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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 system (PMS) to 

efficiently allocate resources across the network. The conventional method for assessing pavements 

within a PMS relies on monitoring surface conditions, which is time-consuming, 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 (AI) 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 AI/ML-aided 

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 long-term 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 

cost-benefit analysis of implementing pavement sensor technologies on a wider scale over decades. 

This thesis addresses the first five gaps while identifying scalability and cost-benefit analysis as a 

future research topic. 

The instrumentation and testing processes for the pavement section were documented, covering 

design, sensor types, construction, hydro connection, and material sampling. Challenges included 

weather-related delays, with recommendations for scheduling installations during favorable weather 

and allowing time for sensor calibration to address discrepancies. Other issues highlighted included 

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 phases of this research focused on truck testing. Truck tests involved a 

standard 14-wheeler 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 3D-Move 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 tire-pavement interactions. 3D-Move proved superior in estimating pavement stress, 

especially in in-service 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 and high-speed data for 

improved sensitivity in trend assessments and extend the duration of assessment beyond the initial 

nine-month 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 decision-making 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 into long-term trends 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 predicting real-world 

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 any nationôs economy, as they facilitate the movement of 

people and goods. In Canada specifically, roads play a vital role in bolstering the economy and 

maintaining its competitiveness and productivity. They serve as the primary mode of transportation, 

surpassing rail, marine, and air travel as of 2021, according to Transport Canada in terms of usage for 

freight and passengers [1].  

Canada has a combination of paved and unpaved roads (40 and 60%, respectively) that provide 

economic support and make up the countryôs vast network [2]. According to Statistics Canada, as of 2018 

the nation had ñémore than 1.13 million two-lane equivalent lane-kilometres of public roadò [2, Sec.2]. 

In addition, the country includes over 38,075 lane-kilometres of highways as part of the National 

Highway System, or NHS [2], as seen in Figure 1. That number has likely increased since 2018, making 

Canada one of the nations with the largest road networks worldwide [3].  

 

Figure 1.1 Map of the National Highway System in Canada, and its connection to the National Airport System, 

another important transportation mode [2]. 
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Paved roads in Canada offer several advantages over unpaved roads, making them a preferred choice 

for many high-profile and complex road projects. In Canada's often harsh climates, roads provide a safe 

and reliable surface, ensuring smooth driving conditions with excellent traction. This enhances driving 

comfort and minimizes vehicle wear and tear, contributing substantially to road safety and efficiency [4]. 

This is especially important for long-distance travel and in urban areas with heavy traffic. In addition, 

well-designed paved roads are built with durability in mind and can withstand the stresses, strains and 

deflections imposed by heavy truck traffic as compared to unpaved roads which are prone to erosion and 

degradation [5]. 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 year-round [6]. Finally, a paved road surface and designed pavement 

structure protect the soil beneath it from environmental factors, such as freeze-thaw and moisture 

infiltration [7]. 

With this knowledge, there must exist the development and implementation of a plan to manage 

pavement assets within Canada, to firstly safeguard the nationôs economy, and secondly to protect and 

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 is known as an ñinfrastructure deficitò, which signifies 

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 

ñgolden yearsò of the 1960s and 70s, this period of budget cuts has led much of Canadaôs infrastructure, 

including its roads and highways, to fall into a state of disrepair [9]. This disrepair is felt even today, as 

described by the Canadian Infrastructure Report Card [10]. In 2019, the report card found that about 

146,000 km of roads (16.4% of the nationôs total) were in a ñpoorò or ñvery poorò state, while a little over 

200,000 km (or 22.6% of the nationôs total) were in a ñfairò state [10]. A fair rating means that the ñasset 

requires attentionò [10, p. 8], since there are deficiencies, a poor rating means the asset is ñapproaching 

the end of its service lifeò [10, p. 8] and a very poor rating means the asset is ñunfit for sustained serviceò 

[10, p. 8]. The exact values for this infrastructure deficit vary widely depending on the estimator, with an 

average value ranging between $110 to $270 billion for all infrastructure, with roads constituting a 

substantial portion [11].   

The Core Public Infrastructure Survey, performed in 2020 by Statistics Canada, found that roads have a 

total replacement value of $894.2 billion, 42.6% of the almost $2.1 trillion in total infrastructure 

replacement value, excluding affordable housing [12]. This survey also found that roads are the 
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infrastructure that requires the most replacement from poor and very poor conditions (condition rating 

defined similarly to the Canadian Infrastructure Report Card).  

Based on these statistics provided by both the Canadian Infrastructure Report Card and the Core Public 

Infrastructure Survey, pavement management and a pavement management system have become 

imperative to ensure that the conditions of the paved roads over an entire road network (such as that in 

Canada) are optimized to the best possible state depending on the available budgets and resources. These 

budgets and resources should be distributed efficiently and effectively across the network to address 

construction, operating and maintenance needs.   

As stated in the 1993 AASHTO Guide for Design of Pavement Structures, pavement management, or 

PM, ñéencompasses all the activities involved in the planning, design, construction, maintenance, 

evaluation and rehabilitation of the pavement portion of a public works programò [13, pp. I-31]. A 

pavement management system, or PMS, comes in as ñéa set of tools or methods that assist decision-

makers in finding optimum strategies for providing, evaluating, and maintaining pavements in a 

serviceable condition over a period of timeò [13, pp. I-31]. A PMS is either a planning/analysis tool or a 

software program that will allow a practitioner to perform pavement management tasks [14].  

The major components of a PMS include [15]:  

1. A road network inventory, including road locations and geometries. 

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

and structural properties. This is performed through what is known as a ñcondition surveyò.  

3. A pavement performance deterioration model to foresee the deterioration rate of a pavement 

section based on load and environmental factors.  

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

conditions. 

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

1.1 Problem Statement 

It is imperative that the condition of the pavement structure is accurately captured. Without 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]. 
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Condition surveys currently are performed in one of two ways [15]: 

1. Surface Condition Monitoring: investigated manually, through either expert visual inspection, 

equipped vehicles or equipment that will scan the pavement surface.  

2. In-situ Condition Monitoring: investigated using sensing devices, which are embedded in the 

pavement structure and capture a variety of data types, such 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 challengesðit is time-consuming, demanding 

expert practitioners for both execution and data analysis, and incurs substantial costs [15], [16]. The most 

substantial drawback 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 change from season to season, meaning the assessment rate is limited [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 layers. When surface distresses indicate the need for substantial or 

complete rehabilitation, destructive techniques such as coring or trenching need to be performed to 

understand the impact of damage in each specific layer [14].  

In response to these challenges, in situ condition monitoring has emerged as a promising alternative, 

gaining traction in the literature [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 the simultaneous monitoring of entire 

networks, where the generated data is automatically logged and seamlessly transferred to a database 

system, streamlining the overall conditions assessment process [14].  

This approach contributes to the evolving field of "smart" pavements, which is typically understood as 

a road that incorporates advanced materials and technologies for active monitoring and adaptation. It aims 

to extend the service life, enhance the performance, and improve the safety of existing and new roads 

[21]. Smart pavements can provide real-time insights into pavement performance characteristics using 

Artificial Intelligence (AI)  [19]. As part of the smart pavements concept, machine learning (ML) 

algorithms can signal when a specific pavement structure requires maintenance based on the actual 

structural responses of the pavement,  [22]. 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 expressed in the framework expressed in Figure 1.2, developed by Tavassoti 
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et al. in [19]. It demonstrates how the real-time monitoring of pavements, supported by a self-operating 

Big-Data gathering platform, could function and integrate AI models. 

 

 

Figure 1.2 Framework for the implementation of a self-operating data gathering platform [19]. 

This thesis forms a part of the Smart Pavements project at the University of Waterloo, fronted by the 

work performed by Jianqi Kang [22]. The continuation of the project seeks to construct and assess the 

responses from an actual flexible pavement instrumented section, located in Southwestern Ontario, 

Canada. It begins the data collection and cleaning processes and undertake preliminary assessments to 

gain an initial understanding of the pavement structural response to various loads, environmental 

conditions, and seasonal variations. This aims to advance work towards the integration of AI/ML-aided 

predictive modelling within this and other instrumented test sections for pavement performance prediction 

and climate change impact prediction objectives [19].     

Preliminary data assessment work is very important since in the literature, there is a lack of published 

in-depth assessment on the initial pavement performance and responses of an instrumented pavement 

section. Heavy vehicles, such as trucks, exert the greatest impact and inflict the greatest damage to 

pavement structures. Therefore, they are the 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: 
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1. The responses of a pavement structure during the construction phase and what impacts 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 a Hot Mix Asphalt (HMA) layer.  

2. In-depth heavy vehicle (truck) testing analysis performed over various seasons overtop an 

instrumented test section. This gap in research limits a thorough understanding of the 

relationships between a pavement sectionôs structural responses over various HMA and 

ambient temperatures. This study will seek to address this gap by undertaking a more extensive 

assessment compared to that in the existing literature, where truck tests are typically conducted 

during only one test/day/season. 

3. Long-term trends and assessments of load and environmental data collected for an 

instrumented test section for 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 real-

time data from the instrumented test section over multiple months and seasons and assess the 

trend results.    

4. A comparison between the response magnitude and shape of an embedded sensor and the 

extent of vehicle tire deviation (known as vehicle ñwanderò) as a heavy vehicle attempts to 

pass over that embedded sensor. In essence, there is a lack of understanding of how vehicle 

wander impacts the pavement sensor responses. This study will address this gap by deliberately 

testing sensor responses at various lateral deviations from the sensor arrays and developing 

correlations. 

5. The comparison between static and dynamic pavement response simulation methods, especially 

over various seasons, and speeds and how it will compare to embedded sensor field results. 

This study will work to address this gap by modelling the truck testing performed over several 

seasons in two common static and dynamic pavement software and comparing them to the field 

results. 

Therefore, this thesis will seek to do this work to advance future pavement performance prediction 

research.  

1.2 Research Objectives & Methodology 

In the realm of smart pavements, in-situ monitoring offers real-time 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 management. Furthermore, in-situ 
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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 at sensor-installed locations. Lastly, 

when enhanced with AI/ML predictive capabilities, these algorithms could forecast the timing of needed 

pavement maintenance strategies and continually adjust these predictions in real-time as 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 sensors within pavements as part 

of an improved national pavement management system. This is done by providing a comprehensive 

assessment of the implementation, data collection, data analysis and database development processes of 

an instrumented test section located on Courtland Avenue in Kitchener, Ontario, Canada.  This 

instrumented test section provides a means to assess and test the functionality of an embedded sensor 

network on an arterial roadway, develop a framework for sensor implementation, collect preliminary 

sensor data for both traffic loads and environmental responses and describe lessons learned for future 

projects and applications of this technology.  

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

previous section: 

1. Synthesize the historical and recent works regarding pavement distresses, current pavement 

monitoring practices and limitations, examples of sensors and test sections in past 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, multi-seasonal assessment of the responses received from the 

instrumented test section. This is attained 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. Assessments are done 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.  
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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 heavy vehicleôs tire position and the pavement response to 

assess the impact of wander on pavement response.  

7. Develop a rudimentary database concept for the organization and dissemination of the data 

collected at the instrumented test section.  

1.3 Thesis Structure 

This thesis contains ten chapters: 

¶ Chapter 1: Introduction 

ü Presents the thesis context, and provides a statement of the objectives, research and thesis 

methodology and summary of contributions. 

¶ Chapter 2: Literature Review 

ü Presents 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.  

¶ Chapter 3: Trial Section Design and Construction 

ü Outlines 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. 

¶ Chapter 4: Construction, Field, and Laboratory Testing 

ü Outlines the results of the various post-construction/field and laboratory testing actions 

and procedures undertaken to obtain further information on the properties of the various 

materials in the pavement structure. This section is divided into two sections: post-

construction field testing and laboratory testing.  

¶ Chapter 5: Truck Testing Evaluation and Results 

ü Describes the results from the series of controlled truck tests performed on the Courtland 

Avenue instrumented test section. Various tests are performed over various 

seasons/temperatures and truck speeds to assess the impact on the pavement response. 

¶ Chapter 6: Quality Control for Data Analysis 
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ü Examines the correlation between truck trajectory and pavement response to establish a 

link between the truck tireôs lateral movement and the sensor's reaction. These tests use a 

truck of known weight and axle configuration to traverse the sensor-installed test section 

at various distances from the sensor arrays.  

¶ Chapter 7: Pavement Section Modelling 

ü Compares KENPAVE and 3D-Move 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. 

¶ Chapter 8: In-Service Pavement Performance Trends 

ü 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 term ñperformanceò is used as a general term to describe 

the results obtained from moisture and temperature sensors, and the responses obtained 

from the load sensors.  

¶ Chapter 9: Database Development 

ü Outlines the development of a specialized database for collecting and storing 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. 

¶ Chapter 10: Conclusions and Recommendations 

ü Provides a summary of the work performed in this project, the contributions of this 

research and the recommendations for future work. 
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Chapter 2 

Literature Review 

This Chapter presents 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 Pavement Distresses  

The prevalent "poor" or "very poor" condition of the majority of Canada's paved road network can be 

attributed to a substantial degree of pavement distress. This distress is a natural occurrence in all 

pavements and is influenced by various factors. These include load-related factors, such as those imparted 

on the pavement structure from passing heavy vehicles. When the road is under designed for the current 

traffic Equivalent Single Axle Loads (ESALs), where traffic volume exceeds the design capacity, the rate 

of deterioration intensifies. In addition, the type of tire, axle position and configuration, as well as the 

speed of the passing vehicles can also impact the pavement structure [23]. 

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 

freeze-thaw cycles, pose substantial challenges 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 distress types. In addition, the moisture and 

radiation content also contributed to pavement deterioration [23].  

Finally, various design and construction-related issues further contribute to pavement distress. Poor 

drainage practices can lead to water accumulation, compromising the pavement's foundation and 

accelerating deterioration. Material deficiencies, construction-related lapses, and suboptimal design 

choices, such as pavement layer thicknesses, types and properties also play pivotal roles in determining 

the long-term resilience of the pavement structure [23]. 

Figure 2.1 shows all of these factors visually and the interplay between each of the factors and how 

they relate to each other. In 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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Figure 2.1 Factors affecting pavement performance and the interactions between those factors [23]. 

2.1.1 Common Types of Flexible Pavement Distresses 

There are various kinds of performance distresses that impact both rigid and flexible pavements. These 

can be classified into several major categories, which include [14]:  

1. Cracking: fatigue cracking, block cracking, edge cracking, longitudinal and transverse 

(thermal) cracking, and reflection cracking at joints. 

2. Patching and potholes 

3. Surface deformation: rutting and shoving 

4. Surface defects: bleeding and raveling 

For flexible pavements, some of the most addressed distresses include rutting, transverse and 

longitudinal cracking, fatigue cracking and potholes [14].  

2.1.1.1 Rutting 

Rutting typically shows up as a surface depression present within the wheel path [24]. When permanent 

deformation occurs in any of the pavement layers or subgrade soil, ruts can appear. There are three kinds 

of ruts that can appear, which include [24]: 

1. Mix Rutting: rutting that occurs within the HMA layer, typically because of mix/compaction 

problems. 
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2. Subgrade Rutting: rutting that occurs due to consolidation as a result of loading.  

3. Densification: rutting that occurs as a result of poor asphalt compaction during construction. 

Figure 2.2 shows examples of all three of these rutting types. 

   

Figure 2.2 Examples of Mix Rutting (left), Subgrade Rutting (middle), and Densification (right) [24]. 

2.1.1.2 Transverse Cracking 

Transverse cracking typically shows up as cracks across the lanes of asphalt, perpendicular to the 

direction of traffic. This kind of cracking is also called thermal cracking since the main cause of 

transverse cracking is the shrinkage of the HMA layer under cold weather conditions [25]. Figure 2.3 

shows an example of a transverse crack, situated perpendicular to the direction of traffic.  

 

Figure 2.3 Example of a transverse crack across the surface of a pavement structure [25]. 
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2.1.1.3 Longitudinal Cracking 

On the other hand, longitudinal cracks typically show up as cracks that are in the same direction as that of 

the traffic passing on the pavement surface. An example is shown in Figure 2.4. Because pavements are 

typically constructed by pouring out lanes of pavement (see Figure 2.5), the joints where the lanes of 

pavement meet become areas sensitive to loads if poorly constructed [26]. Other potential causes include 

HMA fatigue and top-down cracking [26].  

 

Figure 2.4 An example of longitudinal cracking [26]. 

 

 

Figure 2.5 An example of how to properly pave a roadway to minimize the appearance of longitudinal cracks [26]. 

2.1.1.4 Fatigue Cracking 

Fatigue cracking, an extension of transverse and longitudinal cracks, manifests as a connected matrix of 

cracks that are either localized or that span the pavement. Various factors contribute to its occurrence, 

such as a decline in load support characteristics of the granular layers [27]. Repeated traffic loading or 
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increased loads beyond pavement design capacity are common triggers [27]. The 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 upwardðtermed bottom-up fatigue cracking. In 

thick layers, cracks result from repeated pressures by heavy vehicles on the surface, known as top-down 

fatigue cracking [27]. An example of this distress is shown in Figure 2.6.  

 

Figure 2.6 An example of fatigue cracking [27]. 

2.1.1.5 Potholes 

Finally, potholes are pavement distresses that appear for the most part because of moisture accumulation 

and the inability of the HMA layer to support freeze-thaw loads, due to insufficient thickness. An 

example of this distress is shown in Figure 2.7. 

 

Figure 2.7 An example of a pothole [28]. 

2.1.2 Critical Response Points within Pavements  

To ensure a pavement design minimizes the distresses mentioned earlier, a crucial step involves 

understanding the critical response points within flexible pavement structures. This understanding is 

pivotal not only for accurately predicting pavement performance degradation but also for strategically 

placing instrumentation in instrumented test sections. Figure 2.8 provides a visual representation of a 
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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 FHWA [29].  

 

Figure 2.8 Critical response points in a flexible pavement structure [29]. 

Examining these points, the first and third points on the surface and bottom of the HMA layer, 

respectively, play a substantial role 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 flexible pavement, when deflection occurs due to load application, 

compressive horizontal strain forms at the top and tensile horizontal strain forms 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 tension-induced issues, cracks are more likely to 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 assessing rutting 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 appearance of rutting 

and is closely related to fatigue cracking. Therefore, meticulous consideration of vertical stresses and 

strains is paramount in pavement design. 
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2.1.3 Pavement 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 time. Figure 2.9 illustrates the deterioration process of a road, 

representing it as a function of a condition rating (see Section 2.2.1), and the pavement's age. The 

condition rating assesses the pavement section on a scale from very good (newly built) to very 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 necessary. At the same 

time, the costs of the maintenance and rehabilitation activities will also become more expensive, with 

initial deterioration requiring minor repairs such as seals, and heavy deterioration requiring actions such 

as full-depth reclamation or reconstruction. 

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

performance prediction models, as is discussed in future section. 

 

Figure 2.9 General pavement deterioration curve as a function of pavement condition and age [30]. 



 

17 

 

2.2 Current Pavement Monitoring Practices and Limitations 

2.2.1 Condition Surveys 

At the end of Section 1.1, it is highlighted that a key element of a PMS is the Condition Survey, which 

involves evaluating current road conditions and recording them for future analysis. Agencies 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 exist [14]: 

1. Project-Level Assessment: concentrate 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. Network-Level Assessment: cover 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 includes [14]: 

1. Distress Data: assessing the visible distresses present on the surface of the pavement. 

2. Structural Capacity: assessing the pavementôs ability to withstand currently applied traffic 

loads. 

3. Surface Characteristics: assessing the pavementôs smoothness and surface texture. Some 

condition indices that follow from this include [31]: 

a. Pavement Condition Index (PCI): a 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 (IRI): a standardized measurement of pavement 

roughness. It classifies ride quality based on the longitudinal profile of the wheel path. 

IRI is calculated as, ñéthe filtered ratio of the accumulated deviation of the vehicleôs 

suspension divided by the traveled distanceò [31, p. 5]. Pavement roughness is crucial 

for ride quality, comfort, and safety. Unit: m/km or in./mi. 

c. Present Serviceability Index (PSI): a metric employed to characterize the functional 

performance of a pavement in terms of ride quality, performed by visual inspection. It 

assesses the road's capacity to accommodate traffic, considering various factors like 

slope variation, rut depth, surface cracking, and patched areas. PSI offers a holistic 

appraisal of pavement conditions, addressing safety and comfort concerns.  

Data can be collected through either destructive or non-destructive testing. Destructive testing involves 

damaging the pavement structure to assess what's underneath, providing insights into material quality, 

layer thickness, and potential damage. Non-destructive testing uses various technologies or visual surveys 

to assess pavement condition without damaging the structure. Non-destructive methods are preferred for 

network-level analysis, while destructive methods are commonly used in project-level analysis [14]. 

It has been found that the current condition survey assessment process has issues with data quantity, 

data quality, and data consistency [14]. It is currently quite expensive to collect large quantities of data on 

a regular basis, therefore agencies need to budget how much data they want to collect. In addition, it is 

important that the data being collected is accurate otherwise there could be an erosion of confidence in the 

system of pavement management. 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 this currently, and 

depending on the agency and equipment being used, the conditions being assessed can vary [14].  

2.2.2 Destructive Testing Methods for Structural Capacity Assessment 

As this Smart Pavement project specifically focuses on structural response through pavement 

instrumentation, methods for structural capacity analysis, whether destructive or non-destructive, are 

discussed to understand current practices. 

Destructive testing methods for structural capacity analysis, including trenching, coring, and auguring, 

are employed by pavement agencies to accurately assess problematic pavements [32]. This allows them to 

gather materials for subsequent laboratory testing. Non-destructive testing methods, discussed in Section 

2.2.3, struggle to differentiate between layers in a pavement structure, making it challenging to pinpoint 

problematic layers without cutting open the entire structure [32]. 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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2.2.2.1 Trenching 

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 below [32]. If needed, the trench 

walls can be further cut to assess underlying layers. Refer to Figure 2.10 for an illustration of the trench 

cut procedure. 

  

Figure 2.10 Images showing the trenching process; cutting a trench (left) and the visible trench layers (right) [32]. 

2.2.2.2 Coring 

In this procedure a core sample is extracted using a core rig. The cores are typically 4 to 6 inches in 

diameter and are tested using a Hamburg test or an overlay test if required [32]. An example of coring the 

pavement structure can be seen in Figure 2.11. 

 

Figure 2.11 The coring of a pavement section using a core rig [32]. 

2.2.3 Non-Destructive Testing Methods for Structural Capacity Assessment 

As compared to destructive testing, non-destructive testing methods are faster, less damaging to the 

pavement structure, and more cost effective. As mentioned by Karimi and Mallick [17], there are several 

kinds of NDT's, such as the falling weight deflectometer, lightweight deflectometer, ground penetrating 
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radar, Benkelman beam deflection, seismic pavement analyzer, dynamic cone penetrometer, road surface 

analyzer, time domain reflectometry, etc. Two examples are shown in the next sections.  

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

A Falling Weight Deflectometer (FWD) attempts to replicate the loading from a standard truck on the 

pavement surface. It works by applying an impulse load, ranging from 4.45 to 156 kN, with a pulse and 

measuring their vertical and deflection responses in a radial fashion from the loading axis [17]. Variations 

like Light Weight Deflectometer (LWD) and Heavy Weight Deflectometer (HWD) cater to different 

impact loads [17], with LWD being suitable to be performed by hand and HWD 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 in Figure 2.12.  

 

Figure 2.12 How an FWD functions [17]. 

2.2.3.2 Ground Penetrating Radars (GPR) 

Ground-Penetrating Radar (GPR) functions by transmitting high-frequency electromagnetic waves that 

reflect from boundaries with varying electromagnetic properties. Various material properties, including 

permittivity, conductivity, and permeability, influence the time and velocity of wave travel, provide 

information on the depths of reflected interfaces [17]. GPR is widely used for tasks such as measuring 

pavement layer thicknesses and understanding the objects located beneath the pavement structure. A 

diagram of a GPR is shown in Figure 2.13.  
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Figure 2.13 How a GPR functions [17]. 

2.3 Pavement Monitoring and Instrumentation 

As was discussed at the beginning of Section 0 and in Section 2.1.3, due to a variety of factors such as 

traffic loads, environmental conditions, and issues with the design and construction of pavement 

structures, the formation of various distresses (e.g., rutting and fatigue cracking) can occur, leading to 

excessive stresses, strains and deflections at the critical response points of a pavement structure. These 

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 to discern the likely point of failure for a given pavement section based on 

prevailing traffic 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 methods of pavement condition assessment may not accurately 

predict pavement responses due to the consistently variable nature of traffic and environmental load 

changes that most, if not all, pavement sections experience over their service life. Because of this, current 

condition assessment methods cannot keep up with the changes and may collect inaccurate results. This 

has been shown in the literature, such as in Tighe, Huen and Haas [23] who acknowledged the ñinherent 

variability of pavement material properties and the lack of precise measuring of traffic load and 

environmental effectsò [23, p. 339] when it comes to the development of performance models and the 

data that should be included within them. If general calibration factors and performance data are applied 

and utilized during the design process as is done using the current methods, then it is more likely that a 

pavement section will experience premature failure [17]. That is why data collected in real-time is 

extremely important to generate accurate pavement life predictions and to be able to use resources the 

most effectively in local projects [17]. 
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Implementing in-situ pavement instrumentation offers a valuable means to gather this real-time data on 

specific pavement sections or networks, enhancing the calibration and performance prediction process 

[17]. With the implementation of instrumented pavement sections, modern tools like AI 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 strategies [22].  

Beyond predictive maintenance, these instrumented sections can also identify overloaded trucks on 

pavements, quantify their impact, and promptly notify relevant agencies [17]. Additionally, the system 

can signal when a road section experiences higher-than-designed real-time traffic and loads [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 time, as described in detail by Karimi and Mallick [17]. Pavement instrumentation can help to 

evaluate the endurance limits of current in-service 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 moisture, etc. [19] [17]. As mentioned by Karimi and Mallick, the use of 

embedded payment instrumentation can lead towards ñthe construction of genuinely sustainable 

pavementsò [17, pp. 03123001-1].  

2.3.1 Sensors 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' requirements [33] [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 the HMA 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 layer [34]. By monitoring pavement response over 

time and indicating strain evolution, strain sensors enable practitioners to make predictions related to 

fatigue and rutting [15]. When it comes to measuring strain in the pavement structure, the choice of 

sensors depends on whether it is in bonded or unbonded layers. In bonded layers, common strain gauges 

include foil gauges, H-gauges, and strain coils. On the other hand, for unbonded layers, inductive coils 

and LVDT-type strain gauges are common [34]. 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 transducer [17]. When one resistor is unknown, that's where the strain measurement is 

derived. 

The equation of a Wheatstone bridge is [17]:  

‐

ЎὙ
Ὑ
Ὃ

 (1) 

Where G = gauge factor, ʁ is the strain, ɲR is the change in strain gauge resistance and R = unstrained 

resistance of the strain gauge. Figure 2.14 shows a typical schematic of a Wheatstone bridge.  

 

Figure 2.14 Wheatstone bridge schematic [17]. 

Pressure sensors or pressure cells measure the compressive stress in the road structure, and these are 

typically placed in the granular layers or unbound layers [15]. There are several kinds of pressure cells 

and the two most common are hydraulic and diaphragm based [34]. The 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 diaphragm-based pressure cell has a stiff ring that supports a diaphragm which induces 

deflection and thus can be translated into a pressure measurement [34]. 

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 sensors [34]. The first two categories necessitate signal 

integration before deflection measurement, whereas the last category directly measures deflection [34]. 

Moisture sensors pick up changes in moisture within the various layers of the pavement structure, 

typically the granular and other unbound layers. Moisture is a key indicator for water accumulation which 

is detrimental to the pavement structure. With moisture sensors, the electric pulse is affected by the 

moisture content. Typically, when there's more moisture, the signal will run more slowly indicating that 
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there is a higher moisture content [17]. Therefore, knowing the moisture content of the instrumented test 

section can provide further insights. 

Temperature sensors are instrumental in monitoring the temperature of different layers [15], and their 

placement substantially influences the data they capture. Temperature plays a pivotal role in structural 

responses, impacting factors like strain, displacement, and pressure [15]. By 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 described in Table 2.1 along 

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

Table 2.1 Most Common Sensor Types ( [15] unless otherwise mentioned) 

Sensor Name Sensor Information Image 

Horizontal 

Asphalt Strain 

Gauge (HAST) 

HASTs, positioned at the bottom of 

bituminous layers, measure horizontal strain 

magnitude in pavement under dynamic 

loading. The sensors' H-shaped design 

improves anchoring in asphalt. The central bar, 

comprising one to four active strain gauges in 

various configurations, contains the sensitive 

part. 

 

Under strain, the anchors elongate the central 

bar which produces a resistance variation 

based on the gauge factor (GF), a measure of 

sensitivity to strain. 

 

Vertical Asphalt 

Strain Gauge 

(VAST) 

Like their horizontal counterparts, VASTs 

consist of a sensitive part held between two 

circular plates. The bottom plate stabilizes the 

sensor, while the top plate evenly transfers the 

load to the central bar. This sensor also 

includes a sharp stake for insertion into the 

underlying layer, operating similarly to 

HASTs. However, VASTs statistically exhibit 

a lower survival rate compared to their 

horizontal counterparts.  

Fibre Optic 

Sensors (FOS) 

An FOS employs an optical fiber connected to 

a light source for detecting specific quantities. 

These sensors, valued for their small size, 

flexibility, embeddability, and resistance to 

electromagnetic interference, provide crucial 

information about pavement conditions. They 

enable high-precision local or distributed strain 

measurements and come in discrete, quasi-

distributed, and distributed configurations.  
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Linear Variable 

Differential 

Transformer 

(LVDT) 

LVDTs measure vertical road pavement 

deflection by converting relative displacement 

into voltage. A securely anchored reference 

rod minimizes surface loading-induced 

deflection. Options include single layer 

deflectometers (SLDs) for specific layer 

measurement and multi-depth deflectometers 

(MDDs) for assessing deflection at various 

points in the pavement structure. 

 [35] 

Accelerometers 

An accelerometer measures velocity change in 

one or multiple directions, allowing for 

pavement deflection calculation by double 

integration of the signal. Unlike LVDTs, 

accelerometers don't require a reference point, 

as acceleration is an absolute value. The device 

consists of a mass connected to a spring, 

experiencing acceleration under applied force, 

with displacement proportional to acceleration.  [36] 

Geophones 

Geophones measure pavement displacement 

velocity under moving loads, obtaining 

deflection response through signal integration. 

Comprising a mass connected to a spring and a 

coil, geophones induce voltage proportional to 

displacement velocity. They exhibit nonlinear 

response and amplitude attenuation below their 

natural frequency, limiting measurements to 

frequencies above a minimum threshold. 
 

Thermocouples 

Thermocouples are the most used probes for 

pavement temperature measurements. They 

function based on the small voltage generated 

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 

standard resistors. While they operate within a 

narrower temperature range than other sensors, 

they enable more precise measurements. 

 [35] 
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Moisture Probes 

TDR probes, the prevalent moisture probes, 

operate on time domain reflectometry. They 

send an electric pulse through a waveguide, 

and its progression reflects the moisture 

content in the pavement. The reflected pulse, 

detected at the end of the waveguide, 

correlates with moisture content. This device 

achieves a 0-100% water content measurement 

with 1% accuracy. 

 [37] 

Pressure Cells 

Two main types of pressure cells are hydraulic 

and diaphragm based. Hydraulic pressure cells 

consist of two steel plates filled with liquid, 

and the pressure is determined by measuring 

the liquid pressure within the sensor. In 

contrast, a diaphragm-based pressure cell 

involves a stiff ring supporting a diaphragm, 

which undergoes deflection, translating into a 

pressure measurement. 
 [17] 

Weigh In Motion 

(WIM)  [17] 

WI M sensors record of vehicles Axel response 

and is able to sense the weight of vehicles. It is 

meant to ensure the weight of vehicles that are 

using a specific roadway to make sure that 

they don't exceed the design loads. There are 

four types of sensors and each one can 

accommodate various speed Rangers. They're 

typically applied over the lane in a 

perpendicular direction to the direction of 

traffic 
 [38] 

Data Acquisition 

System (DAC) 

[17] 

DAC's collect all of the data acquired in a 

specific sensor configuration. They 

continuously monitor the sensors for responses 

collect and store the data as well. They are able 

to differentiate typically between different 

sampling frequencies, and it is recommended 

that sensors collecting environmental data have 

lower sampling frequency than those that are 

collecting load responses. Typically, it is 

installed in a waterproof cabinet.  

A visual representation of previously mentioned sensors within the context of a pavement structure is 

provided in Figure 2.15. 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. 

 

Figure 2.15 Typical locations of common sensor types located in a pavement structure [17]. 

2.3.2 Previous Examples of Pavement Instrumentation 

While early pavement instrumentation research began in the late 1960s, it wasn't until the 1990ôs that the 

research really accelerated [17], such as with the review on instrumented sensors presented by Tabatabaee 

and Sebaaly [34]. The foundational project where many sensors were implemented in a pavement section 

at the same time was the Virginia Smart Roads project in 2004 [25]. Following 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 models. Various pavement sections are 

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

moisture in different pavement layers. The following sections will describe three examples of 

instrumented sections and the results and conclusions that came from them.  

2.3.2.1 The Virginia Smart Road 

The Virginia Smart Road, conducted by the Virginia Department of Transportation between 1998 and 

1999, is one of the first comprehensive instrumented pavement sections [39] [15]. It shows the feasibility 

of measuring flexible pavement responses to loading. Spanning 3.2 kilometers, the road incorporated 12 
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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 acquisition system, and specialized software for data acquisition, management, and processing. 

Data was collected during the compaction process, and during a controlled truck test running at various 

speeds during various parts of the day [39] [15]. 

During compaction, the acquisition revealed higher horizontal strains with the presence 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 strainðdecreasing speed led to a substantial strain increase 

[39]. A finite element model, considering effective bonding conditions, was used to predict pavement 

response, aligning well with experimental results [39]. 

2.3.2.2 The Instrumentation of the A41N Highway in France 

As part of a collaborative research effort, the French highway A41N underwent instrumentation during 

maintenance operations in 2012 [40] [15]. In this project, two sections of the highway were equipped with 

47 strain gauges (horizontal and vertical asphalt strain gauges), 12 temperature probes, and 2 FBGs (type 

of Fibre Optic sensors) [40]. These sensors were strategically placed at various depths within the road 

structure to gather information about the wearing, base, and subbase layers. Two rows of sensors are 

installed, one in the right wheel path and the other in the middle of the right traffic lane [40].  

During an on-site 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 trajectories ("ɲD") [15]. This aimed to 

evaluate the structural behavior of the pavement under varied conditions. Notably, no sensor losses were 

observed during the study [15]. Analysis of the data collected revealed substantial influences of vehicle 

speed and truck trajectory on measured strains in flexible pavements. For instance, for the testing along 

three different trajectories, the results indicate that the strains are much higher when the load is directly 

above the sensors and similar response shapes occur when load axles are overtop the sensors directly [40]. 

When testing at different speeds, the results concluded that an increase in speed causes a decrease in 

strain [40].  

2.3.2.3 Instrumentation within the US-287 near Mansfield, TX 

The location for this instrumented test section was on highway US-287, south of Mansfield, Texas, near 

the intersection with US-360. In 2018, four longitudinal and four transverse strain gauges were installed 
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in a straight line along a vehicleôs right wheel path, as well as 165 mm to the right of the right wheel path 

[41]. Figure 2.16 shows the plan view of the instrumented test section used in this project. 

` 

Figure 2.16 Plan view of the pavement instrumentation setup for this project [41]. 

In order to test the sensors, a truck test took place where seven passes were made at approximately 80 

km/h with the FWHA Class 6 truck aiming to position its right wheels over the sensor arrays. Since the 

lateral position varied between each truck passed, video recordings were taken, and pavement markings 

were created to determine the truck's lateral position [41]. At the same time HMA temperatures were 

taken using a thermometer. Strain signals for each test were extracted, and a Finite Element Analysis was 

performed of the test section to compare to the tested results. Major findings included that longitudinal 

and transverse strains consistently stayed below 25 ɛŮ, well below the literature-reported endurance limit 

of 70 ɛŮs [41]. In addition, transverse strains were slightly larger than longitudinal strains, likely due to 

axle-induced strain accumulation in the transverse direction, opposite of what was predicted in the FEA. 

Finally, since no control for wander was made, the authors noted that longitudinal and transverse strain 

values varied substantially between vehicle passes, attributed to variations in the lateral position of the 

vehicle relative to the gauge locations [41]. 

2.4 Applications of Pavement Performance Monitoring 

Section 1.1 highlighted several primary applications of integrating sensors and other instrumentation 

within pavement structures, which 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 holds substantial importance 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 sections explore these two topics further. 

2.4.1 Pavement Performance Prediction Models  

A pavement performance prediction model is established based on a correlation between factors like age, 

traffic load, and material properties to the gradual degradation of the pavement over time [42]. Its primary 

objective is to forecast future pavement deterioration, encapsulated within an equation representing the 

evolution of pavement condition. Figure 2.17 from [43] provides a visual representation of this concept, 

similar to the pavement deterioration curve depicted in Figure 2.9. Notably, the model extends this curve 

by predicting future deterioration from a point post-construction, labeled ñNowò. Acknowledging past 

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 

implemented [43]. 

 

Figure 2.17 Pavement performance deterioration curve, showing how prediction of future deterioration and proposed 

rehabilitation actions will affect the pavement condition [43]. 
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As mentioned in the AASHTO pavement management guide, a pavement performance model is going to 

predict one of three things. These include either the distress severity/extent - typically some structural 

distress like fatigue cracking or running. It can also predict the individual pavement condition indices, 

such as the IRI. Finally, can also predict some composite indices like PCI [14]. All three kinds have their 

advantages and disadvantages which need to be considered when developing a specific model [14].  

Next, the selection of the model type becomes crucial. Four traditional approaches include: 

deterministic models, probabilistic models, Bayesian models, and subjective models [14]. These 

categories can be broken down further into mechanistic, mechanistic empirical, or empirical models, 

depending on whether they are rooted in pavement behavior, experimental results, or a combination of 

both. In the realm of pavement performance prediction, the preference often leans towards mechanistic 

empirical models [14]. 

2.4.1.1 Incorporation of ML and AI 

Machine learning techniques and artificial intelligence have become and new method for pavement 

performance prediction to facilitate the prediction process due to the inherent nature of prediction in 

machine learning [22]. As mentioned in the work by Kang, using AI and ML can help the prediction 

models perform better than traditional models [22].  

The development of a pavement performance prediction model through machine learning involves five 

key steps, illustrated in Figure 2.18. The initial step is data collection, achievable through various 

methods outlined in [42], such as utilizing agencies, public sources like the Long-Term Pavement 

Performance (LTPP) 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, the modelling step ensues, utilizing diverse algorithms like random 

forests, decision trees, support 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 potential issues and 

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 input of training data and new 

data into this model enables the prediction of pavement deterioration. 
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Figure 2.18 Steps in the development of a pavement performance prediction model using machine learning [42]. 

2.4.2 Consideration of Climate Change Effects in Pavement Performance Prediction 

As stated in a study by Maadani et al. in [44], climate change is already causing issues for the 

transportation sector. The areas of most concern include increased rutting and bleeding due to high 

temperatures, increased deformation due to freeze-thaw cycles and increased depressions due to 

precipitation and flooding [44].  

Engineers now rely on advanced mechanistic design tools like the Mechanistic-Empirical Pavement 

Design Guide, or MEPDG, 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 models [44]. 

However, a substantial limitation identified in the study by Maadani et al. in [44] 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 this, currently the Long-term Pavement Performance (LTPP) is used to gather hourly weather 

data from stations across the United States and Canada, spanning over 10 years. There are still issues with 

this strategy, however, as occasional gaps and errors in the data pose challenges when used as inputs for 

MEPDG weather assessments [44]. 
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Effectively utilizing available MEPDG climate data files remain 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 intervals, but even this may not be enough in some 

cases [44]. 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 exists a critical gap in understanding how to account for local 

conditions, materials, construction quality, traffic characteristics, and seasonal fluctuations in moisture 

and temperature within road layers [44]. 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 assessments [44]. 

2.5 Research Gaps  

The literature review reveals that embedded instrumentation for monitoring pavement conditions has been 

an established practice for decades. However, recent advancements in state-of-the-art 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 in real-time. Despite this progress, the research area still 

faces limitations and gaps, some of which is addressed 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 pavements. Unlike these projects, this 

study integrates sensor implementation as part of the roadway reconstruction process, and the evaluation 

of sensor responses while the pavement immediately after installation was planned 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 conditions. This study addresses this gap by collecting pavement 

structural response data using a controlled truck test immediately after the pouring of the initial HMA 

layer. In addition, the literature typically only presents sensor response data gathered over a short period, 

such as one or a few days. This gap in research limits a thorough understanding of the relationships 

between a pavement sectionôs structural responses over various HMA and ambient temperatures. This 

study will seek to address this gap by undertaking a more extensive assessment compared to that in the 

existing literature, where truck tests are typically conducted during only one test/day/season. To do this, 
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an in-depth heavy vehicle (truck) testing analysis is performed over various seasons overtop the 

instrumented test section. Also, there is currently not much research exploring the long-term trends and 

assessments of load and environmental data collected for an instrumented test section for 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 real-time 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 correlations. To do this, a comparison between the 

response magnitude and shape of an embedded sensor and the extent of vehicle tire deviation (known as 

vehicle ñwanderò) as a heavy vehicle attempts to pass over that embedded sensor. Also, there is very little 

exploring the comparison between static and dynamic pavement response simulation methods, especially 

over various seasons and speeds and how it will compare to embedded sensor field results. This study will 

work to address this gap by modelling the truck testing performed over several seasons in two common 

static and dynamic pavement software (namely, KENPAVE and 3D-Move) 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 projects have mainly 

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 the cost-benefit analysis of this method over 

several decades as compared to the costs of traditional pavement condition monitoring methods [45]. 

While this thesis does not delve into this aspect, the pursuit of cheaper, more cost-effective 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 outlines 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 capturing real-time data 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 enabling the real-time 

capture of data from continuous live traffic on an urban roadway. This sets the approach of this project 

apart from others in the existing literature, which often conduct similar testing on roads with limited 

traffic or controlled-access roadways featuring specific types of vehicles [46], [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 of a two-lane, two-

way roadway. From Figure 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 length. Figure 3.2 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 multi-use trail adjacent to the lane selected for the instrumented test section. 

Finally, Figure 3.3 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 multi-use trail, and other site features. 

The red rectangles used to indicate the instrumented test section locations in Figure 3.1, Figure 3.2 and 

Figure 3.3 indicate the approximate locations and are not drawn to scale.  
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Figure 3.1 Location of the instrumented test section in relation to Highway 8, Overland Drive and Walton Avenue in 

Kitchener, Ontario [49]. The instrumented test section is highlighted in red. 

 

 

Figure 3.2 Closer view of lane selected as instrumented test section in relation to the surrounding land uses [49]. 
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Figure 3.3 Street view look at the approximate location of the instrumented test section [49]. 

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 COVID-19 pandemic, 

construction commenced during 2022, which is the same year the implementation of the instrumented 

section began. Figure 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.  

 

Figure 3.4 Site plan drawing produced by the Region of Waterloo, including the location for the instrumented test 

section in red [50]. 

The pavement design is of a typical nature, with an HMA surface course of 195 mm (50 mm of SP 12.5 

mm FC2 material which is PGAC 64-28 and 145 mm of SP 19.0 mm material which is PGAC 58-28), a 

Granular A layer of 150 mm, Granular B Type II layer of 400 mm followed by the natural subgrade soil, 



 

38 

 

bringing the total structural design depth to 745 mm [51]. Figure 3.5 shows a typical cross-sectional 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.  

 

Figure 3.5 Typical cross-sectional view of the roadway near the instrumented pavement section, produced by the 

Region of Waterloo [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 6-5) prepared for the Region of Waterloo [51]. 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 ESALs, this value was what 

was selected as the design ESALs for the project [51]. 

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 on-site. The following section will describe each component of the 

sensor equipment in detail.  

3.4.1 Dataloggers 

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

Specifically, nine of their proprietary STS4-4 Terminal 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 logger can pick up data at low and high 

frequencies for environmental and load data [52]. 

3.4.2 Horizontal and Vertical Asphalt Strain Gauges 

This study implemented both horizontal and vertical gauges, or strain transducers. Both strain gauges 

were calibrated by BDI. They include a Wheatstone full bridge configuration circuit that has 4 active 

1000-ohm strain gauges in order to measure axial strains [35]. The unit of strain measurement produced 

by these sensors is microstrain (ɛŮ) based on radiometric to excitation voltage [35]. They are LVDT-type 

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 5000 ɛŮ, while the temperature 

range is -45 to 150°C [35].  

3.4.3 Temperature 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 thermistor. The thermistorôs functionality comes from a change 

in resistance, whereby as the temperature increases, the resistance decreases [35]. These were used to 

gather temperature data throughout the pavement structure granular layers. The temperature range of this 

sensor is -60°C to 150°C. The non-linear output of the thermistor is represented by the Steinhart-Hart 

Equation [35]: 

Ὕ
ρ
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(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 sensor is -40° to 

200 °C [35].  



 

40 

 

3.4.4 Moisture 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 from. According to the manufacturer, they ñuse an electromagnetic field to measure 

the apparent dielectric permittivity ‐  of the surrounding mediumò [37, p. 12]. The sensor itself 

produces a raw value based on the substrate permittivity which is then converted to Volumetric Water 

Content (VWC) [37]. The VWC is the ratio of the volume of water (in m3) to the volume of soil (also in 

m3) [37]. In the field, the TEROS10 moisture probes have been set to produce the data in terms of volts, 

as they cannot produce data with the units in ñrelative humidityò as required by BDI. In this way, the data 

can be converted to VWC through the following calibration equation [37]: 

—
ά

ά
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3.4.5 Total 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 fluid) [53]. This cell is connected to a transducer through a stainless-

steel tube, forming a closed hydraulic system [53]. The units that are provided to the data logger are in 

megapascals (MPa).  

3.4.6 Sensor 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 described in Table 3.1. Images of each of the sensors 

can be found in Figure 3.6. 

In this document, the consistent reference for each sensor will be based on its Sensor Label and not the 

Model name (see Section 3.4.7 for the sensor labeling methodology). This approach ensures clarity when 

discussing sensors across different layers or sections of the test area. The sampling frequency is 

categorized into two types: high-speed (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 the low-frequency assessment, which will provide trend 

data over time (as described in Chapter 8). Initial plans included the installation of two multi-depth 

deflectometers for in-situ measurement of elastic or permanent deformation in the pavement structure. 
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Unfortunately, these deflectometers were not installed due to concerns related to construction feasibility. 

Each of the sensors were calibrated to ensure proper functioning prior to being placed on-site. The 

calibration sheets for the RST and BDI sensors can be found in the Error! Reference source not found..  

Table 3.1 Sensor Summary 

Sensor Type Model 
Sensor 

Label 

Sensor 

Measurements 

Number of 

Sensors 

Installed 

Sampling 

Frequency 

Horizontal 

asphalt strain 

gauge 

AST1000 AS-XX-Y-# Strain (ɛŮ) 8 

1000 samp. /sec. 

& 

1 samp. /15 min.* 

Vertical asphalt 

strain gauge 
VAST1000 VAS-Y-# Strain (ɛŮ) 4 

1000 samp. /sec & 

1 samp. /15 min. 

Temperature 

sensor 

(thermistor)  

N/A (simply BDI 

thermistor probes) 
TM-XX-# °C 7 1 samp. /15 min. 

Moisture 

probes 
TEROS10 MOI-XX-# 

Volumetric Water 

Content (VWC - 

m3/m3) 

5 1 samp. /15 min. 

Total earth 

pressure cells 

(TEPC) 

LPTPC-V PC-XX-Y-# Pascals (MPa) 8 
1000 samp. /sec & 

1 samp. /15 min. 

Temperature 

probes 

(thermistor)  

TT-TS-### 

(thermsitor) 

TEMPS-

01/02-# 
°C 2 1 samp. /15 min. 

*Samp. = sample, sec. = seconds and min. = minutes 

To facilitate the installation of sensors, a device known as a "moisture tree" was developed in the 

laboratory prior to sensor installation on site. This concept of a "moisture tree" was borrowed from 

previous research work at CPATT [18], where it was used to distribute moisture probes evenly at the 

required depths within pavement structures. In this project, the moisture tree was used to contain all 

sensors (not just the moisture probes), enhancing the efficiency of sensor transportation and installation 

on site. 

The moisture tree for this project was constructed using a 4-inch diameter PVC pipe. Figure 3.7 and 

Figure 3.8 display the moisture tree constructed and utilized by the research team, with Figure 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 to the Data Acquisition system (DAC). The DAC has 

nine (9) STS4-4 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 in Figure 3.9. Schematics of the DAC setup can be found in Appendix B. 
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a. Horizontal asphalt concrete strain gauges (BDI) 

 

b. Vertical asphalt concrete strain gauges (BDI) 

 

c. Temperature sensors (thermistor) (BDI) 

 

d. Moisture probes (TEROS10) 

 

e. STS4 Core Data Logger (BDI- [52])  

f. STS4-4 Terminal Node (BDI) 

 

g. Total Earth Pressure Cell (TEPC) (RST) 

 

h. Temperature probe in asphalt (BDI) 

Figure 3.6 Sensors and other equipment installed at the instrumented section on Courtland Avenue 
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Figure 3.7 Moisture tree through which all sensors were 

threaded. 

 

Figure 3.8 Image showcasing how all the sensors were 

threaded through the moisture tree. 

 

 

 

Figure 3.9 Data Acquisition System for the instrumented section. 

There are a total of eight openings on the completed moisture tree. Table 3.2 describes the sensors that 

were installed in each of the openings of the moisture tree. It also shows 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. 

Table 3.2 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; PC-BA-R-

1; PC-BA-L-2; PC-BA-R-5; PC-BA-L-6 

Hole 3 340 
MOI-SB-2 ; TM-SB-03 ; TEMPS-01-1/2/3 ; 

TEMPS-02-1/2/3 ; PC-SB-R-3; PC-SB-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-SG-5; TM-SG-06; PC-SG-L-8; PC-SG-R-7 

Hole 8 -340 TM-SG-07 

 

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 manner, Figure 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 to as the ñright sensor arrayò and the ñleft sensor arrayò, respectively.  

Figure 3.12, Figure 3.13 and Figure 3.14 show diagrams 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 

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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Figure 3.10 Schematic (plan view) showcasing the sensor instrumentation layout. 

 

Figure 3.11 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 includes 50 mm of SP 12.5 mm FC2 and 145 mm of SP 19.0 mm 

for a total of 195 mm for the surface course.  

 

Figure 3.12 Top view of the instrumented section setup, showcasing the concrete base and the hydro pole. 

 

 

Figure 3.13 Plan view of the instrumented section setup, showcasing the location of the PVC conduit relative to the 

pavement structure. 
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Figure 3.14 Additional plan view of the instrumented section setup, showcasing the location of the PVC conduit 

relative to the hydro pole. 

3.4.7 Sensor 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 each sensor type. 

3.4.7.1 Horizontal and Vertical Asphalt Strain Gauges 

Horizontal and vertical strain gauges follow the AS-XX-Y-# and VAS-Y-# 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 the óVASô designates the sensor as a vertical asphalt strain 

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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Figure 3.15 Naming convention for the horizontal asphalt strain gauges. 

 

Figure 3.16 Naming convention for the vertical asphalt strain gauges. 

3.4.7.2 Temperature 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 3.8 shows the naming convention for the temperature thermistors. They bear the óTMô prefix, 

followed by a two-letter 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 3.9 shows 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. Figure 3.10 shows the 

individual sensor labels for the temperature probes for clarity. 
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Figure 3.17 Naming convention for the temperature thermistors. 

 

 

Figure 3.18 Naming convention for the temperature probes. 

 

 

Figure 3.19 Naming convention for the temperature probes for each sensor. 
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3.4.7.3 Moisture Probes 

Moisture probes are labeled very similarly to the thermistors described previously. The prefix begins with 

the letters óMOIô to denote that it is a moisture sensor, and there is a two-letter differentiator to denote 

which layer the sensor is located in. Finally, there is a number along the depth of the sensor to show how 

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

 

Figure 3.20 Naming convention for the moisture probe sensors. 

3.4.7.4 Total 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. 

 

Figure 3.21 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 below the HMA layer. 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 ï the main contractor for the project. 

2. Region of Waterloo ï overseeing the construction and responsible for the design. 

3. National Research Council of Canada (NRC) ï provided experienced personnel to support the 

graduate researchers with the implementation and testing of the sensors. 

4. Center for Pavement and Transportation Technology (CPATT) ï several graduate and post-

doctoral students with their peers participated in the installation of the sensors on-site.  

The implementation of the sensors occurred during various stages of the construction of the pavement 

structure on Courtland Avenue. These include the progressive laying of Granular 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 detail. Figure 3.22 below shows a summary of 

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

 

Figure 3.22 Summary of the construction activities and the dates of occurrence. 

3.5.1 Confirmation of concrete base location (August 24th, 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 depicted in Figure 3.23. The 

position of the concrete base was chosen so that it was situated 1 metre from the edge of the curb. This 

Concrete 
Base 

Location 
Confirmation 
- Aug 24th, 

2022

Sensor 
Position 

Determinatio
n - Sep 29th, 

2022

Sensor 
Installation 
Day 1 - Sep 
30th, 2022

Concrete Pad 
Pouring -
Oct 5th, 

2022

Arrangement 
of 

base/asphalt 
sensors -
October 

11th, 2022

Sensor 
Installation 
Day 2 - Oct 
12th, 2022

Hydro 
Connection -

Dec 21st, 
2022
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was to ensure adequate distance from the roadway, and also to line up the concrete pad with the hydro 

pole. 

  

Figure 3.23 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). 

3.5.2 Determining the position of sensors (September 29th, 2022)  

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 backfilling of the Granular B and 

Granular A was 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 in Figure 3.24 and Figure 3.25. 

 

 

Figure 3.24 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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Figure 3.25 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. 

3.5.3 Sensor installation Day 1ï Installation of sensors on the subgrade, subbase, and base 

(September 30th, 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. 

3.5.3.1 Installation 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 seen in Figure 3.26 and the exact locations for the 

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

  

Figure 3.26 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 image of Figure 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 in Figure 3.27 in the right image. 

  

Figure 3.27 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 L-shaped structure was built as can be seen in the right image of Figure 3.28.  

  

Figure 3.28 Placement of the black PVC pipe over the bundled wire(right) and the completed L-shaped PVC 

structure guiding all sensor wires from the subgrade to the DAC (left). 

3.5.3.2 Installation 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 described in Table 3.2, 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 embedded to obtain accurate temperature 

measurements. However, each layer, whether it be subgrade, Granular B or 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 seen in Figure 3.29. 

 

Figure 3.29 Installation of the moisture tree within the subgrade. 

Following the initial plan, the pressure sensors intended for placement on the subgrade soil 

(specifically PC-SG-L-8 and PC-SG-R-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 image of Figure 3.30. Then some of the 

subbase soil was placed over top for protection. 

To protect the remaining sensors during the backfilling of the Granular 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 be seen in Figure 

3.30 in the left image. 
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Figure 3.30 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 the Granular B occurred. This can be seen in Figure 3.31 in the left image. 

Fortunately, the L-shaped PVC structure remained intact, and the wooden box was sufficient to protect 

the sensors during the backfilling process. 

  

Figure 3.31 Both the (left) and (right) images show the backfilling of the Granular B material. 

3.5.3.3 Installation Procedure for Sensors within the Subbase 

After the backfilling of the subbase, a compaction roller passed several times over the Granular B soil 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 
































































































































































































































































































































































































































