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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 nation’s 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 country’s vast network [2]. According to Statistics Canada, as of 2018 

the nation had “…more than 1.13 million two-lane equivalent lane-kilometres of public road” [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 nation’s 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 “infrastructure deficit”, 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 

“golden years” of the 1960s and 70s, this period of budget cuts has led much of Canada’s 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 nation’s total) were in a “poor” or “very poor” state, while a little over 

200,000 km (or 22.6% of the nation’s total) were in a “fair” state [10]. A fair rating means that the “asset 

requires attention” [10, p. 8], since there are deficiencies, a poor rating means the asset is “approaching 

the end of its service life” [10, p. 8] and a very poor rating means the asset is “unfit for sustained service” 

[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, “…encompasses all the activities involved in the planning, design, construction, maintenance, 

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

pavement management system, or PMS, comes in as “…a 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 time” [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 “condition survey”.  

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 challenges—it 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 section’s 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 “wander”) 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 vehicle’s 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 

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

methodology and summary of contributions. 

• Chapter 2: Literature Review 

➢ 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 

➢ 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 

➢ 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 

➢ 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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➢ Examines the correlation between truck trajectory and pavement response to establish a 

link between the truck tire’s 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 

➢ 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 

➢ 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 “performance” 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 

➢ 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 

➢ 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 upward—termed 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]. 
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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 pavement’s ability to withstand currently applied traffic 

loads. 

3. Surface Characteristics: assessing the pavement’s 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, “…the filtered ratio of the accumulated deviation of the vehicle’s 

suspension divided by the traveled distance” [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 “inherent 

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

environmental effects” [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 “the construction of genuinely sustainable 

pavements” [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]:  

𝜀 =

∆𝑅
𝑅
𝐺

 (1) 

Where G = gauge factor, ε is the strain, ΔR 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] 



 

26 

 

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 1990’s 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 strain—decreasing 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 ("ΔD") [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 vehicle’s 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 με, well below the literature-reported endurance limit 

of 70 μεs [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 “Now”. 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 section’s 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 “wander”) 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, 
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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 (με) 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 με, 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 thermistor’s 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]: 

𝑇𝐶 =
1

𝐴 + 𝐵(𝑙𝑛𝑅) + 𝐶(𝑙𝑛𝑅)3
− 273.2 

(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].  
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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 “use an electromagnetic field to measure 

the apparent dielectric permittivity (𝜀𝑎) of the surrounding medium” [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 “relative humidity” as required by BDI. In this way, the data 

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

𝜃 (
𝑚3

𝑚3) = 4.824 × 10−10 × 𝑚𝑉3 − 2.278 × 10−6 × 𝑚𝑉2 + 3.898 × 10−3 × 𝑚𝑉 − 2.154 (3) 

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 (με) 8 

1000 samp. /sec. 

& 

1 samp. /15 min.* 

Vertical asphalt 

strain gauge 
VAST1000 VAS-Y-# Strain (με) 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. 

 



 

42 

 

 

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 “right sensor array” and the “left sensor array”, 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 ‘VAS’ 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 ‘TM’ 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 ‘MOI’ 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 – the main contractor for the project. 

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

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

graduate researchers with the implementation and testing of the sensors. 

4. Center for Pavement and Transportation Technology (CPATT) – 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 1– 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 
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without potentially compromising any of the sensors or the moisture tree. Both the compaction roller and 

hand compaction processes can be seen in Figure 3.32. 

  

Figure 3.32 Compaction roller (right) and hand compactor (left) to flatten the subbase soil. 

The pressure sensors PC-SB-R-3 and PC-SB-L-4 were installed on the top of the subbase as per the 

plan presented in Figure 3.11. Then Granular A soil was backfilled over the instrumented pavement 

section and once again, the area was compacted through a compaction roller and also through a hand 

compactor. In the left image in Figure 3.33, the installation of the two pressure sensors can be seen. 

Likewise, the right image in Figure 3.33 shows the backfilling and the compaction of the Granular A base 

material on the subbase. The wooden boxes continued to provide protection to the moisture tree and other 

sensors while the backfilling process was underway. 

  

Figure 3.33 Implementation of the pressure sensors on the top of the subbase (left) and images of the backfilling 

procedure of Granular A with the wooden box present as protection to the moisture tree (right). 
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3.5.3.4 Sensor Installation within and on Top of Base 

The next step of the construction process consisted of the implementation of the sensors within the base 

layer. This correlates to the implementation of the sensors within the Granular A material. As can be seen 

in Figure 3.34, the wooden box structure was dismantled and removed from the site. This was done by 

simply breaking off sections of the box and pulling them out from the base and subbase material. Also, in 

Figure 3.34 an image of the moisture tree within the Granular A material with all the sensors can be seen.  

  

Figure 3.34 Removal of the protective box around the sensors (left) and image of the moisture tree with sensors 

(right). 

Next, the compaction for the base was completed. Care was taken to ensure that none of the sensors 

would be damaged in the compaction process. This was especially important for the temperature probe 

sensors since the tops of these sensors would have to remain exposed. This needed to be done since the 

tops of the temperature probes would measure the temperatures within the HMA layer, to be poured at a 

future date. An image of the two exposed temperature probe tops can be seen in Figure 3.35. 
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Figure 3.35 Exposed temperature probe sensor tops (left) and hand compaction of the soil adjacent to the sensors 

(right). 

Finally, the day concluded with wrapping the remaining sensors that were to be placed on the base 

surface in an additional box with a tarp to protect it from the elements until the asphalt concrete pouring 

date was confirmed. The protected box setup can be seen in Figure 3.36 below. 

 

Figure 3.36 Protected sensors. 

3.5.4 Pouring of Concrete Pad (October 5th, 2022) 

Several days after the first sensor installation day, the graduate team from CPATT went out on site to 

supervise the pouring and installation of the concrete base pad on which the data acquisition system for 

the sensors will sit. When the team arrived, there was formwork ready to go for the pouring and the 
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concrete truck was already there. The pouring went very smoothly. In Figure 3.37 the concrete pouring 

and smoothing process can be seen. 

 

 

Figure 3.37 Installation of the concrete base pad for the data acquisition system. 

3.5.5 Arrangement of the base/asphalt concrete sensors (October 11th, 2022) 

During this day, the CPATT graduate team went out on site to arrange the sensors that will sit on the 

surface of the base layer. These included the pressure sensors PC-BA-R-1, PC-BA-L-2, PC-BA-R-5, and 

PC-BA-L-6, as well as all the asphalt strain gauges (vertical and horizontal). The team ensured that all of 

the sensors were installed according to their designated planned locations.  

For the pressure sensors, the same installation procedure used as during the construction of the 

subbase (i.e., a small trench was dug out to ensure the pressure sensor was level, and a fine sandy material 

was placed underneath and around the sensors to provide support and to ensure no large granular material 

had a chance of damaging the sensors). The TEPC sensors were placed at 45-degree angles relative to the 

traffic flow to accommodate the long rods stemming from the sensor. In a similar manner, the asphalt 

concrete strain gauges were placed into the base layer by digging out a small trench, then placing the fine 

granular material around the gauges to minimize damage. In addition, the asphalt strain gauges were 

covered by a small amount of PG 54 - 28 asphalt an order to protect it from the pouring of the HMA that 

would happen the next day. 

Images of the pressure sensors and asphalt strain gauges as they were set up on site can be seen in 

Figure 3.38 and Figure 3.39. 
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Figure 3.38 Two views of the implementation of the asphalt strain gauges and the pressure sensors on site. 

 

Figure 3.39 View of the pressure sensor installation to the left and the asphalt strain gauge installation to the right. 

3.5.6 Sensor Installation Day 2– Installation of sensors on the base and asphalt concrete (October 

12th, 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 second round of sensors to lie on the base layer and within the 

asphalt concrete.  The weather during the day was a mix of sun and cloud with a high of 20 °C and a low 

of 11 °C. 

One of the first tasks once the team arrived on site was to cover the external wires from the strain 

gauges with a layer of asphalt to protect them from direct contact with the hot asphalt paver. This was 

done by hand as can be seen in Figure 3.40. 
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Figure 3.40 Covering of the sensor wires with asphalt concrete to protect them. 

Next, the asphalt paver came and specifically poured asphalt concrete over the area where the sensors 

were to provide additional protection. This was done on the part of Capital Paving. Images of the paver 

covering the area where the sensors are located can be seen in Figure 3.41. 

 

  

Figure 3.41 Targeted pouring of asphalt concrete over the instrumented section. 

 

Once the paver had finished covering the sensors the instrumented area looked like what is shown in 

Figure 3.42 below. 
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Figure 3.42 Instrumented section with targeted pouring complete. 

Afterwards, the asphalt paver poured out the first lift of asphalt concrete to form the lane which sits 

southbound closest to the curb edge. Due to the preliminary pouring of the actual concrete over the 

instrumented section, there was less of a risk of sensors being moved or damaged while the paver was 

laying the asphalt in the lane. Next, the compaction roller for the asphalt concrete rolled over the lane. 

Both the pouring and compaction of the asphalt can be seen in Figure 3.43. 

 

  

Figure 3.43 Asphalt concrete being poured onto the instrumented section (right), and compaction roller compacting 

the asphalt pavement section (left). 

For most sensors, the installation process concluded with the pouring of the first layer of asphalt 

concrete over the instrumented test section. However, the temperature probe sensors, being elongated and 

requiring precise placement in multiple layers of the pavement structure, posed an additional step. As per 

the original installation plan, the top of the temperature probe sensor needed to protrude from the first 



 

64 

 

layer of concrete poured, as it had to be situated within the second lift (the topmost layer of AC). Marking 

the location of the temperature probe was necessary before the asphalt hardened. Figure 3.44 illustrates 

the team excavating the asphalt surface to locate the temperature probe sensor.  

 

Figure 3.44 Identification of the temperature probe sensor. 

Uncertainty regarding the timing of the second asphalt lift, slated for approximately a year later, 

prompted the team to make a practical decision. To shield the moisture temperature probe sensor from 

potential exposure to live traffic immediately after paving, the team chose to fully immerse it in the 

existing first lift of asphalt. This adjustment resulted in a shift of all temperature probe sensors further 

down than originally planned. Figure 3.45 illustrates the original and current plans for moisture probes, 

with a switch from in the asphalt layer to slightly within the Granular Base layer for the TEMPS-01-3 and 

TEMPS-02-3 sensors. This is because the first lift of asphalt is 145 mm, whereas the bottommost sensors 

in the temperature probes are located 190.5 mm from the top of the sensor. Note that the drawings in the 

figure are not to scale. 

 

Figure 3.45 Comparison of the initial(left) and final (right) installation plans for the temperature probes. 
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3.5.7 Hydro Connection – hydro line installation and grounding (December 21, 2022) 

To provide constant reliable power to the data acquisition system, a connection to the city hydro line was 

installed. Representatives from the Region of Waterloo were present on site to assist with the 

establishment of the hydro connection on the adjacent utility pole. First, a hydro box needed to be 

installed to the hydro pole, and the hydro wire connection along the utility pole. Both can be seen in 

Figure 3.46. 

 

Figure 3.46 Hydro wire connection and box on the adjacent utility pole. 

Next, the hydro wire was placed into the DAC, to be able to be plugged into a plug box. In addition, a 

ground wire was also placed in the DAC, and this can be seen in Figure 3.47. 

  

Figure 3.47 Ground wire, hydro wire and plug box setup. 
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The plug box, along with the power plug will be used as a connection point to be able to connect the 

hydro wires to the computer and other components of the DAC. Figure 3.48 shows more images of the 

plug box and the wire setup within the DAC. 

  

Figure 3.48 Closeups of the plug box and hydro wire. 

3.5.8 Material Sampling 

3.5.8.1 Sampling of base/subbase material 

Several bags of both Granular A and Granular B material were collected from the site as the backfilling 

procedures for each layer occurred. For instance, Figure 3.49 below shows the sampling of the Granular B 

material. 

 

Figure 3.49 Sampling of the Granular B material. 
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3.5.8.2 Sampling of asphalt concrete material 

In addition, as the concrete was being poured on the lane during the asphalt pouring face, about 30 

cardboard boxes of asphalt concrete sample were collected for later materials testing. 

3.6 Construction Challenges 

There were several construction challenges that were encountered during the sensor instrumentation of 

the test section, which should be addressed in the future for improved data quality: 

1. Issues Related to Weather Concerns and Construction Schedule Coordination: The 

installation process commenced in the fall season, as it was only at this time that the site was 

available to the graduate team after the works performed by the contractors 

(watermain/storm/sewer installation, etc.). This limited the amount of time the team had to install 

the sensors before the winter arrived, and it increased the chances of poor weather conditions 

affecting the installation process. For future studies, the sensor installation process should, as 

much as possible, try to be done during warm and sunny periods. However, this all depends on 

the timelines imposed by the construction crew. Coordinating the sensor installation with the 

construction crew's schedule is crucial. Delays in one activity may have a domino effect on the 

overall project timeline. 

2. Time Constraints: There was a limited amount of time from when the sensors were shipped to 

the University of Waterloo to the date when the sensors needed to be installed on site, which 

limited the amount of time available to the graduate team to fully test the sensors in the lab prior 

to installation. The graduate team did end up calibrating and ensuring that each of the sensors 

worked prior to construction, however this was done in a short period of time (2 to 3 weeks of 

full-time work). A longer time is recommended in future projects to ensure that there are no 

problems with the sensors and that they all are capable of measuring to the ranges specified in 

their specification sheets. In addition, the data acquisition system box was not delivered to the 

University of Waterloo on time for the truck testing procedure. This would have permitted for 

much more preliminary construction data to be collected during crucial tests such as the first track 

test (explained in Chapter 5). Since there was only one STS4-4 -4 Terminal Node available to the 

team, which can hold up to four sensors at a time, the sensors were switched to try and capture as 

much data as possible.  

3. Faulty Equipment: The LWD machine was broken, and spare parts needed to be acquired which 

delayed the LWD testing of the subgrade. 
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4. Changes in Installation Plans: As mentioned previously, the moisture probe, which was 

supposed to be installed partially in the top lift of the asphalt structure is now not installed there 

due to the delays in the pouring of the top lift. Therefore, the temperatures experienced in the top 

lift will not be able to be captured. In addition, the multi-depth deflectometer sensors that were 

planned to be installed during this project were not installed due to complications with the 

installation process.  

5. Accuracy of Sensor Placement: Precise placement of sensors is essential for accurate data 

collection. Challenges may arise in achieving the required accuracy while working in a dynamic 

construction environment.  

6. Vibration and Impact: Construction activities, such as heavy machinery and compaction, can 

generate vibrations and impact the sensors. Implementing measures to protect the sensors from 

damage is important. An example of this challenge arose when it was discovered shortly after 

installation that all the vertical asphalt strain gauges were no longer functioning (despite working 

before installation in the soil). Despite efforts to protect the sensors by covering them with 

asphalt, it proved insufficient to prevent their breakdown. 

7. Data Security: With the increasing use of smart infrastructure, ensuring the security of sensor 

data is crucial. Implementing encryption and secure communication protocols becomes essential 

to protect sensitive information. The University of Waterloo IT department helped to set up 

measures for data protection.  
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Chapter 4 

Testing of Materials 

This Chapter 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. 

4.1 Post-Construction Field Testing 

Various field-testing procedures were conducted both during and after the installation of the sensors. 

These procedures encompassed sampling materials from both the base and subbase, as well as the asphalt 

concrete. Additionally, the pavement structure underwent light weight deflectometer (LWD) testing 

across its various layers. Furthermore, truck testing was carried out on the freshly paved lane, which 

included the instrumented test section. 

4.1.1 Truck Testing 

Truck testing was an important testing method used in the months following the construction and 

installation of the sensors within the test section. This test requires a truck of known weight and axle 

configuration to run over the row of sensors that are installed in the test section, while the section is 

closed to live traffic. This kind of test is done to understand the effect of a vehicle of known weight on the 

sensor responses under a controlled axle load. Throughout the months following the installation of the test 

section, the truck test was performed five times: the first being right after construction and pouring of the 

asphalt concrete layer, the second occurring five months after in March 2023, the third occurring during 

the summer months in July 2023, the third right after the pouring of the top asphalt layer in August of 

2023, and the final being done during fall conditions in December of 2023. The results of this test will be 

presented in Chapter 5 as the analysis associated with the results are extensive. In addition, Chapter 6 will 

use the data collected in the last truck test for its assessment on the relationship between truck position 

and sensor response.  

4.1.2 LWD Testing  

The Lightweight Deflectometer Test (LWD) was performed on September 30th, between 2 to 5 PM by a 

team of four members from CPATT. This test is performed to determine the pavement modulus or 

stiffness [18], and it was performed on both the left and right sensor arrays throughout the instrumented 

test section a total of four times. Because this test is manually performed, it can be subject to human error, 

thus care was taken to minimize this error by ensuring that at least three drops with consecutively 
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constant or close outcomes were achieved at any testing point before moving to the next location. Also, 

care was taken to drop the load properly from the required height. Images of the LWD testing can be seen 

in Figure 4.1. 

The testing for the subbase and base materials was performed as the backfilling and compaction process 

was underway. For the base and subbase, the tests were performed on compacted material. However, the 

testing for the subgrade was done on exposed subgrade slightly further away (~15 to 20 m) from the 

subgrade at the instrumented test section since the LWD machine was broken during the time that the 

subgrade within the instrumented test section was exposed. The construction process needed to continue, 

therefore the contractors continued with the backfilling of the Granular B material while the CPATT team 

attempted to fix the LWD. Therefore, the team needed to perform the LWD testing on the subgrade at a 

different location, but it is assumed that the properties of the subgrade are the same in both areas since 

they were situated so close together.  

 

 

 

Figure 4.1 Light Weight Deflectometer (LWD) testing. 
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Table 4.1 Elastic Modulus Results from LWD Testing 

Location Average Eo (MPa) Standard Deviation of Eo (MPa) 

Base (Granular A) 

1 85.67 2.08 

2 73.00 1.00 

3 80.67 2.52 

4 80.00 2.00 

Subbase (Granular B) 

Left Array 

1 60.00 5.20 

Right Array 

1 53.67 3.51 

Subgrade 

1 21.00 1.00 

As can be seen from the results, the modulus results decrease as one goes from the base to the subgrade. 

This makes sense as the asphalt concrete would have a greater modulus than the granular materials to 

provide additional strength support to the pavement structure.  

Table 4.2 Deflection Results for LWD Testing 

Location Average Deflection (μm) Standard Deviation of Micron (μm) 

 Base (Granular A) 

1 474.33 12.22 

2 540.33 9.29 

3 498.33 18.72 

4 494.67 10.02 

Subbase (Granular B) 

Left Array 

1 671.00 61.54 

Right Array 

1 751.00 42.04 

Subgrade 

1 816.33 25.77 

The results for the deflection indicate that as one goes down from the base to the subgrade, the average 

deflection increases. 
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4.2 Lab Testing  

4.2.1 Asphalt: Dynamic Modulus Testing 

Using samples collected from the post-construction testing, the dynamic modulus of the asphalt was 

determined for use in the development of a master curve. According to the relevant ASTM standard, the 

dynamic modulus is defined as “the absolute value of the complex modulus that defines the elastic 

properties of a linear viscoelastic material subjected to a sinusoidal loading, |𝐸∗|” [54, p. 1]. The complex 

modulus is defined as “a complex number that defines the relationship between stress and strain for a 

linear viscoelastic material, or 𝐸∗ or 𝐺∗” [54, p. 1]. The complex modulus is a vector, composed of the 

Elastic/Storage modulus, or G’, and the Viscous/Loss modulus, or G’’.  

The complex modulus better represents the behaviour of asphalt than using either the shear modulus or 

elastic/Young’s modulus due to asphalt behaving like a viscoelastic material. During warm summer 

months, asphalt pavement displays more viscous behaviour and is more prone to permanent deformation 

and rutting, while in the cooler winter months, the pavement behaves more like a brittle or rigid material 

and tends to be prone to low temperature cracking. A modulus master curve demonstrates the changes in 

the asphalt concrete modulus with changes in temperature and loading frequency. This fundamental 

property is key for understanding how the material will react overtime based on external factors. 

According to the relevant ASTM standard, asphalt mixtures with elevated complex shear modulus at a 

given service temperature are anticipated to show reduced permanent deformation compared to similar 

mixes with lower complex shear modulus values tested at the same temperature [55]. 

In order to perform this test, cylindrical specimens of compacted asphalt concrete mixes are created.  

On these cylindrical specimens, sinusoidal cyclic loading in the compressive direction is applied to the 

specimens at various temperatures and loading frequencies. Strain is produced and captured by Linear 

Variable Displacement Transducers (LVDT’s), which is then used to calculate the dynamic modulus.  

In this project, three specimens were generated and subjected to testing in a gyratory format and a 

cylindrical format. The ensuing information in Table 4.3 was derived from these tests, where the average 

of the responses from the tests and the standard deviation of the three samples tested. 

For this project, the dynamic modulus test was performed at five different temperatures (-10, 4, 21, 37 

and 54 °C) and six different frequencies (25, 10, 5, 1, 0.5 and 0.1 Hz). The test begins from the highest 

frequency and the lowest temperature. Due to time/temperature superposition, and the master curve 

reference temperature (which was 21 °C in this case), the data was able to be shifted, and the shift factor 

for this data can be seen in Figure 4.2.  
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Table 4.3 Specimen testing information derived from the tests. 

Gyratory 

Specimen of 

150 mm in 

diameter and 

178 mm in 

height 

Specimen No. Average Standard Deviation 

Mass of Compacted 

Specimen in Air (gr) 
7231.5 6.6 

Saturated Surface Dry 

Mass of Compacted 

Specimen in Air (gr) 

7286.8 10.9 

Mass of Compacted 

Specimen in Water (gr) 
4201.9 7.9 

Volume (cm3) 3084.9 7.7 

Maximum Relative Density 2.6 0.0 

Bulk Relative Density 2.3 0.0 

Percent Voids in the 

Specimen (%) 
8.4 0.2 

Cylindrical 

Specimen of 

100 mm in 

diameter and 

150 mm in 

height after 

coring and 

cutting 

Mass of Specimen in Air 

(gr) 
2863.3 14.3 

Saturated Surface Dry 

Mass of Specimen in Air 

(gr) 

2865.9 14.3 

Mass of Specimen in Water 

(gr) 
1666.9 11.1 

Volume (cm3) 1198.9 3.3 

Maximum Relative Density 2.6 0.0 

Bulk Relative Density 2.4 0.0 

Percent Voids in the 

Specimen (%) 
6.7 0.2 

 

 

Figure 4.2 Shift factor for test data. 
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Table 4.3 and Table 4.4 below show the results of the dynamic modulus tests that occurred. The dynamic 

modulus results in megapascals are shown in Table 4.3, while the phase angle results in degrees are 

shown in Table 4.4. The master curve can then be developed and will define the relationship between the 

dynamic modulus and the reduced frequency at the reference temperature. This test was performed on 

HMA samples that were taken from when the first layer of HMA was poured in October 2022, or SP 19.0 

mm SG 58-28 asphalt.  

Table 4.4 Dynamic Modulus in MPa 

  

Testing Frequency (Hz) 

0.1 0.5 1 5 10 25 

Testing 

Temp 

(°C) 

-10 17432 18817 21097 22573 23604 24876 

4 7452 9224 11249 13539 14872 16574 

21 1605 2427 3246 4983 5998 7471 

37 304 487 698 1231 1618 2329 

54 105 138 172 297 394 627 

 

Table 4.5 Phase Angle in Degrees 

  

Testing Frequency (Hz) 

0.1 0.5 1 5 10 25 

Testing 

Temp 

(°C) 

-10 10.2 8.3 6.4 6.2 5.6 5.0 

4 21.4 17.6 16.7 12.2 11.4 10.3 

21 25.7 27.8 23.2 23.4 22.0 20.2 

37 23.5 27.3 34.4 29.9 30.7 30.1 

54 17.7 22.1 21.2 28.9 31.0 32.3 

This was done by fitting the data developed in Table 4.3 and Table 4.4 produce a reduced frequency and a 

fitted dynamic modulus which was then plotted on the master curve. When the error was minimized, the 

following master curve, shown in Figure 4.3, was produced.  
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Figure 4.3 Master curve. 

4.2.2 Base and Subbase: Optimum Moisture Content Determination 

In tandem with the Dynamic Modulus test, a Standard Proctor Test was conducted on granular materials 

extracted from the instrumented test section site, adhering to ASTM D698-12(2021) guidelines [56]. The 

decision to employ the Standard Proctor Test stemmed from the need to calibrate moisture sensors, 

prompted by their initial malfunction, as detailed in Chapter 8. After resolving the moisture sensor issues 

independently of the Proctor Test results, the test assumed a dual role—serving as a method to discern 

and enhance understanding of the soil moisture properties directly within the instrumented test section 

and validating these findings against the geotechnical report [51] prepared for the Region of Waterloo. 

The primary advantage of conducting the Proctor Test lies in its ability to ascertain the optimal moisture 

content essential for compacting soils for diverse applications, including road bases, embankments, and 

foundations [57]. Soil compaction, facilitated by the Proctor Test, yields several benefits from a 

construction standpoint, such as establishing more robust surfaces for load-bearing projects like roads, as 

well as ensuring “satisfactory engineering properties such as, shear strength, compressibility, or 

permeability” [56, p. 3]. This process not only enhances immediate stability but also ensures the long-

term durability of these roads, guaranteeing their ability to withstand and sustain heavy vehicles over time 

[58]. In essence the Proctor Test procedure that determines the optimal moisture content of the soil being 

tested [56]. This is done by preparing soil specimens that have progressively more moisture added. The 

soil is then compacted into moulds with known volumes and weighed. Theoretically, the unit weights of 
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the moulds will increase with each soil specimen until the optimal moisture content is reached, after 

which the moisture content will decrease. This is determined by plotting the dry unit weight versus the 

moisture content, whereby the maximum point on the curve represents the optimal moisture content 

(𝑤𝑜𝑝𝑡) [56]. This plot can be seen in Figure 4.4. 

 

Figure 4.4 Moisture content vs. dry unit weight plot [59]. 

The first step in the Proctor Test procedure entailed verifying the suitability of all designated samples for 

testing. While the Granular A and Granular B materials were relatively dry, the subgrade soil presented 

itself in an inherently agglomerated state, characterized by substantial clumps and larger fragments, which 

would prevent much of the soil from passing through the sieves. To address this, the subgrade soil was 

spread out on plastic sheets in a thin layer, allowing it to dry overnight. This deliberate drying process 

facilitated the escape of moisture and enabled the breaking down of larger soil pieces. The drying process 

can be seen in Figure 4.5. 

 

Figure 4.5 Drying of subgrade soil setup. 
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Following sample preparation, the Granular A, Granular B, and subgrade soils were individually allocated 

to distinct containers and subjected to a drying process within an oven. Notably, the subgrade material 

underwent drying until it attained a friable state, adhering to the specifications outlined in the ASTM 

standard [56]. Upon achieving friability, the subgrade material underwent meticulous disintegration to 

dismantle any soil aggregations. 

With the granular layers and subgrade soils appropriately dried and disintegrated, the subsequent phase 

involved commencing the sieving process. In this instance, the ASTM-prescribed Method A was 

employed, designating the number four- or 4.75-millimeter sieve as the defining sieve. However, the 

comprehensive suite of sieves utilized in the assessment comprised the 19-millimeter, 12.5-millimeter, 

9.5-millimeter, 4.75-millimeter, 2.36-millimeter, one, and 1.18-millimeter sieves. Notably, any soil 

passing through the 1.18-millimeter sieve was categorized as “fines”. The sieving process was performed 

for all of the granular layers and subgrade soil. Table 4.6, Table 4.7, and Table 4.8 show all of the sample 

weights per sieve for each of the materials/soil types. 

Table 4.6 Granular A Material Gradation 

Sample Weight: 10169.5 g 

Sieve Size Sample Weight per Sieve 

19 mm 270.1 g 

12.5 mm 1404.8 g 

9.5 mm 886.8 g 

4.75 mm 1570.8 g 

2.36 mm 1557.2 g 

1.18 mm 1343.0 g 

Fines 3145.4 g 

 

Table 4.7 Granular B Material Gradation 

Sample Weight: 10324.1 g 

Sieve Size Sample Weight per Sieve 

19 mm 357.8 g 

12.5 mm 594.7 g 

9.5 mm 661.4 g 

4.75 mm 1118.5 g 

2.36 mm 1192.0 g 

1.18 mm 1953.3 g 

Fines 4440.7 g 
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Table 4.8 Subgrade Material Gradation 

Sample Weight: 10082.9 g 

Sieve Size Sample Weight per Sieve 

19 mm 91.6 g 

12.5 mm 300.8 g 

9.5 mm 796.1 g 

4.75 mm 3181.8 g 

2.36 mm 2123.6 g 

1.18 mm 1187.8 g 

Fines 2394.9 g 

 

After the aforementioned procedures, the portions of material from each of the Granular A, Granular B, 

and subgrade soil, which successfully passed through the 4.75-millimeter sieve, were combined. This 

amalgamation constituted the composite sample designated for the subsequent Proctor Test. 

The Proctor Test consisted of continuously adding moisture to the Granular A, Granular B and subgrade 

soil samples, and then filling 11 compaction moulds with the ever-increasing moisture samples, with 3 

moulds being filled with Granular A, four moulds being filled with Granular B and four moulds being 

filled with the subgrade soil.  

The Proctor Test procedure entailed a progressive addition of moisture to the samples of Granular A, 

Granular B, and subgrade soil. Then, eleven (11) compaction mould were filled, with three moulds 

dedicated to Granular A, four moulds dedicated to Granular B, and four moulds dedicated to the subgrade 

soil. Notably, each mold designated for Granular A, Granular B, and subgrade soil witnessed a 

progressive augmentation in moisture content during the filling process. This was done in a container as 

shown in the left image of  Figure 4.6. Within each mould, the soil was compacted in three layers using a 

manual rammer, with each layer being compacted in 25 blows [56]. The compacted specimens were 

trimmed with a straightedge to flatten the tops of the moulds.  

During the compaction process, each mould, encompassing both the mould structure and the soil within, 

was enveloped in plastic wrap. This is shown in the right image in Figure 4.6, as well as Figure 4.7. This 

precautionary measure was implemented to curtail moisture loss from the moulds. Originally, this step 

was devised with the intention of transporting the samples to the site for utilizing a moisture sensor, on 

loan from BDI, to calibrate the pavement structure's existing moisture sensors. However, upon 

discovering that the issue with the moisture sensors was unrelated to calibration but rather stemmed from 

certain sensor settings, the samples were promptly returned. Subsequently, the Proctor Test proceeded to 

its subsequent stages for determining the moisture contents of the samples. 
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Figure 4.6 Container for mixing and adding moisture to each of the Gran. A, Gran. B and subgrade soil samples 

(left). Wrapping of the samples within the moulds to prevent moisture loss for use on site (right). 

 

Figure 4.7 All 11 samples prepared for moisture sensor calibration. 

Portions from the top and bottom of the extruded material/samples from the moulds were transferred to 

coffee cups. Two coffee cups were used for each of the 11 samples, which resulted in 22 cups being 

prepared, as depicted in Figure 4.8.  
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Figure 4.8 Extruded and cut samples of soil from each of the 11 samples, with two cups per sample for a total of 22 

cups. 

Each of these samples was then placed in the oven to dry 24 hours before recording the dry unit weights. 

Table 4.9, Table 4.10, and Table 4.11 display the results of volumetric moisture content calculations for 

all 22 cups sourced from the 11 samples. In Table 4.6, the initial phase of the Proctor Test is outlined, 

where the weights of the moulds, the moulds plus the wet soil, the wet soil alone, as well as the 

specimen's volume and density were determined following ASTM requirements. This comprehensive data 

allowed for the calculation of both moisture content and volumetric moisture content for each sample 

version—each version corresponding to one of the two coffee cups used for each of the 11 samples. 

The subsequent equations detail the computations for various parameters featured in Table 4.9 to Table 

4.11, covering calculations for moisture content, volumetric water content, and other relevant parameters. 

The calculation for moisture content by weight is as follows, along with the density of the specimen: 

 

𝑤 =
𝑀𝑤

𝑀𝑠
 

𝜌𝑡𝑜𝑡𝑎𝑙 =
𝑀𝑡𝑜𝑡𝑎𝑙

𝑉𝑡𝑜𝑡𝑎𝑙
=

𝑀𝑤 + 𝑀𝑠

𝑉𝑡𝑜𝑡𝑎𝑙
 

Then, for each specimen: 

𝑀𝑠 =
𝑀𝑡𝑜𝑡𝑎𝑙

1 + 𝑤
 



 

81 

 

𝑀𝑤 =
𝑀𝑡𝑜𝑡𝑎𝑙

1 + 𝑤
× 𝑤 

Therefore, 

𝜃 =
𝑉𝑤

𝑉𝑡𝑜𝑡𝑎𝑙
=

𝑀𝑤
𝜌𝑤

⁄

𝑉𝑡𝑜𝑡𝑎𝑙
=

𝑀𝑡𝑜𝑡𝑎𝑙
1 + 𝑤 × 𝑤

𝜌𝑤
⁄

𝑉𝑡𝑜𝑡𝑎𝑙
 

Where, θ = Volumetric moisture content [dimensionless] 

             w= Moisture content by weight [%] 

             Vw, Mw, ρw = volume [L3], mass [M], and density of water [M/L3] 

             Vs, Ms, Gs (≈2.65) = volume, mass, and specific gravity [dimensionless] of soil 

             Vtotal, Mtotal = volume, mass for soil + water + air (wet soil) 
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Table 4.9 Mould Weight, Wet Soil Mass, Mould Dimensions, Specimen Volume, and Density for Eleven Mould 

Specimens prepared for Granular A, Granular B and Subgrade Soil 

  
Specimen 

# 

Weight of 

mold (g) 

Weight of 

mold+wet 

soil (g) 

Weight of 

wet soil 

Mtotal(g) 

Diameter of 

specimen 

(cm) 

Height of 

specimen 

(cm) 

Volume of 

specimen 

Vtotal (cm3) 

Density of 

specimen 

(g/cm3) 

Granular 

A 

1 2482.4 3753.8 1271.4 10.08 7.87 628.04 2.02 

2 2333.3 3668.9 1335.6 10.08 8.12 647.99 2.06 

3 2339.1 3714.4 1375.3 10.08 7.87 628.04 2.19 

Granular 

B 

4 2354.9 3604.4 1249.5 10.08 7.87 628.04 1.99 

5 2348.7 3583.3 1234.6 10.08 7.87 628.04 1.97 

6 2326.6 3564.9 1238.3 10.08 7.87 628.04 1.97 

7 2342.7 3589.4 1246.7 10.08 7.87 628.04 1.99 

Subgrade 

8 2338.4 3489.3 1150.9 10.08 7.87 628.04 1.83 

9 2494.3 3725.8 1231.5 10.08 8.12 647.99 1.90 

10 2256.2 3631 1374.8 10.08 7.87 628.04 2.19 

11 2261.1 3653.1 1392 10.08 7.87 628.04 2.22 

 

Table 4.10 Version 1: Volumetric Content Determination 

  
Specimen 

# 

Weight of Soil Sample 

with Water (g)  

Dry Weight of Soil 

Sample (g) 

Moisture content 

by weight/w (%) 

Dry Density of 

specimen 

(g/cm3) 

Volumetric 

content/θ 

(%) 

Granular 

A 

1-1 111.40 105.50 5.592 1.9172 10.72 

2-1 119.70 111.30 7.547 1.9165 14.46 

3-1 102.10 95.50 6.911 2.0483 14.16 

Granular 

B 

4-1 92.60 88.90 4.162 1.9100 7.95 

5-1 79.00 75.40 4.775 1.8762 8.96 

6-1 105.50 99.00 6.566 1.8502 12.15 

7-1 108.40 100.40 7.968 1.8386 14.65 

Subgrade 

8-1 85.70 81.60 5.025 1.7449 8.77 

9-1 82.20 76.80 7.031 1.7756 12.49 

10-1 102.60 91.60 12.009 1.9543 23.47 

11-1 104.40 87.80 18.907 1.8640 35.24 

 

Table 4.11 Version 2: Volumetric Content Determination 

  
Specimen 

# 

Weight of Soil Sample 

with Water (g) Version 

2 

Dry Weight of Soil 

Sample (g) Version 2 

Moisture content 

by weight/w (%) 

Dry Density of 

specimen 

(g/cm3) 

Volumetric 

content/θ 

(%) 

Granular 

A 

1-2 103.90 97.70 6.346 1.9036 12.08 

2-2 119.60 111.00 7.748 1.9129 14.82 

3-2 95.40 89.40 6.711 2.0521 13.77 

Granular 

B 

4-2 87.30 83.90 4.052 1.9120 7.75 

5-2 85.50 81.40 5.037 1.8715 9.43 

6-2 94.30 88.70 6.313 1.8546 11.71 

7-2 105.30 97.50 8.000 1.8380 14.70 

Subgrade 

8-2 75.90 70.40 7.813 1.6997 13.28 

9-2 81.10 75.50 7.417 1.7693 13.12 

10-2 107.30 95.80 12.004 1.9544 23.46 

11-2 112.80 95.00 18.737 1.8667 34.98 

 

 

 



 

83 

 

After determining the parameters, the subsequent step involved preparing the compaction curves for each 

of Version 1 and Version 2. Figure 4.9 illustrates the compaction curve for version one, while Figure 4.10 

illustrates the compaction curve for version two. These figures depict the optimal moisture content based 

on the provided data. Only the data for the subgrade was plotted, as it presented the most comprehensible 

trends. The Granular A and Granular B materials did not exhibit clear trends; hence, only the subgrade 

layer data was considered. 

As depicted in Figure 4.9, the optimal moisture content for version one is 13.84%, while for version two, 

as indicated in Figure 4.10, it is 14.42%. Averaging these values yields an overall optimal moisture 

content for the subgrade of 14.13%. 

 

Figure 4.9 Moisture content vs. dry unit weight plot for the Version 1 material/soil samples. 

 

Figure 4.10 Moisture content vs. dry unit weight plot for the Version 2 material/soil samples. 
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In addition, the average volumetric moisture content was determined based on the results of the 

volumetric contents obtained for the version one and version two samples. The results can be seen in 

Table 4.12. As can be seen from the table, the lowest volumetric moisture content was determined to be in 

Granular B with a value of 7.85%, while the largest moisture content is found in the subgrade at 35.11%. 

In addition, if we look at the average volumetric content per layer, we get a result of 13.34% for the 

Granular A layer, 10.91% for the Granular Belayer and 20.6% for the subgrade layer. This means that the 

average volumetric content for the Granular A layer is higher than that of the Granular B layer, but both 

are lower than the subgrade layer. 

Table 4.12 Average Volumetric Moisture Content for the Granular A, Granular B and Subgrade Soil samples 

 Specimen # 

Volumetric 

content/θ (%) 

Version 1 

Volumetric 

content/θ (%) 

Version 2 

Average 

Volumetric 

Content (%) 

Granular A 

1 10.72 12.08 11.40 

2 14.46 14.82 14.64 

3 14.16 13.77 13.96 

Granular B 

4 7.95 7.75 7.85 

5 8.96 9.43 9.19 

6 12.15 11.71 11.93 

7 14.65 14.70 14.68 

Subgrade 

8 8.77 13.28 11.02 

9 12.49 13.12 12.80 

10 23.47 23.46 23.47 

11 35.24 34.98 35.11 

 

4.2.2.1 Results from the Geotechnical Report Prepared for the Region of Waterloo 

The geotechnical fieldwork in the region involved the examination of five boreholes, varying in depth 

from 6.7 to 8.2 meters, conducted between January 28th and 30th, 2020 [51]. Two of these boreholes were 

installed for groundwater monitoring, sampling, and dewatering assessment, accomplished by the 

placement of monitoring wells. In each borehole, six soil samples were collected for subsequent analysis 

[51]. 

Upon finalizing the results of the soil sampling, it became evident that the soil profile predominantly 

comprised fill soils, encompassing sand and gravel, sandy silt, and sand beneath the asphalt surface layer. 

Specifically, three out of the five samples revealed a foundation of sandy silt beneath the asphalt material, 

one exhibited sandy material, and the last one featured native silt material. Consequently, the moisture 

content of these samples varied between 3% and 23% [51]. 

Third-party contractors, commissioned by the Region of Waterloo, conducted smooth steel drum roller 

tests to roll the exposed subgrade soil without vibration. The subgrade material was identified as a silty 
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sand with trace gravel material, a determination consistent with findings presented in the final 

geotechnical report prepared for the Region [51].  

The comparison between the results obtained from the Proctor Test and the geotechnical findings in 

the report reveals a notable correspondence and similarity in the data. The moisture content ranges 

observed in various layers and boreholes during the Proctor Test closely align with the moisture content 

and volumetric content obtained by the Region. Specifically, the moisture contents for the Granular A, 

Granular B, and subgrade layers fall within the range of about 4% to 18%, which aligns closely with the 

range of 3% to 23% reported by the Region of Waterloo. Similarly, the volumetric content exhibits a 

comparable range, spanning from 7% to 35%. 

This consistency underscores the success of the Proctor Test. However, it is essential to recognize that 

while the geotechnical report provides information for the entire road section under investigation, the 

Proctor Test offers a more specific geotechnical analysis of the soil within the immediate region of the 

instrumented pavement section. This precision is crucial, considering that geotechnical properties of soil 

can exhibit substantial variations over short distances. Obtaining precise data is imperative for a thorough 

understanding. 

Furthermore, the Proctor Test not only validates but also enhances the visual representation of the soil 

observed during testing. For example, the Proctor Test shown the subgrade soil was able to achieve a very 

stiff and clayey state, which aligns with the geotechnical report's observations of trace clay or some clay 

in many borehole samples. This alignment justifies the procedural approach. Such information is pivotal 

in interpreting the moisture results to be elucidated in Chapter 8 contributing to a comprehensive 

assessment of trends over time. 
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Chapter 5 

Truck Testing Evaluation and Results 

This Chapter 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. 

5.1 Description of Truck Testing Procedure 

Each truck test involved a standardized process, whereby a truck with known load, axle configuration, 

and axle weight traveled over a specific route on Courtland Avenue East in the lane containing the 

instrumented test section. Each truck was typically filled with granular material, (except for the first truck 

test – to be elaborated in Section 5.2), and was not equipped with any sensors of its own as all of the data 

was meant to be captured by the sensors embedded in the instrumented test section. Testing was 

conducted under typical urban conditions, with variations in weather conditions monitored closely. All 

tests were performed during calm weather conditions to minimize external factors affecting truck 

performance. Finally, testing sessions were scheduled during daylight hours to ensure optimal visibility.  

The objective was to capture sensor pressure and strain responses at various speeds during each run, as 

the truck aimed to pass over the right sensor array directly. Furthermore, for one of the five truck tests 

(Truck Test #1), its objective extended to capturing sensor responses at various asphalt pavement 

temperatures. This focus was particularly crucial during the times when the asphalt surface application 

occurred, which unfolded in two distinct phases to separate the pouring of the first and second lifts of 

HMA. This means that the first three truck tests occurred while the asphalt pavement only had one layer, 

while the last two tests occurred when the second layer of pavement was poured.  

The designated route covered a substantial portion of Courtland Avenue East (approximately 220 m) 

between the intersections of Courtland Avenue and Hwy. 8 towards the intersection of Courtland Avenue 

and Hayward Avenue. The route that the truck took during each run of the truck test is depicted in Figure 

5.1. For safety and data accuracy, the lane with the instrumented test section was closed to live traffic 

during each test, ensuring that the captured data solely reflected the responses of the known load of the 

truck undergoing the test. 

The truck model and type were the same throughout each of the tests (although the trucks themselves 

were not identical). A typical truck resembles the truck presented in Figure 5.2, whereby there is a front 

steering single axle with single tires, a middle/lift axle which was a single axle with dual tires, and a rear 

tandem axle with dual tires. As mentioned previously, each structuring the truck tests aims to pass over 
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the right sensor array directly for consistency, and this is shown in Figure 5.3.  In addition, a truck 

configuration plan showcasing the spacing between tires and axles (measured by researchers) is shown in 

Figure 5.4.  

 

Figure 5.1 Image depiction of the map showing the path that the truck takes during truck testing (in red brown) in 

relation to nearby intersections. 

 

Figure 5.2 An image of a standard axle configuration of a truck used for truck testing, with a steering axle, single 

axle with dual tire “lift axle” and tandem axle with dual tires. 



 

88 

 

 

Figure 5.3 Trucks aimed to pass directly over the right sensor array during each truck test. Done by spray-painting 

the array position on the pavement to guide the driver. 

 

Figure 5.4 Standard configuration of testing truck with axle measurements. 

As mentioned, five truck tests have been performed to assess the impact of a known load on the sensor 

response. Table 5.1 below explains details of each truck test conducted, including the date of the test, how 

many sensors were tested, the speeds tested during the truck test, the temperatures of the HMA during 

testing and finally the load of the truck and the individual axles if applicable. 

In terms of analysis, three major aspects were looked at for each test [33]: 

1. The effect of speed on layer strain and pressure. 

2. The effect of temperature/moisture on layer strain and pressure (during construction tests).  

3. The effect of axle load/traffic on layer strain and pressure. 
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These will be completed through several comparisons of the truck test data.  

Table 5.1 Truck Testing Information 

Truck 

Testing 

# 

Date of 

Test 

Sensors 

Tested 

Speeds 

Tested 

(km/h) 

Asphalt 

Concrete 

Temp. (°C) 

Truck Test Load 

(kN) 

Axle Loads for 

steering, lift and 

each of the 

tandems (kN) 

1 12-Oct-22 
Several 

sensors 

10, 30, 

and 45  
72, 51, and 43 

140 (unloaded - 

gross) 
N/A 

2 22-Mar-23 All sensors 

5, 10, 20, 

30, 40, 

50, 60, 

and 70 

6 

348 (loaded - 

gross) & 134 

(tare) 

67, 61, and 105 

3 20-Jul-23 All sensors 

5, 10, 20, 

30, 40, 

50, 60, 

and 70 

 25 

353 (loaded - 

gross) & 138 

(tare)  

68, 78, and 102 

4 28-Aug-23 All sensors 

5, 10, 20, 

30, 40, 

50, 60, 

and 70 

 23 

337 (loaded - 

gross) & 138 

(tare)   

55, 70, and 102 

5 11-Dec-23 All sensors 

5, 10, 20, 

30, 40, 

and 50 

 5 

348 (loaded 

gross) & 154 

(tare)  

74, 76, and 100 

5.1.1 Data Presentation  

Over the next several sections, various data will be graphically presented in the form of pressure and 

strain responses, illustrating the impact of different pressures and truck tests across various seasons on the 

pavement structure, considering different layers and sections of the instrumented test section. it is 

essential to differentiate between two types of data presentations—change in strain or pressure responses 

and raw strain or pressure responses. 

The first type, involving change in strain or pressure responses, is crucial for assessment as it provides 

an indication of the actual response of the pavement structure to climate or traffic conditions. This 

presentation excludes additional stresses and strains induced within the pavement structure itself, 

preventing misleading magnitude results due to external factors [18]. It helps establish a clearer 

relationship between the applied load and pavement response. The change in strain or pressure is 

calculated by taking the difference between the preceding data point and current data point produced by 

the data acquisition system (effectively Δstrain and Δpressure) overtime.  

The second type of response involves raw strain and/or pressure responses. While it may not provide a 

clear, filtered result in terms of magnitude regarding the truck impact on the sensor and pavement, raw 

results are important for accurately depicting the shape of pressure and strain responses. They allow for a 

comparison of magnitudes between compression and tension portions of strain/pressure in a more precise 
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manner than the change in pressure and strain responses. Raw results are valuable for understanding the 

accurate shapes of the responses. As with all other strain gauge responses, positive values indicate tensile 

strain and negative values indicate compressive strain. As with all other pressure cell responses described 

in this thesis, positive values indicate compression, and negative values indicate tension. 

Therefore, while the change in pressure and strain focuses on accurate magnitudes, the raw pressure 

results emphasize precise shapes of pressure and strain responses. The stress and pressure magnitudes 

will, in many cases, be higher in raw data, as it includes stress and strain beyond the truck's effect based 

on temperature and load. Literature has included both raw (for example [60] [61] and [20] ) and change 

(for example, [18]) in pressure and strain responses, emphasizing the importance of incorporating both 

types of analyses for a comprehensive understanding. 

5.2 Truck Test #1: Fall Conditions and First HMA Lift Construction Analysis 

The first truck test took place in October 2022 and represented conditions immediately after pouring the 

first lift of asphalt pavement, with only a limited number of sensors available for testing as outlined in 

Table 5.1. This limitation arose because the DAC was not accessible to the research team at that time due 

to shipping delays, resulting in a restricted availability of testing equipment. Consequently, a specific set 

of sensors, including some longitudinal and transverse strain gauges, as well as pressure cells from 

different depths, had to be chosen for the first truck test. These sensors included: AS-LO-R-1, AS-TR-R-

3, AS-TR-L-4, AS-TR-L-6, AS-LO-R-7, AS-LO-L-8, PC-BA-R-5, PC-SB-R-3, and PC-SG-L-8. This 

selection was made to accommodate the testing on the only STS4-4 Terminal Node available to the 

research team, able to test up to four sensors simultaneously. No temperature or moisture sensors were 

used in this first truck test but will be available for future truck tests. 

Because the testing was performed immediately after pouring the first lift of asphalt pavement, the 

asphalt was initially at high temperatures and cooled over a period of about an hour post-pouring. The 

interest lay in capturing data as the truck traversed the instrumented test section at high HMA 

temperatures, in order to examine the correlation between temperature and pavement response. During 

this construction phase, the truck test was conducted at HMA temperatures of 72°C, 51°C, and 43°C. For 

most temperatures, the speeds tested include 45 km/h, 30 km/h, and 10 km/h. The truck used for testing 

was also unloaded and had a gross weight of 140 kN. During testing, the ambient temperature was about 

16°C and sunny. The testing occurred between 4:02 PM to 5:30 PM. 

Unforeseen challenges arose as the construction crew, concurrently working on asphalt pouring in other 

lanes of Courtland Avenue East, needed access to the lane with the instrumented test section for their 

construction equipment and vehicles. This lane was the only one poured at that point, impacting the 



 

91 

 

number of temperatures tested, which fell short of the initial expectations. Nevertheless, data at the three 

temperatures mentioned previously were successfully captured. In addition, for this initial truck test, only 

an unloaded truck was available. This limitation can also be attributed to the constraints in truck 

availability and the need for coordination with the construction crew. 

Therefore, to enhance the impact on the pavement structure and obtain clearer responses, future truck 

tests employed a loaded truck. In addition, future truck tests will also include the weights of individual 

axles for better analysis, however this truck test was not able to capture that data.  

5.2.1 Method for Strain and Pressure Data Analysis 

Throughout this chapter, the emphasis is on analyzing the change in pressure and strain responses over 

raw responses when evaluating pavement behavior. The core objective is to gain insights into how 

pavements truly react to external influences such as climate and traffic load. Instead of delving into the 

complexities associated with raw signal responses, the focus shifts to the calculated change in strain 

responses. This method provides a more nuanced understanding of the pavement's dynamic reaction to 

traffic conditions over specific time intervals. The correlation established between load intensity and 

pavement response becomes more evident through this approach. While raw responses are included as 

supplementary information for context, the primary analytical focus is on the differentiation in strain and 

pressure responses. This shift aims to isolate the genuine impact of vehicular loads, offering a clearer 

depiction of how the pavement authentically responds to varying traffic conditions. This also makes the 

analysis clearer as the raw values from the strain and pressure sensors were not zeroed during their 

calibration by BDI. 

5.2.2 Impact of Speed on Layer Strain & Pressure  

As mentioned previously, one of the three major aspects being considered for this analysis was the effect 

of speed on layer strain and pressure. Therefore, strain and pressure variations at the different testing 

speeds (45 km/h, 30 km/h, and 10 km/h) were considered if the sensor responses were clear and accurate. 

This assessment was conducted across all testing temperatures (72°C, 51°C, and 43°C) for strain and only 

some temperatures (51°C, and 43°C) for pressure due to the aforementioned testing limitations. 

5.2.2.1 Impact of Speed on AC Layer Strain at 72°C  

Figure 5.5 illustrates strain results at 72°C and 45 km/h in both the longitudinal and transverse directions. 

The figure delineates distinct signal responses from various axles as the truck traverses the instrumented 

test section. Notably, responses from the steering axle, lift axle, and tandem axle are clearly discernible in 

the sensor signals. The analysis prioritizes the information derived from examining longitudinal and 
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transverse strain at a speed of 45 km/h, as data from other speeds was excluded due to the ambiguous 

sensor readings produced, exemplified in Figure 5.6. Both sensors selected for this analysis are situated in 

the right sensor array. 

 

Figure 5.5 Comparison of the transverse (top) and longitudinal (bottom) strain responses at 72°C for a truck running 

at 45 km/h. 

 

Figure 5.6 Strain response at 72°C at 30 km/h, showcasing the lack of clear sensor signals at this testing speed. 

Notably, the maximum or peak longitudinal strain response of the front tandem axle at 45 km/h (2534.51 

με) is 4.7 times greater than that of the transverse strain at 537.13 με. This is a decrease of about 79%. 

Additionally, the tandem axle exerts the most substantial influence on the longitudinal strain, while in the 

transverse direction the impacts of the steering or lift axles are greater than the tandem axles.  
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This difference in magnitude between the longitudinal and transverse strains is expected and can be 

attributed to the anisotropic nature of asphalt. Anisotropy is a material property whereby the modulus and 

strength properties of a material vary in the vertical, longitudinal, and horizontal directions [62]. This 

characteristic holds significance in pavement design, especially when considering that traffic loading in 

longitudinal directions induces substantial anisotropy in relation to the transverse direction [62]. This may 

mean that the variations in modulus and strength properties across different directions could lead to 

uneven load distribution on the pavement and result in localized stress concentrations, potentially leading 

to cracks, rutting, or other forms of distress. 

5.2.2.2 Impact of Speed on AC Layer Strain at 51°C and 43°C  

The influence of speed on strain was examined at 51°C and 43°C using transverse strain gauges, as 

illustrated in Figure 5.7. The results of the truck test at speeds of 45 km/h and 30 km/h were those that 

resulted in the clearest responses; therefore, they will be assessed. For similar reasons, the transverse 

strain is assessed.  

At 51°C, a 28% decrease in strain magnitude is observed for the front tandem axle when comparing 

results at 45 km/h (583.92 με at peak magnitude) versus 30 km/h (423.32 με). This shows that the 

transverse strain magnitude for the tandem axle decreases with decreasing speed. In contrast, for the 

steering axle and lift axle, the strain response magnitude at 30 km/h surpasses that at 45 km/h. 

Transitioning to 43°C, a discrepancy surfaces in the peak strain magnitude between speeds of 45 km/h 

and 30 km/h. Importantly, at 45 km/h, the response peaks in the positive sense, indicating tension 

according to the BDI asphalt strain gauge manuals and datasheets, while at 30 km/h, it peaks in the 

negative direction, denoting compression within the layers. Even without delving into this compression-

tension difference, the magnitudes of the strain response at 45 km/h (458.41 με at peak magnitude) far 

exceed those experienced at 30 km/h (-179.57 με). This is a 139% decrease in strain magnitude. 

In typical cases, one would anticipate longer wavelengths between axles at lower speeds, with peaks of 

axle responses further apart and larger magnitudes of pressure response for all axles [63]. This 

expectation arises from the extended time it takes for the axles to pass over any given sensor at lower 

speeds as compared to higher speeds. However, an intriguing departure from this norm was observed for 

the tandem axles. This observation suggests that material properties at higher temperatures may be 

influencing the results. Alternatively, it is plausible that at 45 km/h, the truck consistently traversed the 

right sensor array more directly, with reduced deviations to the sides compared to its movement at 30 

km/h, thereby reducing the wander effect. 
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When contrasting results between temperatures of 51°C and 43°C, a notable difference in strain 

magnitude severity emerges, with 51°C exhibiting higher magnitudes. Specifically, strain magnitudes at 

51°C reach nearly 600 με, for the front tandem axle, while a range of 400 to 500 με is observed at 43°C 

for the front tandem axle. This discrepancy can be attributed to the heightened stiffness of the HMA layer 

at cooler temperatures. This increased stiffness enhances the pavement's resistance to loads, consequently 

leading to lower strain values at 43°C [63]. 

 
a) 

 

b)  

 
c) 

 
d) 

Figure 5.7 This is a 4-panel figure, describing the comparison of strain in the transverse direction in the right wheel 

path: a) at 51°C at various speeds. b) at 51°C at various speeds, focused analysis of front tandem axle. c) at 43°C at 

various speeds. d) at 43°C at various speeds, focused analysis of front tandem axle. 

Figure 5.8 below presents the same strain signals as demonstrated in Figure 5.7, but these are the raw 

strain responses. Although the strain gauges and pressure cells were calibrated by the supplier with 

limited time for recalibration, differences between actual axle responses and non-responses are 

discernible. 

The main difference immediately noticeable between the change in strain response captured in Figure 5.7 

and the raw strain response in figure 5.8 is the shape of the response. The raw strain response more 

accurately depicts what the axles of the truck are imparting onto the pavement structure in terms of 

compression and tension. For instance, at speeds of 45 and 30 km/h, the general shape of the strain 
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response indicates the initial impact by the steering and lift axles, followed by a gap, and then the tandem 

axles at the end, typically in the form of a pair. Notably, the strain response from the tandem axles does 

not immediately return to the initial strain response before picking up the strain response from the second 

tandem axle after the truck has passed over the sensor. The strain response takes some time to return to 

the neutral position, suggesting that the pavement structure may be holding onto some residual strain. 

Illustratively, consider the comparison of the raw strain results in the transverse direction at 51°C. At a 

speed of 45 km/h, the strain response's neutral strain is -3000 με. As the truck passes over the sensor, after 

the tandem axle has left the sensor, the strain response does not promptly revert to -3000 με. This 

phenomenon is not typically observed in the raw strain results of future truck tests, as will be seen in 

future sections. 

While determining the magnitude of raw strain responses might lead to potential misinterpretations, the 

observed trends align with those identified in the changing strain and changing pressure responses 

presented in Figure 5.7. Notably, there is a slight increase in net magnitudes at faster speeds, contrary to 

expectations based on existing literature. Additionally, the strain response at 30 km/h in the chart 

depicting strain at 43°C shows a compression trend rather than tension, as observed in the change in strain 

chart in Figure 5.7's bottom left corner. This negative response could suggest a potential instance of 

wander, where the truck may not fully cross over the specific sensor at this particular time. 

 
a) 

 
b) 

Figure 5.8  Comparison of the raw strain response in the transverse direction in the right wheel path at 51°C (a) and 

43°C (b), at various speeds. 

5.2.2.3 Impact of Speed on Layer Pressure at 51°C and 43°C  

Along with determining the impact of speed on layer strain, the impact of speed on layer pressure was 

also performed at various temperatures. At both 51°C and 43°C, the study examined the pressure 

variation in all layers, and extracted relevant trends. The results of this analysis are given in Figure 5.9.  
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a) 

 
b) 

 
c) 

 
d) 

 
e) 

 
f) 

Figure 5.9 This is a 6-panel figure of the comparison of the pressure response in the base (a and b), subbase (c and d) 

and subgrade (e and f) layers at 51°C (a,c,e) and 43°C (b,d,f) at various speeds. 
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a) 

 
b) 

 
c) 

Figure 5.10 This is a 3-panel figure, which depicts the comparison of the raw pressure response at 51°C at various 

speeds in the base (a), subbase (b) and subgrade (c). 
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a) 

 
b) 

 
c) 

 
d) 

 
e) 

 
f) 

Figure 5.11 This is a 6-panel figure, depicting the comparison of the raw pressure response in the base (a and b), 

subbase (c and d) and subgrade (e and f) layers at 43°C at various speeds. 

The predominant trend identified is a reduction in the magnitude of the pressure impact generated by the 

passing truck at slower speeds. This trend is particularly evident in the base and subbase layers, as well as 

across all axles. For example, in the subbase layer for the front tandem axle, at 45 km/h, the pressure 

response is 29.72 kPa while at 30 km/h the response is 13.39 kPa. Again, this is opposite to what is 

expected, as typically a decrease in vehicle speed would result in an increase in the elastic surface 

response (i.e., deflection) and therefore an increase in the pressure applied to each layer [64]. This has 

been shown to be the case in several studies, such as those in [65]. However, there is also the possibility 

that there could be small but substantial cooling of the pavement structure in between each tested speed, 

which could then impact the pressure results. In the subgrade layer, the impact at both speeds is very 
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similar, suggesting that at high temperatures, the damage imparted on the subgrade layer at various speeds 

will be similar. 

In addition, as one goes down the pavement layers, there is a noticeable variation in the magnitude range 

of the pressures. For instance, in the base, the maximum pressure impact is around 20 kPa. In the subbase, 

the impact is about 30 kPa, while in the subgrade, the impact decreases to around 1 kPa. This observation 

underscores a notable reduction in subgrade pressure in comparison to the regions closer to the surface, 

such as those below the AC layer [66]. 

The raw pressure results are illustrated in Figure 5.10 and Figure 5.11. Figure 5.10 displays the raw 

pressure results for all layers at 51°C, while Figure 5.11 presents the pressure responses for all layers at 

43°C. Figure 5.10 includes both speeds in the same charts, as the sensors had the same neutral axis during 

those runs. However, for the runs at 43°C, the neutral axis for these pressure cells varied, requiring the 

charts to be split into two: one for 45 kilometers per hour and the other for 10 kilometers per hour. 

Examining Figure 5.10, similar trends to those observed in the changing pressure results in Figure 5.9 are 

evident when comparing pressure results between 45 and 30 kilometers per hour.  

The focus here is on the shape of the pressure results, which predominantly exhibit positive pressure 

responses, consistent with the literature [20]. As noted in Figure 5.9, the subbase demonstrates the largest 

response, followed by the base and then the subgrade. This pattern persists even in the raw results. The 

results presented in Figure 5.11 show some differences. There are pressure results in the negative 

direction, indicating a likely deviation from the main sensor array which would result in some tension 

results. Only the subbase responses show compression, meaning the responses are in the positive 

direction, while the responses in the negative direction indicate tension being captured. 

5.2.3 Impact of Temperature/moisture on Layer Strain & Pressure 

Given that the truck test took place during a construction phase involving the pouring of the first lift of 

the HMA, the evaluation will specifically focus on assessing the influence of temperature and moisture on 

layer strain and pressure. 

5.2.3.1 Impact of Temperature on Layer Strain at 45 km/h, 30 km/h and 10 km/h 

To commence the analysis, the examination of temperature's impact on layer strain was conducted at 

speeds of 45 km/h, 30 km/h, and 10 km/h to discern potential trends. Figure 5.12 visually presents the 

strain impacts at various temperatures on a transverse sensor at 45 km/h and 30 km/h. 

A key observation is the consistent trend in which, at higher temperatures, the magnitude of horizontal 

strain tends to be larger compared to at lower temperatures. For instance, at 45 km/h, the strain magnitude 
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decreases by approximately 61% from 72°C (543.14 kPa) to 51°C (211.5 kPa), and around 37% from 

72°C to 43°C (344.60 kPa) for the steering axle. The peak horizontal strain is evident at an asphalt 

concrete temperature of 72°C, aligning with expectations that at higher HMA temperatures, the strain 

response will be higher since the AC layer tends to be softer under these conditions and the material is 

more prone to deformation or strain under load [63]. 

 

 
a) 

 
b) 

 
c) 

Figure 5.12 This a 3-panel figure, depicting the comparison of the transverse strain responses at 45 km/h at various 

temperatures (a), a comparison of the steering axle transverse strain responses at 45 km/h (b) and a comparison of 

the transverse strain responses at 30 km/h at various speeds (c). 

5.2.3.2 Impact of Temperature on Layer Pressure at 45 km/h, 30 km/h and 10 km/h 

The impact of temperature on layer pressure was also examined for speeds of 45 km/h, 30 km/h, and 10 

km/h. Figure 5.13 and Figure 5.14 display the results of this analysis, where the former shows the results 

for all layers at 45 km/h, including a close-up of the results of the front tandem axle in the subbase, while 

the latter shows the results for the subbase and subgrade only for 30 km/h and 10 km/h.  

The primary trend observed is that, generally, the pressure impact at higher temperatures is larger as 

compared to lower temperatures. This trend is consistent across all tested speeds, except for the response 

of the tandem axle in the subgrade layer at 10km/h (Figure 5.14). This trend is also consistent with the 

results of similar tests, such as those of [20].  
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a) 

 
b) 

 
c) 

 
d) 

Figure 5.13 This is a 4-panel figure, depicting the comparison of the pressure response at 45 km/h in the base (ta), 

subbase (b), and subgrade (c); further analysis for the front tandem axle responses at 45km/h in subbase layer (d). 

 

 
a)                                                                  b) 

 
c)                                                                d) 

Figure 5.14 This is a 4-panel figure, depicting the comparison of the pressure response at 30 km/h in the subbase (a) 

and subgrade (b) and 10 km/h in the subbase (c) and subgrade (d). 

Like what was described in Section 5.2.2.3, when analyzing the pressure response at different 

temperatures, the magnitude of the pressure impact varies within each layer. For instance, the maximum 
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pressure impact in the base layer is approximately 20 to 25 kPa at 45 km/h. In the subbase layer, the 

maximum impact ranges from 30 to 35 kPa at 45 km/h to 17 kPa at 30 km/h and around 7 to 8 kPa at 10 

km/h. These pressure results are much lower than some other studies [20], however this could be a result 

of the materials and design of the pavement structure (as the test section in the study is situated in Los 

Angeles, CA), the weight of the vehicle used for testing, wander, etc. 

5.2.4 Comparison of Pressure in the Pavement Structure during Construction 

In Figure 5.15, a pressure profile is presented, outlining the pressure response for this truck test at various 

depths within the pavement structure. This profile is generated for temperatures of 51 °C and 43 °C while 

comparing the same sensor at both temperatures for consistency. It reveals that pressure has a diminished 

impact on the pavement structure at lower temperatures. For example, at 51 °C, the pressure in the base 

layer is 50% higher than at 43 °C. 

While temperature notably influences the magnitude of pressure impact in the base and subbase layers, 

the subgrade layer exhibits negligible change. The pressure impact in the subgrade layer remains 

consistently low, irrespective of the temperature of the HMA layer. This suggests that, during 

construction, the subgrade undergoes minimal impact, and its behavior is not substantially affected by the 

temperature variations in the HMA layer. 

 A significant trend evident in this figure is the unexpected observation that the pressure responses in 

the subbase layer are larger than those in the base layer. Previous studies typically indicate that pressure 

results in the base layer should surpass those in the subbase layer, with the subgrade layer exhibiting the 

smallest response [20]. 

 There are several potential explanations for this deviation. It could stem from construction variability, 

where variations in material placement, compaction, or other construction practices may lead to localized 

differences in pressure responses. Uneven construction practices could influence the pressure distribution 

within the pavement layers. In addition, the material properties of the subbase and base layers, such as 

stiffness or compaction characteristics, could result in varying pressure responses. Sensor placement 

could be another factor, where the exact placement of sensors within the pavement layers could introduce 

discrepancies. If sensors are not uniformly positioned or are affected by irregularities in layer thickness, it 

may impact the recorded pressures. Finally, it could stem from issues with sensor calibration, however 

this is avoided with regular calibration checks. Unfortunately, these sensors were not calibrated by the 

research team but by a third party, and there was not enough time to verify the calibration process 

between when the sensors were received and when they needed to be installed in the instrumented test 

section, therefore it is difficult to determine whether the calibration was correctly performed. 
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 To validate and understand this anomaly, it becomes crucial to consult trends across various truck 

tests, especially those conducted under different conditions. If this pattern persists across multiple tests, it 

may point towards a miscalibration in the pressure sensors. This factor will warrant careful consideration 

during future analyses, emphasizing the need for meticulous calibration and interpretation of pressure 

sensor data in upcoming assessments.   

 

Figure 5.15 Pressure depth profile indicating changes in pressure during the construction phase at 51°C and 43°C. 

5.3 Truck Test #2: Early Spring Conditions 

The second truck testing occurred on March 22nd, 2023, approximately five months after the initial 

construction truck testing, between 11:00 AM to 12:00 PM. During this truck testing session, all sensors 

were successfully tested as the DAC was operational at that time. Various speeds were examined, 

including 5, 10, 20, 30, 40, 50, 60, and 70 km/h at an asphalt temperature of 6 °C, while the ambient 

temperature was about 3 °C, with cloudy weather conditions. During this truck test, the truck was loaded 

and had a gross loading weight of 348 kN, and a tare weight of 134 kN. In addition, the weights of the 

individual axles were also captured, and they were: 67 kN for the steering axle, 61 kN for the lift axle, 

and 105 kN each for the tandem axles. These were provided weights by the contractor, and it is 

recognized that there is a 10 kN gap between the sum of the individual axles and the gross weight.  

Figure 5.16 shows the set up for the early spring truck test. To guide the truck along the right sensor 

array, a spray-painted line was applied on the pavement surface 0.7 meters away from the curb. 
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Figure 5.16 The setup for the early spring truck test. The orange spray paint on the pavement surface demarcates the 

right array of sensors to guide the truck during the different speeds. 

5.3.1 Impact of Speed on Longitudinal & Transverse Strain 

One focus of the analysis for the truck testing conducted during early spring conditions was to examine 

the effect of speed on pressure and strain. Figure 5.17 illustrates a selection of the results of the truck 

testing at various speeds for both longitudinal and transverse strain. These include 5, 10, 20 and 50 km/h.  

A significant trend emerges when analyzing the longitudinal strain: the strain decreases with 

increasing speed. As the speed of the truck rises, the amplitudes between the axle peak responses shorten, 

and the magnitudes of the strain diminish. This trend is expected because when a truck travels at higher 

speeds over a pavement structure, the impact that each tire has on each sensor decreases. Additionally, all 

axles pass over a specific sensor more quickly. This result is corroborated by [65], [64] and [33]. 
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a) 

 
b) 

 
c) 

 
d) 

 
e) 

 
f) 

Figure 5.17 This is a 6-panel figure demonstrating the comparison of the impact of longitudinal (a,c,e) and 

transverse (b,d,f) strain at 5km/h and 10, 20 and 50 km/h. 

In contrast, a different trend is observed in the transverse direction. As the speed increases, the 

amplitude between the axle peaks still diminishes due to the truck running at a faster speed, causing all 

axles to pass over a specific sensor more quickly. However, the magnitude of the strain response increases 

as the speed rises. This finding also aligns with what was observed in the construction data (see Section 

5.2.2.2) but contrasts what is shown in the literature, such as the transverse strain data at various speeds 

plotted by [65].  

Observing the raw strain results in Figure 5.18 reveals intriguing details about the strain gauge 

responses in their unprocessed state. In contrast to the change in strain results in Figure 5.17, the raw 

strain results allow for the examination of the true shape of the strain as a truck passes over each sensor. 

The distinctive pattern for a tire passing over a strain gauge is its characteristic four-peak shape, with each 

peak representing the steering axle, lift axle, and the two peaks at the end (furthest to the right of any 
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presented chart) representing the tandem axle. In some cases, particularly in the transverse direction, the 

tandem axle response appears as a single response cleaved in two, as the response does not return to a 

neutral position before the second tandem axle passes over the same sensor. However, in the longitudinal 

direction, all strain responses are well-defined and clear. 

Like the trends observed in the change in strain results in Figure 5.17, the same magnitude trends are 

apparent here. Firstly, the longitudinal strain responses generally have larger magnitudes than the 

transverse strain responses. Additionally, the effect of speed aligns with what was observed in the change 

in strain response; as the speed increases, the time it takes for the truck axles to pass over a particular 

strain gauge decreases, resulting in a shorter total response length in terms of time at higher speeds. 

Moreover, the magnitude of the strain response is typically higher at lower speeds compared to higher 

speeds. 

The unique value of observing the raw results, as opposed to just the change in strain response, lies in 

the clarity with which one can see the tension and compression of the axles on the pavement structure. 

The raw results vividly depict the raw effect of tension and compression, where tension is represented as a 

positive response and compression as negative. In the change in strain response, positive and negative 

responses do not necessarily represent tension and compression, as it primarily demonstrates a change in 

strain. Hence, the raw results offer valuable insights for comparison purposes. 

5.3.2 Impact of Speed on Pressure in the Base, Subbase and Subgrade 

Figure 5.19 illustrates the impact of speed on the pressure experienced in the base layer, subbase layer, 

and subgrade layer of the pavement structure. Overall, a consistent trend is observed across all three 

layers: as the speed increases, the magnitude of the pressure decreases, and the time between peak 

pressure magnitudes for each axle decreases. However, variations within each layer exist that warrant 

further analysis. 
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a) 

 
b) 

 
c) 

 
d) 

 
e) 

 
f) 

Figure 5.18 This is a 6-panel figure demonstrating the comparison of the impact of raw longitudinal (a,c,e) and 

transverse (b,d,f) strain at 5km/h and 10, 20 and 50 km/h. 

In the base layer, there are instances where the pressure magnitude at certain speeds (e.g., 20 km/h) is 

higher than at the lowest tested speed of 5 km/h. For example, the magnitude of the front axle pressure at 

5 km/h is approximately 17.6 kPa, whereas, at 20 km/h, it is around 30.1 kPa. This suggests that the 

impact of the load on the base layer results in larger pressure magnitudes for some axles, especially the 

tandem axle. Or tire wander was likely variable between 5 km/h and 20 km/h, even if care was taken to 

ensure that the truck was running over the same sensor array path each time. 

The subbase layer exhibits a similar trend to the base layer. In addition to this, however, the 

magnitudes of the pressure responses in the subbase layer are slightly larger than those in the base layer. 

This indicates that loads have a greater impact on the subbase layer than the base layer but raises 

questions (see 5.2.4).  
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a)                                                          b)                                                            c) 

 
d)                                                          e)                                                            f) 

 
g)                                                          h)                                                            i) 

Figure 5.19 This is a 9-panel figure depicting the comparison of the impact of the pressure in the base (a,b,c), 

subbase (d,e,f), and subgrade (g,h,i) at 5km/h and 10, 30 and 50 km/h. 

Finally, the subgrade layer follows a similar trend as demonstrated in the previous two layers, with 

pressure magnitudes sometimes increasing as speed increases. In addition, the overall magnitudes of the 

pressure responses in the subgrade layer are lower as compared to the base and subbase layers. This is 

expected since the sensors in the subgrade layer are located furthest away from the applied load. 

The raw pressure results are illustrated in Figure 5.20. Like the raw strain results depicted in Figure 

5.18, the shapes of the raw pressure results reflect the way the truck passes over the sensors and the types 

of axles situated on the sensors. There is a clear representation of a steering axle, lift axle, and a tandem 

axle, which appears as a single response but cleaved. The magnitudes of the pressure responses vary from 

layer to layer, with the base and subbase exhibiting higher responses than the subgrade. The signal 

responses are notably clearer in the base and subbase, characterized by more pointed and defined 

responses, while in the subgrade layer, the responses are more curved, indicating that the subgrade 

pressure cells are situated deep within the pavement structure and may not be capturing the full pressure 

response. 
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Once again, the trends observed in previous sections, such as the relationship between speed and 

pressure magnitude, as well as speed and response length, are evident. In general, these trends align 

logically and provide clear and sensible results. 

 
a)                                                          b)                                                            c) 

 
d)                                                          e)                                                            f) 

 
g)                                                          h)                                                            i) 

Figure 5.20 Comparison of the impact of the raw pressure in the base (a,b,c), subbase (d,e,f), and subgrade (g,h,i) at 

5km/h and 10, 30 and 50 km/h. 

5.4 Truck Test #3: Summer Conditions  

The third truck test occurred on July 20th, 2023, during warm summer conditions between 11:00 AM and 

1:00 PM. During this truck testing session, all sensors were successfully tested as the DAC was 

operational at that time. Various speeds were examined, including 5, 10, 20, 30, 40, 50, 60, and 70 km/h 

at an asphalt temperature of 25 °C, while the ambient temperature was about 20 °C, with a mix of sun and 

cloud weather conditions. During this truck test, the truck was loaded and had a gross loading weight of 

353 kN, and a tare weight of 138 kN. In addition, the weights of the individual axles were also captured, 

and they were: 68 kN for the steering axle, 78 kN for the lift axle, and 102 kN each for the tandem axles. 

These were provided weights by the contractor, and it is recognized that there is a 3 kN gap between the 

sum of the individual axles and the gross weight.  
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Figure 5.21 Drawing of guideline 0.7 metres from the edge of pavement to guide the truck during truck testing. 

 

Figure 5.22 Summer truck testing setup - data collection and truck passing over sensor arrays. 

5.4.1 Impact of Speed on Longitudinal & Transverse Strain 

Figure 5.21 shows a selection of the results of the truck testing at various speeds for both longitudinal 

and transverse strain. These include speeds of 5, 10, 20 and 50 km/h.  

It is apparent that for both the longitudinal and transverse strain directions, the strain magnitude 

decreases with increasing speed. In some cases, such as 5 km/h and 10 km/h, the magnitudes are very 

similar as the speed difference is not very large, but as the speed increases, such as to 20 or 50 km/h, the 

difference in magnitude becomes apparent. The strain magnitude trends in the transverse direction are 

opposite to those that appeared in the early spring conditions assessment, however now the results 

generally follow what is described in the literature, such as in [65], [64] and [33]. 
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a) 

 
b) 

 
c) 

 
d) 

 
e) 

 
f) 

Figure 5.23 This is a 6-panel figure demonstrating the comparison of the impact of longitudinal (a,c,e) and 

transverse (b,d,f) strain at 5km/h and 10, 20 and 50 km/h. 

It is apparent that for both the longitudinal and transverse strain directions, the strain magnitude 

decreases with increasing speed. In some cases, such as 5 km/h and 10 km/h, the magnitudes are very 

similar as the speed difference is not very large, but as the speed increases, such as to 20 or 50 km/h, the 

difference in magnitude becomes apparent. The strain magnitude trends in the transverse direction are 

opposite to those that appeared in the early spring conditions assessment, however now the results 

generally follow what is described in the literature, such as in [65], [64] and [33]. 

When comparing the strain responses in early spring and summer conditions, it becomes evident that 

the strain experienced during summer is consistently higher. Take for example the front tandem axle at 5 

km/h: in winter conditions, the strain magnitude is 80 kN, while in summer, it surges to 180 kN. This 

discrepancy can be attributed to the higher average asphalt pavement temperature during the truck test in 
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summer compared to the early spring test. The elevated temperature renders the asphalt softer, making the 

material more susceptible to deformation and strain, thus resulting in a heightened strain response [63]. 

Similarly, to the previous observations, as the truck's speed increases, the intervals between axle peak 

responses shorten, and the strain magnitudes decrease—both in the longitudinal and transverse directions. 

When comparing the overall length of signal responses between this and the previous tests, no noticeable 

change emerges when contrasting winter and summer conditions. For instance, at 5 km/h, the total signal 

response length in summer is approximately 5.5 seconds, whereas in early spring, it hovers around 5.7 

seconds. Confirming this trend requires additional data, but this is a positive preliminary assessment since 

it indicates that the trucks in both tests ran at relatively similar speeds. 

 
a) 

 
b) 

 
c) 

 
d) 

 
e) 

 
f) 

Figure 5.24 This is a 6-panel figure demonstrating the comparison of the impact of raw longitudinal (a,c,e) and 

transverse (b,d,f) strain at 5km/h and 10, 20 and 50 km/h. 

The raw longitudinal and transverse strain results are depicted in Figure 5.24. This figure reveals both 

similarities and variations when comparing the strain from this test to that of test #2. One similarity is the 
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clear and well-defined nature of both signals, with all axles distinctly represented in the responses, 

especially at slower speeds. The trends in both the transverse and longitudinal strain gauges remain 

consistent, indicating that as speed increases, the magnitudes decrease, and the time it takes for the truck 

to pass over the sensors shortens, resulting in shorter and more condensed sensor responses at higher 

speeds. 

However, differences emerge in the shapes of the responses, particularly in the transverse direction. In the 

longitudinal direction, the patterns are relatively like those observed in the previous truck test, with well-

defined responses. Yet, in the transverse direction, the steering axle and lift axle exhibit the highest 

magnitudes, while the tandem axle does not show a large response in the transverse direction. 

5.4.2 Impact of Speed on Pressure in the Base, Subbase and Subgrade 

Figure 5.25 illustrates the impact of speed on the pressure experienced in the base layer, subbase layer, 

and subgrade layer of the pavement structure during the summer truck test. Overall, a consistent trend is 

observed across all three layers: as the speed increases, the magnitude of the pressure decreases, and the 

time between peak pressure magnitudes for each axle decreases. 

The trends presented within the context of this figure are like those that were experienced in the early 

spring conditions. The pressures in the base and subbase are much higher than those experienced in the 

subgrade layer, and the layer with the greatest pressure response is the subbase layer. In all layers, the 

higher the speed, the smaller the gap between the peak pressure loads for the different axles. In some 

cases, especially for speeds that are like and close to 5 km/h, such as those like 10 km/h, the magnitudes 

could actually be higher than those at 5 km/h.   

When comparing pressure responses in summer and early spring conditions, variations in signal shape 

and strain magnitude become apparent. In early spring, the tandem axles exhibit the highest pressure 

response, followed by the steering and lift axles. In contrast, summer conditions reveal a different 

hierarchy, with the steering axle registering the greatest response, followed by the lift axle and then the 

tandem axle. This discrepancy raises the possibility of tire wander discrepancies over the sensor arrays, 

resulting in diverse signal responses. 

Additionally, there's a notable disparity in pressure magnitudes between the seasons. For instance, 

comparing the steering axle, pressure magnitudes range from 10 kPa to 20 kPa in early spring, whereas in 

summer, they span from 5 kPa to 75 kPa. 
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a)                                                          b)                                                            c) 

 
d)                                                          e)                                                            f) 

 
g)                                                          h)                                                            i) 

Figure 5.25 Comparison of the impact of the pressure in the base (a,b,c), subbase (d,e,f), and subgrade (g,h,i) at 

5km/h and 10, 30 and 50 km/h. 

The raw pressure results are presented in Figure 5.26 below. The shapes of the signal responses indicate a 

higher pressure impact from the steering and lift axles compared to the tandem axles. In this case, the 

signals are very clear and exhibit higher magnitudes than the raw pressure responses from the previous 

test. This is likely a result of the higher asphalt pavement temperature, creating warmer conditions that are 

more susceptible to pressure and strain responses. 

It is evident, even in the raw pressure responses that the subgrade pressure response is significantly lower 

than that experienced in the base and subbase layers. This contrast was not as pronounced in the previous 

truck test, where the subgrade response was less than the base and subbase responses as well, but the 

difference in the pressure response was not as drastic. This could be attributed to variations in moisture 

content and temperature between truck TT#2 and truck TT#3. Changes in moisture content within layers, 

for example, can influence the mechanical behavior of the pavement structure, affecting the stiffness and 

strength of materials, especially in cases of subgrades with high clay or silt content that can absorb a lot of 

moisture. Given that the subgrade in this case is silty, these variations in response may be attributed to 

differences in moisture and temperature between early spring and summer. 
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a)                                                          b)                                                            c) 

 
d)                                                          e)                                                            f) 

 
g)                                                          h)                                                            i) 

Figure 5.26 Comparison of the impact of the raw pressure in the base (a,b,c), subbase (d,e,f), and subgrade (g,h,i) at 

5km/h and 10, 30 and 50 km/h. 

5.5 Truck Test #4: Summer Conditions and Second HMA Lift Construction Analysis 

The fourth truck testing occurred on August 28th, 2023, during warm summer conditions between 10:45 

and 11:30 AM.  The difference between this test and the previous test during the summer was that this test 

occurred four days after the pouring of the second lift of asphalt pavement. The first three tests occurred 

while the pavement structure only had the first layer of asphalt poured. During this truck testing session, 

all sensors were successfully tested as the DAC was operational at that time. Various speeds were 

examined, including 5, 10, 20, 30, 40, 50, 60, and 70 km/h at an asphalt temperature of 23 °C, while the 

ambient temperature was about 20 °C, with a mix of sun and cloud weather conditions. During this truck 

test, the truck was loaded and had a gross loading weight of 337 kN, and a tare weight of 138 kN. In 

addition, the weights of the individual axles were also captured, and they were: 55 kN for the steering 

axle, 70 kN for the lift axle, and 102 kN each for the tandem axles. These were provided weights by the 

contractor, and it is recognized that there is an 8 kN gap between the sum of the individual axles and the 

gross weight.  
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5.5.1 Impact of Speed on Longitudinal & Transverse Strain 

Figure 5.28 shows a selection of the results of the truck testing at various speeds for both longitudinal 

and transverse strain. These include speeds of 5, 10, 20 and 50 km/h.  

 
a) 

 
b) 

 
c) 

 
d) 

 
e) 

 
f) 

Figure 5.27 This is a 6-panel figure demonstrating the comparison of the impact of longitudinal (a,c,e) and 

transverse (b,d,f) strain at 5km/h and 10, 20 and 50 km/h. 

As with the previous tests, the strain trends from the figure indicate that as the trucks speed increases, 

the intervals between the axle peak responses shorten and the strain magnitudes decrease in both the 

longitudinal and transverse directions. 

In comparison to the strain responses in early spring and the first summer test conditions, where for the 

front tandem axle at 5 km/h the strain magnitude was 80 kN in the early spring conditions and 180 kN in 

the first summer truck test conditions, in this case the front end and axle strain magnitude peaks at about 

100 kN. This falls in line with the results obtained previously, as once again the tests are conducted 

during warmer summer months which causes the actual material to be softer and have a higher strain 
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response. In addition, the truck is running on relatively freshly paved asphalt at this point meaning that 

the asphalt could potentially be more susceptible to damage. However, it is not as high as the first summer 

truck test because of the additional asphalt layer which is providing additional support to the granular and 

subbase layers. In essence, the pavement structure is thicker. 

 
a) 

 
b) 

 
c) 

 
d) 

 
e) 

 
f) 

Figure 5.28 This is a 6-panel figure demonstrating the comparison of the impact of raw longitudinal (a,c,e) and 

transverse (b,d,f) strain at 5km/h and 10, 20 and 50 km/h. 

Contrasting the strain responses from early spring and the initial summer test, where the front tandem axle 

at 5 km/h exhibited a strain magnitude of 80 kN in early spring and 180 kN in the first summer test, the 

current scenario sees the front end and axle strain peaking at around 100 kN. This aligns with previous 

findings, as the tests continue to be conducted in warmer summer months, resulting in a softer HMA 

material and heightened strain responses. Furthermore, the truck traverses relatively freshly paved asphalt 

at this point. The strain magnitude, although not reaching the levels observed in the first summer test, is 
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moderated by an additional asphalt layer that provides extra support to the granular and subbase layers, 

effectively thickening the pavement structure. 

When comparing the overall length of signal responses between this and the previous tests, no noticeable 

change emerges when contrasting winter and summer conditions. For instance, at 5 km/h, the total signal 

response length in the first summer test is approximately 5.5 seconds, whereas in early spring, it hovers 

around 5.7 seconds. This second summer test also has a signal response length of about 5.5 seconds. 

Figure 5.28 shows the raw longitudinal and transverse strains for this truck test. In the longitudinal strain, 

it is noticeable that the tandem axles produce the highest magnitude strain, which is larger than the strain 

from the steering and lift axles. Similarly, in the transverse strain, the tandem axle demonstrates the 

largest response compared to the steering and lift axles. 

5.5.2 Impact of Speed on Pressure in the Base, Subbase and Subgrade 

Figure 5.29 illustrates the impact of speed on the pressure experienced in the base layer, subbase layer, 

and subgrade layer of the pavement structure during the second summer truck test.  

 
a)                                                          b)                                                            c) 

 
d)                                                          e)                                                            f) 

 
g)                                                          h)                                                            i) 

Figure 5.29 Comparison of the impact of the pressure in the base (a,b,c), subbase (d,e,f), and subgrade (g,h,i) at 

5km/h and 10, 30 and 50 km/h. 
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Again, a consistent trend is observed across all three layers: as the speed increases, the magnitude of the 

pressure decreases, and the time between peak pressure magnitudes for each axle decreases. As with the 

two previous truck tests, the trends presented within the context of this figure are like those that were 

experienced. The pressures in the base and subbase are much higher than those experienced in the 

subgrade layer, and the layer with the greatest pressure response is the subbase layer. In all layers, the 

higher the speed, the smaller the gap between the peak pressure loads for the different axles.  

Comparing pressure responses from early spring, the first summer test, and the current summer test, the 

results from this round of summer testing closely resemble those from early spring in terms of shape—

where the tandem axles produce a greater response than the lift and steering axles. In terms of magnitude, 

the current summer test aligns more with the first summer truck test. For example, considering the front 

tandem axle in the base layer at 5 km/h, the early spring response is 20 kPa, the first summer truck test 

registers 40 kPa, and the latest summer truck test also records 40 kPa at the same speed. 

Figure 5.29 shows the raw pressure results for this test period. In this case, the tandem axles have the 

largest response, typically in comparison to the steering and lift axles, which is opposite to the previous 

summer test. 

 
a)                                                          b)                                                            c) 

 
d)                                                          e)                                                            f) 

 
g)                                                          h)                                                            i) 

Figure 5.30 Comparison of the impact of the raw pressure in the base (a,b,c), subbase (d,e,f), and subgrade (g,h,i) at 

5km/h and 10, 30 and 50 km/h. 
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5.6 Truck Test #5: Late Fall Conditions and Construction 

The fifth and final truck testing occurred on December 11th, 2023, during warm summer conditions 

between 10:00 and 10:30 AM.  During this truck testing session, all sensors were successfully tested as 

the DAC was operational at that time. Various speeds were examined, including 5, 10, 20, 30, 40, and 50 

km/h (due to inclement weather conditions and safety concerns, 60 and 70 km/h were not able to be 

tested). The asphalt temperature was 5 °C, while the ambient temperature was about 1 °C, with some 

flurries and some sunny weather conditions. During this truck test, the truck was loaded and had a gross 

loading weight of 348 kN, and a tare weight of 154 kN. In addition, the weights of the individual axles 

were also captured, and they were: 74 kN for the steering axle, 76 kN for the lift axle, and 100 kN each 

for the tandem axles. These were provided weights by the contractor, and it is recognized that there is a 2 

kN gap between the sum of the individual axles and the gross weight. 

5.6.1 Impact of Speed on Longitudinal & Transverse Strain 

Figure 5.31 shows a selection of the results of the truck testing at various speeds for both longitudinal and 

transverse strain. These include speeds of 5, 10, 20 and 50 km/h.  

Compared to the strain results in previous tests, the first thing that stands out in this figure is the 

significantly smaller magnitudes in both the longitudinal and transverse directions. This could be 

attributed to a couple of factors. The first one being the fact that at this point in the year, the temperature 

is cooler therefore the magnitudes of the strain are smaller [63]. Additionally, the thicker AC layer now in 

place distributes the strain more evenly among the sensors, revealing why the results in this truck test 

exhibit smaller magnitudes compared to truck test number two conducted in early spring conditions. 
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a) 

 
b) 

 
c) 

 
d) 

 
e) 

 
f) 

Figure 5.31 This is a 6-panel figure demonstrating the comparison of the impact of longitudinal (a,c,e) and 

transverse (b,d,f) strain at 5km/h and 10, 20 and 50 km/h. 

The reduced magnitudes also impact the clarity of the signal, introducing more variation and making it 

less pristine compared to previous tests. Consequently, it becomes challenging to discern typical trends, 

such as the expected patterns for longitudinal and transverse strains. Despite the diminished clarity, some 

trends persist, like those observed in the longitudinal strain. However, these trends deviate from 

expectations; for instance, instead of the anticipated decrease in strain magnitude with increasing truck 

speed, cases where the magnitude is larger is observed. 

Figure 5.31 shows the longitudinal and transverse strain results for this final truck test period. Compared 

to the previous truck tests, one can observe that the responses are much less clear, likely due to the overall 

smaller magnitude of strain produced at this asphalt and ambient temperature. In the longitudinal 

direction, especially at lower speeds like 5 to 10 km/h, the axles are clearly defined, allowing one to see 
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the shape of the signal response. However, in the transverse direction, the signal response is less 

pronounced and not very clear, likely influenced by the effect of these lower temperatures. 

 
a) 

 
b) 

 
c) 

 
d) 

 
e) 

 
f) 

Figure 5.32 This is a 6-panel figure demonstrating the comparison of the impact of raw longitudinal (a,c,e) and 

transverse (b,d,f) strain at 5km/h and 10, 20 and 50 km/h. 

5.6.2 Impact of Speed on Pressure in the Base, Subbase and Subgrade 

The observed trends in Figure 5.33 for pressure closely parallel those identified in strain patterns but 

exhibit slight deviations from trends observed in prior tests. Notably, an increase in speed corresponds to 

sharper and less dispersed signal responses. However, a noteworthy departure from the expected norm is 

observed in the pressure magnitudes, with higher speeds consistently yielding higher pressure magnitudes 

than those recorded at lower speeds consistently surpass the pressure magnitudes observed at 5 km/h. This 

contrasts with the findings of the three preceding truck tests, where signals rarely exceeded the pressure 

magnitudes recorded at 5 km/h. Moreover, the pressure magnitudes in this truck test are consistently 

lower than those observed in previous truck tests, especially as compared to the early spring test. 
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a)                                                          b)                                                            c) 

 
d)                                                          e)                                                            f) 

 
g)                                                          h)                                                            i) 

Figure 5.33 Comparison of the impact of the pressure in the base (a,b,c), subbase (d,e,f), and subgrade (g,h,i) at 

5km/h and 10, 30 and 50 km/h. 

Finally, Figure 5.35 shows the raw pressure results for this final truck test. At slower speeds, the axles are 

quite distinguished, and one can differentiate between all the various types. Previous trends noted before 

are again present, such as the fact that at higher speeds, the signal responses become more condensed both 

in magnitude and in time. The effect of ambient and asphalt temperatures is quite apparent in this case, as 

the magnitude of the pressure here is much less than the ones calculated in the previous tests. All these 

tests have demonstrated the influence of seasons on the magnitude and shape of the signal response. This 

insight is valuable for further developments in climate and artificial intelligence-related research to better 

understand future data and provide more accurate predictions and outcomes. 
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a)                                                          b)                                                            c) 

 
d)                                                          e)                                                            f) 

 
g)                                                          h)                                                            i) 

Figure 5.34 Comparison of the impact of the raw pressure in the base (a,b,c), subbase (d,e,f), and subgrade (g,h,i) at 

5km/h and 10, 30 and 50 km/h. 

5.7 Strain and Pressure Comparison 

This section aims to establish comprehensive comparisons between the pressure and strain data gathered 

across all five truck tests. The initial focus involves evaluating the strain and pressure distinctions 

between the right and left sensor arrays, utilizing a single test as an illustrative example. Subsequently, 

the analysis extends to comparisons between the maximum strain and maximum pressure observed in the 

various tests, first as a function of truck speed and sensor, then more generally in terms of the sensor 

location and orientation. This comparative exploration is designed to offer a swift and straightforward 

visualization of how signal responses vary among the diverse sensors, shedding light on potential 

comparisons and anomalies within the dataset. 

5.7.1 Strain and Pressure Comparison Between the Right and Left Sensor Arrays 

The first assessment performed was focused on comparing strain and pressure responses between the right 

and left sensor arrays, covering both longitudinal and transverse directions for the strain gauges, as well 

as spanning various layers of the pavement structure for the pressure cells. Truck Test #2 was used for 

this comparison. During this test, intriguing variations emerged in the magnitude and signal type of 
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responses between the two sensor arrays for both strain and pressure. Efforts were made to ensure the 

alignment of all sensor signal data, facilitating an accurate comparison of signal responses. 

5.7.1.1 Strain Signal Comparison 

In Figure 5.35, a comparison of the strain response in microstrain (με) are illustrated in terms of truck 

speed, sensor orientation and sensor array. Each column of charts within this figure represents results 

obtained from a single sensor. 

Notably, the right sensor array exhibits more distinct and higher-magnitude strain signals than the left 

sensor array in both longitudinal and transverse directions. For example, at 5 km/h, the clarity of signal 

responses in the right array surpasses those in the left array, regardless of direction. "Clear" in this context 

refers to the visibility of all axles in the signal response; is it possible to discern the steering axle, lift axle 

and tandem axle in the signal response? In addition, the overall magnitude of strain responses in the right 

array is consistently larger than that in the left array, with for instance, at 5 km/h, values approaching 100 

με for the back tandem axle in the longitudinal direction and 23 με for the steering axle in the transverse 

direction. These values are much larger than those in the left sensor array, which peak at about 10 to 12 

με for the front tandem axle as described by the longitudinal left sensor array. 

Interestingly, beyond 30 km/h, the signal becomes unclear for most sensors in all directions and 

arrays, making it challenging to discern axles. Despite this, it is evident that as speed increases, the signal 

response time shortens, indicating the quicker passage of truck axles over a specific sensor. Additionally, 

the strain magnitude generally decreases as truck speed increases. An intriguing observation arises when 

comparing longitudinal and transverse sensors in the same sensor array. At speeds exceeding 30 km/h, the 

magnitudes of the signal responses appear quite similar between the longitudinal and transverse directions 

in the right array. A similar pattern is observed in the left array, but this time, magnitudes seem 

comparable across all speeds regardless of strain gauge direction, not just speeds exceeding 30 km/h. 

5.7.1.2 Pressure Signal Comparison 

In addition to the strain signal comparison, a comparison of the pressure responses showcasing 

differences between the responses in the right and left arrays, as well as between whether the sensor is 

located in the base, subbase and subgrade layers is displayed in Figure 5.36 and Figure 5.37.  

The analysis revealed that, generally, an increase in the speed of testing during the truck tests correlates 

with a decrease in the magnitude of the pressure response. However, exceptions were observed; at 5 

km/h, the responses were unexpectedly lower than those at 10 and 20 km/h. This anomaly might be 
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attributed to the truck tires passing more directly over the sensor array at 10 and 20 km/h compared to 5 

km/h. 

Furthermore, the subgrade response consistently exhibited much lower values as compared to both the 

base and subbase responses. This trend aligns with observations from previous assessments, emphasizing 

the substantial decrease in the pressure impact response in the subgrade when contrasted with the base 

and subbase. 

In addition, the clarity of axles diminishes around 20 to 30 km/h, making individual axles challenging 

to discern beyond this speed range. 

In a broader context, the subbase responses consistently surpass those of the base, a phenomenon 

observed at all speeds. This suggests a heightened receptivity of the subbase sensor compared to the base 

sensor, and is the same phenomenon noticed as the analysis in Section 5.2.4. 

Comparing responses between the right and left sensor arrays, the right array consistently produces 

higher-magnitude responses than the left array. However, a noteworthy observation in the left array is that 

responses in the subgrade tend to be generally higher across all speeds than either the base or subbase 

responses. This deviates from the anticipated trends discussed previously, and deviates from the trends in 

the right sensor array. By 70 km/h, the subgrade response in both the right and left sensor arrays becomes 

barely noticeable and can hardly be picked up by the pressure cells. 
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Figure 5.35 Comparing speed impact on pavement strain response: longitudinal and transverse sensors in left and 

right arrays. Y-axis: Strain (με), X-axis: Time (s) for all plots. 

 

-100

-80

-60

-40

-20

0

20

40

60

80

100

120

0 1 2 3 4 5 6 7 8 9 10

T
ru

c
k
 Im

p
a

c
t 
s
tr

a
in

 (
μ

ε)

Time (s)

-100

-80

-60

-40

-20

0

20

40

60

80

100

120

0 1 2 3 4 5 6 7 8 9 10

T
ru

c
k
 Im

p
a

c
t s

tr
a

in
 (

μ
ε)

Time (s)

-100

-80

-60

-40

-20

0

20

40

60

80

100

120

0 1 2 3 4 5 6 7 8 9 10

T
ru

c
k
 Im

p
a

c
t 
s
tr

a
in

 (
μ

ε
)

Time (s)

-100

-80

-60

-40

-20

0

20

40

60

80

100

120

0 1 2 3 4 5 6 7 8 9 10

T
ru

c
k
 Im

p
a

c
t 
s
tr

a
in

 (
μ

ε
)

Time (s)

-100

-80

-60

-40

-20

0

20

40

60

80

100

120

0 1 2 3 4 5 6 7 8 9 10

T
ru

c
k
 Im

p
a

c
t 
s
tr

a
in

 (
μ

ε)

Time (s)

-100

-80

-60

-40

-20

0

20

40

60

80

100

120

0 1 2 3 4 5 6 7 8 9 10

T
ru

c
k
 Im

p
a

c
t 
s
tr

a
in

 (
μ

ε)

Time (s)

-100

-80

-60

-40

-20

0

20

40

60

80

100

120

0 1 2 3 4 5 6 7 8 9 10

T
ru

c
k
 Im

p
a

c
t 
s
tr

a
in

 (
μ

ε)

Time (s)

-100

-80

-60

-40

-20

0

20

40

60

80

100

120

0 1 2 3 4 5 6 7 8 9 10

T
ru

c
k
 Im

p
a

c
t 
s
tr

a
in

 (
μ

ε)

Time (s)

-100

-80

-60

-40

-20

0

20

40

60

80

100

120

0 1 2 3 4 5 6 7 8 9 10

T
ru

c
k
 Im

p
a

c
t 
s
tr

a
in

 (
μ

ε
)

Time (s)

-100

-80

-60

-40

-20

0

20

40

60

80

100

120

0 1 2 3 4 5 6 7 8 9 10

T
ru

c
k
 Im

p
a

c
t s

tr
a

in
 (

μ
ε)

Time (s)

-50

-40

-30

-20

-10

0

10

20

30

40

50

0 1 2 3 4 5 6 7 8 9 10

T
ru

c
k
 Im

p
a

c
t 
s
tr

a
in

 (
μ

ε
)

Time (s)

-100

-80

-60

-40

-20

0

20

40

60

80

100

120

0 1 2 3 4 5 6 7 8 9 10

T
ru

c
k
 Im

p
a

c
t 
s
tr

a
in

 (
μ

ε)

Time (s)

-100

-80

-60

-40

-20

0

20

40

60

80

100

120

0 1 2 3 4 5 6 7 8 9 10

T
ru

c
k
 Im

p
a

c
t 
s
tr

a
in

 (
μ

ε
)

Time (s)

-100

-80

-60

-40

-20

0

20

40

60

80

100

120

0 1 2 3 4 5 6 7 8 9 10

T
ru

c
k
 Im

p
a

c
t s

tr
a

in
 (

μ
ε)

Time (s)

-100

-80

-60

-40

-20

0

20

40

60

80

100

120

0 1 2 3 4 5 6 7 8 9 10

T
ru

c
k
 Im

p
a

c
t 
s
tr

a
in

 (
μ

ε
)

Time (s)

-100

-80

-60

-40

-20

0

20

40

60

80

100

120

0 1 2 3 4 5 6 7 8 9 10

T
ru

c
k
 Im

p
a

c
t 
s
tr

a
in

 (
μ

ε
)

Time (s)

-100

-80

-60

-40

-20

0

20

40

60

80

100

120

0 1 2 3 4 5 6 7 8 9 10

T
ru

c
k
 Im

p
a

c
t 
s
tr

a
in

 (
μ

ε)

Time (s)

-100

-80

-60

-40

-20

0

20

40

60

80

100

120

0 1 2 3 4 5 6 7 8 9 10

T
ru

c
k
 Im

p
a

c
t s

tr
a

in
 (

μ
ε)

Time (s)

-100

-80

-60

-40

-20

0

20

40

60

80

100

120

0 1 2 3 4 5 6 7 8 9 10

T
ru

c
k
 Im

p
a

c
t s

tr
a

in
 (

μ
ε)

Time (s)

-100

-80

-60

-40

-20

0

20

40

60

80

100

120

0 1 2 3 4 5 6 7 8 9 10

T
ru

c
k
 Im

p
a

c
t s

tr
a

in
 (

μ
ε)

Time (s)

-100

-80

-60

-40

-20

0

20

40

60

80

100

120

0 1 2 3 4 5 6 7 8 9 10

T
ru

c
k
 Im

p
a

c
t s

tr
a

in
 (

μ
ε)

Time (s)

-100

-80

-60

-40

-20

0

20

40

60

80

100

120

0 1 2 3 4 5 6 7 8 9 10

T
ru

c
k
 Im

p
a

c
t s

tr
a

in
 (

μ
ε)

Time (s)

-100

-80

-60

-40

-20

0

20

40

60

80

100

120

0 1 2 3 4 5 6 7 8 9 10

T
ru

c
k
 Im

p
a

c
t 
s
tr

a
in

 (
μ

ε
)

Time (s)

-100

-80

-60

-40

-20

0

20

40

60

80

100

120

0 1 2 3 4 5 6 7 8 9 10

T
ru

c
k
 Im

p
a

c
t 
s
tr

a
in

 (
μ

ε
)

Time (s)

-100

-80

-60

-40

-20

0

20

40

60

80

100

120

0 1 2 3 4 5 6 7 8 9 10

T
ru

c
k
 Im

p
a

c
t s

tr
a

in
 (

μ
ε)

Time (s)

-100

-80

-60

-40

-20

0

20

40

60

80

100

120

0 1 2 3 4 5 6 7 8 9 10

T
ru

c
k
 Im

p
a

c
t s

tr
a

in
 (

μ
ε
)

Time (s)

-100

-80

-60

-40

-20

0

20

40

60

80

100

120

0 1 2 3 4 5 6 7 8 9 10

T
ru

c
k
 Im

p
a

c
t 
s
tr

a
in

 (
μ

ε
)

Time (s)

-100

-80

-60

-40

-20

0

20

40

60

80

100

120

0 1 2 3 4 5 6 7 8 9 10

T
ru

c
k
 Im

p
a

c
t 
s
tr

a
in

 (
μ

ε
)

Time (s)

-100

-80

-60

-40

-20

0

20

40

60

80

100

120

0 1 2 3 4 5 6 7 8 9 10

T
ru

c
k
 Im

p
a

c
t 
s
tr

a
in

 (
μ

ε)

Time (s)

-100

-80

-60

-40

-20

0

20

40

60

80

100

120

0 1 2 3 4 5 6 7 8 9 10

T
ru

c
k
 Im

p
a

c
t 
s
tr

a
in

 (
μ

ε)

Time (s)

-100

-80

-60

-40

-20

0

20

40

60

80

100

120

0 1 2 3 4 5 6 7 8 9 10

T
ru

c
k
 Im

p
a

c
t 
s
tr

a
in

 (
μ

ε)

Time (s)

-100

-80

-60

-40

-20

0

20

40

60

80

100

120

0 1 2 3 4 5 6 7 8 9 10

T
ru

c
k
 Im

p
a

c
t 
s
tr

a
in

 (
μ

ε
)

Time (s)

LONGITUDINAL RIGHT ARRAY TRANSVERSE RIGHT ARRAY LONGITUDINAL LEFT ARRAY TRANSVERSE LEFT ARRAY 

10 KM/H 

20 KM/H 

30 KM/H 

40 KM/H 

50 KM/H 

60 KM/H 

70 KM/H 

5 KM/H 



 

128 

 

 

Figure 5.36 Comparison of speed impact on pavement pressure response for sensors in base, subbase, and subgrade 

within the right array. Y-axis: Pressure (kPa), X-axis: Time (s) for all plots. 
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Figure 5.37 Comparison of the speed impact on pavement pressure response for sensors in the base, subbase and 

subgrade in the left array. Y-axis: Pressure (kPa), X-axis: Time (s) for all plots. 
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5.7.2 Maximum Pressure and Strain Comparison 

To facilitate a more comprehensive comparison between the impact of loads on the pavement structure 

throughout all five truck tests, the maximum pressure and strain for each test will be compared to develop 

conclusions. The maximum pressure and strain values were determined to irrespective of axle type. 

5.7.2.1 Pressure and Strain Comparison for Individual Sensors 

Figure 5.38 depicts the maximum strain and pressure results captured for various sensors during truck test 

#1 (fall conditions) at various temperatures for the various sensors used during that test. Figure 5.39 and 

Figure 5.40 show, for truck tests 2 to 4, the maximum strain and pressure magnitudes across all tested 

speeds and sensors.  

Notably, sensors AS-LO-R-1 and AS-LO-R-7 consistently exhibit the highest strain responses, 

irrespective of seasonal variations, temperature fluctuations, or testing speeds (for the most part – with 

higher speed does come greater variability in wander therefore the high-speed results may not be higher 

than longitudinal left array or transverse right array sensors). This alignment with expectations can be 

attributed to the longitudinal orientation of both sensors and their placement within the right sensor array. 

 

Figure 5.38 Maximum strain and pressure results captured for various sensors during Truck Test #1 (Fall conditions) 

at various temperatures. 
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Figure 5.39 Maximum strain results captured for various sensors during Truck Test #2 to #5 across tested sensors for 

all tested speeds.  
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In addition, transverse strain gauges in the right sensor array also exhibit elevated strain responses. 

While the magnitudes are not as pronounced as the longitudinal, right array sensors, this also aligns with 

the idea that the responses in the right array should be higher on average than a comparable sensor in the 

left array. These trends are most clearly visible in TT#3 in Figure 5.39, where at some speeds the strain 

magnitude can reach values of 150 to 250 µε in the longitudinal direction, and 150 to 200 µε in the 

transverse direction. This is likely due to TT#3 taking place in the warm summer months, where asphalt 

temperatures are high which amplifies the strain responses in the longitudinal and transverse directions. In 

contrast, during other truck tests in different seasons where the ambient and HMA temperatures are lower, 

the impact from the transverse strain gauges in the right array is less pronounced, but still visible. 

Additionally, results from truck tests with a second layer of asphalt are notably lower than those with 

only one layer, particularly evident in TT#2 and TT#3 compared to TT#4 and TT#5. This observation is 

intriguing, considering that tests two and five share similar ambient temperatures, as do tests three and 

four. The addition of an extra asphalt layer likely alters the strain distribution in the sense that the strain is 

more distributed, contributing to the observed differences. 

Consistent with earlier sections, the trends observed when assessing full signal responses for each test 

persist here. Generally, an increase in speed correlates with a decrease in strain response; however, 

numerous exceptions challenge this pattern. Notably, in the case of transverse strain gauges, speeds of 20-

30 and 40 km/h can yield higher strain results than those at 5-10 or 60-70 km/h, forming a speed hump 

contrary to the expected trend. This deviation can be attributed to wander, especially in the left sensor 

array, where the array may not receive the full force of the truck load due to lateral movement impacting 

the strain results. The most pronounced adherence to the expected trend—higher strain response at lower 

speeds and lower response at higher speeds—is observed in the longitudinal strain gauges located in the 

right sensor array, across all seasons. 

Returning to Figure 5.25, it is evident that construction conditions (extremely high temperatures) play 

a pivotal role in the expressed strain response magnitudes. Several cases exhibit significantly higher strain 

responses than those in TT#2-TT#5. Clearly, the high temperatures impact the collected responses of the 

sensors which is not seen when the pavement structure cools.  

Figure 5.40 show is similar results set up as Figure 5.39, except now it is showing the maximum 

pressure results captured from TT#2 to TT#5 across all tested sensors for all tested speeds. Unlike the 

strain results, construction conditions do not exhibit as pronounced an impact on the pressure results. 

Pressure results show a moderate variation ranging from 4 to 35 kPa, which is within a reasonable range 

and notably lower than several pressure results observed in subsequent tests.  
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Figure 5.40 Maximum pressure results captured for various sensors during Truck Test #2 to #5 across tested sensors 

for all tested speeds. 
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This difference may stem from the positioning of the pressure cells, which are not embedded in the 

asphalt layer— the material subjected to high temperatures. Consequently, the pressure results do not 

manifest the same level of dramatic fluctuations. 

Much like the strain sensors, certain pressure cells consistently yield maximum pressure results 

irrespective of season, ambient temperature, and test speeds. Notably, PC-BA-R-1, PC-SB-R-3, PC-BA-

R-5, and PC-SG-L-8 emerge as the primary contributors to the largest responses in each test. These 

pressure sensors are predominantly located in the right wheel array, apart from PC-SG-L-8 situated in the 

subgrade within the left sensor array. 

In line with expectations, the pressure cells generally adhere to the theoretical pattern of decreasing 

pressure response with increasing speed. This trend is particularly evident for sensors in the right sensor 

array, regardless of depth. However, deviations from this pattern are not uncommon. In certain instances, 

a counterintuitive scenario unfolds where pressure appears to increase with higher speeds or a distinctive 

pressure bump is observed, with speeds in the midrange generating the most substantial pressure response 

for a specific sensor. 

5.7.2.2 Overall Maximum Pressure and Strain Comparison  

Figure 5.41 and Figure 5.42 visually represent the maximum longitudinal and transverse strains, as well 

as the maximum pressures observed in each truck test. Notably, these charts feature the single highest 

strain and/or pressure value selected, regardless of axle type and speed. The same sensor responses were 

compared, namely sensor AS-LO-R-7 for the longitudinal right array data and AS-LO-L-8 for the 

longitudinal left array. Sensors AS-TR-R-3 and AS-TR-L-4 were used for the transverse right and left 

sensor data respectively. Sensors PC-SB-R-3, PC-BA-R-5 and PC-SG-L-8 were used for the pressure data 

in all layers.  

In Figure 5.41, the maximum pressure across all seasons, truck tests, and layers— including the top of the 

base, top of subbase, and top of subgrade—is depicted. The pressure trends remain consistent across all 

layers of the pavement structure, with the subbase layer consistently exhibiting the highest pressure 

regardless of the specific test conducted. This was discussed in previous sections of this thesis chapter but 

is very clearly demonstrated here. As was mentioned previously, this deviation from the expected norm 

prompts questions and considerations. Typically, one would anticipate higher pressure in the base layer 

compared to the subbase layer, with both surpassing the pressure experienced in the subgrade layer. This 

anomaly, while deviating from the expected norm, is a noteworthy aspect discerned from the collected 

sensor data. Potential explanations include construction variability, material placement, compaction 



 

135 

 

results, construction uniformity, material properties such as stiffness affecting pressure responses, sensor 

placement, and the possibility of sensor calibration issues. 

Examining each test independently, in the fall maximum pressure chart positioned in the top left corner of 

Figure 5.28, the pressure results obtained by the pressure sensors undergo substantial fluctuations during 

construction conditions. These variations span from approximately 1 to 2 kPa in the subgrade layer to 

exceeding 30 kPa in the subbase layer. This notable contrast underscores the distinct pressure levels 

encountered by each layer, emphasizing that, during construction, the subgrade layer experiences lower 

pressure compared to the base and subbase layers. 

On the flip side, during the second truck test in early spring, the maximum pressure distribution reveals a 

more evenly spread load across the pavement structure. Although the subgrade layer continues to bear the 

lowest pressure, averaging around 16 kPa, the difference in load impact between the subgrade layer and 

the subbase and base layers is noticeably reduced. This implies that as the pavement undergoes cooling 

and hardening post-construction, the load is more efficiently transmitted to the subgrade layer. 

The third truck test conducted during the summer months reveals significantly higher pressure levels 

across all layers, particularly in the base and subbase layers. While the maximum pressure in the subgrade 

layer did increase from 16 kPa in early spring to 25 kPa in summer—an increase of approximately 56% or 

a 9 kPa difference—the subbase layer experienced a more substantial increase from 31 kPa to 75 kPa, 

marking a 141% increase or a 44 kPa difference. Similarly, the base layer pressure rose from 20 kPa to 57 

kPa, indicating an increase of 185% or 37 kPa. This underscores the notable pressure fluctuations 

experienced by the base and subbase layers. 

The fourth truck test, conducted during the summer and incorporating responses with the pavement 

structure's second lift of asphalt pavement, reveals a more subdued pressure response compared to the 

previous summer truck test. This observation, previously discussed in other sections of this chapter, is 

reaffirmed here through a simplified representation of the maximum responses in all layers. Notably, the 

responses in the base and subbase exhibit substantial reduction, while the pressure in the subgrade 

experiences a reduction, it is not as pronounced as that observed in the base and subbase layers. This 

illustrates that the additional pavement layer provides enhanced protection to the base and subbase against 

tire and vehicle loads, resulting in decreased pressure responses in these layers as well as in the subgrade 

layer. 

Concluding with the late fall truck test, the influence of the second lift of pavement becomes evident once 

more. This test exhibits a subdued response, with the base, subbase, and subgrade layers all showing very 

similar maximum pavement responses, differing only by a few kPa. Ambient temperature and pavement 
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temperature certainly play a role, but the substantial impact is likely attributed to the presence of the 

second pavement layer, offering additional protection to the base and subbase layers. 

 

Figure 5.41 Comparison of the maximum pressure responses during all five truck tests, including the load of the 

truck when passing over the sensors. 

 

In Figure 5.42, the maximum strain across all seasons, truck tests and in both the transverse and 

longitudinal directions is depicted. Again, there appears to be a consistent trend amongst the strain results 

throughout most of the tests. This is that the right sensor array has significantly greater results than the 

left sensor array. In the longitudinal direction, this trend applies to all tests and all temperatures, even 

during construction. In the transverse direction there are two instances when this trend is broken, one is 

when the construction testing occurs at 51°C and the second is during the last late fall truck testing where 

the ambient temperature is about 6°C. This is likely due to wander and slight deviations in the truck 

position during testing.  

Looking at the results for the first truck test more closely, one major trend is that the strain response at 

72°C is lower than that at 51°C and 43°C. One would expect that if the measurement at 51°C yields 714 

µε, then at 72°C, it should read higher, perhaps aRound 1000 or 1100 µε. This suggests the possibility 
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that the path of the truck's wheels passing over the sensors deviated slightly from directly aligning with 

the sensors due to wander. It is essential to investigate the relationship between the tire's position and the 

sensor's response further. 

The most notable observation is that the pavement structure experiences substantial strain impacts during 

construction. For instance, the maximum longitudinal strain, particularly in the right sensor array, exceeds 

160,000 με. In contrast, the measurements obtained in the second truck test indicate an average maximum 

strain of approximately 96 με. This indicates a significant difference between the response conditions 

during construction and post-construction. Furthermore, it highlights the inconsistency in the data 

obtained during construction, particularly in comparing the right and left sensor arrays. This indicates 

variability in the state of the HMA during construction, resulting in high magnitudes of strain. These 

higher strains imply that elevated strains may be induced immediately after construction, which is 

detrimental to the fatigue performance of the pavement [46]. 

The subsequent truck tests demonstrate similar trends in magnitude to the pressure results. The second 

truck test during early spring stands out for its notably smaller strain results compared to the first 

construction testing, marked by erratic temperature variations. In the early spring test, strain exhibits a 

higher level of consistency. Noteworthy in these results is the larger strain response in the right sensor 

array in the longitudinal direction, while for the left sensor array, the transverse direction yields larger 

results. 

Moving to the third truck test during summer, the strain responses in the right sensor array are 

significantly larger than those observed in early spring conditions. A consistent trend persists, with larger 

longitudinal strain results in the right sensor array, and with the response in the left sensor array being 

larger in the transverse direction compared to the longitudinal direction. 

Examining the strain results for the fourth and fifth truck tests, conducted with the second lift of asphalt 

pavement installed, reveals subdued strain responses, mirroring the previously explored pressure results. 

The addition of this second pavement layer diminishes the impact of strain on the surface of the base layer 

or the bottom of the asphalt layer where the sensors are positioned. This aligns with expectations for 

typical pavement responses [46]. 

Strain values exceeding about 100 µε are considerably higher than the endurance limit demonstrated in 

certain studies [67] for conventional HMA. This observation raises concerns regarding the road's ability 

to withstand consistent heavy truck loads. The conventional asphalt used for this arterial roadway may 

face challenges, particularly in terms of bottom-up cracking and fatigue cracking induced by excessive 

longitudinal strains impacting the pavement structure. This vulnerability is particularly pronounced during 



 

138 

 

the summer months when the road experiences heightened strains from heavy vehicle traffic, posing a 

potential risk to the overall integrity and longevity of the pavement structure. 
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Figure 5.42 Comparison of the maximum strain response in both the longitudinal and transverse directions during all five truck tests, including the loads of the truck when passing 

over the sensors
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5.7.2.3 Maximum Pressure Comparison with Depth 

In Figure 5.43, the pressure depth profile compares the pressure response in kPa for the same sensors 

across all five truck tests. This profile illustrates the pressure variation across different layers of the 

pavement structure relative to the pavement depth in millimeters. 

The most prominent observation from the figure is the atypical shapes of the pressure profiles. 

Conventionally, pressure profiles should exhibit higher pressure in the upper layers, gradually decreasing 

in the deeper layers of the pavement structure. This has been shown in the literature, such as in [20] and 

[61]. Ideally, the base layer should register the highest pressure response, followed by the subbase layer, 

and finally the subgrade layer. However, this anticipated pattern is not reflected in the data. This 

inconsistency has been noted in both the raw sensor data responses and the maximum pressure analysis 

conducted in earlier sections of this chapter.  

These anomalies are distinct and pervasive, occurring consistently across all truck tests that encompass 

diverse temperatures and pavement states, ranging from construction to non-construction, and involving 

variations like single-layer asphalt to a complete layer with two layers. This consistent occurrence 

strongly suggests potential miscalibrations in the sensors, particularly in capturing greater subbase 

responses. Unfortunately, rectifying this issue is challenging, as the pressure cells are calibrated by the 

manufacturer prior to delivery. 

Despite these challenges, some general trends emerge. Truck tests conducted at higher temperatures, 

such as Truck Test #3 and Truck Test #4, exhibit overall greater pressure responses, positioning their 

pressure profiles to the right on the chart. Conversely, as temperatures decrease, pressure profile values 

also decrease, as observed in Truck Test #2 and Truck Test #5. Notably, anomalies are identified during 

construction temperatures; despite the elevated temperatures, responses in Truck Test #1 are relatively 

low, indicating potential anomalies in data collection during construction conditions. 
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Figure 5.43 Pressure depth profile showing changes in pressure during the construction phase (43°C) and 5 months 

after (6°C). 
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Chapter 6 

Quality Control for Data Analysis 

This Chapter examines the correlation between truck trajectory and pavement response to establish a link 

between the truck tire’s 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. 

6.1 Description of Wander Test Procedure 

As mentioned in a study by Timm and Priest in [68], as trucks and other vehicles drive along a road 

section, they don’t always drive along the same trajectory in the same straight line; there is some lateral 

deviation and variability as to where the tires are located along the roadway. There are a variety of factors 

that contribute to the occurrence of lateral tire wander as vehicles are driving, which include: driver 

behaviour, lane width, vehicle speed and width, weather conditions and the size of axles [68]. Predicting 

vehicle wander poses a degree of complexity, attributed to the fact that the likelihood of a given wander 

distance deviating from a reference point aligns with a normal distribution. In addition, even when the 

position of the tire is known, the magnitude of the strain response in relation to the tire position follows a 

curve shape as shown in Figure 6.1. Regardless of the complexity, vehicle wander helps to decrease the 

deterioration and loads experienced in any one point of a pavement wheel path, minimizing the damage 

imparted in any one area [68].  

 

Figure 6.1 Theoretical change in longitudinal strain magnitude because of lateral wander [68]. 

In the literature, there are a few studies that are focused on vehicle wander on pavement response. They 

typically focus on the impacts of WIM sensors, such as in [69] and [70], which are not captured in this 

study. Several studies have looked at this topic in varying levels of detail using sensors used in this study, 

such as [40], [64], [68], [71], [72] and [73]. A notable gap in existing studies lies in their predominant 
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focus on determining wander impacts exclusively concerning horizontal strain responses at the base of the 

HMA layers. One study [64], using an MDD, looks at structural response impacts in granular layers, and 

only one of the studies assessed wander using pressure cells [61].  

Assessing vehicle wander in a controlled setting is crucial for understanding and evaluating the quality 

of data presented earlier in this thesis, particularly in Chapter 5 when discussing truck testing results. 

Given the lack of specific control over wander in those truck tests, observed deviations from anticipated 

patterns in strain and pressure could potentially be attributed to wander. Consequently, it is crucial to 

grasp how wander influences the form and intensity of strain and pressure responses, to improve the 

accuracy of predictions during truck testing. Originally, the study envisioned installing a camera to 

monitor traffic traversing the instrumented test section, to offer a visual assessment of wandering 

concerning diverse truck trajectories. However, this wasn't feasible, making this study even more vital as 

researchers lack visual information about the passage of vehicle axles and tires in relation to the sensor 

arrays. 

The wander test coincided with the final truck test held on December 11th, 2023. The same truck 

employed in the final truck test, as detailed in Chapter 5, was used for the wander test - refer to Section 

5.6 for more information regarding this test.  

During the wander test, the truck traversed three different trajectories at 10 km/h, illustrated in Figure 

6.2 in relation to the sensor arrays. Each trajectory is referred to as a “Round” and each Round was passed 

over twice by the truck. In the first set of passes (i.e., Round 1, or R1.1 and R1.2 for the first and second 

pass attempts, respectively), involved the truck passing between the right sensor array and the lane edge. 

Given the 0.7 m distance from the edge of the lane to the first sensor array, the trajectory for Round 1 was 

positioned 0.35 m to the right of the right sensor array, considering the direction of truck traffic. The next 

round of testing (Round 2, or R2.1 and R2.2) involved the truck running at the interface of the pavement 

and the curb. Given the 0.7 m distance from the edge of the lane to the first sensor array, the trajectory for 

Round 2 was positioned 0.7 m to the right of the right sensor array. In the final test (Round 3, or R3.1 and 

R3.2), the truck precisely crossed over the right sensor array, with 0 m deviation.  

The initial plan for the wander test included one final trajectory whereby the truck would pass between 

the two sensor arrays. However, the presence of fast-moving and live traffic adjacent to the truck testing 

site prompted a modification in the research team's approach. Safety concerns with regards to the adjacent 

lane led to a decision to avoid running the truck close to the high-speed traffic, necessitating the removal 

of that trajectory from the research plan. Additionally, the placement of cones to separate traffic further 

limited the available width for testing. 
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Using three vertical arrows, Figure 6.2 illustrates the relationship between the placement of the right 

and left tires of the truck across different rounds of testing. As highlighted in Chapter 5, the total width of 

the truck is 2.4 meters. The vertical lines depicted for each round indicate the relative positions of the 

truck width in relation to the left sensor array during the passage over various trajectories. For instance, in 

Round 1 (light blue trajectory), the right tires and axles of the truck pass between the right sensor array 

and the pavement edge, while the left tires of the axles pass 1.35 meters away from the left sensor array. 

Similar variations in the proximity of the left tires to the left sensor array occur in Rounds 2 and 3, 

influencing the forthcoming results sections. 

In each test, the steering axle aimed to pass over this sensor array, while the subsequent axles followed 

suit. In essence, the steering axle tire was used as the guiding tire over each of the trajectories. In each 

round, the truck ran over the sensor array in the same direction as was done in tests performed in Chapter 

5 and is indicated in Figure 6.2. Refer to Figure 3.10 for the diagram with full sensor names.  

 

Figure 6.2 Plan showcasing the trajectories that the truck passed over during each round of the wander test. 
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6.2 Wander Test Results 

The following section will present the results of the wander tests. During each round of testing, the results 

of each run were captured both using the sensors, as well as through video recording to assess their 

proximity to the required trajectory. Snapshots from the video passes over the right sensor array will be 

provided to validate the graphical findings. 

6.2.1 Visual Assessment of Video Pass Results 

Each round of testing was conducted twice at 10 km/h, as mentioned earlier. It was important to 

determine which of the two attempts provided the best results in terms of signal clarity and magnitude. 

This determination, performed by assessing the video captures of the test runs, was vital for subsequent 

assessments, as only one pass from each round would be considered for comparison, simplifying the 

analysis. 

6.2.1.1 Round #1 – Running between Right Sensor Array and the Edge of Pavement (0.35m deviation) 

In the first round of the wander test, the truck's right wheels deviated 0.35 m to the right of the right 

sensor array as they passed between the right array and the edge of the pavement. 

Starting with Round 1's two attempts, both attempts are presented in Figure 6.3 and Figure 6.4, 

capturing six key moments in the videos for each attempt. These snapshots highlight instances when the 

steering axle, lift axle, and tandem axles are clearly visible, indicating their proximity to the demarcated 

line. 

Figure 6.3 suggests that the truck accurately passed over the guideline in the first attempt, with the 

remaining tires closely following the steering axle. This suggests that the data from this attempt can be 

considered for the response assessment.  

Similarly, Attempt 2 in Figure 6.4 also depicts an accurate pass over the guideline. Based on the video 

results, as well as the six snapshots presented in both figures, in both cases the truck passed over the 

demarcated trajectory relatively well. There is not one trajectory that is clearly more accurate than the 

other from the visual inspection. In this case then the attempts for Round 1 will be assessed based on the 

graphical responses that are produced to determine which of the results appear to be clearer to carry those 

on for further analysis. 
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a) 

 

b) 

 

c) 

 

d) 

 

e) 

 

f) 

Figure 6.3 Truck trajectory step-by-step for Round #1, Attempt 1. 
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a) 

 

b) 

 

c) 

 

d) 

 

e) 

 

f) 

Figure 6.4 Truck trajectory step-by-step for Round #1, Attempt 2. 

6.2.1.2 Round #2 – Running along the Edge of Pavement (0.7 m deviation) 

During Round 2 of the wander test, the trucks right wheels passed along the edge of pavement interface. 

Therefore, this is a 0.70 m deviation to the right of the right sensor array. Attempt 1 is displayed in Figure 

6.5 and Attempt 2 is displayed in Figure 6.6. 

Figure 6.4 shows that during the video assessment, the tires came really close to the curb edge and 

grazed the curb. It is improbable for this road, known for high-speed traffic, that vehicles would normally 

operate under such conditions, where their tires graze the curb face. Even in situations where drivers may 

need to stop for emergency vehicles or move to the side of the road, it is expected that they would steer 

their vehicles away from the curb to safeguard their tires. In essence, this trajectory is not typical for this 

roadway. 
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a) 

 

b) 

 

c) 

 

d) 

 

e) 

 

f) 

Figure 6.5 Truck trajectory step-by-step for Round #2, first attempt. The wheel passed more on the curb than over 

the pavement-curb interface. 

However, Figure 6.6 presents a more plausible representation of how drivers would navigate this 

trajectory. The truck passes along the pavement curb interface more directly, without grazing the curb 

face on its path. Consequently, in this scenario, the test results from the second attempt will be considered 

for more in-depth assessment. 
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a) 

 

b) 

 

c) 

 

d) 

 

e) 

 

f) 

Figure 6.6 Truck trajectory step-by-step for Round #2, second attempt. The wheel passed more on the pavement-

curb interface. 

6.2.1.3 Round #3 - Running along the Right Sensor Array (0m deviation) 

During Round 3 of the wander test, the trucks right wheels passed directly over the right sensor array. 

Therefore, this is an attempted 0.0 m deviation to the right of the right sensor array. Attempt 1 is 

displayed in Figure 6.7 and Attempt 2 is displayed in Figure 6.8.  

Upon reviewing the results in both figures, it is evident that all axles and tires passed directly over the 

sensor array in a similar manner for both attempts. The visual assessment from the figures does not 

distinctly indicate one attempt providing superior results over the other. Consequently, similar to the 

approach taken for Round 1, the results will be thoroughly assessed in conjunction with the sensor signal 

responses to determine which attempt will be selected for further analysis. 
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a) 

 

b) 

 

c) 

 

d) 

 

e) 

 

f) 

Figure 6.7 Truck trajectory step-by-step for Round #3, first attempt. The wheel passes directly over the right sensor 

array. 

6.2.2 Strain Sensor Assessment 

The upcoming section will present the results obtained from the strain gauges during the wander test. 

These results will serve as the basis for determining the preferred attempt for each round during the final 

assessment of Rounds 1 and 3. Despite this focus, the results for all rounds and both attempts will be 

systematically displayed and discussed to maintain consistency throughout the analysis. 

6.2.2.1 Longitudinal Strain, Right Sensor Array 

There are two dedicated sensors for measuring the longitudinal strain in the right array, namely sensors 

AS-LO-R-1 and AS-LO-R-7. The strain responses are graphically represented in Figure 6.9 and Figure 

6.10, respectively. Attempt 1 for both sensors for all Rounds is shown in the first row of charts. For 
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example, R1.1 means Round 1, Attempt 1, and R3.1, means Round 3, Attempt 1. On the other hand, 

Attempt 2 for both sensors are shown in the second row of charts.  

 

a) 

 

b) 

 

c) 

 

d) 

 

e) 

 

f) 

Figure 6.8 Truck trajectory step-by-step for Round #3, second attempt. The wheel also passes directly over the right 

sensor array. 

There are some patterns that appear with a general assessment of both the magnitudes and shapes of the 

strain responses in Figure 6.9 and Figure 6.10. Firstly, based on the trajectory of the truck and where it is 

positioned relative to the right sensor array, the magnitude of the sensor response will differ. For example, 

Round 3, which was done directly over the right sensor array has the largest magnitudes, which makes 

sense as the sensors are receiving the full pressure load of the tires. The next largest magnitudes occur in 

Round 1, when the tire trajectory had a 0.35 m deviation from the right sensor array. Looking at the 

response of the steering axle in both Rounds 1 and 3 for sensor AS-LO-R-1, there is a 61.8% decrease in 

strain magnitude in Attempt 1 (dropping from 37.7 με in Round 3 to 14.4 με in Round 1) and a 69.0% 
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decrease in strain magnitude in Attempt 2 (dropping from 41.1 με in Round 3 to 12.7 με in Round 1). The 

decrease becomes even more apparent when comparing Round 3 with Round 2, which had the truck run 

at a deviation of 0.7 m from the right sensor array. For example, for Attempt 1 for sensor AS-LO-R-1, 

there is a 94.5% decrease in strain magnitude (dropping from 37.7 με to 2.06 με).  

 

Figure 6.9 Strain results for both truck testing attempts for sensor AS-LO-R-1 (longitudinal, right array). Note: 

labels are provided and are the same for similar figures. 

 

Figure 6.10 Strain results for both truck testing attempts for sensor AS-LO-R-7 (longitudinal, right array). 

These results are significant, since they show that even a slight deviation of about 35 cm from the 

sensor array can cause a significant decrease in the strain magnitude response that will be captured by the 

sensors. This is important when looking at truck test results since it shows that care must be taken to 

ensure that the tires are running over the sensor array directly to be able to capture the full extent of the 
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sensor response and to be able to accurately compare responses at different speeds. This trend of the 

sensor magnitude decreasing with greater lateral deviation from the centerline of the sensor array is also 

corroborated by several studies, such as [40] and [68].  

The variations in the truck's trajectory in the longitudinal right sensor array sensors also influence the 

shape of the sensor response. In Round 3, when the truck is directly over the right sensor array, the strain 

response magnitude exhibits the steering axle with the largest response, followed by smaller responses 

from the steering and tandem axles. This contrasts with the responses observed during Rounds 1 and 2, 

where the strain response shape indicates that both the steering and lift axles have smaller magnitudes 

than the tandem axle.  

The similarity in magnitudes between both sensors of AS-LO-R-1 and AS-LO-R-7 suggests that both 

sensors are likely to yield comparable results across all wander cases. 

6.2.2.2 Transverse Strain, Right Sensor Array 

As with the previous section, there are two sensors that are dedicated to measuring the transverse strain in 

the right sensor array, and those are AS-TR-R-3 and AS-TR-R-5, for which the graphical results are 

shown in Figure 6.11 and Figure 6.12, respectively.  

Examining the magnitudes of the strain responses in the transverse direction in the right sensor array 

reveals several notable trends, mirroring observations made for the longitudinal right sensor array sensors. 

Notably, the responses presented in Round 3 for both sensors exhibit the highest magnitude and clarity in 

terms of their shape. In Round 3, all axles are distinctly defined, with the steering axle displaying a much 

larger response compared to the lift and tandem axles. This consistent pattern is observed across both 

sensors and attempts, indicating that this signal response is indicative of the truck directly traversing the 

sensor array. 

Regarding magnitudes, the disparity between Round 3 and the other two rounds (rounds one and two) 

is substantial. Even in Round 1, the axles are not as clearly delineated as seen in the longitudinal strain 

results for the right sensor array. This implies that even a relatively small deviation, such as 35 

centimeters, results in a significant reduction in the magnitude of the strain response in the transverse 

direction. Quantifying this difference, the decrease for the steering axle between Round 3 and Round 1 

for sensor AS-TR-R-3, Attempt 1 is 81.7% (falling from 22.1 με to 4.05 με). 

When comparing the magnitudes between the two sensors, it is evident that the magnitude for sensor 

AS-TR-R-3 tends to be higher than that for AS-TR-R-5. This trend is particularly pronounced in the 

results of Round 3 for both attempts and sensors. This discrepancy could suggest that AS-TR-R-3 is more 

responsive than the other due to differences in the variations in the road surface above both sensors.  
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Figure 6.11 Strain results for both truck testing attempts for sensor AS-TR-R-3 (transverse, right array). 

 

Figure 6.12 Strain results for both truck testing attempts for sensor AS-TR-R-5 (transverse, right array). 

6.2.2.3 Longitudinal Strain, Left Sensor Array 

There are two sensors that are dedicated to measuring the longitudinal strain in the left sensor array and 

those are AS-LO-L-2 and AS-LO-L-8, for which the graphical results are shown in Figure 6.13 and 

Figure 6.14, respectively. 

Upon scrutinizing the magnitudes in both sensors and both attempts, it is evident that, in this case, the 

responses from Round 2 of the wander test are the most substantial compared to Rounds 1 and 3. This 

aligns logically, given that in Round 2 the left tires of the truck are in closest proximity to the left sensor 

array.  
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Figure 6.13 Strain results for both truck testing attempts for sensor AS-LO-L-2 (longitudinal, left array). 

 

Figure 6.14 Strain results for both truck testing attempts for sensor AS-LO-L-8 (longitudinal, left array). 

Notably, the magnitudes of the responses for Rounds 1 and 3 are quite similar, exhibiting no significant 

difference between them. For instance, comparing the steering axle from Round 1 and Round 3 in 

Attempt 1 for sensor AS-LO-L-2, the magnitudes are 4.6 με and 5.6 με, respectively. The decrease in 

strain between Round 2 and Round 1 in Attempt 1 for this same sensor is 63.8%, with the magnitude 

dropping from 12.7 με to 4.6 με. Again, this is a significant decrease in strain response being captured by 

the sensors. 

In terms of the shape of the strain responses in the longitudinal direction, it appears that the 

standardized shape across all rounds and attempts is that the tandem axle produces a larger magnitude 

than the steering and lift axles. This pattern is reminiscent of the longitudinal sensors in the right sensor 

-30

-20

-10

0

10

20

30

7 8 9 10 11 12 13 14 15 16

S
tr

a
in

 (
µ

ε
)

Time (s)

Wander Results for Sensor AS-LO-L-2 (Longitudinal, Left Array)

R1.1

-30

-20

-10

0

10

20

30

7 8 9 10 11 12 13 14 15 16

S
tr

a
in

 (
µ

ε
)

Time (s)

Wander Results for Sensor AS-LO-L-2 (Longitudinal, Left Array)

R2.1

-30

-20

-10

0

10

20

30

7 8 9 10 11 12 13 14 15 16

S
tr

a
in

 (
µ

ε
)

Time (s)

Wander Results for Sensor AS-LO-L-2 (Longitudinal, Left Array)

R3.1

-30

-20

-10

0

10

20

30

7 8 9 10 11 12 13 14 15 16

S
tr

a
in

 (
µ

ε
)

Time (s)

Wander Results for Sensor AS-LO-L-2 (Longitudinal, Left Array)

R1.2

-30

-20

-10

0

10

20

30

7 8 9 10 11 12 13 14 15 16

S
tr

a
in

 (
µ

ε
)

Time (s)

Wander Results for Sensor AS-LO-L-2 (Longitudinal, Left Array)

R2.2

-30

-20

-10

0

10

20

30

7 8 9 10 11 12 13 14 15 16

S
tr

a
in

 (
µ

ε
)

Time (s)

Wander Results for Sensor AS-LO-L-2 (Longitudinal, Left Array)

R3.2

-30

-20

-10

0

10

20

30

7 8 9 10 11 12 13 14 15 16

S
tr

a
in

 (
µ

ε
)

Time (s)

Wander Results for Sensor AS-LO-L-8 (Longitudinal, Left Array)

R1.1

-30

-20

-10

0

10

20

30

7 8 9 10 11 12 13 14 15 16

S
tr

a
in

 (
µ

ε
)

Time (s)

Wander Results for Sensor AS-LO-L-8 (Longitudinal, Left Array)

R2.1

-30

-20

-10

0

10

20

30

7 8 9 10 11 12 13 14 15 16
S

tr
a

in
 (

µ
ε
)

Time (s)

Wander Results for Sensor AS-LO-L-8 (Longitudinal, Left Array)

R3.1

-30

-20

-10

0

10

20

30

7 8 9 10 11 12 13 14 15 16

S
tr

a
in

 (
µ

ε
)

Time (s)

Wander Results for Sensor AS-LO-L-8 (Longitudinal, Left Array)

R1.2

-30

-20

-10

0

10

20

30

7 8 9 10 11 12 13 14 15 16

S
tr

a
in

 (
µ

ε
)

Time (s)

Wander Results for Sensor AS-LO-L-8 (Longitudinal, Left Array)

R2.2

-30

-20

-10

0

10

20

30

7 8 9 10 11 12 13 14 15 16

S
tr

a
in

 (
µ

ε
)

Time (s)

Wander Results for Sensor AS-LO-L-8 (Longitudinal, Left Array)

R3.2



 

156 

 

array that were 0.35 m deviated from the right sensor array. This alignment in response patterns is logical 

since, in all cases, the axles in the left tires, when compared to the left sensor array, deviate from the left 

sensor. There isn't a scenario where the tires precisely align with the left sensor array. 

6.2.2.4 Transverse Strain, Left Sensor Array 

Finally, there are two sensors that are dedicated to measuring the transverse strain in the left sensor array 

and those are AS-TR-L-4 and AS-TR-L-6, for which the graphical results are shown in Figure 6.15 and 

Figure 6.16, respectively. 

 

Figure 6.15 Strain results for both truck testing attempts for sensor AS-TR-L-4 (transverse, left array). 

 

Figure 6.16 Strain results for both truck testing attempts for sensor AS-TR-L-6 (transverse, left array). 
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Assessing the magnitudes and shapes of the strain responses for both sensors in the transverse direction in 

the left sensor array, it is clear that the shapes of the strain responses are not very well-defined, for any 

sensor, round or attempt.  

This finding is corroborated with discussions in Chapter 5, which also indicated that the magnitudes of 

the responses from the sensors that are situated in the left sensor array in the transverse direction are the 

lowest of the four possibilities of strain gauge arrangement. 

6.2.2.5 Attempt Selection for Round 1 and Round 3 

It is already established from Subsection 6.2.1.2 that the second attempt will be selected for further 

analysis of Round 2 data. Regarding Round 3, although the video for both attempts for this truck test 

appeared to demonstrate that both attempts passed directly over the right sensor array, the results for 

Attempt 2 typically appear to show clearer signal for both longitudinal and transverse responses, therefore 

it will be selected for further analysis. In a similar manner, the second attempt will be selected for Round 

1 data. While both the first and second attempts for this round are very similar, the second attempt has 

objectively crisper signal responses.  

Figure 6.17 presents a comprehensive view of the selected responses for further analysis. The graph 

displays all Rounds for Attempt 2 for each sensor, facilitating a straightforward comparison of 

magnitudes and shapes. The signal responses align exactly with those discussed earlier, reinforcing the 

previously identified trends. 
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.  

a) AS-LO-R-1 (Longitudinal, Right Array) 
 

b) AS-LO-R-7 (Longitudinal, Right Array) 

 
c) AS-TR-R-3 (Transverse, Left Array) 

 
d) AS-TR-R-5 (Transverse, Right Array) 

 
e) AS-LO-L-2 (Longitudinal, Left Array) 

 
f) AS-LO-L-8 (Longitudinal, Left Array) 

 
g) AS-TR-L-4 (Transverse, Left Array) 

 
h) AS-TR-L-6 (Transverse, Left Array) 

Figure 6.17 This is an 8-panel figure; Strain data that will be used in further analysis. 
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For instance, for the wander results for the longitudinal and transverse sensors located in the right 

sensor array, the Round 3 data exhibits the highest magnitudes, corresponding to the tires passing directly 

over the right sensor array. Similarly, the responses for the longitudinal and transverse sensors in the left 

sensor array show a predominant trend where the Round 2 data has the largest magnitudes, coinciding 

with the left tires being closest to the left sensor array.  

These charts provide valuable benchmarks for future truck tests, offering insights into strain magnitudes 

and shapes. These magnitudes are specific to tests conducted at 10 km/h. Further tests at different speeds 

and seasons are recommended to capture wander results throughout the year, ensuring a more 

comprehensive assessment. 

6.2.2.6 Raw Strain Results for all Strain Sensors 

Figure 6.19 depicts the raw sensor data for all strain gauges presented in Figure 6.17. As with all other 

strain gauge responses, positive values indicate tensile strain and negative values indicate compressive 

strain. This is expressed in Figure 6.18. 

As outlined in Chapter 5, the strain gauge responses as the truck passed over each gauge revealed distinct 

patterns for the steering axle, lift axle, and both axles in the tandem axle. The usual shape of the strain 

response depicts the steering axle with values similar to or sometimes higher than the tandem axle, 

accompanied by a lower lift axle magnitude. The tandem axle response typically exhibits two peaks—one 

for each axle. Before the strain response returns to the neutral position, it briefly ascends, indicating the 

second axle's response in the tandem axle. 

Although the strain gauges and pressure cells were calibrated by the supplier with limited time for 

recalibration, differences between actual axle responses and non-responses are discernible. The strain 

magnitude can be computed by measuring the difference in signal response between the maximum strain 

for each axle and the neutral position strain.  

However as mentioned in Chapter 5, the rationale behind calculating the difference in strain and pressure 

responses lies in the need to assess the actual strain/pressure response of the pavement structure  based on 

climate, traffic, and other factors, without the additional stress and strain responses originating from the 

pavement itself. The change in strain response offers a more accurate representation of the actual 

response to the traffic load during a specific time period, aiding in establishing a correlation between load 

magnitude and pavement response. Taking raw strain and pressure values introduces complexities in the 

assessment, requiring consideration of various factors such as the weight of the pavement structure above 

the sensors. By calculating the difference in strain responses, the focus shifts to isolating the impact of the 

truck's load, providing a clearer understanding of the pavement's genuine response to traffic conditions. 
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The typical shape of the strain response describes the passing of the tires over the specific sensor. In many 

instances, as the truck approaches the sensor, compressive strain is produced before registering tensile 

strain after each tire from each axle passes over the gauge. Notably, no compressive strain was observed 

for the tandem axle in between both tandem axles as it traversed the strain gauge. Similar responses are 

observed in [61].  

As across all charts illustrating the differences in strain response, consistent trends emerge. Longitudinal 

strain gauges in the right sensor array consistently exhibit higher magnitudes and clearer responses, while 

those in the left sensor array or the transverse direction indicate lower strain magnitudes and unclear 

strain responses. Additionally, certain responses show changes in compression more prominently than 

changes in tension, particularly evident in the transverse strain gauges located in the left sensor array. 

 

 

Figure 6.18 Demonstration of raw strain results and the tension and compression portions of the responses 

highlighted for clarity. Responses are for sensor AS-LO-R-7 (Longitudinal, Right Array). 
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Figure 6.19 Raw strain responses for data that will be used in further analysis. 

 

 
a) AS-LO-R-1 (Longitudinal, Right Array) 

 
b) AS-LO-R-7 (Longitudinal, Right Array) 

 
c) AS-TR-R-3 (Transverse, Left Array) 

 
d) AS-TR-R-5 (Transverse, Right Array) 

 
e) AS-LO-L-2 (Longitudinal, Left Array) 

 
f) AS-LO-L-8 (Longitudinal, Left Array) 

 
g) AS-TR-L-4 (Transverse, Left Array) 

 
h) AS-TR-L-6 (Transverse, Left Array) 
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6.2.3 Pressure Sensor Assessment 

In the upcoming section, the results derived from the pressure cell responses during the wander test will 

be presented. With the determination from the previous section in this chapter that Attempt 2 for all 

rounds yields the clearest responses, only the data from Attempt 2 will be shown and compared in the 

pressure response analysis. The emphasis of the analysis will be on comparing the responses within the 

base, subbase, and subgrade pressure cells. 

6.2.3.1 Base Pressure Cell Responses 

Figure 6.19 to Figure 6.22 present the pressure cell responses from the base array, focusing on sensors in 

both the right and left sensor arrays during the wander test. The included sensors in the base array are PC-

BA-R-1 and PC-BA-R-5 in the right sensor array, as well as PC-BA-L-2 and PC-BA-L-6 in the left 

sensor array. 

Analyzing the trends evident in the figures, the right sensor array pressure responses, illustrated in 

Figure 6.19 and Figure 6.20, exhibit similar response shapes to those observed in the longitudinal right 

sensor array strain responses. In Round 3, the signals are most distinct, clearly defining the axle responses 

for the steering axle, lift axle, and tandem axle. As deviations in tire lateral position occur, such as in 

Round 1 with a 0.35m deviation from the right sensor array centreline, the magnitude decreases, and the 

shape changes, with the lift and steering axles appearing smaller than the tandem axle and less clearly 

defined. 

In the presentation of Round 2 data, the actual responses are notably unclear, and the magnitude is 

minimal. Comparing magnitudes between sensor PC-BA-R-1 and PC-BA-R-5, PC-BA-R-1 demonstrates 

higher pressure responses in Round 3 and smaller pressure responses in Round 1. This observation is 

intriguing, as one might expect a sensor producing lower results to consistently do so across all rounds. 

However, this is not the case in this instance. 

For example, for the steering axle change in response for sensor PC-BA-R-1 between Round 3 and 

Round 1, the pressure magnitude decreases by 77.5% (from 10.14 kPa to 2.28 kPa from Round 3 to 

Round 1), and for the same sensor, between Round 3 and Round 2, the pressure magnitude decreased by 

95.2% (from 10.14 kPa to 0.49 kPa from Round 3 to Round 2). Once more, this underscores the immense 

importance of the lateral position of the tires concerning the sensor array. It emphasizes the necessity for 

precise control tests on the sensor array, highlighting the considerable impact on pressure responses when 

the tire deviates even slightly from the sensor array.  

.  
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Figure 6.20 Pressure results for Attempt 2 for sensor PC-BA-R-1 (Base, Right Array). 

 

Figure 6.21 Pressure results for Attempt 2 for sensor PC-BA-R-5 (Base, Right Array). Note: labels are provided and 

are the same for similar figures. 

Moving to the left sensor array, illustrated in Figure 6.22 and Figure 6.23, the responses closely mirror 

the patterns observed in the strain responses for the same array. Specifically, sensor PC-BA-L-2 

exemplifies the trend well, with Round 2 producing the highest pressure response since the left tires of the 

truck axles are closest to the left sensor array during this round. Intriguingly, this trend does not appear as 

consistently for PC-BA-L-6, which could be attributed to testing method inconsistencies or potential 

limitations in data recording for this sensor. It might be worthwhile to scrutinize the data from PC-BA-L-

6 more closely and assess its reliability in comparison to PC-BA-L-2. 

For example, for the steering axle change in response for sensor PC-BA-L-2 between Round 2 and 

Round 1, the pressure magnitude decreases by 71.2% (from 4.27 kPa to 1.23 kPa from Round 3 to Round 

1), and for the same sensor, between Round 2 and Round 3, the pressure magnitude decreased by 67.2% 

(from 10.14 kPa to 1.40 kPa from Round 3 to Round 2).  
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Figure 6.22 Pressure results for Attempt 2 for sensor PC-BA-L-2 (Base, Left Array). 

 

Figure 6.23 Pressure results for Attempt 2 for sensor PC-BA-L-6 (Base, Left Array). 

6.2.3.2 Subbase Pressure Cell Responses 

Transitioning to the subbase pressure cell responses, the clarity of data from the right and left sensor 

arrays, as depicted in Figure 6.24 and Figure 6.25 respectively, unveils intriguing trends. In the right 

sensor array, the responses remain distinctly clear; however, a noteworthy observation is that the 

magnitude of Round 1 data is slightly higher than that of Round 3. This discrepancy may suggest that, in 

this particular instance, the tires in round three did not pass over the sensors as effectively as they did in 

Round 1. As seen in the previous section with the base sensors, the magnitudes in the left sensor array are 

smaller than those in the right sensor array. Furthermore, in the left sensor array, it is noteworthy that 

Round 3 consistently yields the highest pressure responses, contrary to Round 2, which typically produces 

the highest pressure responses in other arrays. Perhaps the pressure sensors being situated deeper into the 

pavement structure is having an effect on the pressure response. 
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Figure 6.24 Pressure results for Attempt 2 for sensor PC-SB-R-3 (Subbase, Right Array). 

 

Figure 6.25 Pressure results for Attempt 2 for sensor PC-SB-L-4 (Subbase, Right Array). 

6.2.3.3 Subgrade Pressure Cell Responses 

Finally, Figure 6.25 and Figure 6.26 unveil the pressure results for attempt two for sensor PC-SG-R-7 and 

PC-SG-L-8 in both the right and left sensor arrays, respectively. Interestingly, the trends observed in the 

base layer pressure cells and strain gauges do not align as strongly in the subgrade responses, a pattern 

also noticed in the subbase trend responses. 

In this case, the sensor responses appear quite similar across all three Rounds in terms of magnitude and 

shape, with magnitudes in Rounds 1 and 2 higher than those in Round 3. This could be attributed to the 

spreading effect of the load applied by a tire on the pavement structure, a function designed to distribute 

loads in the HMA layer. Consequently, the magnitudes are not as high directly underneath the tire 

response, as the load is dispersed outward and the sensor is situated quite far into the pavement structure. 

In the right sensor array, the response shapes differ from those found in the base layer and even in the 

subbase layer. In the subgrade response, the axle peaks are rounder and less crisp, making it more difficult 

to identify the general areas of the steering, lift, and tandem axles in the signal than in the previous layers. 

This shape trend is also evident in the left sensor array's pressure response in the subgrade. 
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Figure 6.26 Pressure results for Attempt 2 for sensor PC-SG-R-7 (Subgrade, Right Array). 

 

Figure 6.27 Pressure results for Attempt 2 for sensor PC-SG-L-8 (Subgrade, Right Array). 

6.2.3.4 Raw Pressure Results for all Sensors 

Figure 6.28 shows the raw pressure data for all pressure cells. As with all other pressure cell responses 

described in this thesis, positive values indicate compression, and negative values indicate tension. 
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Figure 6.28 Raw pressure responses for data that will be used in further analysis. 

 

Similar to what was illustrated in Chapter 5, the pressure cell responses during the truck's passage over 

each pressure cell unveil distinct patterns corresponding to each axle of the truck. The shapes for each 

pass are typically clear, highlighting the steering axle, lift axle, and the tandem axle, with both axles in the 

tandem axle being individually expressed for the most part. The only exception to this pattern is observed 
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in the subgrade responses. This deviation is likely because subgrade sensors are situated far below the 

pavement surface, making them less easily expressed compared to those located in the base layer and 

subbase layers. 

6.2.4 Comparison of the Results  

This section will outline the quantification of the relationship between either the measured strain or the 

measured pressure responses and the offsets, which are the lateral wander deviations used in the previous 

sections of testing. These relationships between the dynamic response and the wander will provide a 

fundamental baseline that will allow for the determination of patterns and trends within the data and 

ensure that in future testing, the prediction of the strain and pressure response can be performed based on 

the relationships determined in the analysis. This means that future test results can be compared to these 

baselines validate the accuracy of new tests and filter out outliers.  

Typically, the relationship that expressed the correlation between the response and wander the best was 

a second order polynomial, which is also has been found to express the relationship between the response 

and offset in other studies [68]. Relationships were developed for the strain response, further divided into 

relationships for longitudinal and transverse strain gauges as well as the pressure responses, divided into 

base subbase and subgrade relationships. In each of these divisions, relationships were developed for the 

right array and the left array. 

6.2.4.1 Strain vs. Lateral Offset Relationship 

Figure 6.29 and Figure 6.30 display the strain versus wander distance for the longitudinal and 

transverse sensors, respectively. Beginning with Figure 6.28, the relationships for the right array and the 

left array are distinctly different in shape. Notably, the right array relationship is a concave down second-

order polynomial, while the left array exhibits a concave up second-order polynomial. This accurately 

characterizes the observed relationships in the longitudinal sensors, where an increase in wander distance 

or offset from the right sensor array centerline corresponds to a decrease in strain response in the right 

sensor array. 

Moving to the left sensor array responses, they present an interesting yet logical pattern. During Round 

3, when the right axle tires pass directly over the right sensor array, the distance between the right tires 

and the left sensor array is 0.7 meters, whereas the distance between the left axle tires and the left sensor 

array is 1.7 meters. Conversely, when the deviation from the right sensor array is 0.35 meters in Round 1, 

the right tires are located 1.05 meters away from the left sensor array, and the left tires are positioned 1.35 

meters away from the left sensor array. Finally, in the case of a 0.7-meter deviation from the right sensor 

array in Round 2, the distance from the left sensor array to the right tires of the truck is 1.4 meters, while 
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the distance from the left tires to the left sensor array is only 1 meter. This is expressed visually in Figure 

6.31.  

 

Figure 6.29 Longitudinal strain versus lateral offset relationships for the right and left sensor arrays. 

 

Figure 6.30 Transverse strain versus lateral offset relationships for the right and left sensor arrays. 
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Figure 6.31 Measurements between right and left truck tires and the right and left sensor arrays. 

In essence, when the tires are 0.35 meters deviated from the right sensor array, both rows of tires are 

farthest away from the left sensor array. This contributes to a decrease in response, as neither the right 

tires nor the left tires are as close to the left sensor array as in the cases of Round 3 and Round 2 

positioning. Therefore, they cannot contribute to a higher strain response as observed in Round 3 and 

Round 2 data. 

In contrast, examining the relationships for the transverse sensors reveals a flip in concavity. 

Specifically, for the right sensor array, the concavity becomes concave up in the second-order 

polynomial, whereas for the left sensor array, the concavity becomes slightly concave down. 

In both cases, it appears that the equation for the relationships indicates that at the zero offset point, the 

maximum longitudinal and transverse strain occurs in the right sensor array, and moving further away 

from the Your array will cause a decrease in the strain response. This has been corroborated by some 

studies, such as [68]. However, here is no relationship development in the literature for transverse strain 

gauges, an especially transverse strain gauges and longitudinal strain gauges in the left sensor arrays. 

6.2.4.2 Pressure vs. Lateral Offset Relationship 

As mentioned earlier, the pressure relationship development concerning lateral offset was explored for the 

base, subbase, and subgrade layers. This exploration aimed to investigate potential differences in 

relationships between the various layers. Commencing with the base sensor relationship development, as 

depicted in Figure 6.32, the patterns for the right and left sensor arrays closely resemble those observed in 

the longitudinal and transverse strain responses. This consistency was also noted in the individual sensor 

response measurements in previous sections. 
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However, a notable difference is that the peak of the second-order polynomials does not align with the 

0-meter deviation point, as observed in both the transverse and longitudinal strain gauges. In this case, the 

maximum occurs at approximately 0.2 m deviation. This shift suggests that these sensors may have 

moved, warranting a reassessment and confirmation of their locations. 

 

Figure 6.32 Base pressure response versus lateral offset relationship for the right and left sensor arrays. 

The primary distinction evident in the base sensor relationships compared to the subbase sensor 

relationships, as illustrated in Figure 6.33, is simply the magnitude of the subbase sensor responses, which 

is larger than the base responses. 

 

Figure 6.33 Subbase pressure response versus lateral offset relationship for the right and left sensor arrays. 
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Finally, Figure 6.34 presents the relationship between the lateral offset and the measured pressure 

response for the subgrade layer. In this case, the relationship is the most unusual among the three layers. 

The second-order polynomial predicts that the maximum longitudinal pressure response will occur at 0.7 

meters deviation from the right sensor array mark, while the transverse pressure maximum will occur at 

0.35 meters deviation from the right sensor array mark. Both cases exhibit a concave-down shape, and the 

right array magnitudes are consistently lower than those of the left array. 

Given the deviation from the patterns observed in the other layers, it is advisable to repeat the test for the 

subgrade response to confirm and understand the impact of the offset on the measured pressure in the 

subgrade. 

 

Figure 6.34 Subgrade pressure response versus lateral offset relationship for the right and left sensor arrays. 

 

Previously mentioned, establishing this fundamental baseline serves a crucial purpose: validating the 

accuracy of forthcoming truck test outcomes and eliminating data outliers. This validation is vital for 
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necessitate an efficient and automated data filtering mechanism. If similar relationships, as those 
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Chapter 7 

Pavement Section Modelling 

This Chapter 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. 

7.1 Introduction 

As mentioned in previous sections of this thesis, being able to investigate the initial stages of deterioration 

within the various layers of a pavement structure, as well as the reasons entailing this deterioration, are 

valuable to implementing maintenance and rehabilitation methods at the right time. Key responses include 

tensile horizontal strains at the bottom of the HMA layer, compressive vertical stresses and strains within 

the HMA and the base/subbase layers, as well as compressive vertical stresses/strains at the top of the 

subgrade (see Figure 2.8).  

Advancements in technology have led to the development of various software tools for predicting 

pavement response under different loading conditions. KENPAVE and 3D-Move are examples of such 

tools that can be used to analyze pavement responses, such as stress, strain, and deflection under a given 

loading configuration.  

KENPAVE is a computer software developed by Yang H. Huang, to consider static loads and to model 

typical flexible and rigid pavement structures and assess stresses, strains, and deformations [74]. The 

entire KENPAVE software is a combination of four individual software that are used to calculate 

pavement responses for both flexible and rigid layers, and they are LAYERINP, KENLAYER, 

SLABSINP and KENSLABS [74]. It is based on the multi-layer elastic theory [75]. This software cannot 

distinguish between temperature variations (thermal stresses) and dynamic changes in load, unless moduli 

from different seasons are inputted separately every time a new simulation is run [76].   

On the other hand, 3D-Move, developed at the University of Nevada Reno, uses what is known as a 

“continuum-based finite-layer approach” to simulate dynamic pavement responses [77]. The FE model 

associated with this software efficiently addresses factors such as 3D contact stress, vehicle speed, and the 

viscoelastic properties of pavement layers, which allows for the examination of pavement responses under 

varying vehicle speeds [77]. Here, temperature can be considered, which means the seasonal differences 

in testing can be accommodated.  
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Although pavement analysis tools can provide valuable insights about the pavement responses under 

various loading conditions, it is essential to validate the analytically calculated responses with their real 

in-situ counterparts. Literature in the Canadian context examining the comparison between these software 

tools and real-life data indicates a gap regarding the responses from axial loads at different speeds and 

temperatures. Some of the limited relevant literature related to this topic includes that of Shafiee et al., 

who have also used both KENPAVE and 3D-Move along with 2D FEM modelling to validate FWD 

responses collected from their test track in Edmonton, Alberta over various seasons [75].  

To this end, KENPAVE and 3D-Move software packages were utilized in this study to compare the 

theoretical with real-life pavement strain and pressure response data obtained from an instrumented 

pavement section in Canada. The study by Shafiee et al. [75] has proven that the use of these two 

software, when provided with similar inputs, will produce similar output, therefore making them suitable 

for comparison purposes. The study will compare 3 scenarios, namely 51°C at 45 km/h during TT#1, 6°C 

at 40 km/h for TT#2 and 25°C at 45 km/h for TT#3. The entire investigation will be based on the results 

of the lift (middle) axle of the trucks which are single axles with dual tires.  

Such investigations are vital to validate and understand the software's accuracy and reliability in 

modelling pavement damage under local conditions and is a step towards implementing a framework for 

smart pavements in Canada [19].  

7.2 Input Parameters 

7.2.1 Determination of HMA Dynamic Moduli 

In 3D-Move, the dynamic modulus is required to simulate the dynamic nature of the loads that are being 

applied to the pavement structure. As was mentioned in subsection 4.2.1, dynamic modulus tests were 

performed, and a master curve was developed for the HMA samples. From this master curve, the HMA 

dynamic modulus can be determined at any temperature.  

In addition, a singular value of the dynamic modulus at a specific temperature and frequency can be 

selected for use in KENPAVE for static load modelling.  

7.2.2 Determination of Layer Elastic Moduli 

Similar to what was done in [75], to be able to accurately model the pavement structure in KENPAVE, 

the elastic moduli of the various layers of the pavement structure could be determined using the LWD 

data that was collected as per subsection 4.1.2. However, there are several problems with this. The LWD 

test is not the most accurate collection method for the elastic modulus of certain layers. This is because it 

is not certain that the deflection induced by the LWD is penetrating throughout the entire layer it is 
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supposed to measure when the deflection basin is created to obtain and accurate modulus value. The 

deflection basin, or the phenomena developed by tools such as the LWD and FWD when the apparatus 

strikes the surface that it is measuring and is created by the deflection produced in the surrounding layers, 

may not reach the throughout the entire layer during an LWD test. An FWD is more suitable for this but 

was not used in the collection process.  In addition, when performing the LWD test on layers above the 

subgrade (e.g. surface of base), the test is not simply collecting the deflection data of that specific layer 

but also the layers below. Therefore, the most accurate layer is that of the subgrade where it is certain that 

the data being collected is that of the subgrade only. Because of these reasons, elastic modulus values 

from the studies performed by Oyeyi et al. in [78] will be referred to as required, as the test sections in 

their study are the closest geographically to that assessed in this project.  

For reference, the Layer Elastic Moduli to be used in this assessment are as follows in Table 7.1: 

Table 7.1 Chosen elastic modulus values for each layer. 

Layer Elastic Modulus (MPa) 

HMA  4983 

Granular A (Base) [78] 226 

Granular B (Subbase) [78] 145 

Subgrade 21 

The modulus for the HMA layer was determined as described in subsection 7.2.1. This modulus was 

based on the average testing frequency and testing temperature, or 21°C and 5 Hz. The moduli for the 

Granular A and B layers were obtain from the study in [78] because both studies are conducted within the 

same municipality, with similar material sources and classifications. It is understood that, when compared 

to the results in [75] and [78], the modulus results for the unbound materials obtained from the LWD 

testing are relatively low, and likely do not reflect the actual moduli for each layer fully and separately 

from the others. Finally, the modulus for the subgrade was selected from the LWD testing as was 

mentioned previously.  

As mentioned in subsection 4.2.1, the dynamic modulus tests were performed on HMA samples that were 

taken from when the first layer of HMA was poured in October 2022, or SP 19.0 mm SG 58-28 asphalt. 

These details correspond to the pavement structure conditions during the first three truck tests out of the 

total five. In those initial tests, conducted in Fall, Early Spring, and Summer, the first layer of the two-

layer HMA was poured using only SP19 material, resulting in a total HMA thickness of 145mm at that 

time. Therefore, it is more appropriate to focus on the first three truck tests and model them for the 

assessment. 
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7.2.3 Summary of Input Parameters 

As mentioned, the truck tests in the Fall, Early spring and Summer (TT#1, TT#2, and TT#3) will be 

modeled/simulated in KENPAVE and 3D-Move using a 4-layer pavement structure. 

7.2.3.1 KENPAVE 

The initial inputs in the KENPAVE software pertain to general information, as depicted in Figure 7.1. 

This includes selecting linear material (MATL), modelling four layers (NL), specifying six Z-coordinates 

for analysis (NZ), and opting for SI units (NUNIT). 

 

Figure 7.1 General information inputted in KENPAVE. 

Vertical coordinates, known as Z-coordinates in KENPAVE, are those that indicate the points of analysis 

where stress, strain and deflection will be determined. Figure 7.2 shows the six Z-coordinates that will be 

inputted into the software, represented with red circles with white interiors. The Z-coord. selected for 

analysis included the bottom of the AC layer, the top and bottom of the base layer, the top and bottom of 

the subbase layer as well as the top of the subgrade layer to correspond to the sensor locations. 
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Figure 7.2 Z-coordinates (vertical coordinates) as will be inputted in KENPAVE as points of analysis. 

Figure 7.3 are the Z-coordinates (ZC) within the KENPAVE software.  

 

Figure 7.3 Z-coordinates inputted in KENPAVE. 

The next inputs consisted of outlining the thicknesses (TH) of each of the layers as well as their Poisson’s 

Ratios (PR). To determine the latter, the Ontario’s Default Parameters for AASHTOWare Pavement ME 

Design report from 2019 were consulted [79]. This is represented in Figure 7.4. 
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Figure 7.4 Thickness and Poisson Ratio values for each layer in KENPAVE. 

 

Figure 7.5 Modulus input in KENPAVE. 

The modulus values, as described in Table 7.1, were inputted into the software as shown in Figure 7.5. 

Note that the inputted modulus values are in kPa.  

The next step consisted of determining the various load information inputs. This is shown in Figure 7.6.  



 

179 

 

 

Figure 7.6 Load information inputted in KENPAVE. 

Under the “LOAD” input, the value of 1 was inputted as the reference axle that was assessed included the 

single axle with dual tires. The value of “CR” is the contact radius of the tires in cm. Since this was not 

explicitly calculated for each tire in the current project, the tire-pavement interface will be taken from 

another study that used a very similar truck configuration in their truck tests. This study from Oyeyi [18] 

determined the interface to be 0.06m2. Assuming a circular tire-pavement interface as per the KENPAVE 

program, the contact radius is: 

𝐴 = 𝜋𝑟2 

𝑟 =  √
𝐴

𝜋
 

 r= √
0.06m2

π
=0.138 m 

To convert this radius from meters to centimeters, multiply by 100: 

𝑅𝑎𝑑𝑖𝑢𝑠 𝑖𝑛 𝑐𝑒𝑛𝑡𝑖𝑚𝑒𝑡𝑟𝑒𝑠 = 0.138 𝑚 × 100
𝑐𝑚

𝑚
= 13.8 𝑐𝑚 

Therefore, the contact radius is approximately 13.8 centimetres.  
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Next, the contact pressure, defined by the letters “CP” needs to be determined. This will be calculated 

based on the weights of the trucks measured for each truck test (see Table 5.1).  

TT#1 – Fall Test & Construction Conditions 

Since the truck load for this test is 140 kN (unloaded), and each truck has 14 tires and specific axle 

weights were not measured by the construction company, the tire pressure is: 

𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 =  

140 𝑘𝑁
14 𝑡𝑖𝑟𝑒𝑠
0.06𝑚2

= 166.6 𝑘𝑃𝑎 𝑝𝑒𝑟 𝑡𝑖𝑟𝑒 

TT#2 – Early Spring Test 

Since the truck load for this test is 348 kN (loaded), there are 14 tires and the lift axle containing 4 tires 

weighs 61 kN: 

𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 =  

61 𝑘𝑁
4 𝑡𝑖𝑟𝑒𝑠
0.06𝑚2

= 254.2 𝑘𝑃𝑎 𝑝𝑒𝑟 𝑡𝑖𝑟𝑒 

TT#3 – Summer Test 

Since the truck load for this test is 353 kN (loaded), there are 14 tires and the lift axle containing 4 tires 

weighs 78 kN: 

𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 =  

78 𝑘𝑁
4 𝑡𝑖𝑟𝑒𝑠
0.06𝑚2

= 325 𝑘𝑃𝑎 𝑝𝑒𝑟 𝑡𝑖𝑟𝑒 

Next, the letters “YW” represent the spacing between two dual wheels, which will be 50 cm as per 

Figure 5.4. The letters “XW” represents the spacing between two axles. Since in this case, the axle being 

modeled is a single axle with dual tires, this section will be left as a value of zero. Finally, NR or NPT 

refers to the number of radial coordinates to be analyzed under a single wheel or the number of points in x 

and y coordinates to be analyzed under multiple wheels, respectively. For this assessment, 7 points were 

chosen, as demonstrated in Figure 7.7, and inputted in KENPAVE as shown in Figure 7.8.  
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Figure 7.7 Number of coordinates under a single tire to be analyzed. 

 

 

Figure 7.8 Coordinates inputted in KENPAVE. 

A summary of all of the input parameters for the KENPAVE program can be seen in Table 7.2. These 

are some of the main inputs for each of the drug tests. The only difference is the load based on the contact 

pressure that's applied to each of the tires. The KENPAVE testing will occur three times; one for each of 

the truck tests.  
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Table 7.2. KENPAVE Input Parameters Summary 

Parameter TT#1 Fall Conditions TT#2 Early Spring Conditions TT#3 Summer Conditions 

General Linear Material (MATL), 4 layers (NL), 6 Z-coords (NZ) 

Zcoord. (cm)  14.5, 14.503, 29.5, 29.503, 69.5, 69.503 

Layers HMA, Base, Subbase 

Layer 

Thicknesses 

(cm) 

14.5, 15, 40 

Modulus (Layer No., E in MPa) 

  

HMA: 4983 at 21°C 

Gran. A: 226 at 21°C 

Gran. B: 145 at 21°C 

Subgrade: 21 at 19°C 

Load 

Contact radius = 13.8 cm, 

Contact Pressure (lift axle) = 

166.6 kPa 

Contact radius = 13.8 cm, 

Contact Pressure (lift axle) = 

254.2 kPa 

Contact radius = 13.8 cm, 

Contact Pressure (lift axle) = 

325 kPa 

 

7.2.3.2 3D-Move 

Using 3D-Move, three combinations of speeds and temperatures were modeled across TT#1, TT#2 and 

TT#3.  These include 51 °C at 45 km/h for TT#1, 6 °C at 40 km/h for TT#2 and 25 °C at 40 km/h for 

TT#3.  

The following few paragraphs will detail sample inputs for 72 °C and 45 km/h (of which the results will 

not be shown). 3D-Move has the option to model the pavement structure statically or dynamically. For 

the purposes of this assessment, dynamic modelling will be employed, as shown in Figure 7.9. 

 

Figure 7.9 Setting the dynamic modelling features in 3D-Move. 

One of the major inputs for 3D-Move is the pavement contact stress distribution type. There are several 

options provided in the software, and the one that was selected was “Option B: User-Selected Pre-Defined 
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Axle/Tire Configuration (Uniform Pressure)”. This was selected since it will be able to use similar inputs 

to that in KENPAVE, and also it was the option that could accommodate this specific truck testing 

scenario the best.  

One of the key inputs in this section is looking for the breaking friction coefficient. A study by Liu et al. 

[80], was referred to as they provided braking friction coefficients for dry and wet asphalt concrete as a 

function of various sliding velocities or speeds. Figure 7.10 shows braking friction coefficients for 40 

km/h and 45 km/h as per the chart. The final extracted braking coefficient values can be seen in Table 7.3.  

 

Figure 7.10 Braking coefficient determination (modified from [80]). 

 

Table 7.3 Extracted braking Coefficients for Input into 3D-Move 

Speed (km/h) Braking Coefficient 

40 0.84 

45 0.82 

 

Other inputs in this section include the tire pressure, the tire load (calculated by dividing the truck/axle 

weights by the number of tires) and also the axle spacing. An example of the completed inputs can be 

seen in Figure 7.11 for the left axle example at 72 °C at 45 km/h.  



 

184 

 

 

Figure 7.11 Sample input of the pavement contact stress distribution for 72 C at 45 km/h. 

The next input parameters are those for vehicle suspension and road roughness. The 3D-Move software 

utilizes a metric known as the Dynamic Load Coefficient, or DLC. The DLC is a common metric for 

characterizing the dynamic loads generated by axles, indicating the magnitude of dynamic variation in 

axle load for specific combinations of road roughness and speed. Average values for the DLC range 

between 0.05 to 0.3 and smaller values indicate a smoother road, as mentioned in Buhari et al. [81].  

Within 3D-Move, an airbag suspension was selected since it seemed to correspond the closest to the 

suspension type of the trucks used in the truck test. The data source selected was Woodrooffe and 

LeBlanc (1986, 1995) and road roughness will be selected as smooth for TT#1 and average for TT#2 and 

TT#3. This is expressed in the 3D-Move software as shown in Figure 7.12.  
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Figure 7.12 Sample of the DLC determination in 3D-Move. 

The pavement structure was inputted as shown in Figure 7.13. 

 

Figure 7.13 Pavement structure inputs in 3D-Move. 

The following steps consist of inputting the parameters for the various layers. Figure 7.14 to Figure 7.17 

show the inputs for the HMA layer. Key inputs include the implementation of the dynamic modulus 

values and the phase angles as obtained from the dynamic modulus test. The Poisson’s ratio is also 

implemented from the MTO’s Default Parameters for MEPDG [79]. Next, the binder properties are able 

to be inputted in a variety of formats. Since the Superpave information for the HMA layer was available, 

Input 2 was used, and the PG 58-28 grade was inputted. Finally, the unit weight of the material was 

inputted, which was obtained from [79].  After some experimentation with the software, the reference 

temperature in Figure 7.14 was determined to be 72 °C and the analysis temperature in Figure 7.17 was 

determined to be 21 °C.  
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Figure 7.14 Input of dynamic modulus values in 3D-Move. 

 

Figure 7.15 Input of phase angle and Poisson's Ratio values in 3D-Move. 
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Figure 7.16 Input of HMA Superpave values in 3D-Move. 

 

Figure 7.17 Input of unit weight and analysis temperature values in 3D-Move. 
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Figure 7.18 Input of Granular A values in 3D-Move. 

 

Figure 7.19 Input of Granular B values in 3D-Move. 
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Figure 7.20 Input of subgrade values in 3D-Move. 

 

Figure 7.21 Input of analysis points values in 3D-Move. 
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Figure 7.18 to Figure 7.20 show the inputs for the base, subbase and subgrade layers, which are the 

same as inputs for the KENPAVE simulation. The standard material types were determined from [79], 

such as the CH designation (medium to high plasticity clays) for the subgrade. The unit weights for the 

various layers were determined from database values from  [82]. Finally, as shown in Figure 7.21, the 

various analysis points were inputted into the software.  

A summary of the input parameters for 3D-Move can be seen in Table 7.4. 

Table 7.4 3D-Move Input Parameters Summary 

Parameter TT#1 Fall Conditions TT#2 Early Spring Conditions TT#3 Summer Conditions 

Speed 45 km/h 40 km/h 40 km/h 

Load Type Option B: Uniform Pressure 

Tire Pressure (kPa) 166.6 254.2  325 

Tire Load (kN/tire) 10 15.25 19.5 

Axle Spacing L1 = 0, L2 = 0, S1 = 0.5 m 

Braking Friction 

Coefficient 
Varies based on speed (e.g., 0.82) → see Table 7.3 

Geometry of Loaded 

Area 
Circle 

Vehicle Suspension 

and Road 

Roughness 

 

Type Air Bag 

Source of Data Woodrooffe and LeBlanc (1986, 1995) 

Road Roughness Smooth 

DLC 0.033 0.04 

Layers Asphalt, Base, Subbase, Subgrade 

Layer Thickness (m) Asphalt: 0.145; Base: 0.150; Subbase: 0.40; Subgrade: 0 

Asphalt Layer 

Properties 

Unit Weight = 2390 kg/m3 (23.44 kN/ m3) [79], Reference Temp = 21°C Asphalt 

Binder=Input Level 2, PG58-28  

Analysis Temp (°C) 51 6 25 

 Base Layer 

Properties 
A-1-a, E=226000 kPa, Poisson’s Ratio = 0.35, Unit Weight = 15 kN/m3 [82] 

Subbase Layer 

Properties 
A-1-b, E=145000 kPa, Poisson’s Ratio = 0.35, Unit Weight = 15 kN/m3 [82] 

Subgrade Layer 

Properties 
CH, E=21000 kPa, Poisson’s Ratio = 0.325, Unit Weight = 14 kN/m3 [82] 

Response Points – 

Dynamic (m) 
Y-coord. = 0;  X-coord. = 0.145, 0.14503, 0.295, 0.29503, 0.695, 0.69503 
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7.3 Results and Discussion 

Using the previously presented loading information, material properties, and axle configurations, results 

from both KENPAVE and 3D-Move software were utilized to compare:  

1) asphalt tensile strains measured by the asphalt strain gauges at the bottom of the HMA layer 

with minor principal strain results in KENPAVE and normal strain in the Y-Y direction at the bottom of 

the asphalt layer in 3D-Move, and  

2) the pressure measured by TEPCs in the top of base, subbase, and subgrade layers to vertical 

stress results in KENPAVE and normal stress in the Z-Z direction within each of the base, subbase, and 

subgrade layers in 3D-Move.  

7.3.1 KENPAVE Results  

With respect to the static nature of the analysis in KENPAVE, numerical output values (obtained from the 

points directly beneath the centre of the tire, or point 2 from Figure 7.7) were compared to maximum 

values extracted from dynamic pressure and strain behaviours obtained from the field based on the lift 

axle results at 40 or 45 km/h depending on the truck test/season.  

Table 7.5 to Table 7.7 demonstrate the results of the stress and strain for each of the truck tests. 

Comparing the simulated KENPAVE results to the field results, there are several key observations that 

are noticeable. 

Table 7.5 Average Compressive Stress/Pressure and Strain Results during TT#1 (Fall) 

Metric Field KENPAVE Percent Error 

Compressive Stress/Pressure Top of Base (𝛿𝑐) [kPa] 25.90 31.650 18.2% 

Compressive Stress/Pressure Top of Subbase (𝛿𝑐) [kPa] 63.51 15.915 -299.1% 

Compressive Stress/Pressure Top of Subgrade (𝛿𝑐) [kPa] 9.76 3.631 -168.8% 

Tensile Strain Bottom of Surface Layer (𝜀𝑡) [με] 139.74 -0.0000557 100% 
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Table 7.6 Average Compressive Stress/Pressure and Strain Results during TT#2 (Spring) 

Metric Field KENPAVE Percent Error 

Compressive Stress/Pressure Top of Base (𝛿𝑐) [kPa] 11.37 48.292 76.5% 

Compressive Stress/Pressure Top of Subbase (𝛿𝑐) [kPa] 21.21 24.283 12.7% 

Compressive Stress/Pressure Top of Subgrade (𝛿𝑐) [kPa] 16.18 5.540 -192.1% 

Tensile Strain Bottom of Surface Layer (𝜀𝑡) [με] 25.36 -0.000085 100% 

 

Table 7.7. Average Compressive Stress/Pressure and Strain Results during TT#3 (Summer) 

Metric Field KENPAVE Percent Error 

Compressive Stress/Pressure Top of Base (𝛿𝑐) [kPa] 42.27 61.742 31.5% 

Compressive Stress/Pressure Top of Subbase (𝛿𝑐) [kPa] 50.39 31.046 -62.3% 

Compressive Stress/Pressure Top of Subgrade (𝛿𝑐) [kPa] 5.49 7.083 22.5% 

Tensile Strain Bottom of Surface Layer (𝜀𝑡) [με] 46.95 -0.000109 100% 

Looking at the results for TT#1, it can be recognized that KENPAVE's pressure and strain results 

underestimate the in-situ results at the presumed contact pressures. While the results of the base are 

relatively similar, the deviations really begin to occur in the subbase layer, where the field measurements 

are significantly larger than the KENPAVE predications. In actuality, the KENPAVE results make sense 

theoretically since the pressure impact should decrease going deeper within a pavement structure, 

however this anomaly has been recognized in several other Chapters of this thesis, therefore the field 

results here are not surprising. In any case, the field results are elevated, especially the tensile strain field 

measurement. Such discrepancy can be attributed to several factors including the non-uniform 

temperature gradient of the newly compacted HMA layer (immediately post-construction), changes in the 

tire-pavement interaction and footprint at elevated temperatures while the matt was cooling down from 

the compaction temperature, and the inherent adjustment of instrumentation right after installation in the 

pavement structure. 

Similar conclusions can be developed from the results from TT#2, however, in this case the base field 

results are overestimated in KENPAVE, while the subbase and subgrade are underestimated. This is 

interesting and could point to a measurement discrepancy in the field results. However, TT#2 does take 

place in early spring conditions, which would result in lower pressure results as confirmed in previous 
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sections of this thesis, along with a relatively high pressure applied to the subgrade layer. KENPAVE 

cannot take this temperature gradient into consideration if the material properties are not accommodated 

to seasonal variations. Therefore, it makes sense why the software might assume a higher value for the 

base pressure estimate.  

Finally, TT#3 presents similar trends to TT#2, but in general the results are greater than those in TT#2 

since these results are captured during warm summer months. In general, KENPAVE provides a good 

reference point for comparison of field data to see how it compares to a theoretically derived set of 

material responses in the various layers of the pavement structure. However, for this particular project, the 

software under- or over-estimates values and does not take the multitude of other factors that result in the 

strain/pressure results that are obtained in the field, such as weather, material property fluctuations, 

moisture, etc.  

7.3.2 3D-Move Results 

3D-Move can generate the dynamic response curves, and hence results could be directly compared with 

the measured dynamic responses from the field experiments. 

Figure 7.22 and Figure 7.23 show some of the results of this assessment, both for 51°C at 45 km/h and 

6 C at 40 km/h. The software ceased to function prior to the results for the summer test were obtained.  

Looking first at Figure 7.22, there are some comparisons that can be made with regards to the shape 

and the magnitude of the responses within 3D-Move in comparison to the field results. The software 

underestimates the fall/construction-related dynamic strain responses at 51°C. For instance, in the field, 

the tensile strain in the field was measured to have a maximum value of almost 140 με, while the 3D-

Move response peaks at about -15 με for the Y-Y normal strain response.  In the base layer, the field 

pressure response peaks at about 26 kPa, while that simulated by 3D-Move peaks at 20 kPa. The subbase 

layer is underestimated by the software, with the field results being around 63 kPa, and the response by 

3D-Move peaks at approximately 12 kPa. Finally, the subgrade response in the field is about 10 kPa while 

the response in 3D-Move peaks at about 3.3 kPa.  

It is clear that the dynamic response magnitudes to not accurately model the responses obtained in the 

field. The shapes of the responses are generally similar, except for the responses for tensile strains in the 

field as compared to the response obtained in 3D-Move.  

However, the pressure magnitudes obtained between 3D-Move and KENPAVE are comparable, with 

the responses being: 26 kPa vs 32 kPa, 12 kPa vs 16 kPa, and 3 kPa vs. 4 kPa, in the base, subbase and 

subgrade, respectively. The strain magnitudes are not comparable between the two software, and 3D-
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Move predicts strain magnitudes more realistically than KENPAVE, likely as a result of its ability to 

consider dynamic load factors.  

Field Dynamic Response 3D-Move Dynamic Response 

 
d) Field strain results at the bottom of the HMA layer 

based on 51 °C at 45 km/h. 

 
b) 3D-Move normal strain response in the Y-Y 

direction based on 51 °C at 45 km/h. 

 
c) Field pressure results at the top of the base layer 

based on 51 °C at 45 km/h. 

 
d) 3D-Move normal stress response in the Z-Z 

direction in the base layer based on 51 °C at 45 

km/h. 

 
e) Field pressure results at the top of the subbase 

layer based on 51 °C at 45 km/h. 

 
f) 3D-Move normal stress response in the Z-Z 

direction in the subbase layer based on 51 °C at 45 

km/h. 

-200

-150

-100

-50

0

50

100

150

200

10.6 10.8 11 11.2 11.4 11.6 11.8 12

S
tr

a
in

 (
μ
ε)

Time (sec)

Strain in the Transverse Direction in the Right Wheel Path at 51° C at 45 km/h

0

5

10

15

20

25

30

35

40

45

1.8 2 2.2 2.4 2.6 2.8 3 3.2

P
re

s
su

re
 (

k
P

a
)

Time (sec)

Changes in Raw Pressure Response in the Base Layer at 51°C at 45 km/h

0

20

40

60

80

100

1.8 2 2.2 2.4 2.6 2.8 3 3.2

P
re

s
su

re
 (

k
P

a
)

Time (sec)

Changes in Raw Pressure Response in the Subbase Layer at 51°C at 

45km/h



 

195 

 

 
g) Field pressure results at the top of subgrade based 

on 51 °C at 45 km/h. 

 
h) 3D-Move normal stress response in the Z-Z 

direction in the subgrade layer based on 51 °C at 

45 km/h. 

Figure 7.22 Normal tensile strain and compressive stress results in the field and 3D-Move for 51°C and 45 km/h. 

Looking at Figure 7.23, there are some similar and varying trends that appear within this data. The 

tensile strain in the field was measured to have a maximum value of about 25 με, which is similar to the 

almost 30 με simulated by 3D-Move. In this case, the shape of the strain response is also simulated in the 

same direction, which indicates similar tensile/compressive response estimation by 3D-Move, although it 

still overestimates the field response. In the base layer, the field response was about 11.37 kPa, compared 

to a peak response of about 18 kPa from 3D-Move, again, an overestimate. The field response for the 

subbase layer is about 21 kPa and the response from 3D-Move is about 12 kPa. In this case, the response 

was underestimated by the software. Finally, the field response for the subgrade is about 6 kPa, compared 

to 16 kPa estimated by 3D-Move.  

The dynamic response magnitudes better model the responses obtained in the field as compared to the 

responses obtained for TT#1 since they are modelling more reasonable temperatures (not construction 

conditions). The shapes of all of the responses are generally similar.  

Again, the pressure magnitudes obtained between 3D-Move and KENPAVE are comparable, with the 

responses being: 18 kPa vs 48 kPa, 12 kPa vs 24 kPa, and 5 kPa vs. 5.5 kPa, in the base, subbase and 

subgrade, respectively. Again, the strain magnitudes are not comparable between the two software, and 

3D-Move predicts strain magnitudes more realistically than KENPAVE, likely as a result of its ability to 

consider dynamic load factors.  
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Field Dynamic Response 3D-Move Dynamic Response 

 
e) Field strain results at the bottom of the HMA 

layer based on 6 °C at 40 km/h. 

 
b) 3D-Move normal strain result in the Y-Y 

direction based on 6 °C at 40 km/h. 

 
d) Field pressure results at the top of the base layer 

based on 6 °C at 40 km/h. 

 
d) 3D-Move normal stress result in the Z-Z 

direction in the base layer based on 6 °C at 40 

km/h. 

 
f) Field pressure results at the top of the subbase 

layer based on 6 °C at 40 km/h. 

 
f) 3D-Move normal stress result in the Z-Z 

direction in the subbase layer based on 6 °C at 

40 km/h. 
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h) Field pressure results at the top of subgrade 

based on 6 °C at 40 km/h. 

 
h) 3D-Move normal stress result in the Z-Z 

direction in the subgrade layer based on 6 °C at 

40 km/h. 

Figure 7.23 Normal tensile strain and compressive stress results in the field and 3D-Move for 6°C and 40 km/h. 

 

7.4 Key Takeaways 

This study compares static and dynamic pavement analysis methods by correlating simulation results with 

real in-situ measurements from an instrumented pavement section, utilizing KENPAVE and 3D-Move 

software. The first set of truck tests (TT#1) provided a unique insight about the pavement responses right 

after construction. In terms of analysis, considerable discrepancies were observed between the software 

results and field data. Both tools showed improved accuracy after five months experiments (TT#2), 

possibly due to more stable and uniform viscoelastic properties as well as tire-pavement interactions that 

were closer to the conventional assumptions. However, 3D-Move demonstrated better precision in 

estimating pavement stress when field conditions resembled in-service scenarios. This approach is also 

capable of generating the dynamic pavement response curves which can be directly compared with the 

ones gathered in the field using truck testing. It is unclear what cause d the issues with the 3D-Move 

software prior to the testing of the summer conditions of TT#3. Continued research and validation should 

enhance predictive capabilities of these tools for improved pavement engineering, particularly during 

construction. 
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Chapter 8 

In-Service Pavement Performance Trends 

This Chapter 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 

“performance” is used as a general term to describe the results obtained from moisture and temperature 

sensors, and the responses obtained from the load sensors. 

8.1 Environmental Load Data Analysis  

Temperature and moisture are critical factors affecting a pavement section's load-bearing capacity and 

structural integrity [18] [83] [63]. A pavement structure is susceptible to dynamic changes in temperature 

and moisture even within a period of 24 hours [84]. Fluctuations can arise from changes in moisture 

content, often induced by rainfall, as well as temperature gradients experienced throughout the day. 

Additionally, variations in the water table level, daily temperature changes, and the impacts of freeze-

thaw cycles all play substantial roles in contributing to the dynamic responses and performance of the 

pavement structure [84]. These environmental and climatic influences can collectively impact the 

mechanical properties and performance of the pavement structure over short or long time frames [84].  

For example, the interplay of moisture and traffic loading, particularly on wet pavement, reduces the 

pavement dynamic modulus [63]. Furthermore, fluctuations in asphalt temperature exert a substantial 

influence on the stiffness of both bound and unbound layers. Higher asphalt temperatures, for instance, 

lead to a softening of the asphalt material, contributing to increased horizontal strains at the bottom of the 

asphalt layers [63], a key location for fatigue cracking to begin and propagate. Changes in moisture 

content in the base and subgrade soils impact the stiffness of these pavement components. Excessive 

moisture reduces the resilient modulus of unbound layers, leading to increased strains in the asphalt 

bound layers due to poorer support [63]. This strain is particularly substantial in cold regions where 

pavements often become saturated during spring thaw, causing a decrease in stiffness modulus in granular 

layers [63]. Therefore, it is essential to assess the impact of these environmental variables across the 

various layers of the pavement structure, as doing so can provide insights into how these variables will 

contribute to pavement degradation over time. 

As outlined in Chapter 3, temperature and moisture sensors have been strategically placed at various 

depths throughout all pavement layers. The asphalt layer is equipped with two temperature probes to 
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measure its temperature at three different depths (12.7 mm, 76.2 mm, and 190.5 mm below the first lift of 

asphalt pavement which is a 145 mm thick SP 19 layer). Note that although the bottommost sensors of the 

temperature probes are technically within the base layer, their proximity to the asphalt layer and 

integration into the probes categorize them as part of the asphalt layer measurements. In addition to the 

temperature probes, the base layer incorporates two temperature thermistors, while the subbase layer and 

subgrade layer each have three and two, respectively. Similarly, there is one moisture sensor in the base 

layer, three in the subbase layer, and one in the subgrade layer. This comprehensive sensor deployment 

enables the evaluation of temperature and moisture effects across the entire pavement structure. 

The following two sections will describe the temperature and moisture trends from the past several 

months. 

8.1.1 Temperature - Layer Profile Over Time 

The temperature profiles for the test section are expressed from Figure 8.1 to Figure 8.7. Each successive 

figure illustrates temperature trends over progressively longer time spans, starting from one day and 

extending to several months. 

Firstly, Figure 8.1 shows the aggregated temperature profile over a period of 24 hours, from midnight 

of March 9th, 2023, to midnight of March 10th, 2023. Initially, trend data for all sensors was aggregated to 

every 5 minutes until June 2023, after which it was aggregated to every 15 minutes to streamline the 

volume of data. Within Figure 8.1, separate charts are dedicated to the sensors in each layer, including 

asphalt pavement (HMA) layer temperatures, base layer temperatures, subbase layer temperatures, and 

subgrade layer temperatures. In the case of this figure, all of the temperature sensors are included to 

observe the trends.  

Looking at the figure, it appears that the sensors in the TEMP-01 temperature probe produce erratic 

temperature measurements, as they range between approximately -40 °C to about 80 °C. Comparing these 

readings with those from other sensors, especially the other temperature probe, suggests that TEMPS-01 

might be malfunctioning, providing inaccurate temperature results. It is quite unlikely that ambient 

temperatures during March in Ontario would reach these extremes as per Canadian historical climate data 

[85]. Consequently, this sensor was removed to assess whether the temperature trends would improve. 

Temperature trends for this sensor will continue to be monitored over longer time spans to observe 

whether the erratic trends persist. 

The outcomes, as depicted in Figure 8.2, show more coherent temperature data. In this scenario, 

temperatures fall within a reasonable range of 0 °C to 10 °C. Notably, the trends within various layers are 

clearer and more sensible and align well with ambient data. The ambient temperature data is sourced from 
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Environment Canada’s historical climate data repository [85]. For example, in the HMA layer, 

temperature fluctuations are more pronounced than in other layers and decrease as one moves deeper into 

the pavement structure. Upon reaching the subgrade layer, temperature fluctuations over a 24-hour period 

are minimal, in line with the expectation that changes in ambient temperature would require more time to 

influence the subgrade temperature [86]. 

 

Figure 8.1 Aggregated temperature profile from March 9th, 2023, to March 10th, 2023, including all temperature 

sensors.  

Examining the HMA layer reveals that TEMPS-02-1, positioned closest to the asphalt surface, 

experiences the greatest temperature fluctuation (ranging between 0 °C to 10 °C). On the other hand, 

TEMPS-02-2 and TEMPS-02-3 show progressively smaller fluctuations, indicating that as one moves 

deeper into the HMA layer, the temperature change decreases and there is not as much fluctuation. Within 

the base layer, the temperature fluctuation ranges between approximately 2.5 °C to approximately 7 or 8 

°C, a narrower range compared to the HMA layer. Technically, the thermistors within this layer were 

installed at the same depth. However, TM-BA-01 records slightly higher temperatures than TM-BA-02, 
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suggesting a potential difference in sensor depth. Confirmation would require excavation or other 

methods to precisely determine sensor positions. In the subbase layer, all three thermistors exhibit 

temperatures within the range of 4 to 6 °C. This consistency is intriguing, considering the substantial 

thickness of the subbase layer at 400 mm and the separation of the moisture sensors from each other. 

Despite being further apart, the sensors display a uniform temperature fluctuation trend for the entire 

layer. Lastly, the subgrade layer displays minimal variation in temperature over a 24-hour period. Both 

thermistors fluctuate around 5 °C, indicating limited change during this timeframe. 

 

Figure 8.2 Aggregated temperature profile from March 9th, 2023, to March 10th, 2023, not including the TEMPS-01 

temperature probe for easier visibility of trends.  

In Figure 8.3, the temperature variations over a 48-hour period, specifically from midnight on March 

8th, 2023, to midnight on March 10th, 2023, are illustrated. Since the data for TEMPS-01 was still erratic, 

it was excluded from this time duration, so only TEMPS-02 is plotted over 48 hours. Figure 8.3 confirms 

many of the trends observed in the 24-hour plots from Figure 6.2, simply expanded over two days. 
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Notably, the HMA layers exhibit greater temperature fluctuations compared to the lower granular layers 

and the subgrade layer, that has very minimal fluctuations. 

 

Figure 8.3 Daily temperature variation over two days (midnight March 8th to midnight March 10th, 2023) which 

shows the typical times for peak asphalt and granular temperatures. 

The plot offers valuable insights into the temperature variations in both the asphalt and granular layers. 

Typically, the asphalt reaches its highest temperature in the afternoon, peaking between noon and 4:00 or 

5:00 PM, while the coolest times are generally observed between 6:00 and 10:00 AM. Figure 8.3 also 

includes four charts illustrating the temperatures in each layer, along with the ambient temperature over 

the same timeframe The ambient temperature closely mirrors the sensor-recorded temperatures, indicating 

that the sensors effectively capture temperature fluctuations during peak and off-peak times. It is worth 

mentioning that, during the period from midnight on March 8th, 2023, to midnight on March 10th, 2023, 

the ambient temperature ranged from a maximum of 3.3 °C to a minimum of -7.2 °C. 



 

203 

 

Since the ambient temperature is slightly lower than those of the asphalt layer, it is crucial to consider 

that asphalt layers typically store heat, resulting in them being generally warmer than ambient 

temperatures [87]. It is also important to note that the temperature fluctuations in these layers may not 

precisely synchronize with changes in ambient temperature. This discrepancy is attributed to a delay in 

the layers' process of storing and releasing heat [18] [87]. 

Figure 8.4 shows daily temperature variations from March 3rd, 2023, to March 15th, 2023, displaying 

the temperature data for all of the sensors, including TEMPS-01 temperature probe. The data from the 

TEMPS-01 probe appears highly erratic and lacks correlation with both ambient temperature results and 

the data from other sensors. Unfortunately, the sensor continues to malfunction, and the discrepancies 

noticed in Figure 8.1 translate over longer periods of time. In this way, we can exclude the temperature 

data from the TEMPS-01 sensor from the analysis from this point forward and we can conclude that this 

temperature probe does not function as expected. 

 

Figure 8.4 Daily temperature variations from March 3rd, 2023, to March 15th, 2023, including all temperature 

sensors. The erratic nature of the TEMPS-01 temperature probe data is visible in this case.  
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Figure 8.5 shows data within the same timeframe as Figure 8.4, but without the TEMPS-01 sensor. 

This timeframe allows us to discern trends in temperature over several days, and daily peaking trends are 

much more visible. Like Figure 8.3, the temperature data is juxtaposed against ambient temperature data 

sourced from Environment Canada [85]. 

Broadly, the temperature results from the sensors consistently align with the ambient temperature, 

affirming the reliable performance of the sensors over an extended period. As observed in earlier charts, 

the HMA layer displays the most substantial temperature fluctuations. Conversely, the base layer exhibits 

some variation, especially during periods of heightened temperature changes, as evident on March 9th and 

10th. In contrast, the subbase and subgrade layers demonstrate comparatively minor variations, consistent 

with trends observed in the 24-hour and 48-hour analyses. 

 

Figure 8.5 Daily temperature variations from March 3rd, 2023, to March 15th, 2023, not including the TEMPS-01 

temperature probe for easier visibility of trends. Ambient temperature is also plotted. 
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The temperature variations throughout the entire period covered by this thesis are illustrated in the last 

charts in Figure 8.6 and Figure 8.7, spanning from March 3rd, 2023, to November 6th, 2023. Figure 6.6 

serves as an example showcasing these fluctuations. Observing the diagrams, it is evident that all sensors 

performed well, consistently collecting data in alignment with the ambient temperature until 

approximately mid-July 2023. However, an anomaly arises around this time, specifically with TEMPS-

02-3, as it begins to yield erratic results starting on July 11th around 4:30 PM. There is no clear indication 

of the underlying cause. The moisture sensors were updated on July 13th, and there was no evidence of 

the system being manipulated or turned on/off on that day. This suggests that the malfunction in TEMPS-

02-3 occurred independently of external interference, leading to the conclusion that the sensor began to 

malfunction at this specific point in time. Fortunately, it is noteworthy that only one of the temperature 

probe sensors was affected, with the other two continuing to function normally. 

Sensor TM-SB-04 started showing irregular results around mid-October, like the previously 

mentioned case. Despite thorough investigation, there is no evidence of tampering with the data 

acquisition system during this period. This suggests that the sensor might be malfunctioning on its own. 

However, a more in-depth analysis is needed to confirm this conclusion. 

With this being the case, the temperature results without the impact of the erratic sensor on the 

temperature probe were observed. After removing this data, a re-plotting was performed, yielding the 

representation in Figure 8.7. The revised figure visually emphasizes the correlation between the 

temperatures recorded by the temperature sensors and the ambient temperature. The ambient temperature 

proves to be a reliable benchmark for evaluating the accuracy of the temperature data collected by all the 

sensors.  

Figure 8.7 also serves to illustrate the temperature variations across different seasons. Seasons will be 

defined as per the definition from the National Research Council of Canada. This means that Spring goes 

from March 20th to June 21st, Summer goes from June 21st to September 23rd, Autumn goes from 

September 23rd to December 22nd and Winter goes from December 22nd to March 20th of the following 

year [88].  In the late winter to spring, spanning from March to mid-May, instances were observed where 

the temperature of the HMA and base layers dropped below 0 °C. However, as spring progressed into 

April and May, temperatures consistently increased, reaching a plateau from mid to late June through 

July, officially during the summer season. During this period, consistently high temperatures with 

substantial day-to-day fluctuations were noted. Finally, the fall season elicits a decrease in temperature. 

These temperature shifts from late winter, through spring, to summer offer insights into the evolving 

conditions experienced by the various layers. Of note is the substantial temperature variation in the 
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subgrade layer. Given that the subgrade is particularly susceptible to moisture and temperature 

fluctuations, the temperature fluctuations ranging between five and almost 30 °C underscore the wide 

range in temperatures that this layer undergoes across various seasons [86]. Such variability in subgrade 

temperature has implications for the layer's properties, potentially substantially influencing the overall 

strength and integrity of the pavement structure [83].  The subsequent sections will delve into these 

implications further, particularly in the context of trends in pressure and strain over the same time period. 

 

Figure 8.6 Monthly temperature variations from March 2023 to mid November 2023. The TEMPS-02-3 sensor 

begins to not function properly. 
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Figure 8.7 Monthly temperature variations from March 2023 to mid November 2023, removing the odd data from 

the TEMPS-03-3 sensor. 

8.1.2 Moisture - Layer Profile Over time 

As mentioned previously, moisture sensors were strategically placed in various layers of the granular 

structure—specifically, one in the base layer, three in the subbase layer, and one in the subgrade layer. 
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To analyze moisture trends, the comparison was made between sensor data and daily precipitation 

records for Kitchener-Waterloo obtained from Environment Canada [85]. The resulting trends were 

graphically represented in Figure 8.8 in the form of a bar chart along with the moisture results separated 

by granular layer. Reliable moisture data begins only from July 13th, 2023. Prior to this date, technical 

issues with the sensors resulted in unreadable data from March 2023 to mid-July 2023. These issues were 

attributed to inaccurate sensor settings, affecting the proper transmission of signals to the VWC unit of 

measurement. 

The moisture sensors collect data in the unit of VWC which was explained in Chapter 3. According to 

the TEROS10 manual, for mineral soils, the VWC range that should be expected is between 0.00 and 0.64 

m3/m3 [37]. The equation provided in Chapter 3 in Section 3.4.4 has a maximum limit of 0.77 m3/m3 in 

pure water, meaning that lower readings around 0.00 m3/m3 indicate unsaturated conditions, while higher 

readings suggest greater saturation within the respective layer [37].  

 

Figure 8.8 Moisture profile for the instrumented test section from July 13th, 2023, to November 6th, 2023, in all 

granular layers as compared to precipitation data from Environment Canada.  
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As can be seen from Figure 8.8, the moisture levels tend to closely follow periods of increase and 

decrease in precipitation.  This can also be confirmed as occurring in previous studies [18]. This is most 

clearly visible in the subgrade, where when there has been larger than average amounts of rainfall, such as 

a rainfall of about 40 mm near the end of July, the VWC of the subgrade increases from 0.4 m3/m3 to 0.45 

m3/m3. A similar situation also occurs around mid-August.  

Furthermore, a general observation reveals that the subgrade consistently exhibits higher saturation 

levels compared to the subbase and base layers. The moisture content in the subbase layer falls within the 

range of 0.1 to 0.2 m3/m3, while in the base layer, it hovers around 0.15 m3/m3. This observation aligns 

with expectations, considering that Granular A, employed in the base layer, is more permeable than 

Granular B, used in the subbase layer. Both granular materials demonstrate higher permeability than 

standard subgrade materials, which would retain more moisture due to presence of larger amounts of fine 

particles like silt or clay. This is consistent with the findings of other works [18] [89].  

These findings confirm those established in Chapter 4, where the volumetric moisture content was 

analyzed. The analysis revealed that the Granular A layer had a slightly higher average volumetric 

moisture content compared to Granular B, although the values were still quite similar. Specifically, 

Granular A recorded an average volumetric moisture content of 13.34%, while Granular B registered at 

10.91%. However, both layers exhibited lower average volumetric moisture contents than the subgrade, 

thereby aligning with the observed moisture trends as illustrated in the trend data presented in Figure 8.8. 

Additional patterns emerge when examining the seasonal impact of moisture over the several months. 

During the warm summer months, moisture levels remain consistently stable across all layers. This 

appears to be particularly important within the subgrade layer which seems to have the greatest variation 

amongst all of the granular layers. Aside from occasional spikes due to higher precipitation, the results 

remain relatively steady. However, come September, a noticeable shift occurs, especially in the subgrade, 

where the moisture content gradually drops from an average of 0.4 m3/m3 to around 0.3 m3/m3. Similar 

observations have been documented in another study which has also stated that during the warm summer 

months the moisture in the subgrade layer is very stable [86]. In addition, the paper demonstrates that 

during colder months, this stability will be lost as the moisture content begins to decline [86], which 

seems likely to occur in the case of the data collected around Kitchener as well. While this suggests a 

potential trend, it is essential to collect data throughout the winter months to confirm this pattern in the 

context of the data gathered in Kitchener.  

While moisture trends exhibit good consistency across layers, there are periodic dips in moisture levels 

within each layer over time. Analysis of DAC-produced data indicates that these sporadic moisture dips 

occur occasionally before resuming the upward trajectory of the moisture trend.  
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8.2 Traffic Load Data Analysis 

Traffic loads, such as pressure and strain, are important response factors in the understanding of pavement 

performance over time as these forces impact the pavement structure. Repeated traffic loads result in the 

development of pavement distresses over time which impacts the modulus of the asphalt and granular 

layers [90].   

When it comes to pavements, critical pavement responses are concentrated in three major areas, each 

playing a crucial role in understanding how loads impact the pavement structure. These include the top 

and bottom of the asphalt layer as well as the top of the subgrade layer. All of these areas are shown in 

Figure 8.9 [91].  

The first critical response is situated at the bottom of the asphalt layer. Here, the primary focus lies in 

identifying tensile stresses and strains. This occurs as a wheel approaches and traverses a specific point on 

the asphalt surface, such as a sensor embedded at the bottom of the asphalt layer, as implemented in this 

study. This phenomenon is akin to the behaviour of a beam, which exhibits tensile stresses at the bottom 

and compressive stresses at the top as it deforms under a point load. Asphalt pavements, functioning 

similarly to beams, undergo the same kind of deflection despite having support beneath the structure, 

defining them as “flexible pavements”. Figure 8.9 illustrates this, depicting compression ("C") on the 

surface directly under the tire and tension ("T") at the bottom of the asphalt layer. At the same time, on 

the sides of the tire (not directly under the tire’s point load), the asphalt pavement layer experiences 

tension and compression, but now with tension on the surface and compression at the bottom of the 

asphalt layer [91]. In this context, the critical parameter to assess is the maximum tensile strain at the 

bottom of the HMA layer, since, like many engineering materials, asphalt demonstrates weakness in 

tension. The point load induces maximum tensile strain at the bottom of the asphalt layer, leading to the 

initiation and propagation of cracks that eventually manifest as failure distresses on the surface—

examples of which include fatigue cracking [41].  

 

Figure 8.9 Critical pavement responses due to tire-pavement interaction [91]. 
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The second critical response is situated at the bottom of the subgrade layer. Here, the primary emphasis 

is on compressive strains and stresses, which have the potential to induce permanent deformation. This 

deformation can arise from excessive creep in the HMA layers or from deformations occurring in the 

granular layers. Consolidation in the soil and granular materials beneath the vehicle tires plays a 

substantial role. This consolidation process reduces the air void content, contributing to the formation of 

ruts—a manifestation of permanent deformation in the pavement structure [91] [92]. In Figure 8.9, the 

propagation of vertical compressive strains and stresses is illustrated by the red arrows pointing 

downward into the subgrade, which signify the forces that will instigate rutting [91]. These downward 

forces are instrumental in inducing the permanent deformation observed in the pavement structure. In this 

study, the compressive strains and stresses will be captured by the total earth pressure cells installed in the 

various layers of the pavement structure. 

The final critical response is the deflection that occurs on the pavement surface. Introducing a load, 

such as a wheel tire, onto the pavement surface results in the application of a force that induces deflection 

in the vertical direction. While the deflection is not specifically captured in this study, the impacts of 

deflection should be noted as the results are analyzed. 

As mentioned in Chapter 3, the asphalt strain gauges are primarily situated at the bottom of the asphalt 

surface layer, comprising horizontal (two longitudinal and two transverse) and two vertical strain gauges 

in each of the left and right sensor arrays. On the other hand, the total earth pressure cells are distributed 

across all granular layers, specifically at the top of the base, the top of the subbase, and the top of the 

subgrade. In each layer, a pair of total earth pressure cells is present—one in the right sensor array and the 

other in the left array. 

This section will describe both the layer pressure profiles as well as the layer strain profiles over short 

and long timeframes throughout both the various arrays and pavement layers.  

8.2.1 Pressure 

8.2.1.1 Layer Pressure Profile Over Time 

Figure 8.10 and Figure 8.11 display the pressure profiles over time for all pressure sensors, segmented 

across the base, subbase, and subgrade layers, as well as across the right and left sensor arrays. The data 

in both figures is aggregated at 15-minute intervals, and the absolute pressure is shown to compare the 

pressure magnitudes more easily. The key distinction between the two figures lies in the Y-axis scale.  

In Figure 8.10, instances of high pressure are observed, notably around July and August 2023 in the 

base right array. This surge is attributed mainly to sensor PC-BA-R-5, although this is reciprocated as 
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well by sensor PC-BA-R-1, albeit not to such a large degree. The likely explanation for the excessive 

pressure results is the fact that they coincide with increased construction activity during the second phase 

of the Courtland Avenue Road reconstruction, which includes the use of heavy trucks and machinery, 

leading to elevated pressure responses. Apart from the excessive peaks, most of the pressure data seems 

relatively stable compared to ambient temperature. This could imply that either ambient temperature has 

minimal influence on pressure or that the data is overshadowed by the extreme pressure responses. 

Filtering out these excessive peaks is essential for an accurate assessment of regular pressure trends, 

enabling a clearer visualization of average aggregated patterns over the months. 

The pressure trends in Figure 8.11 captures trends while filtering out extraneous values using a 50 kPa 

Y-axis threshold. The trends observed in this figure reveal several patterns. In the base layer, both the 

right and left sensor arrays generally show similar pressure magnitudes, ranging between 5 and 25 kPa. 

However, an exception is noted for PC-BA-R-5 in the right array, consistently recording higher average 

pressures between 25 to 30 kPa. This discrepancy can be attributed to its location in the right wheel path 

of passing vehicles, suggesting that this sensor is experiencing consistently heavier loads compared to 

others in the array. Another potential factor could be a higher baseline pressure and different calibration 

when compared to PC-BA-R-1. In any case, the pressure values recorded by this sensor are nearly three 

times larger than those from the other sensor in the right wheel path (PC-BA-R-1). The investigation into 

these disparities is essential to accurately interpret and reconcile the pressure data obtained from these 

sensors. In the left sensor array, base layer sensors show comparable pressure magnitudes over time, with 

PC-BA-L-2 slightly higher than PC-BA-L-6, possibly for reasons similar to those in the right array. 

Transitioning to the subbase layer, both the right and left arrays consistently generate pressures 

averaging around 15 to 35 kPa. This observation raises intrigue, particularly in the left array, which is not 

directly positioned in any vehicle wheel path. The similarity in magnitudes, and the slightly higher 

average pressures, suggests a notable impact of wander in this context. 

In contrast to the subbase trends, notable differences appear in the subgrade. The left sensor array 

shows a notably higher average pressure trend compared to the right sensor array. This difference could 

stem from varying sensor calibration, or the sensor being placed in a specific soil patch more prone to 

pressure response. 

In evaluating the results across the base, subbase, and subgrade layers, alongside the comparison 

between right and left sensor arrays, a notable observation emerges: ambient temperature exhibits no 

substantial impact on the pressure response. The pressure responses generally remain consistent from 

March to November. As temperatures rise, particularly from May 2023 onwards, a subtle increase in the 

frequency of pressure variations becomes apparent. This phenomenon is likely attributed to heightened 
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heavy vehicle activity during the spring and summer seasons but not the ambient temperature. This has 

also been shown in the finding of Oyeyi [18], who’s pavement sections also experienced minimal average 

trend pressure fluctuations over a period of several months. Likely, with lower temperatures, and lower 

moisture content in the pavement layers, the pressure trends will reduce [18] – but this will need to be 

assessed over a period of several years. 
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Figure 8.10 Pressure profile over time for the instrumented test section, divided into right and left sensor arrays 

within the base, subbase, and subgrade layers. 
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Figure 8.11 Time-pressure profiles including right and left sensor arrays in base, subbase, and subgrade layers. Y-

axis adjusted to highlight average trends, excluding major outliers. 
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8.2.1.2 High-Speed Pressure Trends 

Figure 8.11 provides a snapshot of high-speed pressure data captured from June 2nd, 2023, to June 3rd, 

2023, over a period of 24 hours. The data is selectively filtered to show positive pressure results, given 

the absence of physical significance in negative pressure outcomes [20]. In addition, only data within a 

24-hour period is selected, as the amount of data is very large.  

The continuous data stream of pressure results in the base layer, regardless of the sensor array, suggest 

that the sensors consistently capture pressure almost continuously over a 24-hour period, with periodic 

instances of higher-pressure data occurring once or twice every 6 hours. In contrast, the subbase and 

subgrade layers only exhibit these periodic positive pressure results and no continuous data streams, 

likely corresponding to instances of heightened pressure from passing vehicles systematically recorded by 

the sensors. This could be explained by the fact that during these periods of increased pressure, the force 

is able to be transferred to the lower layers, whereas low-pressure periods in the base layer do not register 

as positive pressure in the subbase and subgrade. 

The disparities in pressure magnitude across different pavement layers are significant. In the base layer, 

instances of high-pressure data ranging from 100 to 200 kPa are observed. Similarly, in the subbase layer, 

the right array records high-pressure impacts between 100 and 200 kPa. However, the left array in the 

subbase layer exhibits a lower pressure impact between 25 to 50 kPa, suggesting it may experience fewer 

vehicle loads, possibly due to its location outside of a direct vehicle wheel path and being less affected by 

vehicle tire wander. 

In the subgrade layer, pressure results are generally lower, also ranging between 25 to 100 kPa between 

both arrays. Both the right and left sensor arrays show similarity, although the left array produces slightly 

higher-pressure results. Notably, this pressure range aligns with findings in a previous study [18], where 

sensors in the subgrade layer recorded pressures within a similar range. This observation is crucial for 

comparing subgrade responses, particularly since this pressure correlates with the compressive stresses 

and strains that substantially influence the performance of the pavement structure [63]. 

The variations in pressure responses observed throughout the day over a 24-hour period are intriguing. 

High-pressure responses are more prevalent between 6:00 AM and 6:00 PM, coinciding with higher 

temperatures. In contrast, during the low-temperature period from midnight to 6:00 AM, the pressure 

response captured by the sensors is at its lowest. This correlation may be attributed to reduced vehicle 

activity during that time and/or the association of lower temperatures with lower pressure.  
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Figure 8.12 High-speed pressure profile over a 24-hour period. 
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8.2.2 Strain 

8.2.2.1 Layer Strain Profile Over Time 

Figure 8.13 illustrates the strain profile over time for all strain gauges in both the right and left sensor 

arrays, specifying their longitudinal and transverse orientation, and data aggregated to 1 point every 15 

minutes is plotted. According to the BDI asphalt strain gauge manuals and datasheets, positive strain 

indicates tension, while negative strain denotes compression within the layers. Unfortunately, it was 

determined very early in the sensor installation process that the vertical strain gauges were malfunctioning 

and we're producing incorrect results, therefore there are no results for the vertical strain gauges. The data 

reveals that in the cooler months, longitudinal strain results are positive, and as the ambient temperature 

increases, such as during the summer months, the strain results become more negative.  

The sensors in this study have been calibrated by the manufacturer to show that positive strain indicates 

tension, and a negative strain denotes compression. This is the opposite to the geomechanics/soil 

mechanics convention, where positive strain results indicate compression and negative strain results 

indicate tension. In the case of the study by [18], their strain gauges recorded positive strain as 

compression and negative strain as tension, as they were following geomechanics conventions. Therefore, 

when this is considered, the trend results obtained make sense and will simply be the opposite to the 

regular geomechanics convention. As stated at the beginning of this chapter, rising asphalt temperatures 

soften the asphalt material, causing increased horizontal strains at the bottom of the asphalt layer and 

promoting the propagation of fatigue cracks. In this case, the results show that in warmer summer months, 

the magnitude of the strain is larger, which follows this trend. In addition, when the soil is saturated 

during spring thaw in colder regions or in colder temperatures, the excessive moisture will reduce the 

resilient modulus of the unbound layers which will lead to an increase in the strain that the asphalt layer 

experiences, again in line with standard pavement strain conventions [63]. 

The variations in strain magnitudes over time seem to align closely with the findings in [18]. In the data 

from Figure 6.13, all sensors initially start around 1000 to 3000 με, followed by a dip below 0 με, 

reaching as low as -5000 με. This aligns with the strain profile observed by Oyeyi in their Notre Dame 

Drive study, where the strain typically ranged between 4000 and -4000 με, occasionally dipping as low as 

approximately -7000 με [18]. 

It is intriguing to observe that regardless of the sensor array, type or the orientation of sensors—be it 

longitudinal or transverse—a consistent downward trend emerges, albeit with slight variations in 

magnitudes. There was an expectation that sensors in the right arrays, especially in the longitudinal 

direction, would show higher strain magnitude trends than those in the left or transverse directions. 
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However, the agglomeration of data over time may mask individual sensor trends. A closer examination 

of each sensor type on a shorter time frame is necessary to determine if there are any trends related to 

longitudinal or transverse strains in either the right or left sensor arrays. 

 

Figure 8.13 Strain-time profile from March 3rd, 2023, to November 6th, 2023. Includes data in the left and right 

sensor arrays, and in both the longitudinal and transverse directions. 

8.2.2.2 High-Speed Strain Trends 

Figure 8.14 and Figure 8.15 provide insights into high-speed strain results observed over the same 24-

hour period depicted in the high-speed pressure results in Figure 8.13. Figure 8.14 displays the complete 

high-speed dataset without any filtering, whereas Figure 8.15 presents the data after filtering. 
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In the right sensor array, both in the longitudinal and transverse directions, the asphalt strain gauges 

consistently register strain within a narrow range. This is evident in Figure 6.14, where the data 

essentially forms a straight line. Conversely, within the left sensor array, particularly in sensor AS-LO-L-

8 and to a lesser extent in sensor AS-LO-L-2, there is a noticeable and regular decrease in strain in the 

longitudinal direction. In the transverse direction of the left array, there is not as much deviation. 

 

Upon thorough examination of various 24-hour periods, this consistent trend in the left, longitudinal 

sensors appear to persist continuously. Consequently, to accurately comprehend the trends in the right 

array and the transverse direction, it becomes imperative to filter out this outlier data. 

 

Figure 8.14 High-speed strain profile over a 24-hour period. 

By excluding outlier data, Figure 8.15 reveals clear trends in both the right and left arrays, both 

longitudinally and transversely. For example, in the longitudinal strain of the right sensor array, we see 
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strain values fluctuating between -3500 με and 1500 με, with periodic dips at regular intervals. The 

transverse strain in the right sensor array shows fluctuations between -4000 and -2000 με. Notably, there's 

a clear correlation between strain fluctuations and ambient temperature—lower temperatures coincide 

with increased strain values, and higher temperatures correspond to decreased strain values. This pattern 

aligns with trends observed in Figure 8.13 but on a shorter time frame.  

Shifting focus to the left sensor array, in the longitudinal direction, the data now only displays points 

where the right sensor array had dips. Despite the non-continuous data, the trend of higher strain values at 

lower temperatures remains visible. As for the left transverse strain data, the values range from -4000 to     

-1000 με, and once again, temperature changes induce fluctuations in strain values, similar to the right 

transverse strain data. 

 

Figure 8.15 Filtered high-speed strain profile over a 24-hour period. 
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Chapter 9 

Database Development 

This Chapter 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. 

9.1 Background 

Currently, there is not one nationwide database that describes the performance and conditions of the 

pavement network in Canada. From the literature, it appears that pavement management systems are 

developed on a regional basis and can vary from agency to agency [93]. In addition, research has shown 

that regional agencies tend to lack the required funds to have accurate and up-to-date pavement 

management systems [93]. Therefore, implementing a national pavement management system not only 

enables regional agencies to consolidate their funds and establish frameworks for provincial and regional 

entities but also establishes a standardized method for recording pavement performance data, facilitating 

easier comparisons between pavement sections on a national scale. 

One of the most popular databases that stores information on a variety of active and inactive pavement 

sections in the US and Canada is called the Long-Term Pavement Performance database, or LTPP 

database. It was established by the U.S. Department of Transportation's Federal Highway Administration, 

or FHWA, to provide information on all these sites [94]. The information is classified within 7 modules 

which include topics like maintenance, traffic, and monitoring of distresses [94].  

Figure 9.1 presents a screenshot of the LTPP InfoPave database, illustrating the diverse range of 

information that can be extracted for each pavement section [95]. This encompasses General Information, 

covering details such as age, construction year, monitoring status, treatment and preservation type, and 

location. The database also provides insights into structural aspects like surface type and base type. 

Climatic information, encompassing freezing index, precipitation, and temperature, is available for each 

section. Traffic-related details, including average annual daily traffic (AADT) and average annual daily 

truck traffic (AADTT), are also accessible. Additionally, performance information, detailing aspects like 

cracking and faulting, is provided for each study. 
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Figure 9.1 LTPP database and information types that can be selected for each section [95]. 

The components covered in the LTPP database align with the principles outlined in the literature 

regarding essential components of a pavement management system database and framework [93]. The 

database serves as a crucial repository for collecting data, which is subsequently utilized in performance 

prediction models. These models, discussed in earlier sections of this thesis, are designed to forecast the 

deterioration of pavement structures over time. Whether deterministic or probabilistic, these performance 

prediction models rely on the comprehensive data stored within these databases. 

AI algorithms play a critical role in managing extensive datasets like these, aiding in the streamlined 

refinement of results by automatically identifying and correcting inaccuracies. They can flag inputs that 

deviate from common value ranges, ensuring data quality. Moreover, AI algorithms enhance predictive 

capabilities, leveraging existing data to make more accurate projections. Over time, these algorithms can 

learn from new data additions, continuously improving their performance and adaptability within the 

database. 

9.2 Database Development 

9.2.1 Current Data Setup 

To establish a comprehensive database consolidating data from various similar nationwide projects in 

Canada, it is essential to understand the nature and origin of the collected data. The data acquired by the 

data acquisition system on-site is stored in TDMS (Technical Data Management Solution) files [96]. 

TDMS is a file format developed by National Instruments (NI) to accurately represent data collected by 

its equipment [96]. NI claims that their TDMS file type is easy to share and manipulate since it has a 
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small file size relative to other types of database files and is also exchangeable, searchable, and is capable 

of high-speed streaming, and is conducive to database creation [96].  

The file structure of a TDMS file can be expressed as in Figure 9.2. Each file typically includes a file 

description section providing details such as title and author. Then it will go into each of the channel 

groups, describing information such as the UUTs, procedure test fixtures, etc. Then there are the 

individual channels themselves. In the context of this project, channels correspond to each of the four 

channels on each of the nine STS-4 nodes within the data acquisition system (see Figure 3.6, part f). Each 

channel can accommodate one or two sensors, establishing the connection between the sensor and the 

computer while storing all relevant information [96]. 

 

Figure 9.2 The structure of a TDMS file as per National Instruments [96]. 

The data is then stored on the on-site computer, which collects data on an hourly basis, produces 

TDMS files, and then aggregates them on a per day and then per month basis in a file folder system. 

Figure 9.3 shows the remote desktop on site. The grey dialog box shows the connection to the testing 

capabilities of the system, whereby tests can be started and stopped and other information relating to the 

amount of data that's collected at a certain time can also be viewed. To access the TDMS files, one 

navigates to a designated data folder, arranged by month and date (see Figure 9.4), and can transfer these 

files to the desktop, or any other database system as needed. In this project, the research data was 

primarily collected and transferred directly to the researcher’s desktop using TeamViewer’s file transfer 

capabilities and then converted to Excel files for manipulation, graphing, and storage. 
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Figure 9.3 View of the remote desktop on-site. 

 

Figure 9.4 View of the way data within TDMS files is stored on the on-site desktop. 

In addition, a public database between researchers was used (called the “CPATT Server”) to store all 

the data for backup purposes and to not use all of the data storage capabilities of the on-site computer. 



 

226 

 

This is accessed through a Windows Remote Desktop platform and is easily accessible by the whole 

research team. The file transfer includes a file mirroring process, where the university's IT department set 

up a mirroring system to automatically synchronize on-site computer data with the CPATT Server every 

12 hours. This was performed with a free task scheduler called Task Till Dawn, developed by Oliver 

Matuschin [97], and visible in Figure 9.5.  

For example, in Figure 9.6, one can see that the data that has been stored to date is stored by month and 

year. Within each of these folders, the data is then stored by day for each month, as shown in Figure 9.7 . 

Then, in Figure 9.8, the data stored per day can be viewed as TDMS files, and this includes both the high 

speed and low speed load and environmental data. In this way the data is stored externally and can easily 

be viewed.  

 

Figure 9.5 File mirroring to transfer files to remote data storage, as seen from the on-site desktop. 
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Figure 9.6 Remote data storage, mirrored with the remote desktop on-site to collect data every 12 hours. 

 

Figure 9.7 Within each monthly folder, the data developed is split daily. 
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Figure 9.8 Within each daily folder, the high-speed strain/pressure and low-speed trend data is stored. 

Examining each of the TDMS data files provides insights into the contents depicted in Figure 9.9 to 

Figure 9.11. To facilitate the viewing of TDMS files, the researchers opted for a TDMS-to-Excel file 

converter developed by NI, enabling the automatic opening of all TDMS files in Excel for further data 

analysis. Figure 9.9 shows the first page of the Excel worksheet for each TDMS file produced. This 

worksheet is applicable for both low speed and high-speed data collection files for both the load and 

environmental data, respectively. On this page, information about all of the sensors for which the data is 

being collected is provided along with project, date, and start time details.  

The start time is particularly crucial as it is utilized to create a timestamp to indicate the time and date a 

row of data is produced, a feature not automatically included in the data files produced. The timestamp 

that was used comes from a column called TestStart_Time. To create the timestamp, an Excel VBA 

formula was created whereby the TestStart_Time was added to the “Time” in seconds columns on 

subsequent worksheets where the raw or trend data is stored. The TestStart_Time signifies the time of file 

creation, and each instance of manually initiating a new file (by starting or stopping the DAC) generates a 

fresh TestStart_Time. The same TestStart_Time is replicated in new files if the DAC test remains 

unchanged. 

Next, each data file contains either a trend data or a high-speed data worksheet as its subsequent sheet. 

Within the trend data tab, as shown in Figure 9.10, the data of the sensors is typically aggregated to 15 

minutes, although earlier files do have smaller aggregation times due to decisions made to increase 
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intervals as data collection progressed. Within each trend file, the data for each sensor is presented as an 

average, maximum value, and minimum value, each in its respective column. This format is valuable for 

assessing the average, maximum, and minimum response that a sensor produces within a specific 

timeframe without needing the high-speed information. Furthermore, these trend data files encompass 

environmental sensors such as moisture and temperature sensors since these metrics change at a slower 

pace and don't need to be captured at such high speeds as load data. Pressure and strain trend data is also 

captured for reference purposes. 

 

Figure 9.9 Low-speed, trend data files, general information page. 

 

 

Figure 9.10 Low-speed, trend data files, data collected per sensor. 
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The second type is the high-speed data, of which an example is shown in Figure 9.11. It provides 

information on select sensors, mainly those that require high-speed data collection, such as strain and 

pressure. They do not capture environmental data. These high-speed files tend to be much larger in size 

than trend data files and require greater manipulation.  

Regardless of the data collection speed type, the data required cleaning to ensure its utility for subsequent 

analysis. This step is crucial, especially when preparing data for a national database, as it needs to be 

accurately organized, collected, and cleaned to support meaningful data analysis and avoid any 

inaccuracies or misleading information. 

A variety of tools were used for this purpose, such as Excel Visual Basic, Python, and R in order to 

develop scripts that will take this data, convert headers and clean unnecessary columns that are not 

collecting data, flag up inconsistencies, etc. All the major scripts that were used in the data cleaning 

process can be found in Appendix C. 

 

Figure 9.11 High speed data files, data collected per sensor. 

9.2.2 Proposed Database Concept for Smart Pavement Project 

With this amount of data that's produced, a database would be an excellent way in to store and share this 

data not only for this project but for all similar projects. This will then contribute towards the 

implementation and set up of a national database whereby similar pavement sections such as these 

collecting similar information can be consolidated for use and analysis by Canadian scientists and 

engineers. Essentially, the logic that it will be proposed for this database follows the LTPP structure in a 
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similar manner, as much of the linkage and setup of the database is inspired by the LTPP database. This is 

because the LTPP database has key factors that are critical for database success.  

The proposed database concept is displayed in Figure 9.12.  

 

Figure 9.12 General logic for database development for this project and how it connects to the national database. 
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9.2.2.1 Project Information within the National Database 

Observing Figure 9.12, the overarching idea revolves around the establishment of a national database. 

This database is designed to aggregate data from a diverse range of projects originating from different 

pavement sections across Canada. The primary objective is to create a comprehensive repository, 

consolidating data from various projects into a single, centralized database. This overarching concept 

serves as the guiding principle for the intended direction of the research.  

Within the national database, each project will be equipped with its own set of project information, 

systematically organized into project information tables. These tables will feature various project 

descriptors, offering insights into specific aspects such as the pavement age at the time of construction, 

lab and field test results, project location, sensor calibration factor information, project soil properties, 

climate regions, and details on freezing, precipitation, and temperature will be encapsulated within these 

project information tables. This categorization approach allows projects to be systematically grouped 

based on their unique characteristics, which could permit for easy filtering of project information by 

users. The LTPP database provides similar information which can be used as a reference, which is 

expressed in Figure 9.13.  

 

Figure 9.13 Similar project information from LTPP InfoPave [95]. 
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9.2.2.2 General Sensor Information Table 

Within each project, users should be able to extract various sensor details through the associated “General 

Sensor Information Table”. The sensor table’s role should be to outline information on all sensors utilized 

in a specific project, assigning each a unique sensor ID.  

For this project, the sensor ID system should be designed to clearly represent each individual sensor 

through distinct and easily distinguishable names. These names should convey specific information, such 

as the type of sensor, the layer or depth it is situated in if applicable, its longitudinal or transverse 

positioning if relevant, and whether it is installed to the right or left sensor array. For other projects, other 

naming conventions should be used that reflect the specific conditions of that project (while also 

providing some unifying labels throughout the projects). The current naming system for this project 

incorporates these features. For instance, an asphalt strain gauge is identified by the letters “AS”, while 

the directional orientation is denoted by “LO” for longitudinal and “TR” for transverse positioning. 

Additionally, the letters R and L indicate whether the sensor is in the right or left array, respectively. 

Lastly, a numerical value is assigned to indicate the sensor's position when viewed in the direction of 

traffic or in terms of depth within the pavement structure. A legend that explains the various meanings of 

the current labelling system is expressed in Table 9.1. 

Table 9.1 Legend for Current Naming Convention 

Abbreviation Meaning 

R right sensor array 

L left sensor array 

BA base 

SB subbase 

SG subgrade 

TR transverse 

LO longitudinal 

AS asphalt strain gauge 

VAS vertical asphalt strain gauge 

MOI moisture sensor 

PC pressure cell 

TEMP thermistor  

TM temperature probe 

A revision in the current naming convention may need to occur to reflect a more precise way of labeling 

each individual sensor that has been used. For instance, it may be challenging to accurately determine the 

exact depth measurement of each sensor solely from its name. To address this, a potential improvement 

could involve incorporating depth information directly into the naming convention. Alternatively, 

creating a dedicated column in the sensor information tables to explicitly describe the depth of each 
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sensor would offer a more organized and accessible way for users to retrieve this information from the 

database. This adjustment would streamline the naming convention, making it more informative and user-

friendly. 

In addition to the sensor ID, the general sensor information table should encompass crucial details, 

including the units generated by each sensor during data collection, the type of data gathered (e.g., strain, 

moisture content, pressure, temperature), and the calibration factors specific to each sensor. This 

information serves as a valuable resource for users, aiding in the interpretation of raw and trend data. In 

the event of any data discrepancies, users can utilize this information, particularly the calibration factors, 

to verify and make necessary adjustments. 

For example, Table 9.2 presents several of these pertinent details for this project. The first column 

features the manufacturer names of the sensors received by the research team upon acquisition. The 

second column provides the sensor ID, employing the unique names established earlier. The third column 

outlines the types of data collected, such as longitudinal or transverse strain for asphalt strain gauges and 

volumetric water content (VWC) for moisture sensors. The last column specifies the output units 

produced when data is collected, aiding users in accurately interpreting the stored database information. 

Moving on to Table 9.3, this table highlights essential calibration factors corresponding to each sensor. 

The first column expresses the sensor ID, while the second column shows the relevant calibration factors. 

For asphalt strain gauges, calibration was generally conducted by the manufacturer, BDI, with specific 

calibration factor values not explicitly determined. However, for other sensors like moisture sensors and 

pressure cells, the relevant calibration factor equations are presented in the table. This detailed calibration 

information enhances the database's utility for users seeking precise and reliable data interpretation. 

After inputting all the relevant information into the general sensor information table, it will resemble the 

format shown in both Table 9.4 and  

Table 9.5. These tables provide a preliminary structure for the expression of the general sensor 

information. While Table 9.4 and  

Table 9.5 are conceptually one table, they are presented across two tables for ease of reference and 

readability in this report. 

For instance, in these tables, the sensor types are organized by sensor ID. Additionally, information such 

as sensor orientation within the sensor array, along with pertinent details like position coordinates and the 

potential range of collected data, should be incorporated into this comprehensive table. 
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Table 9.2 Naming Convention, Data Collected and Output Units Produced for each sensor 

Manufacturer Name Sensor ID  Data Collected Output Produced Units 

ASTa1257 AS-LO-R-1 longitudinal strain με 

ASTa1243 AS-LO-L-2 longitudinal strain με 

ASTa1239 AS-TR-R-3 transverse strain με 

ASTa1249 AS-TR-L-4 transverse strain με 

ASTa1250 AS-TR-R-5 transverse strain με 

ASTa1252 AS-TR-L-6 transverse strain με 

ASTa1241 AS-LO-R-7 longitudinal strain με 

ASTa1254 AS-LO-L-8 longitudinal strain με 

VAS1002 VAS-R-1 vertical strain με 

VAS1001 VAS-L-2 vertical strain με 

VAS1000 VAS-R-3 vertical strain με 

VAST1239 VAS-L-4 vertical strain με 

TEROS10_1 MOI-BA-1 VWC (m3/m3) mV 

TEROS10_2 MOI-SB-2 VWC (m3/m3) mV 

TEROS10_3 MOI-SB-3 VWC (m3/m3) mV 

TEROS10_4 MOI-SB-4 VWC (m3/m3) mV 

TEROS10_5 MOI-SG-5 VWC (m3/m3) mV 

TP1152500 PC-BA-R-1 Pressure MPa 

TP1151769 PC-BA-L-2 Pressure MPa 

TP1153165 PC-SB-R-3 Pressure MPa 

TP1152501 PC-SB-L-4 Pressure MPa 

TP1152499 PC-BA-R-5 Pressure MPa 

TP1153137 PC-BA-L-6 Pressure MPa 

TP1317164 PC-SG-R-7 Pressure MPa 

TP1317162 PC-SG-L-8 Pressure MPa 

ASTa1249_Temperature TEMPS-02-1 Temperature °C 

ASTa1257_Temperature TEMPS-01-1 Temperature °C 

ASTa1241_Temperature TEMPS-02-2 Temperature °C 

ASTa1252_Temperature TEMPS-01-2 Temperature °C 

ASTa1239_Temperature TEMPS-02-3 Temperature °C 

ASTa1250_Temperature TEMPS-01-3 Temperature °C 

TEROS10_4_Temperature TM-BA-01 Temperature °C 

TEROS10_1_Temperature TM-BA-02 Temperature °C 

TEROS10_5_Temperature TM-SB-03 Temperature °C 

TEROS10_2_Temperature TM-SB-04 Temperature °C 

VAS1001_Temperature TM-SB-05 Temperature °C 

VAST1239_Temperature TM-SG-06 Temperature °C 

TEROS10_3_Temperature TM-SG-07 Temperature °C 
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Table 9.3 Calibration Factors related to each Sensor 

Sensor ID  Calibration Factors 

AS-LO-R-1 Used calibration from BDI 

AS-LO-L-2 Used calibration from BDI 

AS-TR-R-3 Used calibration from BDI 

AS-TR-L-4 Used calibration from BDI 

AS-TR-R-5 Used calibration from BDI 

AS-TR-L-6 Used calibration from BDI 

AS-LO-R-7 Used calibration from BDI 

AS-LO-L-8 Used calibration from BDI 

VAS-R-1 Used calibration from BDI 

VAS-L-2 Used calibration from BDI 

VAS-R-3 Used calibration from BDI 

VAS-L-4 Used calibration from BDI 

MOI-BA-1 Θ = 4.824×10−10×mV 3−2.278×10−6×mV 2 +3.898×10−3×mV −2.154 

MOI-SB-2 Θ = 4.824×10−10×mV 3−2.278×10−6×mV 2 +3.898×10−3×mV −2.155 

MOI-SB-3 Θ = 4.824×10−10×mV 3−2.278×10−6×mV 2 +3.898×10−3×mV −2.156 

MOI-SB-4 Θ = 4.824×10−10×mV 3−2.278×10−6×mV 2 +3.898×10−3×mV −2.157 

MOI-SG-5 Θ = 4.824×10−10×mV 3−2.278×10−6×mV 2 +3.898×10−3×mV −2.158 

PC-BA-R-1 y=0.7484x-0.7417 

PC-BA-L-2 y=0.7563x+0.7594 

PC-SB-R-3 y=0.5024x+0.5056 

PC-SB-L-4 y=0.4967x-0.4995 

PC-BA-R-5 y=0.7522x-0.731 

PC-BA-L-6 y=0.7679x-0.7715 

PC-SG-R-7 y=1818x-0.18820 

PC-SG-L-8 y=0.1767x-0.1818 

TEMPS-02-1 No calibration factor 

TEMPS-01-1 No calibration factor 

TEMPS-02-2 No calibration factor 

TEMPS-01-2 No calibration factor 

TEMPS-02-3 No calibration factor 

TEMPS-01-3 No calibration factor 

TM-BA-01 No calibration factor 

TM-BA-02 No calibration factor 

TM-SB-03 No calibration factor 

TM-SB-04 No calibration factor 

TM-SB-05 No calibration factor 

TM-SG-06 No calibration factor 

TM-SG-07 No calibration factor 
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Table 9.4 Examples of Information Included in the General Sensor Information Table, Part 1 

Sensor Type Sensor Orientation Wheel Path Position Sensor Orientation 

Sensor Plane 

Position 

Coordinates 

Asphalt Strain 

Gauge 

Longitudinal 
Right 

x y N/A 

Should be 

collected with 

GPS to produce 

GPS coordinates. 

Left 

Transverse 
Right 

x y N/A 
Left 

Vertical  
Right 

N/A N/A z 
Left 

Pressure Cell N/A 
Right 

N/A N/A z 
Left 

Moisture Sensor N/A N/A N/A N/A z 

Temperature 

Sensor 
N/A N/A N/A N/A z 

Temperature 

Tree 
N/A N/A N/A N/A z 

 

Table 9.5 Examples of Information Included in the General Sensor Information Table, Part 2 

Sensor 

Type 

  

Sensor Depth 

from Asphalt 

Surface 

(Range) 

Physical Quantity Measured 

  

Output 

Units 

  

Range of Data 

Collected by 

Sensor 

Data 

Type 

  

Data Collection Rate  

Min 

(mm) 

Max 

(mm) 
Min Max 

LIVE 

MODE 

TREND 

MODE 

Asphalt 

Strain 

Gauge 

0 195 
Longitudinal/transverse/vertical 

strain 
με -5000 5000 real 

1000 s/s 

Aggregated 1 

data point 

every 15 

minutes 

 

 

 

 

Pressure 

Cell 
195 745 Pressure MPa 

(-) 0.7 

MPa, 

2.0MPa, 

3.0MPa 

0.7 

MPa, 

2.0MPa, 

3.0MPa 

real 

 

 

Moisture 

Sensor 
195 745 

Volumetric Water Content 

(m3/m3) 
mV 0 

0.64 

m3/m3 
real 

N/A 

 

Temp 

Sensor 
195 745 Temperature °C -40 100 real  

Temp 

Tree 
72.7 245 Temperature °C -40 100 real  
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9.2.2.3 Individual Sensor Data Table 

A sensor table should then serve as a gateway for users to access additional or specific information about 

a sensor. An example includes sorting all raw or trend data collected by the data acquisition system based 

on sensor type, in a type of “Individual Sensor Data Table”. To do this, users can click on each of the 

individual sensors for more details, since these sensors will be linked to the low-speed and high-speed 

data gathered on them.  For instance, if a user wants to view information from one or more environmental 

data sensors, like a moisture sensor, they can do so through the individual sensor data table. 

Within this individual sensor data table, various parameters for each specific sensor type can be extracted 

and compared. This includes average values, maximum and minimum values, detection of extremes or 

anomalies within the specified timestamp range for both low-speed trend and high-speed raw data 

collection. Notably, the individual sensor data table accommodates both raw and trend data. 

9.2.2.4 All Sensor Data Table 

Furthermore, the sensor table should guide users to an all-sensor data table, mirroring the current 

presentation of data already present in TDMS files, and visible when data is converted from a TDMS file 

to an Excel spreadsheet. This table, based on the selected date-time stamp range, displays sensor data for 

all sensors within that specific timeframe. It offers the flexibility to present data in low speed or high 

speed, environmental or load data, facilitating additional avenues for comparison. This is where the 

TDMS files collected daily could be uploaded and managed within the database system. 

For example, Figure 9.14 and Figure 9.15 show the data-cleaned versions of both the low-speed trend and 

high-speed raw data collected from the TDMS files. In each case, the timestamp has been added and each 

column presents data from each sensor. 

 

Figure 9.14 Example of low-speed trend data collected from the TDMS data system. 
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Figure 9.15 Example of high-speed trend data collected from the TDMS data system. 

In essence, this multi-layered approach ensures that data is presented to users in various accessible 

formats, making it easy to view, download, and analyze for specific needs. 

9.2.2.5 Pavement Performance Prediction and Quick Analyses Features 

In addition to the structured presentation of data, a crucial aspect of this database is the incorporation of 

advanced analysis features and pavement performance prediction capabilities. The implementation of AI 

algorithms within the database can provide automated data analysis, offering an additional benefit to 

users.   

A good example of this approach is within the current LTPP database which provides accessible high-

level analyses in the form of trends analyses and comparisons, facilitating easy assessments between 

various pavement sections or within specific sections. For the Canadian National database being proposed 

in this chapter, a similar feature set should be implemented using AI and pavement performance 

prediction models. These advanced analytical tools can offer quick insights and comparisons, enhancing 

the database's utility for agencies and stakeholders. This would involve employing templates that allow 

agencies to upload their data or use the data in the database, which can then be monitored and filtered 

through the implemented algorithms and by third-party stakeholders. 

The LTPP database currently has analyses already incorporated within their system that uses the 

information uploaded to the database. The first type is a trend analyses system (Figure 9.16) that will plot 

various physical parameters of selected pavement sections together overtime. The second type is a 
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comparisons analysis (Figure 9.17) that will display the correlation between selected parameters for 

selected pavement sections.  

 

Figure 9.16 Trends analyses features within the LTPP database. 

 

Figure 9.17 Comparisons analyses within the LTPP database. 
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On a national level, the database would house similar comprehensive information for a diverse array of 

projects. Agencies can adopt standardized templates for data upload, ensuring consistency across the 

national database. The application of AI algorithms not only streamlines data analysis but also enhances 

the ability to predict pavement performance trends. 

9.2.2.6 Database Key Features 

In order to ensure that the national database is successful, it should be efficient, easily searchable and 

should allow users to quickly find the data that they need. The setup should be that the database is not too 

simple nor too complex.  

Central to this efficiency is the establishment of robust connections between different sets of data. In 

both the LTPP database and the proposed database, the integration of a systematic identification method 

for sensors is crucial. This method serves to describe and link various tables of sensor information, 

facilitating seamless access and retrieval for users. 

The need for such identification becomes apparent at different levels, be it at a project level (for linking 

sensor information within a specific project) or, in the broader context of a national database, where 

distinct identification for each pavement section is imperative. Drawing inspiration from the LTPP 

database, which employs unique identifiers for States and sections of pavement on the same roadway 

[95], the proposed database for this project focuses on developing a strategy to link sensors and sensor 

information efficiently. The goal is to contribute to a broader national system that interconnects sensors 

from diverse projects. 

To achieve this seamless linking of sensor information, the database should utilize a database-focused 

program, such as SQL. SQL, or Structured Query Language, designed specifically for database 

development and sharing, proves to be an ideal tool for this purpose. Its capabilities include creating and 

maintaining databases, data entry and modification, and extraction of large datasets [98]. The program's 

functionalities extend to providing clear identifications and facilitating the combination of data, making it 

a powerful and versatile tool for the successful implementation of the proposed database project. [98] 

Another key feature of this database will be the ability to ensure clear data that is not redundant or 

duplicated. Of course, when it comes to linking data together in different tables, such as between the 

General Information table and an individual sensor table, there will be a bridge, such as the Sensor ID. 

However, minimizing redundant information, such as describing calibration factors in every table instead 

of just one, will be crucial to minimize the already large amount of input data that will be included in the 

database. It would be beneficial to explore the use of AI for this purpose.  
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Finally, the database should be easy to maintain, be secure from outside interference and have multiple 

backups. These will ensure that the data is not lost or tampered with, which will ensure accuracy for users 

and agencies.  
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Chapter 10 

Conclusions and Recommendations 

10.1 Summary of Work Performed  

The primary goal of this thesis was to further the knowledge and understanding of incorporating 

advanced monitoring and predictive technologies, or embedded sensors, within an instrumented test 

section. In this regard, the research has succeeded in producing favorable results.  

In Chapter 2, a synthesis of 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 was presented. Research 

gaps identified include: 

1. Lack of consideration for sensor effects during construction phase and installation. 

2. Limited data collection periods for sensor response analysis. 

3. Insufficient exploration of long-term trends and load/environmental data assessment. 

4. Inadequate understanding of the impact of vehicle wander on pavement sensor responses. 

5. Scarcity of comparative studies between static and dynamic pavement response simulation 

methods. 

6. Lack of studies on the scalability and cost-benefit analysis of implementing pavement sensor 

technologies on a wider scale over decades. 

Research gaps 1 – 5 have been addressed in this thesis, while the 6th gap is a topic for future research.  

Chapter 3 provided practical documentation of the instrumentation as well as the field and laboratory 

testing processes for the pavement section, covering design, sensor types, construction processes, hydro 

connection, and material sampling. Despite successful installation and data acquisition, challenges arose, 

notably weather-related delays. Recommendations include scheduling installations during favorable 

weather and allowing ample time for sensor calibration in the lab to address unexpected issues like sensor 

discrepancies observed in the field. Other issues such as installation planning, sensor placement accuracy, 

vibration impact, and data security were also noted. 

Chapter 4 detailed material testing procedures conducted during the construction phase, encompassing 

field tests like truck and LWD testing, and lab tests evaluating layer properties following relevant 

standards. Tests such as dynamic modulus and Proctor tests were employed on the HMA and granular 

layers, respectively. Recommendations for future studies include implementing regular or scheduled 
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testing, expanding tests to characterize different pavement layers (e.g., FWD testing), and adopting a 

structured testing approach to enhance insights into material properties and trend assessments. 

Chapter 5 marked the commencement of major assessment phase of the research for the instrumented 

test section, with the truck test being the primary focus. This test, detailed in the chapter, involved a 

standard 14-wheeler truck traversing the instrumented test section at varying speeds and, in some 

instances, temperatures. The analysis primarily centered around exploring the impact of speed, 

temperature, moisture, axle load, and traffic on layer strain and pressure. Conducted five times across 

different seasons, the truck tests aimed to capture a broad spectrum of data, providing insights into sensor 

functionality and performance nuances under diverse conditions. The results, depicted graphically for 

clarity and comparison, revealed intriguing variations across speeds and within different sensor arrays, 

shedding light on the dynamic responses of strain and pressure sensors. Key findings from this chapter 

include observations such as longitudinally higher strain responses compared to transverse directions, 

with slower speeds yielding greater magnitudes and clearer sensor signals. Seasonal variations were also 

noted, highlighting differences in sensor responsiveness and performance under construction conditions 

versus when the pavement cooled down. These insights underscored the importance of considering 

environmental factors and traffic conditions when interpreting sensor data. 

Chapter 6 centered on assessing the impact of vehicle wander on pavement behavior by correlating tire 

position with pavement response. Wander tests involved the truck traversing different trajectories at 10 

kilometers per hour, with sensor data collected for each case. Polynomial expressions were developed to 

quantify the relationship between strain or pressure responses and lateral deviations. The expressions 

accurately represented strain responses but showed some skewness for pressure responses. Future studies 

should conduct more wander tests to refine baseline responses crucial for validating truck test outcomes 

and identifying outliers. This validation process is integral to constructing a national database, as outlined 

in Chapter 9. By integrating similar relationships into data filtering algorithms, the accuracy of truck test 

results can be assessed, indicating the need for retesting if necessary. 

Chapter 7 focused on modeling results from truck tests conducted across seasons using KENPAVE and 

3D-Move software. The goal was to validate software-generated results against field measurements, 

assessing their accuracy in modeling pavement damage. Initial tests (TT#1) showed disparities between 

software and field data, but both tools improved in subsequent experiments (TT#2), likely due to 

stabilized properties and tire-pavement interactions. 3D-Move demonstrated superior precision in 

estimating pavement stress, especially in in-service scenarios, and facilitated dynamic response curve 

generation. Challenges with 3D-Move arose before testing summer conditions in TT#3, suggesting the 

need for ongoing research and validation to enhance predictive capabilities for pavement engineering 
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during construction. Future assessments should expand on this, comparing results across temperatures and 

speeds, while exploring alternative software options for improved ease of use. 

Chapter 8 delved into detailed strain, pressure, and moisture trend results spanning approximately nine 

months across various seasons, aimed at evaluating sensor functionality. The trend analysis unveiled 

fluctuations in temperature, moisture, pressure, and strain, highlighting the correlation between seasonal 

variations and sensor responses. While the trend data provided clear and consistent results, the analysis of 

high-speed data yielded intriguing yet ambiguous outcomes in certain cases. Furthermore, the sheer 

volume of data made it challenging to effectively visualize in a single chart. Hence, it is recommended 

that future studies explore methods to integrate live and high-speed data to capture subtle changes in 

pressure and strain responses, thereby enhancing the sensitivity of trend assessments. Additionally, 

extending the duration of trend assessment beyond the nine-month period covered in this thesis project is 

advised. This would offer a yearly perspective on trend data, particularly during winter months, which 

may not have been entirely captured in the initial assessment. Acquiring data over one or multiple years 

would enable more accurate and comprehensive trend assessments, providing valuable insights for 

pavement engineering applications. 

Finally, Chapter 9 introduced a basic database concept for organizing and sharing data from the 

instrumented test section. It proposed preliminary charts and data collection methods adaptable to 

databases using tools like SQL. These databases would efficiently capture, store, and filter project data 

and potentially data from similar projects. Continued development of this concept is recommended, 

expanding to include preliminary tests and establishing a basic database state. This iterative approach 

allows for assessing functionality and identifying areas for improvement before extending to other similar 

projects. By gradually refining and expanding, the database can become a robust tool for managing and 

analyzing instrumented test section data, aiding decision-making in pavement engineering. 

10.2 Contributions of the Research  

Chapter 1 outlined several research gaps in the literature with regards to pavement instrumentation. This 

thesis has been able to address all of these gaps to a certain extent.  

This study successfully filled the void in understanding the responses of pavement structures during the 

critical construction phase, particularly regarding the impact of heavy vehicles on freshly laid asphalt. By 

conducting controlled truck tests immediately after the placement of Hot Mix Asphalt (HMA) layers, 

comprehensive data on pavement structural responses were meticulously collected and analyzed. This 

initiative provided invaluable insights into the behavior of pavement under real-world construction 
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conditions, thereby enhancing our understanding of how heavy vehicle loads influenced strain and 

pressure responses in freshly placed asphalt. 

This study advanced the understanding of the relationships between pavement structural responses, 

HMA temperatures, and ambient conditions through in-depth heavy vehicle (truck) testing conducted 

across various seasons. Unlike existing literature, which often confined assessments to single tests per day 

or season, the research embraced a more exhaustive approach. By subjecting an instrumented test section 

to rigorous testing across different seasons, it provided a more nuanced understanding of pavement 

responses to heavy vehicle loads under varying environmental conditions, filling a critical gap in current 

knowledge. 

Utilizing real-time data collected over multiple months and seasons from an instrumented test section 

on a bustling arterial roadway, the study delved into long-term trends and assessments of load and 

environmental factors. Through meticulous analysis of these trends, it gleaned insights into sensor 

functionality and performance, providing a comprehensive view of how pavement structures responded to 

prolonged exposure to heavy traffic and varying weather conditions. This holistic approach substantially 

contributed to addressing the existing gap in understanding long-term pavement behavior. 

The study addressed the gap in understanding the impact of vehicle wander on pavement sensor 

responses through deliberate tests at various lateral deviations from embedded sensor arrays. By 

comparing the response magnitude and shape of embedded sensors with the extent of vehicle tire 

deviation, crucial correlations were established. These correlations shed light on the relationship between 

vehicle wander and pavement sensor responses, providing valuable insights into factors influencing 

sensor accuracy and reliability under real-world traffic conditions. 

Through rigorous modeling and analysis, the study addressed the gap in understanding the comparative 

efficacy of static and dynamic pavement response simulation methods across different seasons and 

speeds. By modeling truck testing performed over several seasons using two common static and dynamic 

pavement software, the study meticulously compared the results with field data. This comprehensive 

approach facilitated a deeper understanding of the strengths and limitations of simulation methods, 

thereby enhancing their utility in predicting real-world pavement behavior across diverse conditions. 

10.3 Recommendations for Future Work 

Based on the research conducted in this thesis, several recommendations for future work emerge, aimed 

at advancing the understanding of instrumented pavement sections from a pavement management 

perspective.  
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As outlined in Chapter 1, a key objective of such research in the future is the integration of artificial 

intelligence (AI) and machine learning (ML) algorithms. These algorithms can leverage the extensive data 

generated by instrumented test pavement sections to enhance prediction models for pavement 

performance over time. These models hold potential utility across various domains including government 

agencies, academic research, and practical applications. The work presented in this thesis represents an 

initial step towards this objective. It involved the implementation of instrumented test sections, 

optimization of data generation and interpretation, and identification of trends crucial for discerning 

meaningful data responses. By establishing criteria for distinguishing between relevant and irrelevant 

data, this groundwork sets the stage for the automatic filtering and exclusion of unnecessary data within a 

national database framework. Such processes are integral for the effective utilization of AI and ML 

algorithms in pavement management. 

Furthermore, future endeavors should prioritize the long-term collection of data spanning several years 

or more. This extended duration is essential for evaluating the impacts of climate change by consistently 

monitoring trends. For instance, assessments of freeze-thaw cycles, temperature fluctuations, and other 

relevant factors can be conducted and correlated with ongoing climate change patterns or established 

temperature norms. This approach allows for a deeper understanding of how climate change influences 

pavement sections, particularly in the context of southeastern Ontario. 

Moreover, future endeavors should explore the possibility of replicating similar test sections on other 

arterial roads or highly trafficked road sections in Kitchener and neighboring municipalities. This 

expansion would enable the continuous enrichment of the national database, offering agencies a diverse 

range of data from various locations with similar conditions. This broader dataset is crucial for enhancing 

the effectiveness of artificial intelligence models and their applicability in pavement management. 

Another recommendation for future work involves the completion and implementation of the national 

database. This database would serve as a repository for the data currently being generated, employing 

algorithms to filter and organize it effectively. Once established, this database could facilitate the sharing 

of information on a national and international scale, fostering collaboration and enhancing the 

accessibility of valuable pavement management data. 

Future work should also focus on the development of standardized guidelines for the implementation 

and testing of sensors within pavement structures, considering various conditions such as during 

construction, non-construction periods, and different seasons. As highlighted in the thesis, each of these 

time periods entails distinct requirements and timelines. If the insights and methodologies derived from 

this thesis can contribute to the formulation of such guidelines, it would provide substantial value. By 

establishing standardized protocols, future researchers can learn from past experiences and ensure the 
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accurate testing, monitoring, and installation of sensors in pavement structures. This approach will foster 

consistency and reliability in data collection and analysis across different research endeavors. 

Lastly, addressing the research gaps highlighted in the study, it is imperative to assess the scalability 

and feasibility of this technology from both a lifecycle and economic standpoint. Implementing and 

maintaining such sensory systems can be prohibitively expensive, necessitating either more time or the 

development of cost-effective alternatives and sensors to capture comparable data. Evaluating the 

feasibility of such projects on a larger scale will determine whether this technology is viable for 

widespread implementation, as envisioned for pavement performance assessment and modeling, or if 

alternative approaches need to be explored. This assessment will be crucial in determining the practicality 

and sustainability of adopting this technology on a broader scale.
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Vibrating Wire Total Earth Pressure Cell

Customer: University of Waterloo

Model: LPTPC09-S-Q

Serial Number: TP11563165

Mfg Number: 11563165

Range: 2.00 MPa
Date of Calibration: 06-Sep-22

Temperature: 24.6 oC

Sales Order Number: 232556

Cable Length: 20 meters

Cable Colour Code: Red / Black (Coil) Green / White (Thermistor)

Cable Type: EL380004

Thermistor Type: 3 k Ω

Applied First Applied Second Average Average Calculated Linearity Polynomial

Pressure Reading Pressure Reading Pressure Readings Linear F.S. Error Fit
(MPa) mA (MPa) mA (MPa) mA (MPa) ( % ) ( % FS )

0.000 4.06 0.000 4.06 0.000 4.06 0.000 0.02 0.06

0.400 7.21 0.400 7.21 0.400 7.21 0.399 -0.07 -0.07

0.800 10.38 0.800 10.38 0.800 10.38 0.799 -0.03 -0.06

1.200 13.56 1.200 13.55 1.200 13.55 1.201 0.06 0.03

1.600 16.73 1.600 16.73 1.600 16.73 1.603 0.13 0.13

2.000 19.85 2.000 19.85 2.000 19.85 1.998 -0.12 -0.08

Max Error (%): 0.13 0.13

Linear Calibration Factor: C.F.= -0.12651290 MPa/mA

Regression Zero: At Calibration = 4.1 mA

Polynomial Gage Factors A: 2.2828E-05 B: 0.12596692 C: -0.5110

Pressure is calculated with the following equations:

Linear P(MPa) = C.F. x (Li - Lc) + [0.0001 (Bi - Bc)]

Polynomial P(MPa) = A(Lc)2+BLc+C-[0.0001(Bc-Bi)]

Date Scope Readout Temp

(dd/mm/yy) Pos. B (Li) ( oC)

Shipped Zero Readings: 06-Sep-22 4 24.6

Calibrated using VW2106 readout, S/N: VR0387

Li, Lc = initial (at installation) and current readings

Bi, Bc = initial (at installation) and current barometric pressure, in millibars

0.0001 = constant for MPa / millibar

B units = B scale output of VW 2102, VW 2104, VW 2106 and DT 2011 readouts

B units = Hz2 / 1000          ie: 1700Hz = 2890 B units

Technician: Date: 06-Sep-22

This instrument has been calibrated using standards traceable to the NIST in compliance with ANSI Z540-1
Calibrated using VW2106 readout, S/N: VR0387

Document Number.:  LPL0030H
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Schematics of DAC Setup 
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Appendix C 

Data Cleaning Scripts 
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Excel VBA Scripts for Data Processing 
 

 

Convert Timestamps  
Sub AAConvertTimestampHighSpeed() 

    Dim originalTimestamp As String 

    Dim convertedTimestamp As String 

     

    ' Specify the cell containing the original timestamp 

    originalTimestamp = Range("O2").Value 

     

    ' Change the cell format to "yyy-mm-dd h:mm" 

    Range("O2").NumberFormat = "yyyy-mm-dd h:mm" 

     

    ' Convert the timestamp format 

    convertedTimestamp = Format(CDate(Left(originalTimestamp, 

Len(originalTimestamp) - 4)), "yyyy-mm-dd h:mm") 

     

    ' Update the cell with the converted timestamp 

    Range("O2").Value = convertedTimestamp 

End Sub 

 

Sub AAConvertTimestampDecimated() 

    Dim originalTimestamp As String 

    Dim convertedTimestamp As String 

     

    ' Specify the cell containing the original timestamp 

    originalTimestamp = Range("P2").Value 

     

    ' Change the cell format to "yyy-mm-dd h:mm" 

    Range("P2").NumberFormat = "yyyy-mm-dd h:mm" 

     

    ' Convert the timestamp format 

    convertedTimestamp = Format(CDate(Left(originalTimestamp, 

Len(originalTimestamp) - 4)), "yyyy-mm-dd h:mm") 

     

    ' Update the cell with the converted timestamp 

    Range("P2").Value = convertedTimestamp 

End Sub 
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Convert Sensor Name HighSpeed 
Sub ConvertSensorNamesHighSpeed() 

    Dim ws As Worksheet 

    Dim cell As Range 

    Dim sensorNames As Variant 

    Dim convertedNames As Variant 

    Dim i As Long 

     

    ' Set the active worksheet 

    Set ws = ActiveSheet 

     

    ' Define the sensor names and their corresponding converted names 

    sensorNames = Array("ASTa1257", "ASTa1243", "ASTa1239", "ASTa1249", 

"ASTa1250", "ASTa1252", "ASTa1241", "ASTa1254", _ 

                       "VAS1002", "VAS1001", "VAS1000", "VAST1239", 

"TEROS10_1", "TEROS10_2", "TEROS10_3", "TEROS10_4", _ 

                       "TEROS10_5", "TP1152500", "TP1151769", "TP1153165", 

"TP1152501", "TP1152499", "TP1153137", _ 

                       "TP1317164", "TP1317162") 

     

    convertedNames = Array("AS-LO-R-1", "AS-LO-L-2", "AS-TR-R-3", "AS-TR-

L-4", "AS-TR-R-5", "AS-TR-L-6", "AS-LO-R-7", _ 

                          "AS-LO-L-8", "VAS-R-1", "VAS-L-2", "VAS-R-3", 

"VAS-L-4", "MOI-BA-1", "MOI-SB-2", "MOI-SB-3", _ 

                          "MOI-SB-4", "MOI-SG-5", "PC-BA-R-1", "PC-BA-L-

2", "PC-SB-R-3", "PC-SB-L-4", "PC-BA-R-5", _ 

                          "PC-BA-L-6", "PC-SG-R-7", "PC-SG-L-8") 

     

    ' Loop through the first row of the active worksheet 

    For Each cell In ws.Range("1:1") 

        ' Check if the cell value matches any of the sensor names 

        For i = LBound(sensorNames) To UBound(sensorNames) 

            If cell.Value = sensorNames(i) Then 

                ' If a match is found, replace the cell value with the 

corresponding converted name 

                cell.Value = convertedNames(i) 

                Exit For 

            End If 

        Next i 

    Next cell 

     

    MsgBox "Sensor names converted successfully!", vbInformation 

End Sub 
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Delete Columns by Header HighSpeed 
Sub DeleteColumnsByHeaderHighSpeed() 

    Dim ws As Worksheet 

    Dim headerArray As Variant 

    Dim header As Range 

    Dim col As Range 

    Dim deleteColumns As Range 

    Dim deleteColumn As Range 

    Dim i As Long 

     

    ' Set the active worksheet as the target worksheet 

    Set ws = ActiveSheet 

     

    ' Define the headers to search for 

    headerArray = Array("TP1152497", "EMPTY", "ASTa1249_Temperature", 

"ASTa1257_Temperature", "ASTa1241_Temperature", _ 

                        "ASTa1252_Temperature", "ASTa1239_Temperature", 

"ASTa1250_Temperature", "ASTa1243_Temperature", _ 

                        "ASTa1254_Temperature", "TEROS10_4_Temperature", 

"TEROS10_1_Temperature", "TEROS10_5_Temperature", _ 

                        "TEROS10_2_Temperature", "VAS1001_Temperature", 

"VAST1239_Temperature", "TEROS10_3_Temperature", _ 

                        "VAS1000_Temperature", "VAS1002_Temperature", 

"TP1151769_Temperature", "TP1152497_Temperature", _ 

                        "TP1152499_Temperature", "TP1152500_Temperature", 

"TP1152501_Temperature", "TP1153137_Temperature", _ 

                        "TP1153165_Temperature", "TP1317162_Temperature", 

"TP1317164_Temperature") 

     

    ' Loop through each header in the array 

    For i = LBound(headerArray) To UBound(headerArray) 

        ' Find the header in the first row of the worksheet 

        Set header = ws.Rows(1).Find(headerArray(i), LookIn:=xlValues, 

LookAt:=xlWhole) 

         

        ' If the header is found, add the corresponding column to the 

deleteColumns range 

        If Not header Is Nothing Then 

            If deleteColumns Is Nothing Then 

                Set deleteColumns = header.EntireColumn 

            Else 

                Set deleteColumns = Union(deleteColumns, 

header.EntireColumn) 

            End If 

        End If 

    Next i 

     

    ' If there are columns to be deleted, prompt the user for confirmation 

    If Not deleteColumns Is Nothing Then 
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        If MsgBox("Are you sure you want to delete the specified 

columns?", vbYesNo + vbQuestion) = vbYes Then 

            ' Delete the columns 

            deleteColumns.Delete 

            MsgBox "Columns deleted successfully.", vbInformation 

        Else 

            MsgBox "Operation cancelled by user.", vbInformation 

        End If 

    Else 

        MsgBox "No matching columns found.", vbInformation 

    End If 

End Sub 
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Add Timestamp Highspeed 
Sub AddTimestampColumn() 

    Dim ws As Worksheet 

    Dim timestampSheet As Worksheet 

    Dim timestampCell As Range 

    Dim lastRow As Long 

    Dim formula As String 

     

    ' Add new column between columns A and B 

    Columns("B:B").Insert Shift:=xlToRight 

     

    ' Set the header in cell B1 

    Range("B1").Value = "Timestamp" 

     

    ' Find sheet with "Waterloo" in the name in the active workbook 

    For Each ws In ActiveWorkbook.Worksheets 

        If InStr(1, ws.Name, "Waterloo", vbTextCompare) > 0 Then 

            Set timestampSheet = ws 

            Exit For 

        End If 

    Next ws 

     

    ' Check if "Waterloo" sheet was found 

    If Not timestampSheet Is Nothing Then 

        ' Find the timestamp cell O2 on the "Waterloo" sheet 

        Set timestampCell = timestampSheet.Range("O2") 

         

        ' Get the last row in column A of the active sheet 

        lastRow = ActiveSheet.Cells(Rows.Count, 1).End(xlUp).Row 

         

        ' Set the formula in column B starting from B2 

        formula = "=" & timestampSheet.Name & "!$O$2+A2/86400" 

        ActiveSheet.Range("B2:B" & lastRow).formula = formula 

         

        ' Format the timestamps in column B as yyyy-mm-dd h:mm 

        ActiveSheet.Range("B2:B" & lastRow).NumberFormat = "yyyy-mm-dd 

h:mm" 

         

        ' Autofit the width of column B to fit the contents 

        ActiveSheet.Columns("B:B").AutoFit 

    Else 

        MsgBox "Sheet with 'Waterloo' in the name not found!" 

    End If 

End Sub 
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AutoFill Col A HighSpeed 
Sub autofill_ColA() 

    Dim lastRow As Long 

     

    lastRow = Cells(Rows.Count, "A").End(xlUp).Row 

    Range("A2:A4").AutoFill Destination:=Range("A2:A" & lastRow) 

End Sub 

 

Delete Columns A and B HighSpeed 
Sub DeleteColumnsAandB() 

    Dim ws As Worksheet 

    Dim lastRow As Long 

    Dim lastCol As Long 

    Dim col As Long 

    Dim maxCount As Long 

    Dim maxCol As Long 

     

    ' Set the active worksheet 

    Set ws = ActiveSheet 

     

    ' Find the last row in column A 

    lastRow = ws.Cells(ws.Rows.Count, "A").End(xlUp).Row 

     

    ' Find the last column with values starting from column C 

    lastCol = ws.Cells(1, ws.Columns.Count).End(xlToLeft).Column 

     

    ' Loop through each column from column C to the last column 

    For col = 3 To lastCol 

        ' Count the number of non-empty cells in the column 

        Count = Application.WorksheetFunction.CountA(ws.Columns(col)) 

         

        ' Check if the current count is greater than the maximum count 

        If Count > maxCount Then 

            maxCount = Count 

            maxCol = col 

        End If 

    Next col 

     

    ' Find the last row in the column with the maximum count 

    lastRowMax = ws.Cells(ws.Rows.Count, maxCol).End(xlUp).Row 

     

    ' Calculate the row to delete in columns A and B 

    deleteRow = lastRowMax + 1 

     

    ' Delete the contents in columns A and B from the bottom up to the 

calculated row 

    If deleteRow <= lastRow Then 

        ws.Range("A" & deleteRow & ":B" & lastRow).ClearContents 

    End If 
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End Sub 
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Sort Columns Alphabetically HighSpeed 
Sub sort_columns_alphabetically_high_speed() 

    Dim lastColumn As Long 

    Dim lastRow As Long 

    Dim ws As Worksheet 

     

    Set ws = ActiveSheet 

    lastColumn = ws.Cells(1, ws.Columns.Count).End(xlToLeft).Column 

    lastRow = ws.Cells(ws.Rows.Count, "C").End(xlUp).Row 

     

    ws.Sort.SortFields.Clear 

    ws.Sort.SortFields.Add2 Key:=ws.Range("C1:BK1"), 

SortOn:=xlSortOnValues, Order:=xlAscending, DataOption:=xlSortNormal 

     

    With ws.Sort 

        .SetRange ws.Range("C1", ws.Cells(lastRow, lastColumn)) 

        .header = xlGuess 

        .MatchCase = False 

        .Orientation = xlLeftToRight 

        .SortMethod = xlPinYin 

        .Apply 

    End With 

End Sub 

 

 

AutoSave Active Sheet 
Sub AutoSaveActiveSheet() 

    ' Disable screen updates and alerts to avoid interruptions 

    Application.ScreenUpdating = False 

    Application.DisplayAlerts = False 

     

    ' Save the active worksheet 

    ActiveWorkbook.Save 

     

    ' Enable screen updates and alerts 

    Application.ScreenUpdating = True 

    Application.DisplayAlerts = True 

End Sub  
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Delete Column by Header Decimated  
Sub DeleteColumnsByHeaderDecimated() 

    Dim ws As Worksheet 

    Dim headerArray As Variant 

    Dim header As Range 

    Dim col As Range 

    Dim deleteColumns As Range 

    Dim deleteColumn As Range 

    Dim i As Long 

     

    ' Check if the "Sensors" sheet exists in the active workbook 

    Set ws = ActiveWorkbook.ActiveSheet 

     

    ' Define the headers to search for 

    headerArray = Array("TP1152497", "ASTa1243_Temperature", 

"ASTa1254_Temperature", "VAS1000_Temperature", _ 

                        "VAS1002_Temperature", "TP1151769_Temperature", 

"TP1152497_Temperature", "TP1152499_Temperature", _ 

                        "TP1152500_Temperature", "TP1152501_Temperature", 

"TP1153137_Temperature", "TP1153165_Temperature", _ 

                        "TP1317162_Temperature", "TP1317164_Temperature") 

     

    ' Loop through each header in the array 

    For i = LBound(headerArray) To UBound(headerArray) 

        ' Loop through each column in the first row of the worksheet 

        For Each col In ws.Rows(1).SpecialCells(xlCellTypeConstants) 

            ' Check if the header contains the specified text 

            If InStr(1, col.Value, headerArray(i), vbTextCompare) <> 0 

Then 

                ' Add the column to the deleteColumns range 

                If deleteColumns Is Nothing Then 

                    Set deleteColumns = col.EntireColumn 

                Else 

                    Set deleteColumns = Union(deleteColumns, 

col.EntireColumn) 

                End If 

            End If 

        Next col 

    Next i 

     

    ' If there are columns to be deleted, prompt the user for confirmation 

    If Not deleteColumns Is Nothing Then 

        If MsgBox("Are you sure you want to delete the specified 

columns?", vbYesNo + vbQuestion) = vbYes Then 

            ' Delete the columns 

            deleteColumns.Delete 

            MsgBox "Columns deleted successfully.", vbInformation 

        Else 

            MsgBox "Operation cancelled by user.", vbInformation 

        End If 
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    Else 

        MsgBox "No matching columns found.", vbInformation 

    End If 

End Sub 
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Convert Sensor Name Decimated 
Sub ConvertSensorNamesDecimated() 

    Dim ws As Worksheet 

    Dim cell As Range 

    Dim sensorNames As Variant 

    Dim convertedNames As Variant 

    Dim i As Long 

 

    ' Set the worksheet 

    Set ws = ActiveWorkbook.ActiveSheet 

 

    ' Define the sensor names and their corresponding converted names 

    sensorNames = Array("ASTa1249_Temperature", "ASTa1257_Temperature", 

"ASTa1241_Temperature", "ASTa1252_Temperature", _ 

                       "ASTa1239_Temperature", "ASTa1250_Temperature", 

"TEROS10_4_Temperature", "TEROS10_1_Temperature", _ 

                       "TEROS10_5_Temperature", "TEROS10_2_Temperature", 

"VAS1001_Temperature", "VAST1239_Temperature", _ 

                       "TEROS10_3_Temperature") 

 

    convertedNames = Array("TEMPS-02-1", "TEMPS-01-1", "TEMPS-02-2", 

"TEMPS-01-2", "TEMPS-02-3", "TEMPS-01-3", "TM-BA-01", _ 

                           "TM-BA-02", "TM-SB-03", "TM-SB-04", "TM-SB-05", 

"TM-SG-06", "TM-SG-07") 

 

    ' Loop through the first row of the worksheet 

    For Each cell In ws.Range("1:1") 

        ' Check if the cell value contains any of the sensor names 

        For i = LBound(sensorNames) To UBound(sensorNames) 

            If InStr(1, cell.Value, sensorNames(i), vbTextCompare) > 0 

Then 

                ' If a match is found, replace the sensor name within the 

cell value 

                cell.Value = Replace(cell.Value, sensorNames(i), 

convertedNames(i), , , vbTextCompare) 

                Exit For 

            End If 

        Next i 

    Next cell 

 

' Define the second set of sensor names and their converted names 

sensorNames = Array("ASTa1257", "ASTa1243", "ASTa1239", "ASTa1249", 

"ASTa1250", "ASTa1252", "ASTa1241", "ASTa1254", _ 

                   "VAS1002", "VAS1001", "VAS1000", "VAST1239", 

"TEROS10_1", "TEROS10_2", "TEROS10_3", "TEROS10_4", _ 

                   "TEROS10_5", "TP1152500", "TP1151769", "TP1153165", 

"TP1152501", "TP1152499", "TP1153137", _ 

                   "TP1317164", "TP1317162") 
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convertedNames = Array("AS-LO-R-1", "AS-LO-L-2", "AS-TR-R-3", "AS-TR-L-4", 

"AS-TR-R-5", "AS-TR-L-6", "AS-LO-R-7", _ 

                      "AS-LO-L-8", "VAS-R-1", "VAS-L-2", "VAS-R-3", "VAS-

L-4", "MOI-BA-1", "MOI-SB-2", "MOI-SB-3", _ 

                      "MOI-SB-4", "MOI-SG-5", "PC-BA-R-1", "PC-BA-L-2", 

"PC-SB-R-3", "PC-SB-L-4", "PC-BA-R-5", _ 

                      "PC-BA-L-6", "PC-SG-R-7", "PC-SG-L-8") 

 

' Loop through the first row of the worksheet to replace the second set of 

names 

For Each cell In ws.Range("1:1") 

    ' Check if the cell value contains any of the sensor names 

    For i = LBound(sensorNames) To UBound(sensorNames) 

        If InStr(1, cell.Value, sensorNames(i), vbTextCompare) > 0 Then 

            ' If a match is found, replace the sensor name within the cell 

value 

            cell.Value = Replace(cell.Value, sensorNames(i), 

convertedNames(i), , , vbTextCompare) 

            Exit For 

        End If 

    Next i 

Next cell 

 

End Sub 
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Add Moisture Effect 
Sub add_moisture_efficient() 

    Dim ws As Worksheet 

    Dim lastCol As Long, i As Long, j As Long 

    Dim newColCount As Long 

    Dim equation As String 

 

    ' Set the worksheet 

    Set ws = ActiveSheet 

 

    ' Get the last column in the header row (Row 1) 

    lastCol = ws.Cells(1, ws.Columns.Count).End(xlToLeft).Column 

 

    ' Loop through the header row to find columns with "MOI" in their 

header 

    For i = lastCol To 1 Step -1 

        If InStr(1, ws.Cells(1, i).Value, "MOI", vbTextCompare) > 0 Then 

            ' Add a new column to the right of the current column 

            ws.Columns(i + 1).Insert 

 

            ' Add the equation to the second row of the new column 

            equation = "=(0.0000000004824*(RC[-1])^3)-(0.000002278*(RC[-

1])^2)+(0.003898*RC[-1])-2.154" 

            ws.Cells(2, i + 1).FormulaR1C1 = equation 

 

            ' Fill the formula down the column for all relevant cells 

            ws.Cells(2, i + 1).AutoFill Destination:=ws.Range(ws.Cells(2, 

i + 1), ws.Cells(ws.Cells(ws.Rows.Count, i).End(xlUp).Row, i + 1)) 

 

            ' Set the new header name for the newly added column 

            ws.Cells(1, i + 1).Value = ws.Cells(1, i).Value 

 

            ' Increment the new column count 

            newColCount = newColCount + 1 

        End If 

    Next i 

 

    ' Copy and paste the whole active worksheet as values 

    ws.Cells.Copy 

    ws.Cells.PasteSpecial xlPasteValues 

 

    ' Clear the clipboard 

    Application.CutCopyMode = False 

     

        Range( _ 

        

"AA:AA,AC:AC,AE:AE,AG:AG,AI:AI,AK:AK,AM:AM,AO:AO,AQ:AQ,AS:AS,AU:AU,AW:AW,A

Y:AY,BA:BA,BC:BC" _ 

        ).Select 

    Range("BC1").Activate 
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    Selection.Delete Shift:=xlToLeft 

    Range("AU21").Select 

       

End Sub 

 

 

 

Delete Columns that have MDD 
Sub DeleteColumnsWithMDD() 

    Dim ws As Worksheet 

    Set ws = ActiveSheet ' The active worksheet 

     

    Dim lastColumn As Long 

    lastColumn = ws.Cells(1, ws.Columns.Count).End(xlToLeft).Column 

     

    Dim i As Long 

    For i = lastColumn To 1 Step -1 

        If InStr(1, ws.Cells(1, i).Value, "MDD", vbTextCompare) > 0 Then 

            ws.Columns(i).Delete 

        End If 

    Next i 

End Sub 

 

Delete the Random Columns at the end of Decimated Worksheets 
Sub DeleteColumnsDecimatedActiveWorksheet() 

    Dim ws As Worksheet 

    Set ws = ActiveSheet 

     

    Application.ScreenUpdating = False 

    ws.Range("EH:FP").Delete Shift:=xlToLeft 

    Application.ScreenUpdating = True 

End Sub 
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Sort Columns Alphabetically Decimated 
Sub sort_columns_alphabetically_decimated() 

    Dim lastColumn As Long 

    Dim ws As Worksheet 

     

    Set ws = ActiveSheet 

    lastColumn = ws.Cells(1, ws.Columns.Count).End(xlToLeft).Column 

     

    ws.Sort.SortFields.Clear 

    ws.Sort.SortFields.Add2 Key:=ws.Range("C1:ED1"), 

SortOn:=xlSortOnValues, Order:=xlAscending, DataOption:=xlSortNormal 

     

    With ws.Sort 

        .SetRange ws.Range("C1", ws.Cells(ws.Rows.Count, lastColumn)) 

        .header = xlGuess 

        .MatchCase = False 

        .Orientation = xlLeftToRight 

        .SortMethod = xlPinYin 

        .Apply 

    End With 

End Sub 

 

Add Timestamp Columns Decimated 
Sub AddTimestampColumnDec() 

    Dim ws As Worksheet 

    Dim timestampSheet As Worksheet 

    Dim timestampCell As Range 

    Dim lastRow As Long 

    Dim formula As String 

     

    ' Add new column between columns A and B 

    Columns("B:B").Insert Shift:=xlToRight 

     

    ' Set the header in cell B1 

    Range("B1").Value = "Timestamp" 

     

    ' Find sheet with "Waterloo" in the name in the active workbook 

    For Each ws In ActiveWorkbook.Worksheets 

        If InStr(1, ws.Name, "Waterloo", vbTextCompare) > 0 Then 

            Set timestampSheet = ws 

            Exit For 

        End If 

    Next ws 

     

    ' Check if "Waterloo" sheet was found 

    If Not timestampSheet Is Nothing Then 

        ' Find the timestamp cell P2 on the "Waterloo" sheet 

        Set timestampCell = timestampSheet.Range("P2") 
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        ' Get the last row in column A of the active sheet 

        lastRow = ActiveSheet.Cells(Rows.Count, 1).End(xlUp).Row 

         

        ' Set the formula in column B starting from B2 

        formula = "=" & timestampSheet.Name & "!$P$2+A2/86400" 

        ActiveSheet.Range("B2:B" & lastRow).formula = formula 

         

        ' Format the timestamps in column B as yyyy-mm-dd h:mm 

        ActiveSheet.Range("B2:B" & lastRow).NumberFormat = "yyyy-mm-dd 

h:mm" 

         

        ' Autofit the width of column B to fit the contents 

        ActiveSheet.Columns("B:B").AutoFit 

    Else 

        MsgBox "Sheet with 'Waterloo' in the name not found!" 

    End If 

End Sub  
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Run the Scripts 
 

Sub AARunHighSpeed() 

    ConvertSensorNamesHighSpeed 

    AddTimestampColumn 

    autofill_ColA 

    DeleteColumnsByHeaderHighSpeed 

    sort_columns_alphabetically_high_speed 

    DeleteColumnsAandB 

    DeleteColumnsWithMDD 

    AutoSaveActiveSheet 

End Sub 

 

Sub AARunDecimated() 

    DeleteColumnsDecimatedActiveWorksheet 

    DeleteColumnsByHeaderDecimated 

    ConvertSensorNamesDecimated 

    AddTimestampColumnDec 

    sort_columns_alphabetically_decimated 

    DeleteColumnsWithMDD 

    AutoSaveActiveSheet 

End Sub  



341 
 

Python Scripts for Data Processing 
 

Python excel_extractor_trend_data_to_one_excel_sheet.py 

 

import os 

import openpyxl 

from openpyxl.utils import get_column_letter 

from openpyxl.workbook.workbook import Workbook 

from tkinter import Tk 

from tkinter.filedialog import askopenfilenames 

 

 

def extract_data_from_workbook(workbook_path): 

    wb = openpyxl.load_workbook(workbook_path, data_only=True)  # Load 

workbook with data only (no formulas) 

    sheet = wb['TrendData'] 

    data = [] 

    max_row = sheet.max_row 

    max_col = sheet.max_column 

 

    # Extract data rows (excluding headers) 

    for row_idx in range(2, max_row + 1): 

        row_data = [sheet[get_column_letter(col_idx) + str(row_idx)].value 

for col_idx in range(1, max_col + 1)] 

        data.append(row_data) 

 

    return data 

 

 

# Open file dialog to select Excel workbooks 

root = Tk() 

root.withdraw() 

root.update() 

selected_files = askopenfilenames(title='Select Excel workbooks', 

filetypes=[('Excel files', '*.xlsx *.xls')]) 

 

if not selected_files: 

    print("No files selected.") 

    exit() 

 

# Extract data from each workbook 

output_data = [] 

header_extracted = False 

for file in selected_files: 

    workbook_path = os.path.abspath(file) 

    extracted_data = extract_data_from_workbook(workbook_path) 
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    output_data.extend(extracted_data) 

 

    # Extract headers from the first workbook only 

    if not header_extracted: 

        header_extracted = True 

        wb = openpyxl.load_workbook(workbook_path) 

        sheet = wb['TrendData'] 

        headers = [sheet[get_column_letter(col_idx) + '1'].value for 

col_idx in range(1, sheet.max_column + 1)] 

        output_data.insert(0, headers) 

 

# Create a new workbook and save extracted data 

output_workbook = Workbook() 

output_sheet = output_workbook.active 

 

# Write the data to the output worksheet 

for row_idx, row_data in enumerate(output_data, start=1): 

    for col_idx, cell_value in enumerate(row_data, start=1): 

        cell = output_sheet.cell(row=row_idx, column=col_idx) 

        if col_idx == 2:  # Column B (timestamps) 

            if cell.data_type == 'f':  # Check if cell contains a formula 

                cell.value = cell.value  # Retrieve the displayed value 

instead of the formula 

            else: 

                cell.value = cell_value 

        else: 

            cell.value = cell_value 

 

output_folder = os.path.dirname(selected_files[0]) 

output_file = os.path.join(output_folder, "output.xlsx") 

output_workbook.save(output_file) 

 

print(f"Data extracted from {len(selected_files)} workbook(s) and saved to 

'{output_file}'.")  
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python convert_tdms_to_csv_timepropissue.py 

 

import os 

import nptdms 

import csv 

from tkinter import Tk 

from tkinter.filedialog import askopenfilenames 

 

# Open a file dialog for the user to select TDMS files 

Tk().withdraw() 

tdms_file_paths = askopenfilenames(title='Select TDMS files', 

filetypes=[('TDMS Files', '*.tdms')]) 

 

# Iterate over the selected files 

for tdms_file_path in tdms_file_paths: 

    folder_path = os.path.dirname(tdms_file_path) 

 

    # Generate the CSV file name 

    csv_file_name = os.path.splitext(os.path.basename(tdms_file_path))[0] 

+ '.csv' 

    csv_file_path = os.path.join(folder_path, csv_file_name) 

 

    # Open the TDMS file 

    tdms_file = nptdms.TdmsFile.read(tdms_file_path) 

 

    # Extract the data from the TDMS file 

    data = [] 

    for group in tdms_file.groups(): 

        for channel in group.channels(): 

            try: 

                time_track = channel.time_track() 

            except KeyError: 

                time_track = None 

             

            if time_track: 

                values = channel[:] 

                for i, val in enumerate(values): 

                    data.append((group.name, channel.name, time_track[i], 

val)) 

            else: 

                values = channel[:] 

                for val in values: 

                    data.append((group.name, channel.name, None, val)) 

 

    # Save the data as CSV 

    with open(csv_file_path, 'w', newline='') as csv_file: 

        writer = csv.writer(csv_file) 
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        writer.writerow(['Group', 'Channel', 'Time', 'Value'])  # Header 

row 

        for entry in data: 

            writer.writerow(entry) 

 

    print('Conversion completed. CSV file saved at:', csv_file_path) 

 

 

importandprocesscsv (find max and min value for each sensor) 

 

import csv 

import os 

from tkinter import Tk 

from tkinter.filedialog import askopenfilenames 

 

# Open file dialog to select multiple input files 

Tk().withdraw() 

input_files = askopenfilenames(title='Select Input Files', 

filetypes=[('CSV Files', '*.csv')]) 

 

# Process each input file 

for input_file_path in input_files: 

    # Extract the directory path of the input file 

    input_dir = os.path.dirname(input_file_path) 

 

    # Open the input file and skip the header row 

    with open(input_file_path, 'r') as file: 

        reader = csv.reader(file) 

        next(reader)  # Skip the header row 

 

        # Initialize variables 

        current_sensor = None 

        max_value = None 

        min_value = None 

 

        # Process each row in the file 

        for row in reader: 

            channel = row[0].split(',')[0]  # Extract the channel name 

            sensor = row[1].split(',')[0]  # Extract the sensor name 

            value = float(row[3])  # Extract the value as a float 

 

            # Check if the sensor has changed 

            if sensor != current_sensor: 

                # Output the previous sensor's data (if available) 

                if current_sensor is not None: 

                    output_row = [current_sensor, max_value, min_value] 
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                    print(output_row)  # Print the row (for testing 

purposes) 

 

                # Reset variables for the new sensor 

                current_sensor = sensor 

                max_value = value 

                min_value = value 

            else: 

                # Update the maximum and minimum values for the current 

sensor 

                max_value = max(max_value, value) 

                min_value = min(min_value, value) 

 

        # Output the last sensor's data 

        if current_sensor is not None: 

            output_row = [current_sensor, max_value, min_value] 

            print(output_row)  # Print the row (for testing purposes) 

 

    # Extract the input file name and construct the output file path in 

the same directory 

    input_file_name = os.path.basename(input_file_path) 

    output_file_path = os.path.join(input_dir, 'output_' + 

input_file_name) 

 

    # Create a new CSV file for the output 

    with open(output_file_path, 'w', newline='') as file: 

        writer = csv.writer(file) 

 

        # Write the header row 

        writer.writerow(['Name', 'Max Value', 'Min Value']) 

 

        # Write the sensor data rows 

        with open(input_file_path, 'r') as input_file: 

            reader = csv.reader(input_file) 

            next(reader)  # Skip the header row 

 

            for row in reader: 

                channel = row[0].split(',')[0]  # Extract the channel name 

                sensor = row[1].split(',')[0]  # Extract the sensor name 

 

                # Check if the sensor has changed 

                if sensor != current_sensor: 

                    # Output the previous sensor's data (if available) 

                    if current_sensor is not None: 

                        output_row = [current_sensor, max_value, 

min_value] 

                        writer.writerow(output_row) 
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                    # Reset variables for the new sensor 

                    current_sensor = sensor 

                    max_value = None 

                    min_value = None 

 

                # Update the maximum and minimum values for the current 

sensor 

                value = float(row[3])  # Extract the value as a float 

                max_value = value if max_value is None else max(max_value, 

value) 

                min_value = value if min_value is None else min(min_value, 

value) 

 

            # Output the last sensor's data 

            if current_sensor is not None: 

                output_row = [current_sensor, max_value, min_value] 

                writer.writerow(output_row) 
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R Scripts for Data Processing 
 

Multiple Temperature Sensor Plotter (TEMP-01 AND TEMP-02) 
 

File name of Code: multi_temp_plotter_temp01temp02 

 

# Load required libraries 

library(readxl) 

library(ggplot2) 

library(cowplot) 

library(tidyr) 

library(dplyr) 

 

# Function to generate temperature chart for a specific layer 

generate_layer_temperature_chart <- function(data, layer_name, 

chart_title, y_axis_range) { 

  # Reshape data into tidy format 

  tidy_data <- data %>% 

    pivot_longer(cols = starts_with(layer_name), names_to = "Sensor", 

values_to = "Temperature") 

   

  # Create the temperature chart with a separate legend 

  layer_chart <- ggplot(data = tidy_data, aes(x = Timestamp, y = 

Temperature, color = Sensor)) + 

    geom_line() + 

    labs(title = chart_title, y = "Layer Temp (°C)", x = "Timestamp") + 

    ylim(y_axis_range) +  # Set y-axis range 

    theme_minimal() + 

    theme(legend.position = "right")  # Set legend position to right 

   

  return(layer_chart) 

} 

 

# Set the directory containing your input Excel files 

input_directory <- choose.dir() 

 

# Get a list of all Excel files in the directory 

excel_files <- list.files(input_directory, pattern = "*.xlsx", full.names 

= TRUE) 

 

# Initialize an empty list to store data frames 

all_data <- list() 

 

# Loop through each Excel file and read the data 

for (file_path in excel_files) { 

  data <- read_excel(file_path) 

   

  # Convert non-numeric values to NA with error handling 

  tryCatch({ 

    data <- data %>% 

      mutate(across(starts_with("TEMPS-"), as.numeric)) 

  }, warning = function(w) { 
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    message("Warning: Some non-numeric values could not be converted to 

NA.") 

  }) 

   

  all_data <- append(all_data, list(data)) 

} 

 

# Combine all data frames into one 

combined_data <- bind_rows(all_data) 

 

# Determine the maximum and minimum temperature values from all columns 

with "TM-" AND "TEMPS-" 

max_temp_value <- combined_data %>% 

  select(starts_with(c("TM-", "TEMPS-"))) %>% 

  na.omit() %>% 

  max(na.rm = TRUE) 

 

min_temp_value <- combined_data %>% 

  select(starts_with(c("TM-", "TEMPS-"))) %>% 

  na.omit() %>% 

  min(na.rm = TRUE) 

 

# Set the y-axis range for all charts with margins 

margin_upper <- 10  # You can adjust this margin as needed for the upper 

bound 

margin_lower <- 10  # You can adjust this margin as needed for the lower 

bound 

y_axis_range <- c(floor(min_temp_value) - margin_lower, 

ceiling(max_temp_value) + margin_upper) 

 

# Generate temperature charts for each layer 

subgrade_chart <- generate_layer_temperature_chart(combined_data, "TM-SG", 

"Subgrade Layer Temperatures", y_axis_range) 

subbase_chart <- generate_layer_temperature_chart(combined_data, "TM-SB", 

"Subbase Layer Temperatures", y_axis_range) 

base_chart <- generate_layer_temperature_chart(combined_data, "TM-BA", 

"Base Layer Temperatures", y_axis_range) 

 

# Combine TEMPS-01 and TEMPS-02 sensors for HMA chart 

sensor_columns <- c("TEMPS-01-1", "TEMPS-01-2", "TEMPS-01-3", "TEMPS-02-

1", "TEMPS-02-2", "TEMPS-02-3") 

hma_temps_combined <- combined_data %>% 

  dplyr::select(Timestamp, all_of(sensor_columns)) %>% 

  pivot_longer(cols = -Timestamp, names_to = "Sensor", values_to = 

"Temperature") 

 

hma_chart <- ggplot(data = hma_temps_combined, aes(x = Timestamp, y = 

Temperature, color = Sensor)) + 

  geom_line() + 

  labs(title = "HMA Layer Temperatures", y = "Layer Temp (°C)", x = 

"Timestamp") + 

  ylim(y_axis_range) +  # Set y-axis range 

  theme_minimal() + 

  theme(legend.position = "right")  # Set legend position to right 
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# Combine all the generated charts into a single stacked chart 

stacked_charts <- plot_grid(hma_chart, base_chart, subbase_chart, 

subgrade_chart, 

                            ncol = 1, align = "v") 

 

# Display the stacked temperature charts 

print(stacked_charts) 
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Multiple Temperature Sensor Plotter (with TEMP-02 only) 
 

File name of Code: multi_temp_plotter_temp02 

 

# Load required libraries 

library(readxl) 

library(ggplot2) 

library(cowplot) 

library(tidyr) 

library(dplyr) 

 

# Function to generate temperature chart for a specific layer 

generate_layer_temperature_chart <- function(data, layer_name, 

chart_title, y_axis_range) { 

  # Reshape data into tidy format 

  tidy_data <- data %>% 

    pivot_longer(cols = starts_with(layer_name), names_to = "Sensor", 

values_to = "Temperature") 

   

  # Create the temperature chart with a separate legend 

  layer_chart <- ggplot(data = tidy_data, aes(x = Timestamp, y = 

Temperature, color = Sensor)) + 

    geom_line() + 

    labs(title = chart_title, y = "Layer Temp (°C)", x = "Timestamp") + 

    ylim(y_axis_range) +  # Set y-axis range 

    theme_minimal() + 

    theme(legend.position = "right")  # Set legend position to right 

   

  return(layer_chart) 

} 

 

# Set the directory containing your input Excel files 

input_directory <- choose.dir() 

 

# Get a list of all Excel files in the directory 

excel_files <- list.files(input_directory, pattern = "*.xlsx", full.names 

= TRUE) 

 

# Initialize an empty list to store data frames 

all_data <- list() 

 

# Loop through each Excel file and read the data 

for (file_path in excel_files) { 

  data <- read_excel(file_path) 

   

  # Convert non-numeric values to NA with error handling 

  tryCatch({ 

    data <- data %>% 

      mutate(across(starts_with("TEMPS-"), as.numeric)) 

  }, warning = function(w) { 

    message("Warning: Some non-numeric values could not be converted to 

NA.") 

  }) 
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  all_data <- append(all_data, list(data)) 

} 

 

# Combine all data frames into one 

combined_data <- bind_rows(all_data) 

 

# Determine the maximum and minimum temperature values from all columns 

with "TM-" AND "TEMPS-" 

max_temp_value <- combined_data %>% 

  select(starts_with(c("TM-"))) %>% 

  na.omit() %>% 

  max(na.rm = TRUE) 

 

min_temp_value <- combined_data %>% 

  select(starts_with(c("TM-"))) %>% 

  na.omit() %>% 

  min(na.rm = TRUE) 

 

# Set the y-axis range for all charts with margins 

margin_upper <- 5  # You can adjust this margin as needed for the upper 

bound 

margin_lower <- 5  # You can adjust this margin as needed for the lower 

bound 

y_axis_range <- c(floor(min_temp_value) - margin_lower, 

ceiling(max_temp_value) + margin_upper) 

 

# Generate temperature charts for each layer with the common y-axis range 

subgrade_chart <- generate_layer_temperature_chart(combined_data, "TM-SG", 

"Subgrade Layer Temperatures", y_axis_range) 

subbase_chart <- generate_layer_temperature_chart(combined_data, "TM-SB", 

"Subbase Layer Temperatures", y_axis_range) 

base_chart <- generate_layer_temperature_chart(combined_data, "TM-BA", 

"Base Layer Temperatures", y_axis_range) 

 

# Combine TEMPS-02 sensors for HMA chart, exclude TEMPS-01 

sensor_columns <- c("TEMPS-02-1", "TEMPS-02-2", "TEMPS-02-3") 

hma_temps_combined <- combined_data %>% 

  dplyr::select(Timestamp, all_of(sensor_columns)) %>% 

  pivot_longer(cols = -Timestamp, names_to = "Sensor", values_to = 

"Temperature") 

 

# Generate temperature chart for HMA with the common y-axis range 

hma_chart <- ggplot(data = hma_temps_combined, aes(x = Timestamp, y = 

Temperature, color = Sensor)) + 

  geom_line() + 

  labs(title = "HMA Layer Temperatures", y = "Layer Temp (°C)", x = 

"Timestamp") + 

  ylim(y_axis_range) +  # Set y-axis range 

  theme_minimal() + 

  theme(legend.position = "right") 

 

# Combine all the generated charts into a single stacked chart 



352 
 

stacked_charts <- plot_grid(hma_chart, base_chart, subbase_chart, 

subgrade_chart, 

                            ncol = 1, align = "v") 

 

# Display the stacked temperature charts 

print(stacked_charts) 
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Multiple Temperature Sensor Plotter (with TEMP-02 only) 

AND by month X-axis 
 

File name of Code: multi_temp_plotte_remp02_bymonthxaxis 

 

# Load required libraries 

library(readxl) 

library(ggplot2) 

library(cowplot) 

library(tidyr) 

library(dplyr) 

 

# Calculate breaks based on the data range 

timestamp_range <- range(combined_data$Timestamp) 

time_interval <- difftime(timestamp_range[2], timestamp_range[1], units = 

"days") 

breaks <- ifelse(time_interval <= 31, "1 day", "1 month") 

 

# Function to generate temperature chart for a specific layer 

generate_layer_temperature_chart <- function(data, layer_name, 

chart_title, y_axis_range) { 

  tidy_data <- data %>% 

    pivot_longer(cols = starts_with(layer_name), names_to = "Sensor", 

values_to = "Temperature") 

   

  layer_chart <- ggplot(data = tidy_data, aes(x = Timestamp, y = 

Temperature, color = Sensor)) + 

    geom_line() + 

    labs(title = chart_title, y = "Layer Temp (°C)", x = "Timestamp") + 

    ylim(y_axis_range) + 

    scale_x_datetime(date_breaks = breaks, date_labels = "%b %Y") + 

    theme_minimal() + 

    theme(legend.position = "right") 

   

  return(layer_chart) 

} 

 

# Set the directory containing your input Excel files 

input_directory <- choose.dir() 

 

# Get a list of all Excel files in the directory 

excel_files <- list.files(input_directory, pattern = "*.xlsx", full.names 

= TRUE) 

 

# Initialize an empty list to store data frames 

all_data <- list() 

 

# Loop through each Excel file and read the data 

for (file_path in excel_files) { 

  data <- read_excel(file_path) 

   

  # Convert non-numeric values to NA with error handling 
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  tryCatch({ 

    data <- data %>% 

      mutate(across(starts_with("TEMPS-"), as.numeric)) 

  }, warning = function(w) { 

    message("Warning: Some non-numeric values could not be converted to 

NA.") 

  }) 

   

  all_data <- append(all_data, list(data)) 

} 

 

# Combine all data frames into one 

combined_data <- bind_rows(all_data) 

 

# Determine the maximum and minimum temperature values from all columns 

with "TM-" AND "TEMPS-" 

max_temp_value <- combined_data %>% 

  select(starts_with(c("TM-"))) %>% 

  na.omit() %>% 

  max(na.rm = TRUE) 

 

min_temp_value <- combined_data %>% 

  select(starts_with(c("TM-"))) %>% 

  na.omit() %>% 

  min(na.rm = TRUE) 

 

# Set the y-axis range for all charts with margins 

margin_upper <- 5  # You can adjust this margin as needed for the upper 

bound 

margin_lower <- 5  # You can adjust this margin as needed for the lower 

bound 

y_axis_range <- c(floor(min_temp_value) - margin_lower, 

ceiling(max_temp_value) + margin_upper) 

 

# Generate temperature charts for each layer with the common y-axis range 

subgrade_chart <- generate_layer_temperature_chart(combined_data, "TM-SG", 

"Subgrade Layer Temperatures", y_axis_range) 

subbase_chart <- generate_layer_temperature_chart(combined_data, "TM-SB", 

"Subbase Layer Temperatures", y_axis_range) 

base_chart <- generate_layer_temperature_chart(combined_data, "TM-BA", 

"Base Layer Temperatures", y_axis_range) 

 

# Combine TEMPS-02 sensors for HMA chart, exclude TEMPS-01 

sensor_columns <- c("TEMPS-02-1", "TEMPS-02-2", "TEMPS-02-3") 

hma_temps_combined <- combined_data %>% 

  dplyr::select(Timestamp, all_of(sensor_columns)) %>% 

  pivot_longer(cols = -Timestamp, names_to = "Sensor", values_to = 

"Temperature") 

 

# Generate temperature chart for HMA with the common y-axis range 

hma_chart <- ggplot(data = hma_temps_combined, aes(x = Timestamp, y = 

Temperature, color = Sensor)) + 

  geom_line() + 
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  labs(title = "HMA Layer Temperatures", y = "Layer Temp (°C)", x = 

"Timestamp") + 

  ylim(y_axis_range) + 

  scale_x_datetime(date_breaks = breaks, date_labels = "%b %Y") +  # Use 

the same breaks logic as the other charts 

  theme_minimal() + 

  theme(legend.position = "right") 

 

# Combine all the generated charts into a single stacked chart 

stacked_charts <- plot_grid(hma_chart, base_chart, subbase_chart, 

subgrade_chart, 

                            ncol = 1, align = "v") 

 

# Display the stacked temperature charts 

print(stacked_charts) 

 

 

OR 
 

Columns Selection for Temperature Range Calculation: 

• In the new code, when calculating the maximum and minimum 

temperature values (max_temp_value and min_temp_value), you are 

selecting columns starting with "TM-" and "TEMPS-02" instead of "TM-

" and "TEMPS-". 

This one is useful to see since after a while the TEMPS-02-3 sensor goes 

bad so then the data is skewed. This code shows the skewed TEMPS-02 data 

while the previous one does not. 

# Load required libraries 

library(readxl) 

library(ggplot2) 

library(cowplot) 

library(tidyr) 

library(dplyr) 

 

# Calculate breaks based on the data range 

timestamp_range <- range(combined_data$Timestamp) 

time_interval <- difftime(timestamp_range[2], timestamp_range[1], units = 

"days") 

breaks <- ifelse(time_interval <= 31, "1 day", "1 month") 

 

# Function to generate temperature chart for a specific layer 

generate_layer_temperature_chart <- function(data, layer_name, 

chart_title, y_axis_range) { 

  tidy_data <- data %>% 

    pivot_longer(cols = starts_with(layer_name), names_to = "Sensor", 

values_to = "Temperature") 

   

  layer_chart <- ggplot(data = tidy_data, aes(x = Timestamp, y = 

Temperature, color = Sensor)) + 

    geom_line() + 
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    labs(title = chart_title, y = "Layer Temp (°C)", x = "Timestamp") + 

    ylim(y_axis_range) + 

    scale_x_datetime(date_breaks = breaks, date_labels = "%b %Y") + 

    theme_minimal() + 

    theme(legend.position = "right") 

   

  return(layer_chart) 

} 

 

# Set the directory containing your input Excel files 

input_directory <- choose.dir() 

 

# Get a list of all Excel files in the directory 

excel_files <- list.files(input_directory, pattern = "*.xlsx", full.names 

= TRUE) 

 

# Initialize an empty list to store data frames 

all_data <- list() 

 

# Loop through each Excel file and read the data 

for (file_path in excel_files) { 

  data <- read_excel(file_path) 

   

  # Convert non-numeric values to NA with error handling 

  tryCatch({ 

    data <- data %>% 

      mutate(across(starts_with("TEMPS-"), as.numeric)) 

  }, warning = function(w) { 

    message("Warning: Some non-numeric values could not be converted to 

NA.") 

  }) 

   

  all_data <- append(all_data, list(data)) 

} 

 

# Combine all data frames into one 

combined_data <- bind_rows(all_data) 

 

# Determine the maximum and minimum temperature values from all columns 

with "TM-" AND "TEMPS-" 

max_temp_value <- combined_data %>% 

  select(starts_with(c("TM-", "TEMPS-02"))) %>% 

  na.omit() %>% 

  max(na.rm = TRUE) 

 

min_temp_value <- combined_data %>% 

  select(starts_with(c("TM-", "TEMPS-02"))) %>% 

  na.omit() %>% 

  min(na.rm = TRUE) 

 

# Set the y-axis range for all charts with margins 

margin_upper <- 5  # You can adjust this margin as needed for the upper 

bound 
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margin_lower <- 5  # You can adjust this margin as needed for the lower 

bound 

y_axis_range <- c(floor(min_temp_value) - margin_lower, 

ceiling(max_temp_value) + margin_upper) 

 

# Generate temperature charts for each layer with the common y-axis range 

subgrade_chart <- generate_layer_temperature_chart(combined_data, "TM-SG", 

"Subgrade Layer Temperatures", y_axis_range) 

subbase_chart <- generate_layer_temperature_chart(combined_data, "TM-SB", 

"Subbase Layer Temperatures", y_axis_range) 

base_chart <- generate_layer_temperature_chart(combined_data, "TM-BA", 

"Base Layer Temperatures", y_axis_range) 

 

# Combine TEMPS-02 sensors for HMA chart, exclude TEMPS-01 

sensor_columns <- c("TEMPS-02-1", "TEMPS-02-2", "TEMPS-02-3") 

hma_temps_combined <- combined_data %>% 

  dplyr::select(Timestamp, all_of(sensor_columns)) %>% 

  pivot_longer(cols = -Timestamp, names_to = "Sensor", values_to = 

"Temperature") 

 

# Generate temperature chart for HMA with the common y-axis range 

hma_chart <- ggplot(data = hma_temps_combined, aes(x = Timestamp, y = 

Temperature, color = Sensor)) + 

  geom_line() + 

  labs(title = "HMA Layer Temperatures", y = "Layer Temp (°C)", x = 

"Timestamp") + 

  ylim(y_axis_range) + 

  scale_x_datetime(date_breaks = breaks, date_labels = "%b %Y") +  # Use 

the same breaks logic as the other charts 

  theme_minimal() + 

  theme(legend.position = "right") 

 

# Combine all the generated charts into a single stacked chart 

stacked_charts <- plot_grid(hma_chart, base_chart, subbase_chart, 

subgrade_chart, 

                            ncol = 1, align = "v") 

 

# Display the stacked temperature charts 

print(stacked_charts) 
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Temperature Plotter using TEMPS-02 only + Ambient Temperature 
 

File name of Code: multi_temp_plotte_rtemp02_ambienttemp 

 

# Load required libraries 

library(readxl) 

library(ggplot2) 

library(cowplot) 

library(tidyr) 

library(dplyr) 

 

# Function to generate temperature chart for a specific layer 

generate_layer_temperature_chart <- function(data, layer_name, 

chart_title, y_axis_range) { 

  # Reshape data into tidy format 

  tidy_data <- data %>% 

    pivot_longer(cols = starts_with(layer_name), names_to = "Sensor", 

values_to = "Temperature") 

   

  # Create the temperature chart with a separate legend 

  layer_chart <- ggplot(data = tidy_data, aes(x = Timestamp, y = 

Temperature, color = Sensor)) + 

    geom_line() + 

    labs(title = chart_title, y = "Layer Temp (°C)", x = "Timestamp") + 

    ylim(y_axis_range) +  # Set y-axis range 

    theme_minimal() + 

    theme(legend.position = "right")  # Set legend position to right 

   

  return(layer_chart) 

} 

 

# Set the directory containing temperature input Excel files 

temperature_directory <- choose.dir() 

 

# Get a list of all Excel files in the temperature directory 

temperature_files <- list.files(temperature_directory, pattern = "*.xlsx", 

full.names = TRUE) 

 

# Initialize an empty list to store temperature data frames 

all_data <- list() 

 

# Loop through each Excel file and read the data 

for (file_path in temperature_files) { 

  data <- read_excel(file_path) 

   

  # Convert non-numeric values to NA with error handling 

  tryCatch({ 

    data <- data %>% 

      mutate(across(starts_with("TEMPS-"), as.numeric)) 
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  }, warning = function(w) { 

    message("Warning: Some non-numeric values could not be converted to 

NA.") 

  }) 

   

  all_data <- append(all_data, list(data)) 

} 

 

# Combine all temperature data frames into one 

combined_data <- bind_rows(all_data) 

 

# Determine the maximum and minimum temperature values from all columns 

with "TM-" AND "TEMPS-" 

max_temp_value <- combined_data %>% 

  select(starts_with(c("TM-"))) %>% 

  na.omit() %>% 

  max(na.rm = TRUE) 

 

min_temp_value <- combined_data %>% 

  select(starts_with(c("TM-"))) %>% 

  na.omit() %>% 

  min(na.rm = TRUE) 

 

# Set the y-axis range for all charts with margins 

margin_upper <- 5  # You can adjust this margin as needed for the upper 

bound 

margin_lower <- 5  # You can adjust this margin as needed for the lower 

bound 

y_axis_range <- c(floor(min_temp_value) - margin_lower, 

ceiling(max_temp_value) + margin_upper) 

 

# Generate temperature charts for each layer with the common y-axis range 

subgrade_chart <- generate_layer_temperature_chart(combined_data, "TM-SG", 

"Subgrade Layer Temperatures", y_axis_range) 

subbase_chart <- generate_layer_temperature_chart(combined_data, "TM-SB", 

"Subbase Layer Temperatures", y_axis_range) 

base_chart <- generate_layer_temperature_chart(combined_data, "TM-BA", 

"Base Layer Temperatures", y_axis_range) 

 

# Combine TEMPS-02 sensors for HMA chart, exclude TEMPS-01 

sensor_columns <- c("TEMPS-02-1", "TEMPS-02-2", "TEMPS-02-3") 

hma_temps_combined <- combined_data %>% 

  dplyr::select(Timestamp, all_of(sensor_columns)) %>% 

  pivot_longer(cols = -Timestamp, names_to = "Sensor", values_to = 

"Temperature") 

 

# Generate temperature chart for HMA with the common y-axis range 

hma_chart <- ggplot(data = hma_temps_combined, aes(x = Timestamp, y = 

Temperature, color = Sensor)) + 

  geom_line() + 
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  labs(title = "HMA Layer Temperatures", y = "Layer Temp (°C)", x = 

"Timestamp") + 

  ylim(y_axis_range) +  # Set y-axis range 

  theme_minimal() + 

  theme(legend.position = "right") 

 

# Prompt user to select directory for ambient temperature data 

ambient_directory <- choose.dir() 

 

# Get a list of all Excel files in the ambient temperature directory 

ambient_files <- list.files(ambient_directory, pattern = "*.xlsx", 

full.names = TRUE) 

 

# Initialize an empty list to store ambient temperature data frames 

ambient_data <- list() 

 

# Loop through each Excel file and read the ambient temperature data 

for (file_path in ambient_files) { 

  ambient_temp_data <- read_excel(file_path) 

   

  # Assuming the columns are named "Timestamp" and "Ambient Temperature 

(°C)", adjust if needed 

  ambient_temp_data <- ambient_temp_data %>% 

    mutate(Ambient_Temperature = as.numeric(`Ambient Temperature (°C)`)) 

   

  ambient_data <- append(ambient_data, list(ambient_temp_data)) 

} 

 

# Combine all ambient temperature data frames into one 

combined_ambient_data <- bind_rows(ambient_data) 

 

# Generate ambient temperature chart with its own y-axis range and legend 

ambient_chart <- ggplot(data = combined_ambient_data, aes(x = Timestamp, y 

= Ambient_Temperature, color = "Ambient")) + 

  geom_line(na.rm = TRUE) +  # Ignore missing values 

  labs(title = "Ambient Temperature", y = "Ambient Temp (°C)", x = 

"Timestamp") + 

  ylim(c(min(combined_ambient_data$Ambient_Temperature, na.rm = TRUE) - 2, 

         max(combined_ambient_data$Ambient_Temperature, na.rm = TRUE) + 

2)) +  # Set y-axis range 

  scale_color_manual(values = "blue", name = "Legend") +  # Set color and 

legend label 

  theme_minimal() + 

  theme(legend.position = "right") 

 

# Combine all the charts into a single stacked chart 

stacked_charts <- plot_grid(hma_chart, base_chart, subbase_chart, 

subgrade_chart, ambient_chart, 

                            ncol = 1, align = "v") 
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# Display the stacked temperature charts 

print(stacked_charts) 
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Multiple Temperature Sensor Plotter (with TEMP-02 restricted) AND by month X-axis + 

Ambient Temperature 
 

File name of Code: multi_temp_plotte_remp02_bymonthxaxis_ambienttemp 

 

# Load required libraries 

1. library(readxl) 

library(ggplot2) 

library(cowplot) 

library(tidyr) 

library(dplyr) 

 

# Calculate breaks based on the data range 

timestamp_range <- range(combined_data$Timestamp) 

time_interval <- difftime(timestamp_range[2], timestamp_range[1], units = 

"days") 

breaks <- ifelse(time_interval <= 31, "1 day", "1 month") 

 

# Function to generate temperature chart for a specific layer 

generate_layer_temperature_chart <- function(data, layer_name, 

chart_title, y_axis_range) { 

  tidy_data <- data %>% 

    pivot_longer(cols = starts_with(layer_name), names_to = "Sensor", 

values_to = "Temperature") 

   

  layer_chart <- ggplot(data = tidy_data, aes(x = Timestamp, y = 

Temperature, color = Sensor)) + 

    geom_line() + 

    labs(title = chart_title, y = "Layer Temp (°C)", x = "Timestamp") + 

    ylim(y_axis_range) + 

    scale_x_datetime(date_breaks = breaks, date_labels = "%b %Y") + 

    theme_minimal() + 

    theme(legend.position = "right") 

   

  return(layer_chart) 

} 

 

# Set the directory containing your input Excel files 

input_directory <- choose.dir() 

 

# Get a list of all Excel files in the directory 

excel_files <- list.files(input_directory, pattern = "*.xlsx", full.names 

= TRUE) 

 

# Initialize an empty list to store data frames 

all_data <- list() 

 

# Loop through each Excel file and read the data 

for (file_path in excel_files) { 

  data <- read_excel(file_path) 
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  # Convert non-numeric values to NA with error handling 

  tryCatch({ 

    data <- data %>% 

      mutate(across(starts_with("TEMPS-"), as.numeric)) 

  }, warning = function(w) { 

    message("Warning: Some non-numeric values could not be converted to 

NA.") 

  }) 

   

  all_data <- append(all_data, list(data)) 

} 

 

# Combine all data frames into one 

combined_data <- bind_rows(all_data) 

 

# Determine the maximum and minimum temperature values from all columns 

with "TM-" AND "TEMPS-" 

max_temp_value <- combined_data %>% 

  select(starts_with(c("TM-"))) %>% 

  na.omit() %>% 

  max(na.rm = TRUE) 

 

min_temp_value <- combined_data %>% 

  select(starts_with(c("TM-"))) %>% 

  na.omit() %>% 

  min(na.rm = TRUE) 

 

# Set the y-axis range for all charts with margins 

margin_upper <- 5  # You can adjust this margin as needed for the upper 

bound 

margin_lower <- 5  # You can adjust this margin as needed for the lower 

bound 

y_axis_range <- c(floor(min_temp_value) - margin_lower, 

ceiling(max_temp_value) + margin_upper) 

 

# Generate temperature charts for each layer with the common y-axis range 

subgrade_chart <- generate_layer_temperature_chart(combined_data, "TM-SG", 

"Subgrade Layer Temperatures", y_axis_range) 

subbase_chart <- generate_layer_temperature_chart(combined_data, "TM-SB", 

"Subbase Layer Temperatures", y_axis_range) 

base_chart <- generate_layer_temperature_chart(combined_data, "TM-BA", 

"Base Layer Temperatures", y_axis_range) 

 

# Combine TEMPS-02 sensors for HMA chart, exclude TEMPS-01 

sensor_columns <- c("TEMPS-02-1", "TEMPS-02-2", "TEMPS-02-3") 

hma_temps_combined <- combined_data %>% 

  dplyr::select(Timestamp, all_of(sensor_columns)) %>% 

  pivot_longer(cols = -Timestamp, names_to = "Sensor", values_to = 

"Temperature") 
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# Generate temperature chart for HMA with the common y-axis range 

hma_chart <- ggplot(data = hma_temps_combined, aes(x = Timestamp, y = 

Temperature, color = Sensor)) + 

  geom_line() + 

  labs(title = "HMA Layer Temperatures", y = "Layer Temp (°C)", x = 

"Timestamp") + 

  ylim(y_axis_range) + 

  scale_x_datetime(date_breaks = breaks, date_labels = "%b %Y") +  # Use 

the same breaks logic as the other charts 

  theme_minimal() + 

  theme(legend.position = "right") 

 

# Prompt user to select directory for ambient temperature data 

ambient_directory <- choose.dir() 

 

# Get a list of all Excel files in the ambient temperature directory 

ambient_files <- list.files(ambient_directory, pattern = "*.xlsx", 

full.names = TRUE) 

 

# Initialize an empty list to store ambient temperature data frames 

ambient_data <- list() 

 

# Loop through each Excel file and read the ambient temperature data 

for (file_path in ambient_files) { 

  ambient_temp_data <- read_excel(file_path) 

   

  # Assuming the columns are named "Timestamp" and "Ambient Temperature 

(°C)", adjust if needed 

  ambient_temp_data <- ambient_temp_data %>% 

    mutate(Ambient_Temperature = as.numeric(`Ambient Temperature (°C)`)) 

   

  ambient_data <- append(ambient_data, list(ambient_temp_data)) 

} 

 

# Combine all ambient temperature data frames into one 

combined_ambient_data <- bind_rows(ambient_data) 

 

# Generate ambient temperature chart with the same breaks as other charts 

ambient_chart <- ggplot(data = combined_ambient_data, aes(x = Timestamp, y 

= Ambient_Temperature, color = "Ambient")) + 

  geom_line(na.rm = TRUE) +  # Ignore missing values 

  labs(title = "Ambient Temperature", y = "Ambient Temp (°C)", x = 

"Timestamp") + 

  ylim(c(min(combined_ambient_data$Ambient_Temperature, na.rm = TRUE) - 2, 

         max(combined_ambient_data$Ambient_Temperature, na.rm = TRUE) + 

2)) +  # Set y-axis range 

  scale_x_datetime(date_breaks = breaks, date_labels = "%b %Y") +  # Use 

the same breaks logic as the other charts 
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  scale_color_manual(values = "blue", name = "Legend") +  # Set color and 

legend label 

  theme_minimal() + 

  theme(legend.position = "right") 

 

# Combine all the charts into a single stacked chart 

stacked_charts <- plot_grid(hma_chart, base_chart, subbase_chart, 

subgrade_chart, ambient_chart, 

                            ncol = 1, align = "v") 

 

# Display the stacked temperature charts 

print(stacked_charts) 

 

OR 
 

File name for Code: 

multi_temp_plot_temp02_bymonthxaxis_ambienttemp_includesfulltemp02 

 

# Load required libraries 

library(readxl) 

library(ggplot2) 

library(cowplot) 

library(tidyr) 

library(dplyr) 

 

# Calculate breaks based on the data range 

timestamp_range <- range(combined_data$Timestamp) 

time_interval <- difftime(timestamp_range[2], timestamp_range[1], units = 

"days") 

breaks <- ifelse(time_interval <= 31, "1 day", "1 month") 

 

# Function to generate temperature chart for a specific layer 

generate_layer_temperature_chart <- function(data, layer_name, 

chart_title, y_axis_range) { 

  tidy_data <- data %>% 

    pivot_longer(cols = starts_with(layer_name), names_to = "Sensor", 

values_to = "Temperature") 

   

  layer_chart <- ggplot(data = tidy_data, aes(x = Timestamp, y = 

Temperature, color = Sensor)) + 

    geom_line() + 

    labs(title = chart_title, y = "Layer Temp (°C)", x = "Timestamp") + 

    ylim(y_axis_range) + 

    scale_x_datetime(date_breaks = breaks, date_labels = "%b %Y") + 

    theme_minimal() + 

    theme(legend.position = "right") 

   

  return(layer_chart) 

} 
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# Set the directory containing your input Excel files 

input_directory <- choose.dir() 

 

# Get a list of all Excel files in the directory 

excel_files <- list.files(input_directory, pattern = "*.xlsx", full.names 

= TRUE) 

 

# Initialize an empty list to store data frames 

all_data <- list() 

 

# Loop through each Excel file and read the data 

for (file_path in excel_files) { 

  data <- read_excel(file_path) 

   

  # Convert non-numeric values to NA with error handling 

  tryCatch({ 

    data <- data %>% 

      mutate(across(starts_with("TEMPS-"), as.numeric)) 

  }, warning = function(w) { 

    message("Warning: Some non-numeric values could not be converted to 

NA.") 

  }) 

   

  all_data <- append(all_data, list(data)) 

} 

 

# Combine all data frames into one 

combined_data <- bind_rows(all_data) 

 

# Determine the maximum and minimum temperature values from all columns 

with "TM-" AND "TEMPS-" 

max_temp_value <- combined_data %>% 

  select(starts_with(c("TM-", "TEMPS-02"))) %>% 

  na.omit() %>% 

  max(na.rm = TRUE) 

 

min_temp_value <- combined_data %>% 

  select(starts_with(c("TM-", "TEMPS-02"))) %>% 

  na.omit() %>% 

  min(na.rm = TRUE) 

 

# Set the y-axis range for all charts with margins 

margin_upper <- 5  # You can adjust this margin as needed for the upper 

bound 

margin_lower <- 5  # You can adjust this margin as needed for the lower 

bound 

y_axis_range <- c(floor(min_temp_value) - margin_lower, 

ceiling(max_temp_value) + margin_upper) 
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# Generate temperature charts for each layer with the common y-axis range 

subgrade_chart <- generate_layer_temperature_chart(combined_data, "TM-SG", 

"Subgrade Layer Temperatures", y_axis_range) 

subbase_chart <- generate_layer_temperature_chart(combined_data, "TM-SB", 

"Subbase Layer Temperatures", y_axis_range) 

base_chart <- generate_layer_temperature_chart(combined_data, "TM-BA", 

"Base Layer Temperatures", y_axis_range) 

 

# Combine TEMPS-02 sensors for HMA chart, exclude TEMPS-01 

sensor_columns <- c("TEMPS-02-1", "TEMPS-02-2", "TEMPS-02-3") 

hma_temps_combined <- combined_data %>% 

  dplyr::select(Timestamp, all_of(sensor_columns)) %>% 

  pivot_longer(cols = -Timestamp, names_to = "Sensor", values_to = 

"Temperature") 

 

# Generate temperature chart for HMA with the common y-axis range 

hma_chart <- ggplot(data = hma_temps_combined, aes(x = Timestamp, y = 

Temperature, color = Sensor)) + 

  geom_line() + 

  labs(title = "HMA Layer Temperatures", y = "Layer Temp (°C)", x = 

"Timestamp") + 

  ylim(y_axis_range) + 

  scale_x_datetime(date_breaks = breaks, date_labels = "%b %Y") +  # Use 

the same breaks logic as the other charts 

  theme_minimal() + 

  theme(legend.position = "right") 

 

# Prompt user to select directory for ambient temperature data 

ambient_directory <- choose.dir() 

 

# Get a list of all Excel files in the ambient temperature directory 

ambient_files <- list.files(ambient_directory, pattern = "*.xlsx", 

full.names = TRUE) 

 

# Initialize an empty list to store ambient temperature data frames 

ambient_data <- list() 

 

# Loop through each Excel file and read the ambient temperature data 

for (file_path in ambient_files) { 

  ambient_temp_data <- read_excel(file_path) 

   

  # Assuming the columns are named "Timestamp" and "Ambient Temperature 

(°C)", adjust if needed 

  ambient_temp_data <- ambient_temp_data %>% 

    mutate(Ambient_Temperature = as.numeric(`Ambient Temperature (°C)`)) 

   

  ambient_data <- append(ambient_data, list(ambient_temp_data)) 

} 

 

# Combine all ambient temperature data frames into one 
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combined_ambient_data <- bind_rows(ambient_data) 

 

# Generate ambient temperature chart with the same breaks as other charts 

ambient_chart <- ggplot(data = combined_ambient_data, aes(x = Timestamp, y 

= Ambient_Temperature, color = "Ambient")) + 

  geom_line(na.rm = TRUE) +  # Ignore missing values 

  labs(title = "Ambient Temperature", y = "Ambient Temp (°C)", x = 

"Timestamp") + 

  ylim(c(min(combined_ambient_data$Ambient_Temperature, na.rm = TRUE) - 2, 

         max(combined_ambient_data$Ambient_Temperature, na.rm = TRUE) + 

2)) +  # Set y-axis range 

  scale_x_datetime(date_breaks = breaks, date_labels = "%b %Y") +  # Use 

the same breaks logic as the other charts 

  scale_color_manual(values = "blue", name = "Legend") +  # Set color and 

legend label 

  theme_minimal() + 

  theme(legend.position = "right") 

 

# Combine all the charts into a single stacked chart 

stacked_charts <- plot_grid(hma_chart, base_chart, subbase_chart, 

subgrade_chart, ambient_chart, 

                            ncol = 1, align = "v") 

 

# Display the stacked temperature charts 

print(stacked_charts) 

 

Moisture Trend Plotter 
 

File name of Code: moisture_plotter_all sensors 

 

# Load required libraries 

library(readxl) 

library(ggplot2) 

library(cowplot) 

library(tidyr) 

library(dplyr) 

 

# Function to generate moisture chart for a specific layer 

generate_layer_moisture_chart <- function(data, layer_name, chart_title, 

y_axis_range) { 

  tidy_data <- data %>% 

    pivot_longer(cols = starts_with(layer_name), names_to = "Sensor", 

values_to = "Moisture") %>% 

    filter(grepl("_Average", Sensor))  # Select only columns with 

"_Average" suffix 
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  moisture_chart <- ggplot(data = tidy_data, aes(x = Timestamp, y = 

Moisture, color = Sensor)) + 

    geom_line() + 

    labs(title = chart_title, y = "Layer Moisture (m3/m3)", x = 

"Timestamp") + 

    ylim(y_axis_range) + 

    theme_minimal() + 

    theme(legend.position = "right") 

   

  return(moisture_chart) 

} 

 

# Set the directory containing your input Excel files 

input_directory <- choose.dir() 

 

# Get a list of all Excel files in the directory 

excel_files <- list.files(input_directory, pattern = "*.xlsx", full.names 

= TRUE) 

 

# Initialize an empty list to store data frames 

all_data <- list() 

 

# Loop through each Excel file and read the data 

for (file_path in excel_files) { 

  data <- read_excel(file_path) 

   

  # Convert non-numeric values to NA with error handling 

  tryCatch({ 

    data <- data %>% 

      mutate(across(starts_with("MOI-"), as.numeric)) 

  }, warning = function(w) { 

    message("Warning: Some non-numeric values could not be converted to 

NA.") 

  }) 

   

  all_data <- append(all_data, list(data)) 

} 

 

# Combine all data frames into one 

combined_data <- bind_rows(all_data) 

 

# Determine the maximum and minimum moisture values from all columns with 

"MOI-BA", "MOI-SB", "MOI-SG" 

max_moisture_value <- combined_data %>% 
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  select(starts_with(c("MOI-BA", "MOI-SB", "MOI-SG"))) %>% 

  na.omit() %>% 

  max(na.rm = TRUE) 

 

min_moisture_value <- combined_data %>% 

  select(starts_with(c("MOI-BA", "MOI-SB", "MOI-SG"))) %>% 

  na.omit() %>% 

  min(na.rm = TRUE) 

 

# Print diagnostic information 

cat("min_moisture_value:", min_moisture_value, "\n") 

cat("max_moisture_value:", max_moisture_value, "\n") 

 

# Set the y-axis range for all charts with margins 

margin_upper <- 0.05  # You can adjust this margin as needed for the upper 

bound 

margin_lower <- 0.05  # You can adjust this margin as needed for the lower 

bound 

y_axis_range <- c(max(0, floor(min_moisture_value) - margin_lower), 

min(0.5, ceiling(max_moisture_value) + margin_upper)) 

 

# Generate moisture charts for each layer 

subgrade_chart <- generate_layer_moisture_chart(combined_data, "MOI-SG", 

"Subgrade Layer Moisture", y_axis_range) 

subbase_chart <- generate_layer_moisture_chart(combined_data, "MOI-SB", 

"Subbase Layer Moisture", y_axis_range) 

base_chart <- generate_layer_moisture_chart(combined_data, "MOI-BA", "Base 

Layer Moisture", y_axis_range) 

 

# Combine all the generated charts into a single stacked chart 

stacked_moisture_charts <- plot_grid(base_chart, subbase_chart, 

subgrade_chart, 

                                     ncol = 1, align = "v") 

 

# Display the stacked moisture charts 

print(stacked_moisture_charts)  
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Moisture Trend Plotter + Precipitation Plotter 
library(readxl) 

library(ggplot2) 

library(cowplot) 

library(tidyr) 

library(dplyr) 

 

# Function to generate moisture chart for a specific layer 

generate_layer_moisture_chart <- function(data, layer_name, chart_title, 

y_axis_range) { 

  tidy_data <- data %>% 

    pivot_longer(cols = starts_with(layer_name), names_to = "Sensor", 

values_to = "Moisture") %>% 

    filter(grepl("_Average", Sensor))  # Select only columns with 

"_Average" suffix 

   

  moisture_chart <- ggplot(data = tidy_data, aes(x = Timestamp, y = 

Moisture, color = Sensor)) + 

    geom_line() + 

    labs(title = chart_title, y = "Layer Moisture (m3/m3)", x = 

"Timestamp") + 

    ylim(y_axis_range) + 

    theme_minimal() + 

    theme(legend.position = "right") 

   

  return(moisture_chart) 

} 

 

# Function to generate precipitation bar chart 

generate_precipitation_chart <- function(precip_data, chart_title) { 

  precipitation_chart <- ggplot(data = precip_data, aes(x = Timestamp, y = 

`Total Precipitation (mm)`, fill = "Precipitation")) + 

    geom_bar(stat = "identity") + 

    scale_fill_manual(values = c("Precipitation" = "blue")) +  # Set fill 

color manually 

    labs(title = chart_title, y = "Total Precipitation (mm)", x = 

"Timestamp", fill = "") +  # Set legend title 

    theme_minimal() + 

    theme(legend.position = "right")   

   

  return(precipitation_chart) 

} 

 

# Set the directory containing your input Excel files for moisture data 

moisture_input_directory <- choose.dir() 

 

# Set the directory containing your input Excel file for precipitation 

data 

precipitation_input_directory <- choose.dir() 
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# Get a list of all Excel files for moisture data in the directory 

moisture_excel_files <- list.files(moisture_input_directory, pattern = 

"*.xlsx", full.names = TRUE) 

 

# Get the Excel file for precipitation data 

precipitation_excel_file <- list.files(precipitation_input_directory, 

pattern = "*.xlsx", full.names = TRUE)[1] 

 

# Initialize an empty list to store moisture data frames 

all_moisture_data <- list() 

 

# Loop through each moisture Excel file and read the data 

for (moisture_file_path in moisture_excel_files) { 

  moisture_data <- read_excel(moisture_file_path) 

   

  # Convert non-numeric values to NA with error handling 

  tryCatch({ 

    moisture_data <- moisture_data %>% 

      mutate(across(starts_with("MOI-"), as.numeric)) 

  }, warning = function(w) { 

    message("Warning: Some non-numeric values could not be converted to 

NA.") 

  }) 

   

  all_moisture_data <- append(all_moisture_data, list(moisture_data)) 

} 

 

# Combine all moisture data frames into one 

combined_moisture_data <- bind_rows(all_moisture_data) 

 

# Read precipitation data 

precipitation_data <- read_excel(precipitation_excel_file) 

 

# Determine the maximum and minimum moisture values from all columns with 

"MOI-BA", "MOI-SB", "MOI-SG" 

max_moisture_value <- combined_moisture_data %>% 

  select(starts_with(c("MOI-BA", "MOI-SB", "MOI-SG"))) %>% 

  na.omit() %>% 

  max(na.rm = TRUE) 

 

min_moisture_value <- combined_moisture_data %>% 

  select(starts_with(c("MOI-BA", "MOI-SB", "MOI-SG"))) %>% 

  na.omit() %>% 

  min(na.rm = TRUE) 

 

# Print diagnostic information 

cat("min_moisture_value:", min_moisture_value, "\n") 

cat("max_moisture_value:", max_moisture_value, "\n") 

 

# Set the y-axis range for all moisture charts with margins 
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margin_upper <- 0.05  # You can adjust this margin as needed for the upper 

bound 

margin_lower <- 0.05  # You can adjust this margin as needed for the lower 

bound 

y_axis_range <- c(max(0, floor(min_moisture_value) - margin_lower), 

min(0.5, ceiling(max_moisture_value) + margin_upper)) 

 

# Generate moisture charts for each layer 

subgrade_chart <- generate_layer_moisture_chart(combined_moisture_data, 

"MOI-SG", "Subgrade Layer Moisture", y_axis_range) 

subbase_chart <- generate_layer_moisture_chart(combined_moisture_data, 

"MOI-SB", "Subbase Layer Moisture", y_axis_range) 

base_chart <- generate_layer_moisture_chart(combined_moisture_data, "MOI-

BA", "Base Layer Moisture", y_axis_range) 

 

# Generate precipitation chart 

precipitation_chart <- generate_precipitation_chart(precipitation_data, 

"Precipitation") 

 

# Combine all the generated charts into a single stacked chart 

stacked_charts <- plot_grid(base_chart, subbase_chart, subgrade_chart, 

precipitation_chart, 

                            ncol = 1, align = "v", axis = "tb") 

 

# Display the stacked charts 

print(stacked_charts)  
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Trend Strain Plotter + Ambient Temperature 
 

File for Code name : multi_strain_plotter_trend_withambienttemp 

 

# Load required libraries 

library(readxl) 

library(ggplot2) 

library(cowplot) 

library(tidyr) 

library(dplyr) 

 

# Calculate breaks based on the data range 

timestamp_range <- range(combined_data$Timestamp) 

time_interval <- difftime(timestamp_range[2], timestamp_range[1], units = 

"days") 

breaks <- ifelse(time_interval <= 31, "1 day", "1 month") 

 

# Function to generate strain chart for a specific layer 

generate_layer_strain_chart <- function(data, layer_name, chart_title, 

y_axis_range) { 

  tidy_data <- data %>% 

    pivot_longer(cols = matches(paste0("^", layer_name, "-\\d+_Average")),  

                 names_to = "Sensor", values_to = "Strain") 

   

  layer_chart <- ggplot(data = tidy_data, aes(x = Timestamp, y = Strain, 

color = Sensor)) + 

    geom_line() + 

    labs(title = chart_title, y = "Strain (με)", x = "Timestamp") + 

    ylim(y_axis_range) + 

    scale_x_datetime(date_breaks = breaks, date_labels = "%b %Y") + 

    theme_minimal() + 

    theme(legend.position = "right") 

   

  return(layer_chart) 

} 

 

# Set the directory containing your input Excel files 

input_directory <- choose.dir() 

 

# Get a list of all Excel files in the directory 

excel_files <- list.files(input_directory, pattern = "*.xlsx", full.names 

= TRUE) 

 

# Initialize an empty list to store data frames 

all_data <- list() 

 

# Loop through each Excel file and read the data 

for (file_path in excel_files) { 

  data <- read_excel(file_path) 

   

  # Convert non-numeric values to NA with error handling 

  tryCatch({ 

    data <- data %>% 

      mutate(across(matches("^AS-"), as.numeric)) 
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  }, warning = function(w) { 

    message("Warning: Some non-numeric values could not be converted to 

NA.") 

  }) 

   

  all_data <- append(all_data, list(data)) 

} 

 

# Combine all data frames into one 

combined_data <- bind_rows(all_data) 

 

# Determine the maximum and minimum strain values from all columns with 

"AS-" 

max_strain_value <- combined_data %>% 

  select(starts_with(c("AS-LO-R", "AS-TR-R", "AS-LO-L", "AS-TR-L"))) %>% 

  na.omit() %>% 

  max(na.rm = TRUE) 

 

min_strain_value <- combined_data %>% 

  select(starts_with(c("AS-LO-R", "AS-TR-R", "AS-LO-L", "AS-TR-L"))) %>% 

  na.omit() %>% 

  min(na.rm = TRUE) 

 

# Set the y-axis range for all charts with margins 

margin_upper <- 5  # You can adjust this margin as needed for the upper 

bound 

margin_lower <- 5  # You can adjust this margin as needed for the lower 

bound 

y_axis_range <- c(floor(min_strain_value) - margin_lower, 

ceiling(max_strain_value) + margin_upper) 

 

# Generate strain charts for each layer with the common y-axis range 

right_longitudinal_strain_chart <- 

generate_layer_strain_chart(combined_data, "AS-LO-R", "Right Longitudinal 

Strain", y_axis_range) 

right_transverse_strain_chart <- 

generate_layer_strain_chart(combined_data, "AS-TR-R", "Right Transverse 

Strain", y_axis_range) 

left_longitudinal_strain_chart <- 

generate_layer_strain_chart(combined_data, "AS-LO-L", "Left Longitudinal 

Strain", y_axis_range) 

left_transverse_strain_chart <- generate_layer_strain_chart(combined_data, 

"AS-TR-L", "Left Transverse Strain", y_axis_range) 

 

# Prompt user to select directory for ambient temperature data 

ambient_directory <- choose.dir() 

 

# Get a list of all Excel files in the ambient temperature directory 

ambient_files <- list.files(ambient_directory, pattern = "*.xlsx", 

full.names = TRUE) 

 

# Initialize an empty list to store ambient temperature data frames 

ambient_data <- list() 
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# Loop through each Excel file and read the ambient temperature data 

for (file_path in ambient_files) { 

  ambient_temp_data <- read_excel(file_path) 

   

  # Assuming the columns are named "Timestamp" and "Ambient Temperature 

(°C)", adjust if needed 

  ambient_temp_data <- ambient_temp_data %>% 

    mutate(Ambient_Temperature = as.numeric(`Ambient Temperature (°C)`)) 

   

  ambient_data <- append(ambient_data, list(ambient_temp_data)) 

} 

 

# Combine all ambient temperature data frames into one 

combined_ambient_data <- bind_rows(ambient_data) 

 

# Generate ambient temperature chart with the same breaks as other charts 

ambient_chart <- ggplot(data = combined_ambient_data, aes(x = Timestamp, y 

= Ambient_Temperature, color = "Ambient")) + 

  geom_line(na.rm = TRUE) +  # Ignore missing values 

  labs(title = "Ambient Temperature", y = "Ambient Temp (°C)", x = 

"Timestamp") + 

  ylim(c(min(combined_ambient_data$Ambient_Temperature, na.rm = TRUE) - 2, 

         max(combined_ambient_data$Ambient_Temperature, na.rm = TRUE) + 

2)) +  # Set y-axis range 

  scale_x_datetime(date_breaks = breaks, date_labels = "%b %Y") +  # Use 

the same breaks logic as the other charts 

  scale_color_manual(values = "blue", name = "Legend") +  # Set color and 

legend label 

  theme_minimal() + 

  theme(legend.position = "right") 

 

# Combine all the charts into a single stacked chart 

stacked_charts <- plot_grid(right_longitudinal_strain_chart, 

right_transverse_strain_chart, 

                            left_longitudinal_strain_chart, 

left_transverse_strain_chart, ambient_chart, 

                            ncol = 1, align = "v") 

 

# Display the stacked strain charts 

print(stacked_charts)  
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Trend Pressure Plotter + Ambient Temperature 
 

File for Code name : multi_pressure_plotter_trend_withambienttemp 

 

Note: you have to manually set the y-axis parameters in this one.  

 
# Load required libraries 

library(readxl) 

library(ggplot2) 

library(cowplot) 

library(tidyr) 

library(dplyr) 

 

# Set the directory containing your input Excel files for pressure sensors 

pressure_input_directory <- choose.dir() 

 

# Get a list of all Excel files for pressure sensors in the directory 

pressure_excel_files <- list.files(pressure_input_directory, pattern = 

"*.xlsx", full.names = TRUE) 

 

# Initialize an empty list to store pressure sensor data frames 

all_pressure_data <- list() 

 

# Loop through each Excel file for pressure sensors and read the data 

for (pressure_file_path in pressure_excel_files) { 

  pressure_data <- read_excel(pressure_file_path) 

   

  # Assuming the columns are named "Timestamp", "PC-BA-R-1_Average", "PC-

BA-R-5_Average", etc. 

  # Adjust the column names if needed 

  pressure_data <- pressure_data %>% 

    mutate(across(starts_with("PC-"), as.numeric)) 

   

  all_pressure_data <- append(all_pressure_data, list(pressure_data)) 

} 

 

# Combine all pressure sensor data frames into one 

combined_pressure_data <- bind_rows(all_pressure_data) 

 

# Set the desired y-axis range 

min_y_axis_value <- 0  # Replace with your desired minimum value 

max_y_axis_value <- 200  # Replace with your desired maximum value 
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# Set the y-axis range for all pressure sensor charts with user-defined 

values 

y_axis_range_pressure <- c(min_y_axis_value, max_y_axis_value) 

 

# Function to generate pressure chart for a specific layer with filtering 

generate_layer_pressure_chart <- function(data, layer_name, chart_title, 

y_axis_range) { 

  tidy_data <- data %>% 

    pivot_longer(cols = matches(paste0("^", layer_name, "-\\d+_Average")),  

                 names_to = "Sensor", values_to = "Pressure") 

   

  # Convert pressure from MPa to kPa 

  tidy_data$Pressure <- tidy_data$Pressure * 1000 

   

  # Filter data between 50000 kPa and 0 kPa 

  tidy_data <- filter(tidy_data, Pressure >= 0, Pressure <= 5000) 

   

  layer_chart <- ggplot(data = tidy_data, aes(x = Timestamp, y = Pressure, 

color = Sensor)) + 

    geom_line() + 

    labs(title = chart_title, y = "Layer Pressure (kPa)", x = "Timestamp") 

+ 

    ylim(y_axis_range) +  # Use the specified y-axis range 

    scale_x_datetime(date_breaks = breaks, date_labels = "%b %Y") + 

    theme_minimal() + 

    theme(legend.position = "right") 

   

  return(layer_chart) 

} 

 

# Generate pressure charts for each layer with the common y-axis range and 

filtering 

base_right_lane_pressure_chart <- 

generate_layer_pressure_chart(combined_pressure_data, "PC-BA-R", "Base 

Right Lane", y_axis_range_pressure) 

base_left_lane_pressure_chart <- 

generate_layer_pressure_chart(combined_pressure_data, "PC-BA-L", "Base 

Left Lane", y_axis_range_pressure) 

subbase_right_lane_pressure_chart <- 

generate_layer_pressure_chart(combined_pressure_data, "PC-SB-R", "Subbase 

Right Lane", y_axis_range_pressure) 

subbase_left_lane_pressure_chart <- 

generate_layer_pressure_chart(combined_pressure_data, "PC-SB-L", "Subbase 

Left Lane", y_axis_range_pressure) 
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subgrade_right_lane_pressure_chart <- 

generate_layer_pressure_chart(combined_pressure_data, "PC-SG-R", "Subgrade 

Right Lane", y_axis_range_pressure) 

subgrade_left_lane_pressure_chart <- 

generate_layer_pressure_chart(combined_pressure_data, "PC-SG-L", "Subgrade 

Left Lane", y_axis_range_pressure) 

 

# Prompt user to select directory for ambient temperature data 

ambient_directory <- choose.dir() 

 

# Get a list of all Excel files in the ambient temperature directory 

ambient_files <- list.files(ambient_directory, pattern = "*.xlsx", 

full.names = TRUE) 

 

# Initialize an empty list to store ambient temperature data frames 

ambient_data <- list() 

 

# Loop through each Excel file and read the ambient temperature data 

for (file_path in ambient_files) { 

  ambient_temp_data <- read_excel(file_path) 

   

  # Assuming the columns are named "Timestamp" and "Ambient Temperature 

(°C)", adjust if needed 

  ambient_temp_data <- ambient_temp_data %>% 

    mutate(Ambient_Temperature = as.numeric(`Ambient Temperature (°C)`)) 

   

  ambient_data <- append(ambient_data, list(ambient_temp_data)) 

} 

 

# Combine all ambient temperature data frames into one 

combined_ambient_data <- bind_rows(ambient_data) 

 

# Generate ambient temperature chart with the same breaks as other charts 

ambient_chart <- ggplot(data = combined_ambient_data, aes(x = Timestamp, y 

= Ambient_Temperature, color = "Ambient")) + 

  geom_line(na.rm = TRUE) +  # Ignore missing values 

  labs(title = "Ambient Temperature", y = "Ambient Temp (°C)", x = 

"Timestamp") + 

  ylim(c(min(combined_ambient_data$Ambient_Temperature, na.rm = TRUE) - 2, 

         max(combined_ambient_data$Ambient_Temperature, na.rm = TRUE) + 

2)) +  # Set y-axis range 

  scale_x_datetime(date_breaks = breaks, date_labels = "%b %Y") +  # Use 

the same breaks logic as the other charts 

  scale_color_manual(values = "blue", name = "Legend") +  # Set color and 

legend label 
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  theme_minimal() + 

  theme(legend.position = "right") 

 

# Display the stacked pressure charts 

stacked_charts <- plot_grid(base_right_lane_pressure_chart, 

base_left_lane_pressure_chart, 

                            subbase_right_lane_pressure_chart, 

subbase_left_lane_pressure_chart, 

                            subgrade_right_lane_pressure_chart, 

subgrade_left_lane_pressure_chart, 

                            ambient_chart, 

                            ncol = 1, align = "v") 

 

print(stacked_charts)  
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High Speed Strain Plotter + Ambient (not filtered) 
# Load required libraries 

library(readxl) 

library(ggplot2) 

library(cowplot) 

library(tidyr) 

library(dplyr) 

 

# Function to generate temperature chart for a specific layer 

generate_layer_temperature_chart <- function(data, layer_name, 

chart_title, y_axis_range) { 

  # Reshape data into tidy format 

  tidy_data <- data %>% 

    pivot_longer(cols = starts_with(layer_name), names_to = "Sensor", 

values_to = "Temperature") 

   

  # Create the temperature chart with a separate legend 

  layer_chart <- ggplot(data = tidy_data, aes(x = Timestamp, y = 

Temperature, color = Sensor)) + 

    geom_line() + 

    labs(title = chart_title, y = "Strain", x = "Timestamp") + 

    ylim(y_axis_range) +  # Set y-axis range 

    theme_minimal() + 

    theme(legend.position = "right")  # Set legend position to right 

   

  return(layer_chart) 

} 

 

# Set the directory containing strain input Excel files 

strain_directory <- choose.dir() 

 

# Get a list of all Excel files in the strain directory 

strain_files <- list.files(strain_directory, pattern = "*.xlsx", 

full.names = TRUE) 

 

# Initialize an empty list to store strain data frames 

all_data <- list() 

 

# Loop through each Excel file and read the data 

for (file_path in strain_files) { 

  message("Processing file:", file_path)  # Displaying the file being 

processed 

  data <- read_excel(file_path) 
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  # Convert non-numeric values to NA with error handling 

  tryCatch({ 

    data <- data %>% 

      mutate(across(starts_with("AS-"), as.numeric)) 

  }, warning = function(w) { 

    message("Warning: Some non-numeric values could not be converted to 

NA.") 

  }) 

   

  all_data <- append(all_data, list(data)) 

} 

 

# Combine all strain data frames into one 

combined_data <- bind_rows(all_data) 

 

# Determine the maximum and minimum strain values from all columns with 

"AS-" 

max_strain_value <- combined_data %>% 

  select(starts_with(c("AS-"))) %>% 

  na.omit() %>% 

  max(na.rm = TRUE) 

 

min_strain_value <- combined_data %>% 

  select(starts_with(c("AS-"))) %>% 

  na.omit() %>% 

  min(na.rm = TRUE) 

 

# Set the y-axis range for all charts with margins 

margin_upper <- 5  # You can adjust this margin as needed for the upper 

bound 

margin_lower <- 5  # You can adjust this margin as needed for the lower 

bound 

y_axis_range <- c(floor(min_strain_value) - margin_lower, 

ceiling(max_strain_value) + margin_upper) 

 

# Generate strain charts for each layer with the common y-axis range 

right_longitudinal_strain_chart <- 

generate_layer_temperature_chart(combined_data, c("AS-LO-R-1", "AS-LO-R-

7"), "Right, Longitudinal Strain", y_axis_range) 

right_transverse_strain_chart <- 

generate_layer_temperature_chart(combined_data, c("AS-TR-R-3", "AS-TR-R-

5"), "Right, Transverse Strain", y_axis_range) 

left_longitudinal_strain_chart <- 

generate_layer_temperature_chart(combined_data, c("AS-LO-L-2", "AS-LO-L-

8"), "Left, Longitudinal Strain", y_axis_range) 
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left_transverse_strain_chart <- 

generate_layer_temperature_chart(combined_data, c("AS-TR-L-4", "AS-TR-L-

6"), "Left, Transverse Strain", y_axis_range) 

 

# Prompt user to select directory for ambient temperature data 

ambient_directory <- choose.dir() 

 

# Get a list of all Excel files in the ambient temperature directory 

ambient_files <- list.files(ambient_directory, pattern = "*.xlsx", 

full.names = TRUE) 

 

# Initialize an empty list to store ambient temperature data frames 

ambient_data <- list() 

 

# Loop through each Excel file and read the ambient temperature data 

for (file_path in ambient_files) { 

  message("Processing file:", file_path)  # Displaying the file being 

processed 

  ambient_temp_data <- read_excel(file_path) 

   

  # Assuming the columns are named "Timestamp" and "Ambient Temperature 

(°C)", adjust if needed 

  ambient_temp_data <- ambient_temp_data %>% 

    mutate(Ambient_Temperature = as.numeric(`Ambient Temperature (°C)`)) 

   

  ambient_data <- append(ambient_data, list(ambient_temp_data)) 

} 

 

# Combine all ambient temperature data frames into one 

combined_ambient_data <- bind_rows(ambient_data) 

 

# Generate ambient temperature chart with its own y-axis range and legend 

ambient_chart <- ggplot(data = combined_ambient_data, aes(x = Timestamp, y 

= Ambient_Temperature, color = "Ambient")) + 

  geom_line(na.rm = TRUE) +  # Ignore missing values 

  labs(title = "Ambient Temperature", y = "Temperature (°C)", x = 

"Timestamp") + 

  ylim(c(min(combined_ambient_data$Ambient_Temperature, na.rm = TRUE) - 2, 

         max(combined_ambient_data$Ambient_Temperature, na.rm = TRUE) + 

2)) +  # Set y-axis range 

  scale_color_manual(values = "blue", name = "Legend") +  # Set color and 

legend label 

  theme_minimal() + 

  theme(legend.position = "right") 
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# Combine all charts into a single stacked chart 

stacked_charts <- plot_grid(right_longitudinal_strain_chart, 

right_transverse_strain_chart, left_longitudinal_strain_chart, 

left_transverse_strain_chart, ambient_chart, 

                            ncol = 1, align = "v") 

 

# Display the stacked charts 

print(stacked_charts) 
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High Speed Strain Plotter + Ambient (filtered) 
 

# Load required libraries 

library(readxl) 

library(ggplot2) 

library(cowplot) 

library(tidyr) 

library(dplyr) 

 

# Function to generate strain chart for a specific layer with a filtered 

range 

generate_layer_strain_chart <- function(data, layer_name, chart_title, 

y_axis_range) { 

  # Reshape data into tidy format 

  tidy_data <- data %>% 

    pivot_longer(cols = starts_with(layer_name), names_to = "Sensor", 

values_to = "Strain") 

   

  # Create the strain chart with a separate legend 

  layer_chart <- ggplot(data = tidy_data, aes(x = Timestamp, y = Strain, 

color = Sensor)) + 

    geom_line() + 

    labs(title = chart_title, y = "Strain", x = "Timestamp") + 

    ylim(y_axis_range) +  # Set y-axis range 

    theme_minimal() + 

    theme(legend.position = "right")  # Set legend position to right 

   

  return(layer_chart) 

} 

 

# Set the directory containing strain input Excel files 

strain_directory <- choose.dir() 

 

# Get a list of all Excel files in the strain directory 

strain_files <- list.files(strain_directory, pattern = "*.xlsx", 

full.names = TRUE) 

 

# Initialize an empty list to store strain data frames 

all_data <- list() 

 

# Loop through each Excel file and read the data 

for (file_path in strain_files) { 

  message("Processing file:", file_path)  # Displaying the file being 

processed 

  data <- read_excel(file_path) 

   

  # Convert non-numeric values to NA with error handling 

  tryCatch({ 

    data <- data %>% 

      mutate(across(starts_with("AS-"), as.numeric)) 
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  }, warning = function(w) { 

    message("Warning: Some non-numeric values could not be converted to 

NA.") 

  }) 

   

  all_data <- append(all_data, list(data)) 

} 

 

# Combine all strain data frames into one 

combined_data <- bind_rows(all_data) 

 

# Set the range for filtering strain data 

strain_filter_min <- -6000 

strain_filter_max <- 6000 

 

# Generate strain charts for each layer with the filtered y-axis range 

right_longitudinal_strain_chart <- generate_layer_strain_chart( 

  combined_data,  

  c("AS-LO-R-1", "AS-LO-R-7"),  

  "Right, Longitudinal Strain",  

  c(strain_filter_min, strain_filter_max) 

) 

 

right_transverse_strain_chart <- generate_layer_strain_chart( 

  combined_data,  

  c("AS-TR-R-3", "AS-TR-R-5"),  

  "Right, Transverse Strain",  

  c(strain_filter_min, strain_filter_max) 

) 

 

left_longitudinal_strain_chart <- generate_layer_strain_chart( 

  combined_data,  

  c("AS-LO-L-2", "AS-LO-L-8"),  

  "Left, Longitudinal Strain",  

  c(strain_filter_min, strain_filter_max) 

) 

 

left_transverse_strain_chart <- generate_layer_strain_chart( 

  combined_data,  

  c("AS-TR-L-4", "AS-TR-L-6"),  

  "Left, Transverse Strain",  

  c(strain_filter_min, strain_filter_max) 

) 

 

# Prompt user to select directory for ambient temperature data 

ambient_directory <- choose.dir() 

 

# Get a list of all Excel files in the ambient temperature directory 

ambient_files <- list.files(ambient_directory, pattern = "*.xlsx", 

full.names = TRUE) 
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# Initialize an empty list to store ambient temperature data frames 

ambient_data <- list() 

 

# Loop through each Excel file and read the ambient temperature data 

for (file_path in ambient_files) { 

  message("Processing file:", file_path)  # Displaying the file being 

processed 

  ambient_temp_data <- read_excel(file_path) 

   

  # Assuming the columns are named "Timestamp" and "Ambient Temperature 

(°C)", adjust if needed 

  ambient_temp_data <- ambient_temp_data %>% 

    mutate(Ambient_Temperature = as.numeric(`Ambient Temperature (°C)`)) 

   

  ambient_data <- append(ambient_data, list(ambient_temp_data)) 

} 

 

# Combine all ambient temperature data frames into one 

combined_ambient_data <- bind_rows(ambient_data) 

 

# Generate ambient temperature chart with its own y-axis range and legend 

ambient_chart <- ggplot(data = combined_ambient_data, aes(x = Timestamp, y 

= Ambient_Temperature, color = "Ambient")) + 

  geom_line(na.rm = TRUE) +  # Ignore missing values 

  labs(title = "Ambient Temperature", y = "Temperature (°C)", x = 

"Timestamp") + 

  ylim(c(min(combined_ambient_data$Ambient_Temperature, na.rm = TRUE) - 2, 

         max(combined_ambient_data$Ambient_Temperature, na.rm = TRUE) + 

2)) +  # Set y-axis range 

  scale_color_manual(values = "blue", name = "Legend") +  # Set color and 

legend label 

  theme_minimal() + 

  theme(legend.position = "right") 

 

# Combine all charts into a single stacked chart 

stacked_charts <- plot_grid(right_longitudinal_strain_chart, 

right_transverse_strain_chart, left_longitudinal_strain_chart, 

left_transverse_strain_chart, ambient_chart, 

                            ncol = 1, align = "v") 

 

# Display the stacked charts 

print(stacked_charts)  
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High Speed Pressure Plotter + Ambient 
# Load required libraries 

library(readxl) 

library(ggplot2) 

library(cowplot) 

library(tidyr) 

library(dplyr) 

 

# Function to generate pressure chart for a specific layer 

generate_layer_pressure_chart <- function(data, layer_name, chart_title, 

y_axis_range) { 

  # Reshape data into tidy format 

  tidy_data <- data %>% 

    pivot_longer(cols = starts_with(layer_name), names_to = "Sensor", 

values_to = "Pressure") 

   

  # Convert pressure to kilopascals 

  tidy_data$Pressure <- tidy_data$Pressure * 1000 

   

  # Create the pressure chart with a separate legend 

  layer_chart <- ggplot(data = tidy_data, aes(x = Timestamp, y = Pressure, 

color = Sensor)) + 

    geom_line() + 

    labs(title = chart_title, y = "Layer Pressure (kPa)", x = "Timestamp") 

+ 

    ylim(y_axis_range) +  # Set y-axis range 

    theme_minimal() + 

    theme(legend.position = "right")  # Set legend position to right 

   

  return(layer_chart) 

} 

 

# Set the directory containing pressure input Excel files 

pressure_directory <- choose.dir() 

 

# Get a list of all Excel files in the pressure directory 

pressure_files <- list.files(pressure_directory, pattern = "*.xlsx", 

full.names = TRUE) 

 

# Initialize an empty list to store pressure data frames 

all_pressure_data <- list() 

 

# Loop through each Excel file and read the data 

for (file_path in pressure_files) { 

  message("Processing file:", file_path)  # Displaying the file being 

processed 

  data <- read_excel(file_path) 

   

  # Convert non-numeric values to NA with error handling 

  tryCatch({ 
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    data <- data %>% 

      mutate(across(starts_with("PC-"), ~.*1000, .names = "Pressure_PC-

{col}")) 

  }, warning = function(w) { 

    message("Warning: Some non-numeric values could not be converted to 

NA.") 

  }) 

   

  all_pressure_data <- append(all_pressure_data, list(data)) 

} 

 

# Combine all pressure data frames into one 

combined_pressure_data <- bind_rows(all_pressure_data) 

 

# Set the desired y-axis range 

min_y_axis_value <- 0  # Replace with your desired minimum value 

max_y_axis_value <- 200  # Replace with your desired maximum value 

 

# Generate pressure charts for each layer with the specified y-axis range 

base_right_lane_pressure_chart <- 

generate_layer_pressure_chart(combined_pressure_data, c("PC-BA-R-1", "PC-

BA-R-5"), "Base Right Array", c(min_y_axis_value, max_y_axis_value)) 

base_left_lane_pressure_chart <- 

generate_layer_pressure_chart(combined_pressure_data, c("PC-BA-L-2", "PC-

BA-L-6"), "Base Left Array", c(min_y_axis_value, max_y_axis_value)) 

subbase_right_lane_pressure_chart <- 

generate_layer_pressure_chart(combined_pressure_data, c("PC-SB-R-3"), 

"Subbase Right Array", c(min_y_axis_value, max_y_axis_value)) 

subbase_left_lane_pressure_chart <- 

generate_layer_pressure_chart(combined_pressure_data, c("PC-SB-L-4"), 

"Subbase Left Array", c(min_y_axis_value, max_y_axis_value)) 

subgrade_right_lane_pressure_chart <- 

generate_layer_pressure_chart(combined_pressure_data, c("PC-SG-R-7"), 

"Subgrade Right Array", c(min_y_axis_value, max_y_axis_value)) 

subgrade_left_lane_pressure_chart <- 

generate_layer_pressure_chart(combined_pressure_data, c("PC-SG-L-8"), 

"Subgrade Left Array", c(min_y_axis_value, max_y_axis_value)) 

 

# Prompt user to select directory for ambient temperature data 

ambient_directory <- choose.dir() 

 

# Get a list of all Excel files in the ambient temperature directory 

ambient_files <- list.files(ambient_directory, pattern = "*.xlsx", 

full.names = TRUE) 

 

# Initialize an empty list to store ambient temperature data frames 

ambient_data <- list() 

 

# Loop through each Excel file and read the ambient temperature data 

for (file_path in ambient_files) { 
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  message("Processing file:", file_path)  # Displaying the file being 

processed 

  ambient_temp_data <- read_excel(file_path) 

   

  # Assuming the columns are named "Timestamp" and "Ambient Temperature 

(°C)", adjust if needed 

  ambient_temp_data <- ambient_temp_data %>% 

    mutate(Ambient_Temperature = as.numeric(`Ambient Temperature (°C)`)) 

   

  ambient_data <- append(ambient_data, list(ambient_temp_data)) 

} 

 

# Combine all ambient temperature data frames into one 

combined_ambient_data <- bind_rows(ambient_data) 

 

# Generate ambient temperature chart with its own y-axis range and legend 

ambient_chart <- ggplot(data = combined_ambient_data, aes(x = Timestamp, y 

= Ambient_Temperature, color = "Ambient")) + 

  geom_line(na.rm = TRUE) +  # Ignore missing values 

  labs(title = "Ambient Temperature", y = "Temperature (°C)", x = 

"Timestamp") + 

  ylim(c(min(combined_ambient_data$Ambient_Temperature, na.rm = TRUE) - 2, 

         max(combined_ambient_data$Ambient_Temperature, na.rm = TRUE) + 

2)) +  # Set y-axis range 

  scale_color_manual(values = "blue", name = "Legend") +  # Set color and 

legend label 

  theme_minimal() + 

  theme(legend.position = "right") 

 

# Combine all charts into a single stacked chart 

stacked_charts <- plot_grid(base_right_lane_pressure_chart, 

base_left_lane_pressure_chart,  

                            subbase_right_lane_pressure_chart, 

subbase_left_lane_pressure_chart, 

                            subgrade_right_lane_pressure_chart, 

subgrade_left_lane_pressure_chart, 

                            ambient_chart, 

                            ncol = 1, align = "v") 

 

# Display the stacked charts 

print(stacked_charts) 


