of longitudinal crackinfg@6].

Cold Lane
150 mm (6 inches)
Paver screed slightly

overlaps the cold lane by
about 25 mm (1 inch)

—
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Roller

wnl\\\ U
#A) MII

Hot Lane

/]

©2003 Steve Muench BEST PRACTICE paver
Figure2.5 An example of how to properly pave a roadway to minimize the appearance of longitudina[28hcks

2.1.1.4Fatigue Cracking

Fatigue cracking, an extension of transverse and longitudinal cracks, manifests as a connectefl matrix
cracksthat areeither localized othat span the pavement. Various factors contribute to its occurrence,
such as a decline in load support characteristidie granular layer§27]. Repeated traffic loading or

13



increased loads beyond pavement design capacity are common §i&jgei$e manifestation of fatigue
cracking differs in thin and thick pavement HMA layers. In thin pavements, cracking initiates at the
bottom due to heightened tensile stresses, progressing dpvearded bottorrup fatigue cracking. In

thick layers, cracks result from repeated pressures by heavy vehicles on the surface, knowlowas top
fatigue cracking27]. An example of this distress sfownin Figure2.6.

Figure2.6 An example of fatigue crackin@7].

2.1.1.5Potholes

Finally, potholes arpavement distresses that appkarthe most parbecause ofmoisture accumulation
and the inability of the HMA layer to support freebaw loads,due to insufficient thicknessin

example of this distress $hownin Figure2.7.

Figure2.7 An example of a potholR8].

2.1.2Critical Response Pointswithin Pavements

To ensure apavement design minimizes the distesssnentioned earlier, a crucial step involves
understanding the critical response points within flexible pavement structures. This understanding is
pivotal not only foraccuratelypredicting pavement performance degradation but also for strategically
placing instrumentation in instrumented test sectidigure 2.8 provides a visual representation of a

14



basic flexible pavement structure, featuring a tire symbolizing the load on the pavement. The diagram
illustrates five key points in the pavement structure influenced by applied loads, based on layered elastic
theory.It was developed by the FHWR9].

¢
2

1
20
93
|
Base o4
]
5
|
Subgrade i

1. Tensile horizontal strain at top of HMAlaver

2. Compressive vertical stress/'strain within HMAlayer

3. Tensile horizontal strain at bottom of HMA laver

4. Compressive vertical stress/strain within the base 'subbase lavers

5. Compressive vertical stress/strain at the top of the subgrade

Figure2.8 Critical response points in a flexible pavement strudi2@g
Examining these points, the first and third points on the surface and bottom of the HMA layer,

respectively, play aubstantialole in determining fatigue cracking. The horizontal tensile strain at these
locations is crucial. When a load is applied, the asphalt layer acts like a beam, experiencing tension at the
bottom and compression at the top. In flexipéyementwhendeflection occurslue to load applicatign
compressive horizontal straforms at the top and tensile horizontal strdomms at the bottom of the
HMA layer. Given the weaker tensile strength of asphalt, the bottom of the asphalt layer becomes
particularly critical.In cases of tensieimduced issuegracksare more likelyto initiate at the bottom of
the asphalt layer than the top. Additionally, attention must be given to deflection in the vertical direction
at the top of the pavement layer.

Moving to points two, four, and five, the focus shifts to compressive vertical stress and strain within
the HMA layer, vital in assessingtting failure [29]. The top of the subgrade layer emerges as the most
critical point among these, as excessive deformation at the bottom could lead to the appeanstirag of
and is closely related to fatigue cracking. Therefore, meticulous consideration of vertical stresses and
strains is paramount in pavement design.
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2.1.3Pavement Distress Impact on Pavement Performance

Once a pavement section is constructed, deterioration sets in due to various forces, especially load and
environmental factors, leading to pavement distress as discussed in the previous section. Without
maintenance and rehabilitation actions integrated into a Pavement Management System (PMS), the
pavement structure will degrade over tinfiégure 2.9 illustrates the deterioration process of a road,
representing it as a function of a condition rat{sge Sectior2.2.1), and the pavement's age. The
condition rating assesses the pavement section on a scalesdrgngood (newly built) tovery poor
(unusable) As a pavement degrades and goes from very good to very poor, the rate of deterioration
increases, and maintenance and rehabilitation actions become more and more nédessaryame

time, the costs of the maintenance and rehabilitation activities will also become more expensive, with
initial deteriorationrequiring minor repairs such as seals, and heavy deterioration recaétinogs such

as fulldepth reclamation aeconstruction.

Pavement deterioration curves play a crucial role in developing and understanding pavement

performance prediction models,iasliscussed in future section.
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E 70% of e ik, LI
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Figure2.9 General pavement deterioration curve as a function of pavement condition g80Jage
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2.2 Current Pavement Monitoring Practices and Limitations

2.2.1Condition Surveys

At the end of Section 1.1t is highlighted that a key element of a PMS is the Condition Suwhich

involves evaluating current road conditions and recording them for future analgsiscies utilize this

data to create precise pavement performance deterioration models. Subsequently, they establish
thresholds and criteria to identify the allocation of resources within a pavement network.

Two types of pavement condition assessments [dkt

1. ProjectLevel Assessmentoncentrate on designated sections of the pavement network, where
comprehensive lab and field data are collected during scheduled projects. These assessments
include technical and economic analyses of project alternatives, leading to the selection of
options, detailed quantities, and the development of costs and schedules. Essentially, a project
level investigation scrutinizes the specifics of deterioration within a small section of the

pavement network.

2. NetworkLevel Assessmentover a broader scope than project level surveys, encompassing
more roadway in their evaluation. These surveys involve creating a comprehensive database of
historical distresses and conditions across the network to develop performance prediction
models. Alternatives are identified at a more general level, and priority programs are

established in this context.
Typically, the type of pavement condition data collected incl{@#s

1. Distress Data: assessing the visible distresses presentanrfinee of the pavement.

2. Structur al Capacity: assessing the pavementd
loads.
3. Surface Characteristics: assessing ®©Gdme paven

condition indices that follow from this inclug@1]:

a. Pavement Condition Index (PCIx method developed to assess the integrity and
operational condition of pavements. It uses a numerical scale from 0 (failed) to 100
(perfect) based on visual surveys. The index considers distress type, severity, and
density on the sample unit. While ensuring accurate results, the PCI requires precise
input data and is influenced by human capacity for distress detection, making it a time

consuming process.
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b. International Roughness Index (IRIa standardized measurement of pavement
roughness. It classifies ride quality based on the longitudinal profile of the wheel path.
IRl is calculated g t hfei | t ered ratio of the accumul a
suspension divided [3kp. 51 PFawmentrraugheebsascruail st a n «
for ride quality, comfort, andafety.Unit: m/km or in./mi.

c. Present Serviceability Index (PSB:metric employed to characterize thenctional
performanceof a pavement in terms of ride qualifyerformed by visual inspectiott
assesses the road's capacity to accommodate traffic, considering various factors like
slope variation, rut depth, surface cracking, and patched @8anffers a holistic

appraisal of pavement conditions, addressing safety and comfort concerns.

Datacan becollected through either destructive or ragstructive testing. Destructive testing involves
damagingthe pavement structure to assess what's underneath, providing insights into material quality,
layer thickness, and potential damage. Mdestructive testing uses various technologiegisual surveys
to assess pavement condition withdamagingthe structure Non-destructive methods are preferred for

networklevel analysis, while destructive methods are commonly used in pleyettanalysig14].

It has been found that tloeirrentcondition survey assessment process has issues with data quantity,
data quality, and data consisterg¥]. It is currently quite expensive to collect large quantities of diata
a regular basjgherefore agencies need to budget how much data they want to collect. In addgion,
important that the data being collected is accurate otherwise there could be an erosion of confidence in the
system of pvemenimanagement. Finally, there appears to be a lack of standardization when it comes to
pavement performance assessments. This is because there's many approaches to doing thismdirrently

depending on the agency and equipment being used, the conditions being assessedllegn vary

2.2.2Destructive Testing Methods for Structural Capacity Assessment

As this Smart Pavement project specifically focuses on structural response thrpagbment
instrumentation methods for structural capacity analysis, whether destructive edesiructive,are

discussedo understand current practices.

Destructive testing methods for structural capacity analysis, including trenching, coring, and auguring,
are employed by pavement agencies to accurately assess problematic pajd@hdrts allows them to
gather materials for subsequent laboratory testing-déstructive testing methods, discusse&dation
2.2.3 struggle to differentiate between layers in a pavement structure, makhmegl@énging to pinpoint
problematic layers without cutting open the entire strudi®@g The variations in destructive evaluation

methods primarily revolve around how the pavement structure is cut, as detailed in the following sections.
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2.2.2.1Trenching

Trenching involves making a rectangular cut into the pavement structure, excavating deep enough to
remove the HMA layer and collect samples from the granular layers aRjwif needed, the trench
walls can be further cut to assess underlying layers. Refégtme 2.10 for an illustration of the trench

cut procedure.

Figure2.10 Images showinghetrenching process; cutting a trench (left) and the vigielech layergright) [32].

2.2.2.2Coring

In this procedure a core sample is extracted using a core rig. The cotggiclly 4 to 6 inches in
diameterand are tested using a Hamburg test or an overlay test if re{@@jedn example of coring the

pavement structure can be seefigure2.11.

Figure2.11 The coring of a pavement section using a cor¢32g.

2.2.3Non-Destructive Testing Methodsfor Structural Capacity Assessment

As compared to destructive testing, raestructive testing methods are faster, less damaging to the
pavement structure, and more cost effecthe mentioned byarimi andMallick [17], there are several
kinds of NDT's, such as the falling weight deflectometer, lightweight deflectometer, ground penetrating

19



radar,Benkelmarbeam deflection, seismic pavement analyzer, dynamic cone penetrometer, road surface

analyzer, time domain reflectometstc Two examples are shown in the negttions.

2.2.3.1Falling-Weight DeflectometersHWD) and Light-Weight Deflectometers (LWD)

A Falling Weight DeflectometefFWD) attempts to replicate the loading from a standard truck on the
pavement surfacdt works by applying an impulse load, ranging from 4.45 to 156 kN, with a pulse and
measuring their verticainddeflection responsés a radial fashion from the loading afi/]. Variations

like Light Weight Deflectometer (LWD) andieavy Weight Deflectometer (HWD) cater to different
impact load417], with LWD being suitable to be performed by hand &WD being suitable for airport
pavement evaluation. The elastic modulus of pavement layers is determined through an iterative process
[17]. A diagram of an FWD is shown Figure2.12.
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Figure2.12 How an FWD function$17].

2.2.3.2Ground Penetrating Radars (GPR)

GroundPenetrating Radar (GPR) functions by transmitting {iigquency electromagnetic waves that
reflect from boundaries with varying electromagnetic propertfasious material propertiesncluding
permittivity, conductivity, and permeability, influence the time and velocity of wave travel,derovi
information on the depths of reflected interfagEg]. GPR is widely used fammasks such as measuring
pavement layer thicknessesid understanding the objects located beneath the pavement strActure

diagram of a GPR ishownin Figure2.13.
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Figure2.13How a GPR functionglL7].

2.3 PavementM onitoring and Instrumentation

As was discussed at the beginningSettion0 and inSection2.1.3 dueto a variety of factors such as

traffic loads, environmental conditions, and issues with design and construction gdavement
structures the formation of various distress@sg., rutting and fatigue crackingan occurjeadingto
excessive stresses, strains and deflections at the critical response points of a pavement Btresture
distresses can accelerate the aging of a specific pavement section within a network, leading to premature
failure. This is why concepts such as PM and PMS exist and incorporate ideas such as pavement
performance prediction tdiscern the likely point of failure for a given pavement section based on
prevailingtraffic and environmental conditions. Being able to better predict the point when a pavement

section will fail allows for the timely implementation of maintenance and rehabilitation actions.

As was previously discussed, current methodpavement condition assessmardy not accurately
predict pavement responses due to ¢basistentlyvariable nature of traffic and environmental load
changes that most, if not all, pavement sections expermmeeheir service lifeBecause of this, current
condition assessment methods cannot keep up with the changes and may collect inaccurafiéhiesults.
has been shown in the literature, such as in Tighe, Huen and23ash o acknowl edged t he
variability of pavement material properties and the lack of precise measuring of traffic load and
envir onme n[23ad. 33@)Whereitcconge® to the development of performance models and the
data that should be included within theiingeneralcalibration factorsand performance data are applied
and utilizedduring the design process is donaising the current methodthen it is more likely that a
pavement section wilexperience premature failufd@7]. That is whydata collected in redime is
extremely importanto generate accurate pavement life predictions and to be able to use resources the

most effectively in local projec{d7].
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Implementing irsitu pavement instrumentation offers a valuable means to ghikeealtime data on
specific pavement sections or networks, enhancing the calibratidrperformance predictigorocess

[17]. With the implementation of instrumented pavement sectimasglern tools like Al and ML can be
incorporated as part of pavement performance prediction to automatically predict and notify pavement
engineers when certain pavement sections may require mitigation str2@gies

Beyond predictive maintenance, these instrumented sections can also identify overloaded trucks on
pavements, quantify their impact, and promptly notify relevant ageficiésAdditionally, the system
can signal when a road section experiences hitjffzerdesigned redime traffic and load$17]. There
have also been indications from the literature that the benefits of instrumented pavement sections can
contribute to the design of perpetual pavements, which are meant to withstand their design loads for long
periods of timeas described in detail by Karimi and Mallifk7]. Pavement instrumentation can help to

evaluate the endurance limits of currenséarvice pavements for a specific geographic location.

And considering the increased concerns regarding climate change and the need for resilience, real time
payment response data can help designers understand the effects of environmental stressors like high
temperatures, increase the moistwets,. [19] [17]. As mentioned byKarimi and Mallick, the use of
embedded payment instrumentation can lead towdtbs construction of genuinely sustainable
pavement$[17, pp. 0312300-1].

2.3.1Sensors used within Instrumented Test Sections

For an instrumented test section, practitioners can choose from a range of sensors based on their specific
data collection needs. The literature explores various types, locations, and arrangements of sensors, with
the selection depending on the practitioners' requirenfi@Blk$15] [17] [34]. These sensors can measure

diverse physical parameters in the pavement structure, including stress, strain, deflection, moisture, and

temperature.

Strain sensors are valuable tools for measuring critical strains in pavement structures under dynamic
loading, particularly those located at the bottom of WA layer. These sensors play a crucial role in
assessing fatigue failure, rutting, and permanent deformations in flexible pavements, which often result
from high tensile strains at the bottom of the asphalt I84r By monitoring pavement response over
time and indicating strain evolution, strain sensors enable practitioners to make predictions related to
fatigue and ruttind15]. When it comes to measuring strain in the pavement structure, the choice of
sensors depends on whetltas in bonded or unbonded layers. In bonded layers, common strain gauges
include foil gaugesH-gauges, and strain coils. On the other hand, for unbonded layers, inductive coils

and LVDT-type strain gaugeare commorj34]. A key concept in many strain gauges is the Wheatstone
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bridge, which generates voltage and measures strain. The bridge allows for changes in resistance, altering
the voltage of a transducgt7]. When one resistor is unknown, that's where the strain measurement is
derived.

The equation of a Wheatstone bridgglig):

(1)

4%

Where G = gauge factof,is the strainpR is the change in strain gauge resistance and R = unstrained

resistance of the strain gaugégure2.14 shows a typical schematic of a Wheatstone bridge.

A
R1 .« > R3
Vin C- Vout *D
R2" "Rx
B

Figure2.14 Wheatstondridge schematifl7].
Pressure sensors or pressure cells measure the compressive stress in the road structure, and these are
typically placed in the granular layers or unbouaygers[15]. There are several kinds of pressure cells
and the two most common are hydraulic and diaphragm haéedhe hydraulic pressure cells have two
steel plates filled with a liquid and the pressure is based on the liquid pressure that is measured within the
sensor. A diaphragibased pressure cell has a stiff ring that supports a diaphragm which induces

deflection and thusanbe translated into a pressure measurefi3dit

Deflection sensors play a crucial role in assessing how the pavement structure responds to load. They
prove instrumental in determining both the structural layer stiffness and the subgrade resilient modulus.
Deflection sensors come in various categories, including acceleration measuring sensors, velocity
measuring sensors, and deflection measuring seffsThe first two categories necessitate signal

integration before deflection measurement, whereas the last category directly measures daflection

Moisture sensors pick up changes in moistwithin the various layers of the pavement structure,
typically the granular and other unbound lay@&isisture is a key indicator for water accumulation which
is detrimentalto the pavementstructure With moisture sensors, the electric pulse is affected by the

moisture contentTypically, when there's more moisture, the signal will run more slowly indicating that
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there is a higher moisture cont¢h?]. Therefore knowing the moisture content of the instrumented test
section can provide further insights.

Temperature sensors are instrumental in monitoring the temperature of differen{1&yeasnd their
placementsubstantidy influences the data they capture. Temperature plays a pivotal role in structural
responses, impacting factors like strain, displacement, and prg¢$Slrdy gaining insights into the
temperature variations within pavement layers, a more comprehensive understanding of the reasons

behind specific pavement responses can be achieved.

The most common sensors that are used in an instrumented test section are destaibled.ihalong

with informationregarding the sensor and an image to depict what the sensor looks like.

Table2.1 Most Common SensofFypes( [15] unless otherwise mentioned)

Sensor Name Sensor Information Image
HASTSs, positioned at the bottom of

bituminous layers, measure horizorghin

magnitude in pavement under dynamic

loading.The sensordi-shaped design

improves anchoring in asphalthe central bar,
comprising one to four active strain gauges i

various configurations, contains the sensitivt Anchors «
part.

Sensitive
part

Horizontal
AsphaltStrain
Gauge(HAST)

= 80 mm

= 100 mm

Under strain, the anchors elongate the cer
bar which produces a resistance variat
based on the gauge factor (GF), a measur
sensitivityto strain

Like their horizontal counterpart§ ASTs

consist of a sensitive part held between two

circular plates. The bottom plate stabilizes tt « End plates
sensor, while the top plate evenly transfers t [
load to the central bar. This sensor also Sensitive
includes a sharp stake for insertion into the part
underlying layer, operating similarly to

HASTs. HoweverVASTSs statistically exhibit

a lower survival rate compared to their

horizontal counterparts.

An FOSemploys an optical fiber connected t

a light source for detecting specific quantitie:

These sensors, valued for their small size,

flexibility, embeddability, and resistance to Optical Fiber "\
electromagnetic interference, provide crucia m _ i n
information about pavement conditions. The \/fRercore —
enable higkprecision local or distributed strai

measurements and come in discrete, quasi

distributed, and distributed configurations.

Vertical Asphalt
Strain Gauge
(VAST)

= 50 mm

+ Positioning
stake

Fibre Optic
SensorgFOS)
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Linear Variable
Differential
Transformer

(LVDT)

LVDT s measure vertical road pavement
deflection by converting relative displacemeil
into voltage. A securely anchored reference
rod minimizes surface loadirgduced
deflection. Options include single layer
deflectometers (SLDs) for specific layer
measurement and mullepth deflectometers
(MDDs) for assessing deflection at various
points in the pavement structure.

[35]

Accelerometers

An accelerometer measures velocity change
one or multiple directions, allowing for
pavement deflection calculation by double
integration of the signal. Unlike LVDTSs,
accelerometers don't require a reference poi
as acceleration is an absolute value. The de
consists of a mass connected to a spring,
experiencing acceleration under applied forc
with displacement proportional to acceleratic [36]

Geophones

Geophones measure pavement displacemel
velocity under moving loads, obtaining
deflection response through signal integratic
Comprising a mass connected to a spring ar
coil, geophones induce voltage proportional - Coil
displacement velocity. They exhibit nonlinea » Magnet
response and amplitude attenuation below tl
natural frequency, limiting measurements to
frequencies above a minimum threshold.

» Spring

Thermocouples

Thermocouples are the most used probes fc
pavement temperature measurements. They
function based on the small voltage generat
at the junction of two dissimilar metals, a
voltage that varies with temperature. Various
types of thermocouples, such as K, E, or T,
provide a wide temperature range for
measurement, albeit with less accuracy
compared to other temperature sensors.

Thermistors

Thermistors, with resistance dependent on

temperature, exhibit greater sensitivity than

standardesistors. While they operate within ﬂ
narrower temperature range than other sens B

they enable more precise measurements.

[35]
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TDR probes, the prevalent moisture probes,
operate on time domaneflectometry. They Ferrite
send an electric pulse through a waveguide, core
and its progression reflects the moisture
Moisture Probes content in the pavement. The reflected pulse
detected at the end of the waveguide,
correlates with moisture content. This device
achieves a{0100% water content measureme
with 1% accuracy. _ Needle2 [|

Sensor
~Needle 1 body

U [37]

Two main types of pressure cells are hydrat

and diaphragm based. Hydraulic pressure ¢t —

consist of two steel plates filled with liquid, e

and the pressure is determined by measurin :
Pressure Cells the liquid pressure within the sensor. In —— .

contrast, a diaphragimased pressure cell 3

involves a stiff ring supporting a diaphragm,

which undergoes deflection, translating into e TP [17]

pressure measurement.

WI M sensors record of vehicles Axel respor

and is able to sense the weight of vehidieis.

meant to ensure the weight of vehicles that :

using a specific roadway to make sure that Q\Q
Weigh In Motion they don't exceed the design loads. There a
(WIM) [17] four types of sensors and each one can

accommodate various speRRdngers. They're
typically applied over the lane &
perpendicular direction to the direction of
traffic

DAC's collect all of the data acquired in a
specific sensor configuration. They
continuously monitor the sensors for respon:
collect and store the data as well. They are «
to differentiate typically between different
sampling frequencies, aiitds recommended
that sensors collecting environmental data h
lower sampling frequency than those that ar
collecting load responses. Typicaliiis
installed in a waterproof cabinet.

Data Acquisition
System (DAC)
[17]

A visual representation of previously mentioned sensors within the context of a pavement sgucture
provided inFigure2.15. It illustrates the typical placement of sensors relative to layer types. For instance,
strain gauges are strategically positioned to capture strain at the bottom of the asphalt layer. Pressure cells

find their usual locations in either granular base and subbase layers or in the subgrade layer. Meanwhile,
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MDDs span the entire pavement structure, including the subgrade. Incorporating a weather station is
crucial for recording ambient temperature, complementing the temperature sensors distributed across
asphalt layers. In the absence of an accurate weather system, it is advisable to utilize a specified weather
station. Additionally, WIM sensors are commonly situated at the top of the asphalt layer, aligned with the
path where axles will traverse.

Dual Wheel

AS.G f—f Sy s/ T.8 AC Layer
T Granular
S — “ Base and
m Subbase
 — \‘ MDD
EPC £ Subgrade
e S.CG E
M.S @

WIM: Weigh-in-Motion Strip
A.S.G: Asphalt Strain Gage
E.P.C: Earth Pressure Cell

S.C.G: Soil Compression Gage
MDD: Multi-Depth Deflectometer

T.S: Temperature Sensor
M.S: Moisture Sensor
W.S: Weather Station

Figure2.15 Typical locations of common sensor types located in a pavement striictire

2.3.2Previous Examples ofPavementl nstrumentation

While early pavement instrumentation research began in the late 1960s, itwasn'tun8l th® 6 s t hat
research really acceleratgid], such as with the review on instrumented sensors presented by Tabatabaee

and Sebaaly34]. The foundational project where many sensors were implemented in a pavement section

at the same time was the Virginia Smart Roads project in 2004H@Bdwing this,studies by different

authors highlight the application of instrumentation in understanding pavement response to dynamic

loads, traffic speed effects, and the validation of finite element modaimus pavement sections are

built and involve the use ofarious sensors and gauges to measure strain, stress, temperature, and

moisture in different pavement layerShe following sections will describe three examples of

instrumented sections and the results and conclusions that camedmm th

2.3.2.1The Virginia Smart Road

The Virginia Smart Road, conducted by the Virginia Department of Transportstareen 1998 and
1999 is one of the first comprehensive instrumented pavement sef3@n4d 5]. It shows the feasibility

of measuring flexible pavement responses to loading. Spanning 3.2 kilometers, the road incorporated 12

27



monitored sections with various embedded sensors during construction. Strain gauges, pressure cells,
thermocouples, TDR probes, and resistivity probes were integrated into the instrumentation, accompanied
by a data acquisitioaystemand specialized softwafer data acquisitionnanagemeni&nd processing.

Data was collecteduring the compaction procesmdduring a controlled truck testinning at various

speeds during various parts of the {28 [15].

During compaction, the acquisition revealed higher horizontal strainghéthresence of compactor
vibrations [39]. Subsequent experiments with a loaded truck examined pavement responses under
different conditions. Findings indicated an exponential increase in measured vertical stress under the
HMA layer with rising temperature. Strain exhibited a similar exponential increase with temperature, and
speed affected measured horizontal transverse &tdenreasing speed led teabstantiaktrain increase
[39]. A finite element model, considering effective bonding conditions, was used to predict pavement

response, aligning well with experimental res[89].

2.3.2.2The Instrumentation of the A41N Highway in France

As part of a collaborative research effort, the French highway A41N undeivggnimentation during
maintenance operations in 20/4®] [15]. In this project, two sections of the highway were equipped with
47 strain gauges (horizontal and vertical asphalt strain gauges), 12 temperature probes, anyp&BGs
of Fibre Opticsensork[40]. These sensors were strategically placed at various depths within the road
structure to gather information about the wearing, base, and sublyase Tworows of sensors are
installed, one in the right wheel path and the oitn¢ine middle of the right traffic lan@0].

During an orsite measurement campaign with a known loading truck, passages were conducted at
speeds of 10 km/h, 50 km/h, and 90 km/h, and along 3 different trajectgri2y (15]. This aimed to
evaluate the structural behavior of the pavement under varied conditions. Notably, no sensor losses were
observed during the stud¢5]. Analysis of the data collected revealstantiainfluences of vehicle
speed and truck trajectory on measured strains in flexible pavergentisistance, for the testirajong
three different trajectories, thresultsindicate thathe strains are much higher when the load is directly
above the sensors and similar respaisges occur when load axles are ovettiepsensors directfy0].

When testing at different speeds, the resotiscluded that an increase in speed causes a decrease in
strain[40].

2.3.2.3Instrumentation within the US287 near Mansfield, TX

The location for this instrumented test section wadighway US287, south of Mansfield, Texas, near

the intersection with US60. In 2018, four longitudinal and four transverse strain gaugese installed
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in a straight | ine al,amwglanl6smmto tieelrighbostherrighitedigath wh e e |
[41]. Figure2.16 shows the plan view of the instrumented test section used in this project.
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Figure2.16 Plan view of the pavement instrumentation setup for this prpjégt
In order to test the sensoestruck test took place where seven passes were made at approximately 80
km/h with the FWHA Class &ruck aiming to position its right wheels over the sensor arrays. Since the
lateral position varied between each truck passed, video recordingsakeneand pavement markings
were created to determine the truck's lateral posfddh At the same time HMA temperatures were
taken using a thermomet@&train signals for each test were extracted, and a Finite Element Analysis was
performed of the test section to compare totdsted resultsMajor findings includd that bngitudinal
and transverse strains consistently stayed below P&ell below the literatureeported endurance limit
of 70¢ §)[41]. In addition, tansverse strains were slightly larger than longitudinal strains, likely due to
axle-induced strairaccumulation in the transverse directiopposite of what was predicted in the FEA.
Finally, since no control fowanderwas made, the authors noted thatgitudinal and transverse strain
values variedsubstantidy between vehicle passes, attributed to variations in the lateral position of the
vehicle relative to the gauge locatiddg].

2.4 Application s of Pavement Performance Monitoring

Section 1.1 highlighted several primary applications of integrating sensors and other instrumentation
within pavement structureswhich not only enhance the efficiency and timeliness of pavement
management systems but also introduce advanced functionalities. One notable application involves the
utilization of artificial intelligence and machine learning. These technologies facilitate the development of

pavement performance prediction models that adapt to changing factors, including age, traffic patterns,
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and environmental conditions. These models continuously "learn" from incoming data, ensuring ongoing

relevance.

Furthermore, the continuous collection of data haelalsstantiaimportance in the context of climate
change. Over the years, the accumulation of sufficient data allows the creation of performance prediction
models tailored to specific conditions within a pavement network. This proves crucial in forecasting the
impact of climate change on pavement structures under various scenarios. These predictive models guide

agencies in determining proactive mitigation measures based on anticipated degradation.

The subsequent sectioasplore these two topics further.

2.4.1Pavement Performance Prediction Models

A pavement performance prediction mowatstablisked based oa correlation between factors like age,
traffic load, and material properties to the gradual degradation of the pavement o\é@firtte primary
objective is to forecast future pavement deterioration, encapsulated within an equation representing the
evolution of pavement conditiofrigure2.17 from [43] provides a visual representation of this concept,
similar to the pavement deterioration curve depicteldigure2.9. Notably, the model extends this curve

by predicting future deterioration from a point poststruction | a b e | .eAdknoWwldtging gpast
deterioration and considering the remaining time within the initial service life, the model forecasts the
trajectory towards a minimum acceptable deterioration point, as defined by indices like PSI. The
pavement performance model, based on the current level of deterioration, aims to estimate the time until
reaching this minimum point and strategically determine when rehabilitation alternatives should be

implemented43].

Prediction of
4 future
deterioration

~§‘ /
Measure . N
of Past g S * J | Rehabilitation
deterioration deterioration ‘\\ \\ alternatives
(i.e., PSI) o N N
Minimum N
acceptable P
| Remaining initial
| Servicelife
T T B
Time of Now Needs
construction year

Pavement age/accumulated axle loads

Figure2.17 Pavement performance deterioration curve, showing how prediction of future deterioration and proposed
rehabilitation actions will affect the pavement conditié8].
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As mentioned in th&@ASHTO pavement management guidepavement performance model is going to
predict one of three things. These include either the distress giudant- typically some structural
distress like fatigue cracking or runninig.can also predict the individual pavement conditindices
such as théRl. Finally, can also predict som@mmpositeindices like PC[14]. All three kinds have their
advantages and disadvantages which need to be considered when developing a specjfidimodel

Next, the selection of the model type becomes crudialur traditional approachesinclude
deterministic models, probabilistic models, Bayesian models, and subjective njbdklsThese
categories can be broken down further into mechanistic, mechanistic empirical, or empirical models,
depending on whether they are rootecpatvemen behavior, experimental results, or a combination of
both. In the realm of pavement performance prediction, the preference often leans towards mechanistic

empirical model$14].

2.4.1.1Incorporation of ML and Al

Machine learning techniqueand artificial intelligencehave become andew method for pavement
performance predictioto facilitate the prediction process due to the inherent nature of prediction in
machine learning22]. As mentioned in the work by Kangsing Al and ML can help the prediction

models perform better than traditional modeiz).

The development of a pavement performance prediction model through machine learning involves five
key steps, illustrated ifrigure 2.18. The initial step is data collection, achievable through various
methods outlined if42], such as utilizing agencies, public sources like ltbag-Term Pavement
Performance TPP) database, or employing pavement instrumentation. Once data is gathered, the
subsequent step is data preprocessing. This involves techniques to ensure a complete, clean dataset
suitable for the learning process, including time series preprocessing, sampling, addressing missing data,

and cleaning to eliminate inconsistencies.

Following data preprocessing, timeodelling step ensues, utilizing diverse algorithms like random
forests, decision treessupport vector regression, and nearest neighbor regression. These algorithms
effectively capture the relationship between input factors and pavement degradation performance. The
subsequent step is evaluation, involving an assessment of model results to identify peseesaind
enhancements. This may entail gathering more data, improving data quality, or adjusting algorithm

parameters to better reflect model properties.

Upon completion of these steps, the final model is obtained. Subsequent itrpirting data andiew

data into this model enables tmediction of pavement deterioration
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Figure2.18 Steps in the development of a pavement performance prediction model using machine [€2fning

2.4.2Consideration of Climate Change Effectan Pavement Performance Prediction

As statedin a studyby Maadani et al. in[44], climate change is alreadgausing issues for the
transportation sector. The areas of most concern include increased rutting and bleeding due to high
temperatures,ncreased deformation due to fredhaw cycles andincreased depressions due to

precipitation and floodingg4].

Engineers now rely on advanced mechanistic design toolshé&lechanistiEmpirical Pavement
Design Guide, oMEPDG, to incorporate climatic data and design parameters into road performance
assessments. The Enhanced Integrated Climate Model (EICM) within MEPDG mandates at least one year
of actual weather station data, including hourly parameters such as air temperature, wind speed,
precipitation, sunshine percentage, and relative humidity throughout the road's design life. Solar radiation
and relative humidity are indirectly or directly obtained from climate mddéls

However, asubstantialimitation identified in the studyy Maadani et al. if44] is that the road
design life often exceeds the available weather time series for performance prediction. This leads to the
recycling of the same period weather history, raising concerns about the accuracy of predictions. To
address thisgcurrently theLongterm Pavement Performance (LTHR)used togather hourly weather
data from stations across the United States and Canada, spanning over Thgeae still issues with
this strategy, however, aecasional gaps and errors in the data pose challenges when used as inputs for
MEPDG weather assessmej#s].
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Effectively utilizing available MEPDG climate data fileemain challenging, primarily because
weather station data typically lacks the required hourly time intervals for climatic loading parameters. The
paper highlights that some literature uses shorter time intebedlgyen this may not be enough in some
cased44]. Here,the use of continuous climatic data collected for a specific section would be ideal, likely

improving prediction accuracy.

Moreover this study expresses that there exastsitical gap in understanding how to account for local
conditions, materials, construction quality, traffic characteristics, and seasonal fluctuations in moisture
and temperature within road layddst]. The impact of these factors on road response remains unclear,
emphasizing the need for a more comprehensive approach that considers the interplay of various variables

for accurate road performance assessnidats

2.5Research Gaps

The literature review reveals that embedded instrumentation for monitoring pavement conditions has been
an established practice for decades. However, recent advancements-afi-thtat technologies like

artificial intelligence, machine learning, and big data have reignited interest in this area. These tools offer
easier access to understanding the potential benefits of using embedded sensors to collect and process
pavement performance data on a large scale and tinmealDespite this progress, the research area still

faces limitations and gaps, some of whighddressed in this thesis, while others remain topics for future

investigation.

For example, none of the previous projects in this literature review accounted for the effects and
responses of sensors during the construction phase and sensor installation. This omission largely stems
from the fact that most projects incorporated sensors into existing pavehelite these projectghis
study integrates sensor implementation as part of the roadway reconstruction, @ogeblsevaluaion
of sensor responses while the pavement immediately after installaéienplanned and considered
allowing for data collection during this critical phase. Comparing this construction phase data with other
tests conducted in various seasons will help shed light on how loads impact the pavement structure during
this phase compared to cooler seasonal conditinis. studyaddressethis gap by collecting pavement
structural response data using a controlled truck test immediately after the pouifiegimtial HMA
layer. In addition, the literaturéypically only presentsensor respons#ata gathered over a short period,
such @ one or a few daysThis gap in research limits a thorough understanding of the relationships
bet ween a pavement sectionb6s structural Thiss ponse:c
studywill seekto address this gap by undertaking a more extersdgessment comparedtitat in the

existing literature, where truck tests are typically condudtgthg only one test/day/seasdro do this,
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an indepth heavy vehicle (truck) testing analysss performed over various seasons overtbp
instrumented test sectioAlso, there is currently not much research exploring trerterm trends and
assessments @dad and environmentalata collectedor aninstrumented test sectidar a busy arterial
roadway and a look into sensor functionality based on these trend results. This study will seek to address
this gap through the collection of reaahe data from the instrumented test section over multiple months

and seasons and assess the trend results.

Next, there is a lack of understanding of how vehicle wander impacts the pavement sensor responses
This study will seek to address this gap by deliberately testing sensor responses at various lateral
deviations from the sensor arrays and developing correlafianglo this, a comparison between the
response magnitude and shape of an embedded sensor and the extent of vehicle tire deviation (known as
vehicle fiwander o) as a heavy vehi Al$ogheraisveglittet s t o
exploring thecomparison between static and dynamic pavement response simulation methods, especially
over various seasons and speeds and how it will compare to embedded sensor fielthisssitaly will
work to address this gap bgodellingthe truck testing performed over several seasons in two common
static and dynamic pavement softwémamely, KENPAVE and 3iMove) and compare them to the field

results.

One of the primary obstacles facing the integration of this technology into existing pavement
management systems is its scalability. While both current literature and ongoing projectsaaye
focused on the use of this technology for small instrumented sections (such as the one described in this
project) or more rural roads, there are currently no published studies that have looked at the
implementation of this technology on a wider scale and thebewstfit analysis of this method over
several decades as compared to the aafstsaditional pavement condition monitoring methdds].
While this thesis does not delve infuis aspect, the pursuit of cheaper, more-effgictive sensors to

facilitate the broader implementation of these technologies represents a vital avenue for future research.
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Chapter 3

Trial Section Design and Construction

This Chapter otlines the design, rationale, and configuration of the instrumented test section. The data
gathered plays a crucial role in the subsequent chapters of this thesis, where further analysis and
interpretation are detailed.

3.1 Project Overview

The instrumented test section was designed with the explicit goal of capturitgnesalata from a

specific local road segment. This data encompasses crucial factors like structural elements (stress and
pressure) and environmental conditions (temperature and moisture). The selection of this test section was
strategic, as it coincided with an active road reconstruction project led by the Region of Waterloo. This
intentional choice streamlined the sensor installation process, enabling the research team to precisely

align sensor placement with each layer of the pavement structure during the ongoing road reconstruction.

Moreover, the test section's strategic location provides a distinct advantage by enablingtiime real
capture of data from continuous live traffia anurban roadwayThis sets the approach of this project
apart from otheyin the existing literature, which often conduct similar testing on roads with limited
traffic or controlledaccess roadways featuring specific types of veh{dek [15], [39], [47], [48]. The

dynamic nature of this arterial roadway provides a more representative and diverse dataset for analysis.

3.2 Project Site Description

The instrumented test section location is located on Courtland Avenue East in the City of Kitchener,
Ontario. This road is a major arterial roadway that passes underneath and connects to Highway 8 through
several onramps and offramps. The instrumented section is situated in the right lane -tdree fwooe

way roadway. Fronfigure 3.1, the instrumented test section is situated between the intersections of
Overland Drive and Courtland Avenue East, as well as Walton Avenue and Courtland Avenue East, and
is about 10 meters in lengthigure3.2 provides a closer look at the location of the test section in relation

to the surrounding land uses. It is situated near several business and retail asphalt driveways, and there is
pedestrian access through a mulie trail adjacent to the lane selectedthe instrumented test section.

Finally, Figure3.3 provides a view at the street level of the location where the test section is situated with

relation to the roadway, a hydro line, the mubke trail, and other site features.

Thered rectangles used to indicate the instrumented test section locatitgare3.1, Figure3.2 and

Figure3.3indicate the approximate locations and are not drawn to scale.
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Figure3.1 Location of the instrumented test section in relation to Highway 8, Overland Drive and Walton Avenue in
Kitchener, Ontarig49]. The instrumented test section is highlighted in red.

Figure3.2 Closer view of lane selected as instrumented test section in relation to the surrounding 1§4@].uses
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Multi-use Trail

Approximate area of
instrumented test section in the
right lane of a two-lane roadway

Google Earth

Figure3.3 Street view look at the approximate location of the instrumented test sgi&]on

3.3 Trial Section Design

The pavement design was completed by experienced pavement engineers from the Region of Waterloo.
The anticipated construction date was meant to be in 2021, however due to the-CDpéDdemic,
construction commenced during 2022, which is the same year the implementation of the instrumented
section beganFigure 3.4 shows a portion of the site plan drawings produced by the Region, which

includes the location for the test section, situated approximately within stations 10+160 to 10+180.

WALTON AVENUE (SEE SHEET 9)
oo

2680 | 235m | 3350 3650
™
o

MATCH UNE (STA 10+127.84)
'SEE ABOVE

B e

REGIONAL ROAD No. 53 (COURTLAND AVENUE)

Figure3.4 Site plan drawing produced by the Region of Waterloo, including the location for the instrumented test
section in red50].

The pavement design is of a typical nature, wittHMA surface course of 195 mm (50 mm of SP 12.5
mm FC2material which is PGAC 628 and 145 mm of SP90 mm material which is PGAC &3), a
Granular Alayer of 150 mm@Granular BType Il layer of 400 mm followed by the natural subgrade soll,
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bringing the total structural design depth to 745 [Bf. Figure3.5 shows a typical crossectional view
of the roadway pavement design near the instrumented pavement section, which also describes the layer
depths. The drawings were produced by the Region of Waterloo.

<
COURTLAND AVE

} b one

3.350 3.650 —I 1 VARIES I EX MUT.
LANE ‘ LANE l BLVD

MATCH EXISTING AT
% VARIES EDGE OF EX. MU.T

MATCH EXISTING
AT PROPERTY LINE

- BLVD 0.3m-1.0m WIDTH, COLOUR
IMPRESSED CONC.
>1.0m WIDTH, TOPSOIL & SOD (TYP.)

OPSD 600.040 (TYP.)

COURTLAND AVENUE

STA. 10+229.20 TO STA. 10+291.07

Figure3.5 Typical crosssectional view of the roadway near the instrumented pavement section, produced by the
Region of Waterlo¢50].

In addition, the design traffic values for the portion of Courtland Avenue East containing the
instrumented test section are based on values taken directly from a final geotechnical investigation report
(Table 65) prepared for the Region of Waterlf®l]. For the portion of the road that includes the
instrumented test section, the Average Annual Daily Traffic (AADT) was 25,834 vehicles per day in 2015
and 29,093 vehicles per day in 2021, the original construction date. With a commercial vehicle percentage
of 6% and a growth rate of 2%, the design ESALs over 20 years was approximately 9.9 million ESALs
[51]. However, since at Hayward Avenue the design ESALs over 20 years was the highest along the
whole road section of the road reconstruction, at approximately 12.4 million ESALSs, this value was what

was selected as the design ESALs for the pr¢pdgt

3.4 Instrumentation Background and Installation

A variety of sensors were used in the installation of the test section to be able to monitor actual pavement
response to various physical and environmental changes. The sensors were sourced from a variety of
companies, such as BDI, RST and METER Group. Each of the sensors were calibrated to ensure proper
functioning prior to being placed esite. The following section will describe each component of the

sensor equipment in detail.

3.4.1Dataloggers

The dataloggers used in the instrumented test section data collection were from the company BDI.

Specifically, nine of their proprietary ST84Terminal Nodes were used to connect the sensors to the
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Core Data Logger, which is the computer designed to process and store all of the incoming sensor
information. The terminal nodes, along with the core data loggemick up data at low and high
frequencies for environmental alwhddata[52].

3.4.2Horizontal and Vertical Asphalt Strain Gauges

This study implemented both horizontal and vertical gaugestrain transducers. Both strain gauges
were calibrated by BDI. They include a Wheatstone full bridge configuration circuit that has 4 active
100G0ohm strain gauges in order to measure axial stf8#is The unit of strain measurement produced

by these sensors iisicrostrain( ¢ kh¥ed on radiometric to excitation voltdg6]. They are LVDFtype
gauges.

The gauge length for the horizontal strain gauges was 8 inches or 233 millimeters, while the plate
separation for the vertical strain gauge has a range between 1.375 to 3 inches or 35 to 76 millimeters. As
per the BDI specifications, the strain range of these strain gauges are 3B@Bile the temperature
range is-45 to 150°(35].

3.4.3Temperature Sensors and Temperature Probes

Two types of temperature sensors were used in the instrumented test section. The first type of temperature
sensor comes from BDI and is known as a thermisto
in resistance, whereby as the temperature increases, the resistance di%gashese were used to

gather temperature data throughout the pavement structure granular layers. The temperature range of this
sensor is60°C to 150°C. The naelinear output of the thermistor is represented by the Steiffaatt
Equation[35]:

p

) OGEYOGEYCX&- (2)

where T is the temperature in degrees Centigrade and R is the resistance in Ohms.

In addition to the temperature sensors, two embedded temperature probes were sourced from BDI. These
sensors provide the opportunity to produce thermal measurements which can be used in the development
of a thermal gradient to assess the impacts of variations in temperature throughout the pavement structure
[35]. In the case of this study, the temperature probe thermistor will be used to understand the effects of
thermal differences in the pavement surface (HMA layer). The temperature range of the sd@Sdois

200 °C[35].
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3.4.4Moisture Probes

The moisture probes used came from the METER Group company, with the model type known as
TEROS10. This sensor is designed to be embedded in the porous materials or soils that it will be
measuring moisture frodc cor di ng t o t h euseramaleatforaagnetic fiebdimeasureh ey
the apparent dielectric permittivity- of thes ur r ou n di n[87, pm&2f Tha sedsor itself

produces a raw value based on the substia¢emittivity which is thenconverted to Volumetric Water

Content (VWC)[37]. TheVWC is the ratio of the volume of water (in®yrto the volume of soil (also in

m?3) [37]. In the field, the TEROS1Moisture probes have been set to produce the data in terms of volts,
astheycannot produce data with the BD.intthés wayntheftlatee | at i v
can be converted d@WC through the following calibration equati¢®7]:

a
— g T@cTpPpTM A cq xYpm dw oRoPYpmnm Adw ¢PULT (3)

3.4.5Total Earth Pressure Cells

The Total Earth Pressure Cell, or TEPC, was provided by the company RST and was also installed
throughout all of the granular layers. These pressure sensors are designed to measure stress when laid on
flat surfaces. They consist of two stainless steel plates welded together, creating a space filled with
deaired glycol (a type of hydraulic flui@§3]. This cell is connected to a transducer through a stainless

steel tube, forming a closed hydraulic sysf&3]. The units that are provided to the data logger are in
megapascals (MPa).

3.4.6Sensor Installation Plans

The number and type of sensors, as well as the model type, their labeling methodology, the number of
each sensor installed, and the sampling frequency is describafllaB.1. Images of each of the sensors

can be found ifrigure3.6.

In this document, the consistent reference for each sensor will be based on its Sensor Label and not the
Model namgseeSection3.4.7for the sensor labeling methodologyhis approach ensures clarity when
discussing sensors across different layers or sections of the test area. The sampling frequency is
categorized into two types: higipeed (1000 samples/second), primarily used for physical data such as
strain and pressure, and low frequency (1 sample/15 minutes), utilized for environmental data like
temperature and moisture assessment. However, due to limitations in the BDI frequency configuration,
strain and pressure sensors are also included in th&dgwency assessment, which will provide trend
data oer time (as described i@hapter & Initial plans included the installation of two muttepth

deflectometers for Hsitu measurement of elastic or permanent deformation in the pavement structure.
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Unfortunately, these deflectometers were not installed due to concerns relededttaction feasibility.
Each of the sensors were calibrated to ensure proper functioning prior to being plegited ®he
calibration sheets for the RST and BDI sensors can be found krthré Reference source not found.

Table3.1 Sensor Summary

Number of

Sensor Type Model Sensor Sensor Sensors Sampling
Label Measurements Frequency
Installed
Horizontal 1000samp /sec
asphalt strain AST1000 AS-XX-Y-# Strain 8 &
gauge 1 samp /15 min*

Vertical asphalt 1000samp. ¢ec &

. VAST1000 VAS-Y-# Strain 4 .
strain gauge 1 samp. 15 min.
Temperature .
sensor N/A (simply BDI TM-XX-# °C 7 1 samp/15min.

(thermistor) thermistor probes)

Volumetric Water

Moisture TEROS10 MOI-XX-#  Content (VWC- 5 1 samp/15min.
probes 3/3

m3/m>)
Total earth
pressure cells LPTPGV PCGXX-Y-# Pascals (MPa) 8 1000samp. sée_c &
(TEPC) 1 samp. 15min.
Temperature

TT-TS### TEMPS o .

probes (thermsito 01/02# C 2 1 samp/15min.

(thermistor)

*Samp = samplesec. = secondandmin. = minutes

To facilitate the installation of sensors, a device known as a "moisture tree" was developed in the
laboratory prior to sensor installation on sifénis concept of a "moisture tree" was borrowed from
previous research work at CPATI8], where it was used to distribute moisture probes evenly at the
required depths within pavement structures. In this projectmibisture tree was used to contain all
sensors (not just the moisture probes), enhancing the efficiency of sensor transportation and installation

on site.

The moaisture tree for this project was constructed usingnahtdiameter PVC pipd-igure 3.7 and
Figure 3.8 display the moisture tree constructed and utilized by the research teanFigute 3.8

specifically demonstrating how all sensor wires were threaded through the moisture tree.

In addition, another PVC conduit of 4 inches in diameter will gather all the wires from all of the
sensors situated in the moisture tree and carry it t®#ta Acquisition systen(DAC). The DAC has
nine (9) STS4 terminal nodes to which all power supply and ground wires from the sensors are
connected, as well as the Core Data Logger, which stores all of the sensor data. The DAC setup is shown

in both images ifrigure3.9. Schematics of thBAC setup can be found ippendix B

41



a. Horizontal asphalt concrete strain gauges (BDI b. Vertical asphalt concrete stragauges (BDI)

g. Total Earth Pressure Cell (TEPC) (RST) h. Temperature probe in asphalt (BDI)

Figure3.6 Sensors and other equipment installed at the instrumented section on Cowdane
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Figure3.7 Moisture tree through which all sensors we  Figure3.8 Image showcasing how all the sensors we
threaded. threaded through the moisture tree.

Figure3.9 Data Acquisition System for the instrumented section.

There are a total of eight openings on the completed moisturd &igle3.2 describes the sensors that
were installed in each of the openings of the moisture tree. Islése the relative depth with respect to
the subgrade that each of the holes of the moisture tree are situated at (note, these may not necessarily be
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the same as the depth of the sensors themselves). For example, Hole 1 is 530 millimeters above the

subgrade, while Hole 6 is 70 millimeters below the subgrade. Hole 6 was used as an outlet for all the

sensors, so that they all are conveniently gathered in one location.

Table3.2 Sensor configuration, location relative to subgrade and sensor name(s) within the moisture tree

Opening Number

Location relative to subgrade

(mm) (subgrade = 0 mm)

Sensor Name and Location

Hole 1 530 All asphalt strain gauges
Hole 2 480 MOI-BA-1; TM-BA-01; TM-BA-02; PGBA-R-
1; PGBA-L-2; PGBA-R-5; PGBA-L-6

Hole 3 340 MOI-SB-2 ; TM-SB-03 ; TEMPS01-1/2/3 ;
TEMPS02-1/2/3 ; PGSB-R-3; PGSB-L-4

Hole 4 200 MOI-SB-3; TM-SB-04

Hole 5 70 MOI-SB-4; TM-SB-05

Hole 6 -70 Sensor wire outlet

Hole 7 -180 MOI-SG5; TM-SG06; PGSGL-8; PGSGR-7

Hole 8 -340 TM-SGO07

Figure 3.10 shows the plan view of the sensor instrumentation layout. The relative positions and

sensor labels are also depicted in the diagram. In a similar méigee 3.11 shows the section view of

the instrumentation layout. Note that the diagrams are not to scale.

The installation design comprised two rows of sensors: a right row closest to the pavement edge,
aligning closely with the right wheel path of passing vehicles. Additionally, a left row of sensors was
positioned 0.7 meters from the right row to capture the tire wander from the right wheel path. They will

be referred

t o

as

t he

Aright

sensor

arrayo

and

Figure3.12, Figure3.13 andFigure3.14 showdiagrams for how the concrete base slab, on which the

data acquisition system rests, is positioned in relation to the sensor instrumented area. As well, the hydro

t

pole located near the concrete slab, which will serve to provide a constant supply of energy to the sensors

and the data acquisition system, is depicted.
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TEMPS-02-1, TEMPS-02-2, and TEMPS-02-3 .

Left Sensor Array

LEGEND

or Horizontal strain gauge
'-F Vertical strain gauge
& TEPC top of base
® TEPC top of subbase

Figure3.10 Schematic (plan view) showcasing the sensor instrumentation layout.
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Figure3.11 Section view of the instrumentation.
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In the figures, the HMA layer is expressed as one layer, however, as mentioned previously, the HMA
layer is composed of two layers, which inclu&&smm of SP 12.5 mm FC2 and 145 mm of SP® 18m
for a total 0f195 mmfor the surface course.

Data Station
Concrete Base Slab

Im*1m Data Station Cage

-
S—

PVC conduit from Hydro pole: 4.2

-
Sensor instrumentationarea

Figure3.12 Top view of the instrumented section setup, showcasing the concrete base and the hydro pole.

= SIDE VIEW (looking through
‘ longitudinal directionin
pavement)
Diagrams not to scale

Data Station
Data Station Cage
Concrete Base Slab /
im*1m

—
w 5o

Curb Total pavement structure
depth: 745 mm

PVC conduit (2”
diameter) for
powder line from
Hydro pole

Asphalt Concrete

I

PVC Conduit
(4” diameter)
for wires

wg'g ‘xoaddy

Approx. 1m

PVC connector

Figure3.13 Plan view of the instrumented section setup, showcasing the location of the PVC conduit relative to the
pavement structure.
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Diagrams not to scale

Voltage changes to = SIDE VIEW (looking from
110V pavementto pedestrian)

9’ or 2.7m Data Station
Data Station Cage
Concrete Base Slab
1m*1m

2’ or 0.6m

PVC connector PVC conduit from Hydro pole: 4.2m

wTt "xoaddy

PVC connector

PVC Conduitfrom
pavement

Figure3.14 Additional plan view of the instrumented section setup, showcasing the location of the PVC conduit
relative to the hydro pole.

3.4.7Sensor Labelling Methodology

To ensure clear and consistent analysis of sensor data, a labeling methodology was implemented to
individually identify sensors of each type. The following sections will outline the labeling methodology
for eachsensor type.

3.4.7.1Horizontal and Vertical Asphalt Strain Gauges

Horizontal and vertical strain gauges follow the -X%-Y-# and VASY-# labeling methodology,
respectively. Figure 3.6 illustrates the naming convention for horizontal strain gauges, while Figure 3.7
denotes the naming convention for the vertical strain gauges. The symbol 'AS' designates asphalt strain
gauges, followed by two letters indicating longitudinal (LO) or transverse (TR) directions. The
subsequent part (Y) specifies the sensor's location in the right or left array; 'R' for the right array and 'L’
for the left array. The naming convention concludes with a number indicating the sensor's position along
the array, increasing from upstream (e.g., 1) to downstream (e.g., 5). A similar naming convention occurs
for the vertical asphalt strain gauges, whereby
gauge, the (Y) specifies the sensor's location in the right or left array, and a number that indicates the

position of the sensor along the roadway.
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Two letter symbol for

differentiating between ‘Right' (R) or Left' (L) to
'logitudinal’ (LO) or differentiate which sensor
'transverse' (TR) sensor array the sensor is placed in
directions
AS ='Asphalt strain' gauge Number of sensor along the
\ sensor array, with increasing
numbers going in the

AS-XX-Y -# /direction of traffic.

Figure3.15 Naming convention for the horizontal asphalt strain gauges.

‘Right' (R) or 'Left' (L) to
differentiate which sensor
array the sensor is placed in

Number of sensor along the

VAS = 'Vertical Asphalt sensor array, with increasing
Strain' gauge numbers going in the
direction of traffic.

VAS-Y - #

Figure3.16 Naming convention for the vertical asphalt strain gauges.

3.4.7.2Temperature Sensors and Temperature Probes

Two different naming conventions were used for both the temperature sensors as well as the temperature
probes. This is because the temperature sensors or thermistors only include one sensor while the

temperature probes have three sensors per probe.

Figure 3.8shons t he naming convention for the temperatu
followed by a tweletter code denoting layer location (base, subbase, or subgrade). Finally, another
number will indicate the position of the sensor within the depth of the pavement structure in relation to

the other sensors; an increasing number denotes an increasing depth into the pavement structure.

Figure 3.9shows the naming convention for the temperature probes. Temperature probes are labeled
with a very similar convention as the thermistors but include '01' or '02' to distinguish between the two
probes instead of the layer indicator since they are located within the same layer. Figsteo@slthe

individual sensor labels for the temperature probes for clarity.
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Two-letter differentiator between
the various layers of the pavement
structure, with Base = 'BA', Subbase
='SB' and Subgrade ='SG'

Number of sensor, with increasing
numbers denoting increasing depth into
the pavement structure.

TM = "TeMperature' Sensor

™ - XX - #

Figure3.17 Naming convention for the temperature thermistors.

Differentiator between both the temperature
probes, where 01 refers to the probe further
upstream of traffic, and 02 refers to the probe
further downstream.

Number of sensor, with increasing
numbers denoting increasing depth into
TEMPS = 'TEMperature ProbeS’ the pavement structure

TEMPS - 01/02 - #

Figure3.18 Naming convention for the temperature probes.

TEMPS-01-1 or TEMPS-02-1 [0

TEMPS-01-2 or TEMPS-02-2 |O

TEMPS-01-3 or TEMPS-02-3 |0

Figure3.19 Naming convention for the temperature probes for each sensor.
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3.4.7.3Moisture Probes

Moisture probes are labeled very similarly to the thermistors described previously. The prefix begins with
the | etters 0 NP& Moisture sedsernand tleere tis la-detber differentiator to denote
which layer the sensor is located in. Finally, there is a number along the depth of the semsahimwv

far into the pavement structure the sensor is located relative to other moisture sensors.

Two-letter differentiator between
the various layers of the pavement
structure, with Base = 'BA', Subbase
='SB' and Subgrade = 'SG'

Number of sensor, with increasing
numbers denoting increasing depth into
the pavement structure

MOI = 'MOIsture' Sensor
\ y

MOI - XX - #
Figure3.20 Naming convention for the moisture probe sensors.

3.4.7.4Total Earth Pressure Cells

Total earth pressure cells share a labeling method with asphalt strain gauges, differing mainly in the
second part of the naming convention. The prefix 'PC' represents pressure cell, and the letter
differentiation indicates the layer of sensor placement, unlike the longitudinal or transverse indication in

asphalt strain gauges.

Two-letter differentiator between

the various layers of the pavement

structure, with Base = 'BA’, Subbase
='SB' and Subgrade ='SG’

differentiate which sensor
array the sensor is placed in
PC = 'Pressure Cell' Number of sensor, with
increasing numbers going in
the direction of traffic.

PC—XX—Y—#

'Right' (R) or 'Left' (L) to

Figure3.21 Naming convention for the total earth pressure cell sensors.
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3.5 Construction Activities

The installation of the sensors on the instrumented pavement section occurred over two days. The dates
were September 30th, 2022, for the installation of the sensors in subbase and base layers, as well as
October 12th, 2022, for the installation of the sensors that sit beladMi#elayer. Other key tasks, such

as the calibration of the sensors, took place on other days. There were several key members of the

construction team, which included:
1. Capital Paving the main contractor for the project.
2. Region of Waterloé overseeing the construction and responsible for the design.

3. National Research Council of Canada (NR@yovided experienced personnel to support the
graduate researchers with the implementation and testing of the sensors.

4. Center for Pavement and Transportation Technology (CPATSBveral graduate and post

doctoral students with their peers participated in the installation of the senssits.on

The implementation of the sensors occurred during various stages of the construction of the pavement
structure on Courtland Avenue. These include the progressive layi@gaofilar A B, and the asphalt
concrete. As mentioned in the Project Overview section of this report, the sensors were laid in the
southbound outermost lane of Courtland Avenue, and this was the first lane to be reconstructed and re
paved by Capital Paving during the road reconstruction process. In the following sections, the various
construction activities that took place will be explained in dd&iijure 3.22 below shows a summary of

the timeline for all of the construction activities that will be presented in the following sections.

Concrete Arrangement
Base of
Location Sensor base/asphalt Hydro
Confirmation Installation Sensors Connection
- Aug 24th, Day 1- Sep October Dec 21st,
2022 30th, 2022 11th, 2022 2022
o o o o [ o [
Sensor Concrete Pad Sensor
Position Pouring- Installation
Determinatio Oct 5th, Day 2- Oct
n- Sep 29th, 2022 12th, 2022
2022

Figure3.22 Summary of the construction activities and the dates of occurrence.

3.5.1Confirmation of concrete base location (August 24, 2022)

The first step of the construction process for the CPATT team included the confirmation of the concrete

base location with a representative from the Region of Waterloo. This is depidteglie 3.23. The

position of the concrete base was chosen so that it was situated 1 metre from the edge of the curb. This
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was to ensure adequate distance from the roadway, and also to line up the concrete pad with the hydro
pole.

R,
. .

S S
A t—

Figure3.23 Location of the proposed concrete pad (right). The white painted marking denotes the proposed location.
Position of proposed concrete pad relative to the hydro pole is also shown (left).

3.5.2Determining the position of sensors (September 292022)

The next step in the construction process consisted of confirming the locations of the sensors in the
instrumented road section on September 29th, 2022. By this date, the backfillingGraithgar Band

Granular Awas in progress. However, the construction crew from Capital Paving left the required portion

of the subgrade exposed where the sensors needed to be placed to allow for proper sensor placement
which was scheduled for September 30th, 2023. This was done to mark the positions of the edge of
pavement and the position of the wheel path where the sensors were to be placed. This process can be
seen inFigure3.24 andFigure3.25.

Figure3.24 Exposed subgrade where the sensors are to be laid (left) and markings denoting the edge of pavement
and wheel path (right).
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Figure3.25 Orange markings showcasing the southbound outermost lane in which the sensors will be laid as well as
the chosen wheel path (lines closest to the curb and sidewalk. A trench for the location of the PVC pipes, which will
carry the wires from the moisture tree to the DAC can also be seen near the person.

3.5.3Sensor installation Day 1 Installation of sensors on the subgrade, subbase, and base
(September 3¢, 2022)

On this day, the graduate and postdoctoral students at the University of Waterloo responsible for this
research project, along with several of their peers at CPATT, their faculty advisors and members from
NRC were present on site to install the first round of sensors to lie on the subgrade, subbase, and base
layers. The weather during the day was sunny with a high of 18 °C and a low of 2 °C, however during the

work period, the temperature ranged from 14 to 18 °C.

3.5.3.1lInstallation Procedure for Sensors on the Top of Subgrade

The first step in the installation process was demarcating the locations where the sensors will sit along the
wheel path on the subgrade surface. This can be seEigure 3.26 and the exact locations for the

sensors were determined using total station measurements provided by Capital Paving.

Figure3.26 Subgrade condition the day of inspection (left) and the measuring and marking of sensor positions on
the subgrade (right).
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Afterwards, the sensors and the moisture tree were brought out onto the subgrade soil and removed from
the packaging as can be seen in the left imadgegufre 3.27. The next step required the bundling and
placement of the sensor wires from the moisture tree through the black PVC conduit which would guide
the sensor wires from the subbase to the data acquisition system. The bundling of the sensor wires can
also be seen iRigure3.27in the right image.

(B

Figure3.27 Packaged sensors brought on site (left) and bundling of sensors to place through PVC pipe (right).
Once the sensors were properly bundled, the PVC pipes were placed over top of the bundled wires until
the required kshaped structure was built as can be seen in the right im&gguoé3.28.

Figure3.28 Placement of the black PVC pipe over the bundled wire(right) and the compisteped PVC
structure guiding all sensor wires from the subgrade to the DAC (left).

3.5.3.2Installation Procedure of Moisture and Temperature Sensors

The installation procedure for the moisture and temperature sensors remained consistent throughout
the entire construction project, both during the first sensor installation day on September 30th, as well as
the next sensor installation day which would occur October 12th (explained in future sections). The first
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part of the moisture tree installation consisted of placing the required portion of the moisture tree within
the subgrade. As describedTiable3.2, the bottommost hole of the moisture tree, hole 8, is situated 340
millimeters below the top of the subgrade. Once this was in place, the team ensured that as the backfilling

of the granular materials occurred that the moisture tree remained in a vertical position.

To install the moisture and temperature sensors, the moisture sensors were embedded into the
subgrade or granular material, while the temperature sensors were simply allowed to come into contact
with whichever granular material or subbase material it encountered as the backfilling procedure
occurred. The temperature sensors were not specifically embeaddebtain accurate temperature
measurements. However, each layer, whether it be subg@daular Bor Granular A was hand
compacted around the moisture tree after each backfilling procedure in order to maintain the standard
level of compaction required for construction. An image of the installation of the moisture tree within the

subgrade can be seerfigure3.29.

a4

Figure3.29 Installation of the moisture tree within the subgrade.

Following the initial plan, the pressure sensors intended for placement on the subgrade soll
(specifically PGSGL-8 and PESGR-7) were positioned. Shallow trenches of soil were dug so the
sensor remained level and did not bend, and fine sand material was placed all around the sensors to
provide protection and stability. The sensors were placed 180 degrees to the direction of traffic (to
accommodate the sensor rods). This can be seen in the right imkg@3.30. Then some of the

subbase soil was placed over top for protection.

To protect the remaining sensors during the backfilling ofGhenular B a wooden box was placed
around the remaining bundle of sensors that were to be placed in other layers. In addition, some black
plastic covering was placed over the exposed sensor wires to protect them. This can bd-igeea in

3.30in the left image.
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Figure3.30 Find sand being placed around subgrade soil pressure sensors (right) and box protecting the group of
sensors during backfilling procedure (left).

After this, the backfilling of thé&ranular Boccurred. This can be seenFigure3.31in the left image.
Fortunately, the tshaped PVC structure remained intact, and the wooden box was sufficient to protect

the sensors during the backfilling process.

Figure3.31 Both the (left) and (right) imageshowthe backfilling of theGranular Bmaterial.

3.5.3.3Installation Procedure for Sensors within the Subbase

After the backfilling of the subbase, a compaction roller passed several times o@eanhgar Bsoil to

make sure that it was properly compressed. During this time, the remaining sensors in the box were
supervised to make sure that no damage occurred to them. In addition, Capital Paving performed hand
compaction of the soil close to the location of the sensors to be able to compact as much as possible
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